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Abstract: Electrospun nanofibers have been widely studied for many medical applica-

tions. They can be designed with specific features, including mucoadhesive properties.

This review summarizes the polymeric scaffolds obtained by the electrospinning process

that has been applied for drug release in different mucosal sites such as oral, ocular,

gastroenteric, vaginal, and nasal. We analyzed the electrospinning parameters that have to

be optimized to create reproducible and efficient mucoadhesive nanofibers, among them

are: electrical field, polymer concentration, viscosity, flow rate, needle-collector distance,

solution conductivity, solvent, environmental parameters, and electrospinning setup. We

also revised the mucoadhesive theories as well as the mucoadhesive properties of the

polymers used. This review shows that the most studied mucosal site is the oral cavity,

because it is accessible and easy to evaluate, while the rest are uncomfortable for the

patient and difficult to assess in vivo. We found problems that need to be solved for

mucoadhesive electrospun nanofibers, such as improving adhesion strength and mucosal

permanence time, and the design of unidirectional release, multilayer systems for the

treatment of several pathologies, to ensure the drug concentration in the tissue or target

organ.
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Introduction
In the last decades, pharmaceutical research has focused on the search for new

molecules with better therapeutic effects, but also on the development of novel drug

delivery systems that increase drug bioavailability, reduce fluctuations in plasma

concentration, and improve patients' therapeutic compliance.1

The quantity of drug absorbed could be determined by the time of residence of

the drug in the site of absorption. Therefore, there is an increasing need to search

for drug delivery systems that can secure enough contact time in the absorption site.

This is how the mucoadhesive delivery systems have become one of the most

studied systems in recent research.2,3

While the traditional formulations must be ingested or injected, mucoadhesion

delivery systems can be easily applied near the affected zone, with better patient

acceptance. Most studies have been done on buccal, nasal, ocular, gastrointestinal,

and vaginal mucosa.

Electrospun nanofibers have been extensively used in drug delivery systems,4–6

some of these fibers possess mucoadhesive properties,7–10 which can be strategically
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applied in several mucosal tissues as a controlled delivery

system for specific pharmaceutical drugs to treat several

pathologies.

Among many of the interesting characteristics of nanofi-

bers are their high encapsulation efficiency and flexible

encapsulation capacity. Moreover, the mucoadhesion prop-

erty is used to temporarily immobilize a delivery device on

a specific site, for targeted release and optimal drug delivery

due to intimacy and duration of contact.11 On the other hand,

fabrication of mucoadhesive nanofibers gives the opportunity

to control the drug delivery rate through the degradation of

the fibers or the diffusion of drugs from core-shell nanofibers,

providing flexibility to position it in any part of the mucosa.

The tri-dimensional scaffolds create more surface area and

more contact points between the system and mucosa.12

In this review, a summary is presented of the existing

literature regarding mucoadhesive systems consisting of

nano-microfibers produced by the electrospinning method.

There is also an overview of the electrospinning technique

and the parameters that affect the process, and the mechan-

isms proposed for mucoadhesion.

