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Impact statement

Nanotechnology is a challenge for many
researchers that look for obtaining different
materials behaviors by modifying charac-
teristics at a very low scale. Thus, the
production of nanostructured materials
represents a very important field in bioen-
gineering, in which the electrospinning
technique appears as a suitable alterna-
tive. This review discusses and provides
further explanation on this versatile tech-
nique to produce novel polymeric bioma-
terials for oral applications. The use of
electrospun fibers is incipient in oral areas,
mainly because of the unfamiliarity with the
technique. Provided disclosure, possibili-
ties and state of the art are aimed at sup-
porting interested researchers to better
choose proper materials, understand, and
design new experiments. This work seeks
to encourage many other researchers—
Dentists, Biologists, Engineers,
Pharmacists-to develop innovative mate-
rials from different polymers. We highlight
synthetic and natural polymers as trends in
treatments to motivate an advance in the
worldwide discussion and exploration of
this interdisciplinary field.

Abstract

Electrospinning is one of the techniques to produce structured polymeric fibers in the micro
or nano scale and to generate novel materials for biomedical proposes. Electrospinning
versatility provides fibers that could support different surgical and rehabilitation treatments.
However, its diversity in equipment assembly, polymeric materials, and functional mole-
cules to be incorporated in fibers result in profusion of recent biomaterials that are not fully
explored, even though the recognized relevance of the technique. The present article
describes the main electrospun polymeric materials used in oral applications, and the
main aspects and parameters of the technique. Natural and synthetic polymers, blends,
and composites were identified from the available literature and recent developments. Main
applications of electrospun fibers were focused on drug delivery systems, tissue regener-
ation, and material reinforcement or modification, although studies require further investi-
gation in order to enable direct use in human. Current and potential usages as biomaterials
for oral applications must motivate the development in the use of electrospinning as an
efficient method to produce highly innovative biomaterials, over the next few years.
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Introduction

The development of new materials and oral treatments led
to shorter healing periods and rehabilitation procedures
with minor pain. Furthermore, materials to be used
in oral conditions are currently challenging concerning
durability, resistance, degradability, and biocompatibility.

ISSN 1535-3702

Thus, researches that support studies on production of
novel materials are very important to improve current
treatments and to provide more efficient procedures.

The physical and mechanical properties of structured bio-
materials in micro or nano scale could generate superior struc-
tures with potential for therapeutic use. Electrospinning is one
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Figure 1. Schematic representation of a typical electrospinning apparatus. A
polymeric solution is ejected from a needle controlled by a syringe pump. The
needle is connected to a high voltage DC supply that provides charge into the
polymer solution. A fiber jet is produced by the solvent evaporation and then
deposited on the collector.
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Figure 2. Dental cells regeneration using polymeric electrospun fibers. The
fibers can be loaded with different growth factors that can improve cell prolif-
eration, or with the presence of antimicrobial agents to inhibit bacterial
contamination.
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of the technologies for producing such structured materials. It
has been reported as an efficient technique for polymeric fibers
fabrication with diameter range from 3 to 5000 nm,"? from
which several polymers have been successfully electrospun
into micro and nanofibers in recent years.”> Electrospinning
devices are generally formed by a syringe, a needle, a source
of high voltage, a collector field, and a precision controlled
pump. The technique consists in creating micro or nanoscale
fibers by high voltage application to a syringe loaded with a
polymer solution. The fibers are deposited on a metallic col-
lector charged with a voltage, as schematized in Figure 1.*
The process of electrospinning is relatively simple for imple-
mentation and presents low cost when compared to other fiber
fabrication processes, such as melt fibrillation,® island-in-sea,®
gas jet,” nanolithography,® and self-assembly.”'* Fibers assem-
blies from synthetic and natural polymers could be achieved
and applications range from sensors, filtration, protective
material, electrical or optical areas to biomedical field."
Tissue engineering (TE),'*"* drug delivery,'® wound dressing,
and nanofiber reinforced composites'”'® are potential uses in

dentistry. Figure 2 shows a simplified representation how elec-
trospun fibers are employed in dental TE.

This review summarizes most frequently used materials
in biomedical areas, including natural and artificial poly-
mers exploring possibilities or recent use in researches on
oral biomaterials. It is also shortly described the electro-
spinning process, including important production param-
eters and introducing recent areas of development.