Electrospinning
Electrospinning is a technique used to generate fibers at

different scales based on different electromagnetic con-

cepts. Since the 19th century, electrospinning has been

widely studied, starting with Rayleigh in 1897 but

patented by Formhals in 1934, in the textile industry,

where it was used to create a series of continuous cross-

linked fibers used for sewing and rope making, among

other applications. These fibers were produced by using

cellulose acetate, with acetone and monomethyl ether of

ethylene glycol as solvents.13–15

For a few decades, electrospinning was not relevant

for the research community, until 1957 when Vonnegut

and Newbauer worked on a novel device to form highly

electrified fibers of about 0.1 mm, using an electrical

atomization device. Following them, Drozin and Simon

made relevant contributions in the dispersion of liquids

and production of thin and low weight fibers. In 1971

a US researcher named Peter K Baumgarten created an

electrospinning machine and produced acrylic fibers

with diameters between 0.5 and 1.1 µm; after these

events, the electrospinning process regained attention,

caused by the emergence of nanotechnology. Due to

the success, in the past decade, a substantial number

of patents have been issued related to the production

of nano- and microfibers.13,14,16

Since the fiber producing technique was developed, the

number of institutions focusing on this process has

increased. A significant number of parameters of this

technique have been studied, and not just in the research

community, but also in the industrial setting, for example,

the eSpin NanoTechnics and The Donaldson Company,

which have been using electrospinning for the past two

decades, producing scaffolds, nanostructures, and air fil-

tration devices.16–18

Parameters
Electrical field

The electrospinning technique has an essential parameter for

fiber formation which needs to be considered: this is the

current flow generated by a high voltage power supply,

forming an electric field between the needle and the collector

plate, with the objective of creating a Taylor cone, the Taylor

cone formswhen the applied voltage brakes the tension of the

drop. Without this amount of voltage, the electrospinning

process cannot be initiated. According to several authors,

an increase in voltage can decrease the fibers' diameters due

to the stretching of the polymeric solution. Moreover, it can

improve the solvent vaporization.13,18,19

Nevertheless, an excessive raising of voltage flow can

lead to spherical deformation among the fibers (beads),

this is due to an increase in flow rate and a decrease of

Taylor cone shape, becoming asymmetrical (Figure 1). In

contrast, a decrease in voltage can result in a different

technique known as “Electrospraying”. The most com-

monly used voltage is between 10 and 20 KV, depending

on the polymer properties.13,15,18,19

Polymer concentration and viscosity

In the electrospinning process, polymer solution concen-

tration and viscosity are fundamental parameters to predict

fibers' morphology and diameter; this is because the elec-

trospinning process is based on the stretching of a charged

unidirectional jet. These two parameters are closely

related, and it is known that viscosity depends strongly

on the polymer solution concentration. The stretching of

the jet in the polymer solution is directly affected by the

change of concentration.13,18

When the solution concentration is too low, the electrical

field between the needle and the collector modifies the drop

surface tension causing the jet´s partial fragmentation while

crossing the space, producing protuberance or nodules, form-

ing the beaded fibers effect (Figure 2). On the other hand,

when the solution polymer concentration is too high the
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viscosity increases, the movement is difficult through the

needle, leading to a needle clogging and therefore no fiber

formation.13,15,18,20

The effect of viscosity and concentration has been

studied widely in the past two decades, and it has been

concluded that the optimum viscosity value for uniform

and appropriate shape fibers' formation is between 100 and

21,500 cp. However, most studies report good fiber pro-

duction using 100–2,000 cp.13,15,18,20

Flow rate and distance needle collector

The flow rate is a crucial parameter in the electrospinning

process because it establishes the polymer solution quantity

available in the needle tip to be electrospun, so the Taylor cone

can be formed. Modification of these parameters can lead to

the production of variations in fiber morphologies.13,15

It is better to use a controlled minimum flow rate from

the syringe, which can be adjusted from one polymer to

another. Raising of flow rate over a critical value can lead

to the formation of undesired structures such as nodules

(beaded fibers) or ribbon-like fibers. Nevertheless, increas-

ing flow rate is used to produce porous fiber (Figure 3), or

when there is desire to increase the fiber diameter, this is

because of the lack of solvent vaporization time during the

transition between the needle and the collector. On the

other hand, if the flow rate is below the critical value,

a plug can be formed inside the needle.18,21

Previous studies have demonstrated that flow rate and

electric field are tightly related to the desired formation of

fibers.18,19

The distance between the metallic needle and the col-

lector plate plays a crucial role in the creation of homo-

geneous fiber, as the viscosity and flow rate. The distance

is specific for each polymer solution, and is also related to

the correct solvent vaporization before reaching the col-

lector; otherwise, morphological abnormalities can be

found, except for some polymers where no difference has

been recorded.13,21

If the needle-collector distance is too small, beaded fibers

and flat ribbon-like fibers will be formed, owing to the excess

humidity coming from the non-vaporized solvent. While the

distance between the tip and collector plate is increasing, the

fiber diameter is descending; however, when the distance is

excessive, the fibers tend to break due to its weight, espe-

cially whenever the diameter is too small.13,15,18,22

Figure 1 The relation between voltage and distance with fiber production.

Figure 2 Electrospun beaded fibers.
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Solution conductivity and solvent

Most of the polymer solutions are conductive, which

is imperative for fiber production. Solution conductivity

is determined by the polymer chemicals' characteristics,

type of solvent, and the presence of ions. This parameter

affects the formation of the Taylor cone and contributes

to the fiber diameter since the jet ratio is inversely

proportional to the cubic root of the solution's electrical

conductivity.13,18,22

Ions raise the electrical charge that flows through the

jet applied by the power supply. It has been observed

that the use of some salts, such as potassium phosphate

monobasic (KH2PO4), sodium phosphate monobasic

monohydrate (NaH2PO4), and sodium chloride (NaCl),

increases the fiber homogeneity and avoids the forma-

tion of beaded fibers.22

For polymer solutions with low conductivity, the drop

surface does not possess enough charge to form a Taylor

cone. Hence, the electrospinning process will never initiate,

while an increase of the solution conductivity helps to start

the electrospinning process. However, raising conductivity

over a critical value might prevent the formation of Taylor

cone and the complete electrospinning process.19,22

The correct selection of solvent is an essential para-

meter to determine fiber morphology, and a critical key

to this selection is the polymer solubility, to get an ideal

electrically charged jet and get the polymer molecules to

the collector plate. The solvent volatility and solubility

are key factors for the electrospinning process due to the

contribution in the solvent vaporization time, which

reduces bead formation and fiber diameter.15,17,18,22

Enviromental parameters

Besides the solution and electrospinning process para-

meters, there are other considerations to take into account

given the fact that they can affect the process of fiber

formation, like humidity and temperature. The effect of

these parameters on the electrospinning process and fiber

morphology has been studied by Mit-uppatham et al

(2004), and they concluded that they have an essential

effect on the entire process.22,23

When the temperature is raised, there is a high produc-

tion of low diameter fibers due to the decline in the poly-

mer solution's viscosity, hence, temperature is inversely

proportional to viscosity and at a lower temperature the

viscosity rises leading to a slow flow rate and needle

obstruction.23

Humidity modifies the fiber diameter by varying the soli-

dification process, its increment stimulates the production of

beaded fibers and can generate continuous pores in the fiber

surface; while with very low humidity, it has been observed

that the solvent volatility increases, leading to faster solvent

vaporization, entails obstruction on the needle tip.23–25

Different setup for electrospinning

This technique can be performed in two ways: vertical

and horizontal position. In the horizontal electrospinning

setup, the syringe isplacedparallel to the base and the

collector must be placed in avertical position; in this

setup, aflow pump must be used to impulse the polymer

solution (Figure 4).13,22

In vertical electrospinning device the syringe

is placed in a vertical position over the collector while

the collector must be placed on a base horizontally; in this

setup, the flow is stimulated by the polymer solution's

viscosity and the gravitational forces (Figure 5).22,26

Mucoadhesion
Since 1986 the bioadhesion term has been widely explored,

being defined as the bonding between a biological or syn-

thetic molecule and epithelial tissue or mucus; this concept

has remained intact over the last years.27,28

● In molecular terms, it can be organized as follows:
● type 1: union between two biological stratums with-

out the intervention of any synthetic material.
● Type 2: union between a biological layer and

a synthetic substrate.
● Type 3: union between a synthetic material and

a biological substrate.2,27

Figure 3 Electrospun porous fibers.
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Mucoadhesion theories
The union between a mucosal surface is named mucoad-

hesion. The mucosal layer is covered entirely by mucus,

where the most abundant components are mucins.29

Mucins are highly glycosylated glycoproteins with

a large peptide core and 8–10 monosaccharides side

chains with sialic acid or sulfonic acid ends. Due to

this, mucus is charged negatively at human pH. Mucins

are known for the formation of extensive mass distribu-

tion, for this reason, they are the main responsible for

bioadhesion.27,28,30

With the objective of understanding the interaction require-

ments present between the two layers of mucoadhesion,

several theories have been suggested. Unfortunately, these

theories can only explain a few interactions of the entire

bioadhesion process. These theories are explained as follows:

● Wetting theory: in this theory, bioadhesion is

expressed as an incrustation process where the bioad-

hesive polymers penetrate between the mucosal sur-

face irregularities. Here, mucoadhesion is described

as total superficial tension from the two phases, less

the apparent interfacial tension between these two,

according to this, the dispersion coefficient is deter-

mined by the difference between the surface energies

(Yb + Yt) and the interfacial energy Ybt:

Wa ¼ Yb þ Yt � Ybt (1)

When the contact angle is greater than 0, the polymer

bioadhesive does not spread over the mucosal surface,

the closer it gets to 0, the mucin humects the polymer

inducing the spreading.12,31

● Diffusion theory: this theory proposes the penetration

of bioadhesive polymeric chains on the mucin chains

when a deepness between 0.2 and 0.5 µm a semi-

permanent union is produced leading to a cross-

linking between these two layers.2,31

The properties involved in this process are molecular

weight, cross-linking density, chain flexibility, and expan-

sion capacities of both polymer networks.32

Therefore, the maximum diffusion can be reached when

the solubility parameter on both polymer networks is similar,

and this can be measured in time units with an FTIR

technique.33

Figure 4 Diagram of the horizontal electrospinning device.

Figure 5 Diagram of the vertical electrospinning device.
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This diffusional depth of the polymeric bioadhesive

can be represented as:

S ¼
ffiffiffiffiffiffiffiffi

2tD
p

(2)

Where “t” is the contact angle and “D” is the diffusion

coefficient.3,31

● Electrostatic or electronic theory: this theory

describes adhesion through electron transference

between the mucosal layer and the polymer mucoad-

hesive producing a charged double layer due to the

formation of attraction forces between them.27

● Absorption theory: the adhesion is defined as a result

of several interactions between two surfaces, and it

can be divided in:

a. Primary: ionic chemicals, covalent and metallic

unions, which are not desired because they are

permanent.