Electrospinning process and parameters

The fibers morphology (Figure 3) and the process of
the electrospinning are affected by different factors: the
molecular weight of the polymer, source of voltage, concen-
tration of the polymer solution, needle gauge type, and the
distance between the needle and the pitch collector.'’
Spinnability, fiber diameters, fiber uniformity, fiber align-
ment, defects control (e.g. beads, junctions, and pores), and
other properties are tunable by adjusting these factors and
also including substrate-related parameters (polymer con-
centration, viscosity, molecular weight, surface tension)
and apparatus-related parameters (flow rate and electric
field). All these parameters are important to obtain flawless
fibers and the choice of a polymer and its production must
consider these factors and their modulation.

Spinning voltage is related to some defects as bead for-
mation in fibers (Figure 3(a)).* However, a low voltage can
increase the time of solvent evaporation and high voltages
cause the rapid evaporation of solvent, producing a fiber
with less pores and defects.'” Spinning voltage influences
also the shape of electrospun fibers in a macroscopical
level and in the homogeneity of the generated structures
(Figure 3(b) and (c))."”

The distance between the needle and the collector field
should be carefully adjusted. The fiber morphology is influ-
enced by the distance, which in turn influences in deposition
time and evaporation rate of the solvent”" The fiber may
break before reaching the collector field and create thick
fibers with greater distances between them; consequently,
the solvent cannot fully evaporate resulting in inaccurate
fiber.” The diameter of the needle directly affects the diameter
of the fiber, and when it is reduced, pore formation decreases.

Environmental conditions such as: humidity, atmo-
spheric pressure, and temperature differently influence
on all process parameters. The humidity directly affects
the polymer solution resulting in changes in the morphol-
ogy, like small holes, increased roughness, etc. The effects
of relative humidity on electrospun fiber morphology are
dependent on polymer hydrophobicity, solvent miscibility
with water, and solvent volatility.”Too low atmospheric
pressure does not allow the process to occur. On the other
hand, when working temperature increases, surface ten-
sion and viscosity of the fluid decrease and solvent evapo-
ration could be accelerated, terminating the process
prematurely.24 In other cases, when the environment is
very cold, the spinning process is hindered.

The viscosity and conductivity of the polymer solution are
the main characteristics that influence electrospinning process.
The viscosity is related to the polymer molecular weight and
the amount of dissolved solids in the solution. Solution
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Figure 3. SEM images from electrospun PCL fibers. In (a) is presented beads formation (arrows). In (b) and (c) are presented nanofibers with regular aspect. The upper
left image presents a wider diameter size distribution compared with the image at the upper right, due to the lack of control of the process.

concentration is reported to strongly affect fiber size, with fiber
diameter increasing with the solution concentration in a
power law relationship.* In addition, electrospinning from
solutions of high concentration is reported to produce fiber
sizes with bimodal distribution, reminiscent of distributions
observed in the similar droplet generation process of electro-
spraying. High viscosity can difficult the ejection of the solu-
tion from the needle and can also dry before it reaches the
metallic collector. The conductivity of the polymer solution
influences the diameter of the fiber with direct relation: as
the conductivity increases, it produces denser fibers.””

Polymers used in oral applications

Examples and most used polymers are presented in
Table 1, indicating the main oral applications and some
common composites.

The poly(e-caprolactone) (PCL), poly(lactic acid) (PLA),
poly(L-lactide) (PLLA), and poly(lactic-co-glycolic acid)
(PLGA) are polymers commonly used in biomedical and
dental applications. Natural polymers such as chitosan, col-
lagen, and cellulose were cited and are also currently
used.#2°%232580 Other polymers such as poly(ethylene
oxide) (PEO),*" polydioxanone (PDS),”® nylon,” poly
(vinylidene fluoride) (PVDF),®’ polyurethane (PU),”* and
poliacrylonitrile (PAN)® present low use at present. Next,
main polymers or group of polymers listed in Table 1 are
described including some characteristics and applications.