b. Secondary: Van der Waals forces, hydrophobic

interactions, and hydrogen bonds require less

energy and are the most common interaction

in mucoadhesion.27,32

● Fracture theory: the adhesive bonding between the

two surfaces is related to the required force to pull

them apart, this bonding is stronger when the poly-

meric network is longer or if the cross-linking grade

is reduced. This concept is named “fracture energy”

and it is represented as:

σ ¼ Eε=Lð Þ1=2 (3)

Where “E” represents Young´s modulus of elasticity, “ε” is
the fracture energy, and “L” the critical crack length if two

surfaces are separated.3,27,28,34

Mucoadhesives forces
The interaction between the biological surface and the

mucoadhesive polymer solution is the base of the unions

produced among them. This interaction determines the

time of residence and adhesive force, and they can be

classified into two groups.32

(a) Physical and mechanical interactions: these interac-

tions appear when the irregular polymer surface

and the mucoadhesive polymer get in contact pro-

ducing interpenetration between the polymer’s

molecules and the cross-linked network of mucins

forming semi-permanent bonding. Other factors

that are included are the mechanical tension, fluid-

ity, and molecular flexibility of the polymers, as

well as bioadhesive viscosity and substrate.

(b) Chemical interactions: the presence of a primary

chemical bond, such as covalent and ionic bond

between the biological surface and the polymeric

layer, produces very stable attachments. This inter-

action is of great interest in odontology and ortho-

pedic fields. While the secondary bonds such as

hydrogen bonds and Van der Waals forces, accord-

ing to bioadhesion theories, have more relevance to

the mucoadhesion purpose because these bonds

have less energy and possess ideal transitory char-

acteristics, which are very important to the bioadhe-

sion process. These molecular interactions are

a result of attraction and repulsion forces. For the

mucoadhesion phenomenon to take place, the

attractive interactions have to be greater than the

repulsive attractions.27,32,35

● Van der Waals forces: always present between

molecules, even in the neutral ones; these forces

play an important part in several kinds of phe-

nomena such as adhesion, superficial tension,

adsorption, particles' aggregation, and more.

The interactions created by Van der Waals forces

decrease rapidly when the distance gets larger

between the surfaces.36

● Hydrogen bonds: the multiple formations of this

kind of interactions increase the intermolecular

forces so that it could lead to precipitation in the

polymer solution. In the mucoadhesive polymer,

the carboxylic groups in a no-ionizable form are

responsible for the formation of these attractions,

because of this, the polymer pka and the environ-

ment pH are imperative factors for the establish-

ment of correct bioadhesion.27,37

● Electrostatic attractions: these kind of interac-

tions are very attractive to the mucoadhesion

process since attractive charges on an aqueous

environment can lead to the formation of an

interaction between mucins and polymers.30,35,37

● Disulfide bridging: a disulfide bond is a strong

covalent attraction with thiol groups containing

cysteines where one sulfhydryl (-SH) group pre-

sent on themucins in themucus layer react with the

polymer sulfhydryl group producing an oxidation

reaction producing a sulfur-sulfur bridge.
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Thiomers have the strongest mucoadhesion prop-

erties owing to thiol-disulfide and its oxidation

reaction.37–39

Absorption pathways for drugs in

mucoadhesive systems
The absorption pathway on a mucoadhesive polymer

according to literature suggests that the administrated sub-

stance can permeate through the mucosal membrane by

diverse ways, depending on the chemical nature of the

molecule, anatomical and physic-chemical properties of

the mucosal layers. Another crucial factor is the mucosal

epithelium thickness, lipid percentage, and keratinization

grade.30

Passive diffusion is the principal route used by molecules

to cross through the mucosal membrane, owing to the mea-

ger resistance to penetration, this process can happen in two

ways: transcellular or paracellular. Lipophilic molecules

usually use the transcellular way, while the hydrophilic

molecules use the paracellular way which is distinguished

by a low quantity of polar intercellular lipids. Although, if

a molecule has amphoteric properties it can use both ways at

the same time. (Figure 6).40–43

Mucoadhesive polymers
All mucoadhesive systems' bioadhesive characteristics are

due to the physical and chemical properties of the polymer.

During the appropriate conditions, interactions with

a mucosal surface are established, allowing longer resi-

dence time for drug delivery. For this purpose, natural and

synthetic polymers have been used, the latter have been

designed to achieve optimal results in adhesiveness.31,35,44

According to literature, there is an extensive list of

bioadhesive polymers which express different adhesive

force, some of them are enlisted in Table 1.

Several studies have indicated that the molecular

weight of bioadhesive polymers has a powerful influence

over the adhesive force, since interpenetration and cross-

linking of the polymers is favored in low molecular weight

molecules.46–49 Similarly, the linear polymers have better

interpenetration than branched ones.27,34

The functional groups in the polymers have a substantial

effect on the mucoadhesion. The mucins present in the

mucus surface establish a stable bonding with the polyca-

tionic polymers. In contrast, in an acidic environment these

polymers will have less effect, in this case the polyanionic

polymers will be the best choice for a mucoadhesive system.

The hydrophilic groups capable of establishing more hydro-

gen bonds are better mucoadhesives. The order for such

bonding is amine, hydroxyl, carboxyl, sulfate.27,34,45

The chain flexibility on a mucoadhesive polymer is an

imperative parameter for interpenetration and cross-linking.

With a higher density, the effective chain length for inter-

penetration decreases, reducing the adhesive force.45,50

Polyacrylates

These polymers are derivates of acrylic acid. The most

commonly used in the past years is poly (acrylic acid),

which has demonstrated its mucoadhesive properties,

owing to the presence of a significant number of car-

boxylic acid groups which form hydrogen bonds.

However, they are not the only interaction responsible

for the adhesiveness, hydrophobic interactions and Van

der Waals forces are also involved.51

Nowadays, the most studied of the polyacrylates are

polycarbophil (Noveon) and carbomer (Carbopol [CP]) for

its mucoadhesion features, since they generate high cross-

linking formation and excellent bonding attraction due to

its carboxylic acid groups.34,44,51

Figure 6 Schematic representation of transcellular and paracellular pathways.

Table 1 Polymers' adhesive forces

Polymer Adhesive force (%)

Poly (acrylic acid) 185.0

Poly (methyl vinyl ether) 147.7

Methylcellulose 128.0

Hydroxypropyl methylcellulose 125.2

Methyl ethyl cellulose 117.4

Gelatin 115.8

Pectin 100.0

Poly (vinyl pyrrolidone) 97.6

Poly (ethylene glycol) 96.0

Poly (vinylic alcohol) 94.8

Poly (hydroxyethyl methacrylate) 88.4

Note: Reproduced with permission from Roy SK, Prabhaka B. Bioadhesive poly-

meric platforms for transmucosal drug delivery systems - a review. Trop J Pharm

Res 2010; 9(1):91–104.45
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Cellulose derivatives

These polymers are classified into three groups

depending on the applied chemical treatment, they are

acetate, esters, and ether celluloses. The majority of appli-

cations of these polymers are in the textile, paper, and food

industry for acetate cellulose. However, ethyl, methyl, and

hydroxypropyl have been widely used as a carrier for drug

loading materials. Specifically, hydroxypropyl derivates

have shown the best mucoadhesive features for buccal

adhesion due to their hydrophilic character which allows

them to form an extensive network of hydrogen bonding.

Also, sodium carboxymethylcellulose (NaCMC) has been

shown to have adequate mucoadhesive features.21,34,44

Chitosan

A cationic polymer, the second-most abundant on

earth. This is a linear polysaccharide and has been widely

studied in drug delivery for its properties of mucoadhesion

owing to the presence of hydroxyl groups (-OH) and

amine groups (-NH2) that favor interaction with mucins

to form hydrogen bonds that allow a greater time of

residence as a mucoadhesive.34,44,52

Another characteristic of this polymer that improves

mucoadhesion is the molecular mass and flexibility. When

the polymer is interlaced with another polymer or mole-

cule that generates a reaction with its amino groups, it

decreases the level of interaction and hence reduces the

mucoadhesion features.34,44

Alginates

Anionic polymers. Its performance has been tested as

a mucoadhesive for the creation of hydrogen bonds with

the interaction between mucin proteins and carboxylic

groups. The pharmaceutical industry has widely explored

them for their hydrophilic polysaccharide features.34

Pectins

An anionic polysaccharide, which is a common part of

the human diet. These polymers are hydrophilic and estab-

lish direct contact with mucins using electrostatic repul-

sion forces. These polymers uncoil, allowing

interpenetration, which increases the polymer and mucin

entanglement and the formation of hydrogen bonds. In

recent research, it has been established that these polymers

are an excellent mucoadhesion molecule for gastrointest-

inal drug delivery.34,44

The new generation polymers (thiomers)

Thiomers are the most studied polymers for mucoadhe-

sion. They are hydrophilic molecules attached with lateral

chains containing thiol groups (-SH). The thiolated groups

mimic the natural binding mechanism of glycoproteins

present on the mucosal layer. Given this fact, groups that

form disulfuric bonds with cysteine present on mucins in

the mucosal surface demonstrate excellent mucoadhesive

properties.31,53

Drug delivery
Mucoadhesive drug delivery systems
Mucoadhesive drug delivery systems have shown some