PCL

PLC is a biodegradable thermoplastic polymer that present
relatively low cost. Its physicochemical properties enable it

for applications in the nanometric scale processing and
prototyping.*®

It has been widely used in drug delivery systems for long-
term dental implants area. PCL was used in association with
alginate for drug release during dental treatments to prevent
bacterial accumulation at the site of implantation.”> PCL has
been also used in drug delivery for creation of membranes
incorporating nano-hydroxyapatite and amoxicillin,” obtain-
ing good biocompatibility and reducing bacterial contamina-
tion of periodontal defects. Further applications were
described for TE. PCL scaffolds mineralized with apatite
improve cell proliferation in dental pulp. PCL when combined
with bioactive glass gradually improves cell proliferation and
the mechanical properties of scaffolds obtained by materials
blending.** In periodontal regeneration, PCL has been effec-
tively used in combination with gelatin, with engineered
nanotopology of structures and mechanical stimulation.*

PLA

PLA is a versatile polymer that can be adapted to different
morphologies.*’ It is degradable in the human tissues; how-
ever, its degradation produces acids that difficult the regen-
eration process requiring blending with other materials.*

PLA is used mostly for controlled drug delivery and
tissue regeneration. To reduce tissue damage caused for
delivered acids, PLA nanofibers were loaded with beta-
tricalcium phosphate (B-TCP) which proved to be a viable
option in PCL membranes.>’ PLA nanofibers associated
with metronidazole (MNZ) were used to control microbio-
logical proliferation during periodontitis treatment, inhib-
iting bacteria growth during the treatment.*” Ampicilin and
MNZ were incorporated in PLA matrix for drug delivery,
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Table 1. Relation of electrospun polymers for oral applications.

Electrospun polymer Application Year References
PCL Drug delivery 2018 25
PCL Tissue regeneration 2017 26
PCL Drug delivery 2016 27
PCL Tissue regeneration 2016 28
PCL Tissue regeneration 2016 29
PCL-GEL Tissue regeneration 2016 30
PCL, PCL-GEL Wound dressing 2015 31
PCL Tissue regeneration 2015 32
PCL Modification of materials 2014 33
PCL Drug delivery 2013 22
PCL Tissue regeneration 2013 34
PCL Drug delivery 2013 35
PLA, PCL Tissue regeneration 2018 36
PLA Drug delivery 2016 87
PLA, PCL-GEL Tissue regeneration 2016 38
PLA Tissue regeneration 2013 39
PLA Drug delivery 2012 40
PLA Tissue regeneration 2011 4
PLLA Drug delivery 2017 42
PLLA, PCL Tissue regeneration 2016 43
PLLA, PCL Tissue regeneration 2014 44
PLLA, PLGA, PGA, PCL, Chitosan, PLA Tissue regeneration 2011 45
PLLA, PLGA Tissue regeneration 2011 4
PLLA Modification of materials 2008 46
PLGA, PCL Tissue regeneration 2017 47
PDS Drug delivery 2018 48
PDS Drug delivery 2016 49
PDS Tissue regeneration 2015 50
PDS Drug delivery 2013 51
Chitosan Tissue regeneration 2015 52
Chitosan Membrane dressing 2015 58
Nylon-6/chitosan Modification of materials 2015 54
Nylon-6 Modification of materials 2015 58
Collagen Tissue regeneration 2012 56
PLGA Tissue regeneration 2016 57
PVA Modification of materials 2016 58
PU + GEL Wound dressing 2016 59
PAN Modification of materials 2015 60

PAN: poliacrylonitrile; PCL: poly(e-caprolactone); PLLA: poly(L-lactide); PDS: polydioxanone; PLGA: poly(lactic-co-glycolic acid); PVA:
polyvinyl alcohol.

finding potential applications in periodontal and endodon-
tic infections.””

PLA in combination with PCL and gelatine was produced
incorporating tetracycline exhibiting good characteristics to
be used as antibacterial dental implant coating.*® PLA nano-
fibers together with poly(DL-lactide-co-e-caprolactone),
nano-hydroxyapatite, n-HAp, have been also produced.*'
Resulting nanofibers formed layers that improved mechan-
ical and biological properties resulting in the raise of peri-
odontal membrane regeneration.