advanced features such as bypassing hepatic first-pass

metabolism, enhancing barrier permeability, better acces-

sibility, unidirectional drug release, raising drug biocom-

patibility, and better patient acceptance.2,54

There are several pharmaceutical forms that have been

developed, such as matrix tablets, patches, ointments, nano-

particles, and films.2,14,55–72 The electrospun nanofiber scaf-

fold has become one of the most promising among them due

to the concurrent delivery of different drugs, elevated load-

ing capacity, user-friendly operation, and low-cost

technique.73–79 There are various possible designs for deliv-

ery systems that can be formulated depending on the kind of

drug to be administered, such as a fast dissolving polymer

for a bidirectional drug release system, two-layer drug deliv-

ery system, one water resistant polymer and one fast dissol-

ving polymer for a unidirectional drug release, and finally

a three-layer mucoadhesive with a bioadhesive polymer

core, a fast dissolving drug release layer, and a water-

resistant layer (Figure 7).6,54

Applications of mucoadhesives nanofibers
Vaginal mucosa

In the case of the vaginal cavity, Huang (2012), reported

electrospun cellulose acetate phthalate (CAP) microfibers

loaded with anti-HIV drug which presented stability in the

vaginal fluid, which has a pH under 4.5, however, CAP

microfibers dissolve between a pH of 7.4–8.4, caused by

the presence of semen. Hence, the idea of these research-

ers was to use this electrospun mucoadhesive system to

protect women from getting infected with HIV, due to

having coitus with infected men. Once the system releas-

ing the anti-HIV drug is applied in the vagina, it is

degraded by the presence of semen.20 After that, Blakney

et al (2013), proposed that the vaginal mucoadhesive sys-

tem loaded with an anti-HIV drug can deliver a wide range

of agents, incorporating multiple agents via composites,

and facilitating controlled release over relevant time

frames for pericoital and sustained coitally-independent
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use. It is also technologically feasible to scale up produc-

tion of fiber-based microbicides, as these scaffolds showed

a residence time ranging from 1 hour in rapid release

formulations to 70 days in sustained release ones.80

Also, Hua et al (2016), reported more specialized

fibers, which are pH-responsive. These poly (urethane)

(core)/CAP (shell) fibers were designed to improve

mechanical properties as the tensile strength.

Moreover, these fibers are sensitive to the presence

of semen, and release rhodamine B for the treatment

of HIV.81

Besides, the anti-HIV vaginal mucoadhesive systems

have been prepared with poly (vinyl alcohol) (PVA)

loaded with fluconazole, and it was demonstrated that

these fibers release the drug in a sustained manner over

a period of 6 hours. These mucoadhesives were tested

against Candida albicans and showed a superior antimi-

crobial activity compared with the pure drug.82

Vaginal mucoadhesives can also be used against cervi-

cal cancer, electrospun poly (ethylene oxide)/poly (lactide)

composite nanofibers loaded with cisplatin83 showed

a residence time of 72 hours longer than gel.83 The studies

by Aggarwal et al, demonstrated an improvement of

mucoadhesion on cisplatin loaded poly(caprolactone)