PLLA

PLLA is a biodegradable and easily applicable polymer, with
a porous morphology when polymerized with other poly-
mers. PLLA has good physical and mechanical properties
and it is commonly used in association with other materials.*’

PLLA presents advantages for oral applications, because
of its degradation rate and its potential for cell adhesion
and proliferation. The disadvantages observed are the pos-
sibility to release of acids during degradation and its high

hydrophobicity.*** These aspects can be reduced with the
combination of PLLA with other materials. A recent study
shows that HA-loaded PLLA/PCL can lead to osteoblast/
odontoblast differentiation.”® Scaffolds of PLLA have been
also point out as an excellent environment for proliferation
and adhesion of cells of different types.®> The mechanical
properties such as compressive strength, diametral tensile
strength, flexural strength, and linear shrinkage of PLLA
fibers have been improved by mixing other materials as
bisphenyl glycidylmethacrylate (Bis-GMA) and triethylen-
glycoldimethacrylate (TEGDMA).*!

Polyethylene oxide and polyvinyl alcohol

PEO is described as a relatively high molecular weight, bio-
compatible material that effectively improves the mechanical
and biological properties of composite hydrogels. PEO has
presented a significant impact on the mechanical and rheo-
logical properties associated with a glucose-sensitive antibac-
terial chitosan.®! Tt has been verified that a chitosan fraction
contributed to an antimicrobial effect, decreased tendency to



spherulitic crystallization of PEO, and enhanced puncture
and tensile strength. PEO is used as an additive in tooth
paste because it reduces biofilm formation.® Inhibition of
bacterial adhesion on enamel was observed suggesting that
the PEO could be utilized in caries prevention.”*

Polyvinylalcohol (PVA) presents biocompatibility, being
prepared easily and having non-toxic solvent. It is a water-
soluble synthetic polymer and the back bone chains are
highly interconnected by hydrogen bonding due the pres-
ence of abundant hydroxyl groups. These characteristics
contribute to chemical resistance and mechanical proper-
ties, including high tensile and impact strength. The
hydroxyl groups can be used to incorporate molecules of
biological origin, such as collagens, hyaluron and deoxyri-
bonucleic acid. PVA is biodegradable, decomposing non
toxically into water and carbon dioxide.®® Electrospinning
is one of the micro and nano-size production methods for
PVA for the reinforcement of dental materials.”®

Poly DL-lactide-co-glycolide and PDS

Poly DL-lactide-co-glycolic (PLGA) is a biodegradable and
biocompatible polymer that closely resembles natural pro-
teins that may be metabolically hydrolyzed to monomers of
lactic acid and glycolic acid. It is used for reinforcement of
other materials without changing characteristics such as
cell adhesion. Furthermore, the PLGA can be used in the
controlled release of drugs during bone growth®*” and in
membranes that simultaneously release drugs, support
bone growth, and possess barrier functions.

The PDS is a polymer frequently used as suture material.
In recent studies, investigation for tissue regeneration and
drug delivery system was performed. Bioactive scaffolds
were produced using PDS for regenerative endodontics
and their results demonstrated efficiency of the material
for adhesion and proliferation of fibroblasts exhibiting
good biocompatibility. It also evidenced its potential for
encapsulation of distinct bioactive molecules.®®

PVDF and nylon

Polyvinylidene fluoride (PVDF) is a biocompatible, flexible
material with high mechanical strength. It has been electro-
spun with drugs to form membranes, exhibiting potential
for antibiotics release in wound healing. In addition, mem-
branes produced with PVDF presented good anti-bacterial
properties.®

Nylon-6 (polyamide) is also a biocompatible material
with excellent mechanical, chemical, and thermal proper-
ties. Nylon composites have been also used for reinforce-
ment of dental materials. Nylon has been produced by
electrospinning in dental resins with aligned or random
oriented fibers. Best mechanical properties were observed
for aligned fibers.” Silica-nylon reinforcement reported to
increase the flexural and fracture strength of interim partial
fixed dental protheses.”

Natural polymers

Natural polymers are adequate as biomaterials because they
are structurally similar to biological tissues. They sometimes
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possess similar or identical monomers, as those found in
organic matrices, reducing the problems associated to toxic-
ity or inflammatory reactions.”! Nevertheless, there exist
some disadvantages as the possible rejection of the material
by the organism, strong physiological induced activity, and
low mechanical properties.”* Some of the main natural poly-
mers with possible oral applications are presented: chitosan,
collagen, and cellulose.