(PCL)/CS scaffold, for local treatment of cervical

cancer84 (500 N/m2 mucoadhesive strength) compared to

blank matrices (200 N/m2).84

Buccal mucosa

Several studies have used mucoadhesive electrospun fibers

for administration in the oral cavity.64,85–89 These mucoad-

hesives have been proposed for the delivery of drugs with

poor absorption due to its limited solubility. In vitro and

in vivo studies have demonstrated electrospun nanofiber

superiority in release rate, compared to standard

administration.90

Morales and McConville91 reported that mucoadhe-

sives can be fabricated with a retaining dosage character-

istic and can deliver the drug directly into a biological

substrate. These specific mucoadhesives were prepared to

obtain small size and reduced thickness, compared to

standard tablets. Mucoadhesives involve the casting of

aqueous solutions and organic solvents, they can also be

prepared by hot-melt extrusion and by the electrospinning

method.91

Grewal et al (2012)92 developed a transmucosal

mucoadhesive composed of PCL nanofibers loaded with

diclofenac sodium for analgesic and anti-inflammatory

purposes. These fibers were characterized by scanning

electron microscopy (SEM), Fourier transform infrared

spectroscopy (FTIR), and in vitro release using a Franz

diffusion cell. It was proven that these fibers improved

therapeutic efficacy compared to a standard method of

administration.92

A nanofibrous matrix system composed of PVA in

different concentrations was prepared for rapid oral

mucosal drug release; separately, a hydroxypropyl

methylcellulose (HPMC) and PVA with a variety of gly-

cerol amounts backing film were synthesized which pre-

sented high surface area to volume ratio, with improved

dissolution rate for fast delivery in the oral mucosa. This

system exhibited an adequate detachment force and good

work of adhesion (WA). The nanofibrous matrix was

observed to be more mucoadhesive than a film.10 Tyagi

et al prepared mucoadhesive PVA nanofibers

associated with PVA/HPMC backing layer, in this

research the mucoadhesive fibers were loaded with

diphenhydramine, which showed an average disintegra-

tion time of 7–60 seconds, the system presented 42%–

82% drug permeation in the oral mucosal cavity. In

addition, it demonstrated an increase in WA with an

increase in glycerol concentration in formulations con-

taining 0.5% (w/v) HPMC.93

In another case, an in situ biodegradable implant

for the local release of metronidazole in the period-

ontal pockets was formulated. These

mucoadhesives included poly (lactic acid-co-glycolic

acid) (PLGA) nanofibers loaded with the drug. These

systems were applied to the in itu implants to alter the

properties of the delivery complex toward a longer

dwelling time in the oral cavity. The polymer also

Figure 7 Possible designs for mucosal drug delivery systems. (A) Bidirectional delivery

system, (B) unidirectional delivery system, (C) mucoadhesive delivery system.
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improvedthe adhesiveness and increased viscosity,

achieving 10 days' sustained release.94

A fast releasing, oral electrospun poly (vinyl pyrroli-

done) (PVP) and cyclodextrin (CD) nanofibers with taste-

masked meloxicam have been reported. In this case, CD

was used to enhance the stability of the fibers. This

mucoadhesive was characterized using SEM, physical,

and mechanical properties. In this study, nanofibers were

tested in healthy human volunteers. These mats were

demonstrated to have adequate tensile strength, fibers pre-

sented a homogeneous shape without any beads, and fibers

were physically stable without any hygroscopic issue for

approximately 6 months. Mats disintegrated fast in the

mouth.95

Also, Illangakoon et al loaded paracetamol and caf-

feine in mucoadhesive scaffolds by electrospinning.

These fibers were proposed for oral administration, with

a thickness between 120–130 nm folding the membranes

around 20 times. This study claimed that a flavoring agent

can be easily incorporated into the formulation, and the

membrane dissolved completely within 0.5 seconds in an

artificial saliva solution. Because of that, the research

group proposed that these mucoadhesives can be used

particularly for children and patients with swallowing

difficulties.96 Moreover, docetaxel was incorporated into

PVA nanofibers for local transmucosal delivery with pro-

mising results.97

Finally, Tonglairoum et al (2015), fabricated a scaffold

with clotrimazole microemulsion-containing nanofibers

made by the electrospinning technique for the treatment

of candidiasis, this microemulsion is composed of oleic

acid, Tween 80, and the surfactant benzyl alcohol, ethyl

alcohol, and isopropyl alcohol. The mucoadhesives were

prepared with PVA and CS. It demonstrated an extended

drug release of approximately 4 hours, delivering about

64.81%–74.15% of the drug.88

Gastroenteric mucosa

Few studies have reported the capability of mucoadhesive

nanofibers as a drug delivery system in the gastroenteric

tract. In some cases, conventional oral strategies present

low bioavailability due to the incomplete release of drug

and short retaining time at the absorption zone. It is

claimed that nanofibers increase the bioavailability of the

drug in the gastroenteric site. Hence, nanofibers provide

a stomach-specific drug release for a longer time and

increase the local action due to prolonged contact time

with the gastric mucosa.63,89

For example, Brako et al (2018)98 prepared

a mucoadhesive of carboxymethyl cellulose (CMC) fibers

in various concentrations of the polymer, loaded with

progesterone. These mats showed about 10 times better

adhesion with an artificial cellulose acetate membrane

compared to that of lamb esophageal mucosa, demonstrat-

ing that CMC affects the roughness of the fibers

and enhances interpenetration, improving its

mucoadhesion.98

Malik et al (2016)63 also proposed a mucoadhesive

prepared with poly (L-lactic acid) nanofibers loaded with

diacerein. The objective of this research was to describe

the ability of nanofibers as a gastro-retentive dosage form

and the capacity to improve the solubility of diacerein.

These nanofibers were smooth, discrete, and non-woven

and demonstrated a 61.3% drug release in about 30

hours.63

Additionally, Moreno et al (2011) showed a sustained

release of lactate dehydrogenase via electrospun PVA

nanofibers prepared by a coaxial electrospinning techni-

que. The encapsulated enzyme was detected by FTIR and

X-ray photoelectron spectroscopy. The study showed that

most of the encapsulated protein was released in

a sustained manner in a period of a month.99

Ocular mucosa

Mucosa samples are difficult to access, so not many

reports are available in the literature reporting mucoadhe-

sives as drug delivery systems in the ocular mucosa.

However, Garg et al (2014) presented polymeric nanofiber

patches for the treatment of glaucoma. The drugs used for

this approach were dorzolamide hydrochloride and timolol

maleate. Final formulations used in glaucoma induced in

rabbits obtained satisfactory results showing an important

reduction in the intraocular pressure compared to commer-

cial eye drops.100

Finally, mucoadhesives can be used in tissue engineer-

ing of the retina by releasing a functional retinal pigment

epithelium from nanofibers. This study showed that

these kinds of membranes lead to better cell proliferation

and were proposed to be a marketable ocular implant.101

Nasal mucosa

The nasal site is easily accessed but uncomfortable for the

patient. Due to this, there are few studies on the subject.

Lee et al (2017) developed a sinonasal mucoadhesive

delivery system with electrospun nanostructured carrier

microparticles loaded with resveratrol. It was proven that
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the electrospun nanostructure had an improved in vivo

residence time on site of action, as well as improved

local bioavailability.102

Future perspective and challenges
Studies of mucoadhesive electrospun nanofibers should

focus on areas with limited studies, such as drug release

at the nasal and ocular mucosa. These areas have a wide

variety of conditions that could be treated using these

administration routes. For example, macular edema treated

with steroids,103 and nasal vestibulitis treated with

a topical antibiotic (mupirocin) for several days,104 to

mention some.

Nasal mucoadhesive electrospun fibers could be useful

for the delivery of biological drugs such as proteins and

peptides, as well as for DNA and RNA therapies, consid-

ering the high vasculature of the nasal cavities.

Another option is to apply these fibers in the vaginal

mucosa. Bacterial vaginosis is the most common vaginal

infection in women, associated with the imbalance of the

vaginal flora treated with antibiotics for 5–7 days,105

where a mucoadhesive prolonged release nanofiber

would be convenient.

The controlled delivery of antifungal, antibiotic, and

anti-inflammatory drugs to treat infections in the buccal

cavity, such as periodontitis and candidiasis, could highly

benefit from bioadhesive drug loaded electrospun fibers.

Challenges in the field of mucoadhesive electrospun

nanofibers include the development of innovative drug

release systems improving adhesion and residence time,

as well as the discovery and utilization of one-way release

multilayer systems in order to ensure the drug concentra-

tion “in situ”.

Conclusion
This work discusses several studies that show evidence of

the potential role of mucoadhesive nanofiber scaffolds as

drug delivery systems in mucosal tissue, to improve the

bioavailability of some drugs “in situ”. There is still much

research to be done in order to advance in this innovative

field.

Hence, despite all the clear advantages of nanofiber

mucoadhesives, such as prolongation of residence time at

the absorption site and controlled drug release,2,3 these

strategies still present some challenges for researchers

committed to this area. Some of these disadvantages

come from the electrospinning technique. For example,

a commercial electrospinning device is expensive for

a university to purchase, thus, researchers working in

these institutions regularly build an in-house-made

device.106 Although these devices can produce nanofibers

of excellent quality, a specific quantity of drug cannot be

loaded into a specific area. Drug loading in fibers is not

easily reproducible, because of the non-controllable envir-

onmental parameters such as altitude, pressure, humidity,

and temperature of the place where nanofibers are

fabricated.5

Another disadvantage is the high cost of polymers and

solvents used in the method, even if the technique is

easy, fast, and versatile, US Food and Drug

Administration approved polymers have become expen-

sive. Nevertheless PVA, PCL, and PVP are available at

affordable prices. In this manner, a limited set of poly-

mers have been reported for nanofiber mucoadhesive

scaffolds, Hu et al (2014) reported some electrospun

polymeric nanofibers for drug delivery systems, among

them were: PLA, PLGA, PEVA, PCL, PVP, PVA, poly

(ethylene oxide) (PEO), and poly (ethylene glycol)

(PEG)107. All these polymers must present good spread-

ability, wetting, swelling, solubility, biocompatibility, bio-

degradability, adequate pH, viscoelasticity, sufficient

mechanical strength, bioactive surface, tensile strength,

shear strength, and bioadhesiveness.27

Several polymers have been proposed for mucoadhe-

sive technology, for the oral administration of different

drugs, but they are not prepared using the electrospinning

technique. For example, we can enlist: CMC, CP, ethyl-

cellulose, hyaluronic acid, hydroxyethylcellulose, hydro-

xypropylcellulose, HPMC, hydroxypropyl pea starch

polymer, poly (methacrylic acid), methylcellulose, mal-

totriose polysaccharide, NaCMC, poly (methacrylic acid-

co- methylmethacrylate) sodium salt, poloxamer 407,

PEG, poly (ethylene glycol-dimethacrylate), PEO,

PLGA, PVA, PVP, and trimethyl-chitosan, among

others.44

Finally, many studies have prepared mucoadhesive

nanofibers for drug administration in buccal cavity, but

a limited number of reports are available in the literature

for mucoadhesive nanofibers as a drug delivery system in

the gastroenteric tract and nasal and ocular mucosa, due to

lack of in vitro models to predict in vivo performance.
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