Chitosan

Chitosan is extracted from the crustacean shells and is the
second largest natural polysaccharide after cellulose.”
Chitosan possesses good properties, like biodegradability,
biocompatibility, it has fungicidal, antimicrobial, and antitu-
mor activity and also has strong healing properties, as it offers
an excellent environment for cell adhesion and proliferation.
Applications are focus of a range of studies reporting its med-
ical potential as nerve regeneration, bone, cartilage, epider-
mal healing, gene therapies, drug delivery, semipermeable
membranes, and development of biomaterials.”* Another
major advantage of chitosan is that its production process is
economically and environmentally viable since it comes from
by-products of the fishing activity of parts that were dis-
carded in addition to being a renewable source of raw mate-
rial”> In oral medicine, chitosan has been produced as
membrane for bone regeneration®® and caries prevention.”

Collagen

Collagen is the main organic component of the dentin
matrix and represents an alternative to produce scaffolds
for dental regeneration. Collagen-hydroxyapatite compos-
ite is used due to the enhanced biological and mechanical
characteristics obtained by the binary system. Some suc-
cessful applications on dentin recovery, revascularization
in open apex periodontitis treatment, and root caries inhi-
bition were reported.”*”® Collagen-based nanocomposites
using bioactive glass are related to indice cell proliferation
and osteogenic differentiation in dental pulp.”®

Cellulose

Cellulose is the most abundant high molecular weight poly-
saccharide in nature, and for this reason with relatively low
cost. Cellulose is widely used for a large number of applica-
tions in the chemical, food, and pharmaceutical industry. The
form and order of the crystallite give interesting properties
such as tensile strength, rigidity, heat resistance, and also elas-
tic properties which are very important materials aspects for
biomedical purposes including reinforce of materials and
because of its good biocompatibility, cellulose-based mem-
brane has been recently proposed for medical applications.>””
It has been reported that electrospun cellulose with nano-
hydroxyapatite results in good mechanical properties and
biocompatibility with dental cells with possible applications
in TE® Cellulose derivatives such as methylcellulose and
cellulose acetate are alternatives to biomedical applications
when cellulose dissolution is complicated, for instance, to
generate cellulose acetate membrane for dentistry.”"
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Oral applications

Next, main applications of fibers produced by electrospin-
ning in oral areas: drug delivery systems, tissue regenera-
tion and modification of materials, are presented.
Functional fibers could be achieved by blending polymers
mixtures and active molecules or by dispersing nano or
microfillers within fibrous matrix. These composites are
attractive since novel materials fabricated with electrospin-
ning demonstrated superior mechanical properties, bioac-
tivity and biochemical properties compared to their
constituent phases.
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Drug delivery systems

The aim of drug delivery systems is to enable the con-
trolled drug releasing towards alleviating medical
conditions at a defined rate over a definite period.
The promising use of nanofibers in drug delivery
systems might result in salient features such as high
loading capacity. Current release of diverse drugs rang-
ing from antibiotics and anticancer agents to proteins,
aptamers, DNA has been successfully achieved with
electrospun fibers. Different drug delivery assemblies
are presented in Figure 4.

@m

Nanocarriers

Figure 4. Possibilities on drug delivery assemblies using electrospun fibers: (a) impregnation of fibers using an immersion bath in the presence of the drug; (b)
nanocarriers attachment to the fiber; (c) polymeric fiber matrix loaded with the drug, produced by electrospinning from a solution containing the drug; (d) coaxial
electrospun fiber obtained by the encapsulation of the drug (core) inside a polymeric structure (shell).



Pharmaceutical properties as bioavailability, solubility,
and stability could be enhanced with this strategy.”?
Electrospun fibers have shown their advantages in the
field of drug delivery due to their high surface area and
volume ratio with interconnected pores in the fibers.

Strategies to avoid bacterial and fungal diseases are
important in the oral-facial field.*° For this reason, scaffolds
containing antibiotics have been increasingly used in oral
studies™**7404951 and mucoadhesion strategies are also
reported.®*>®* The presence of anti-inflammatory agents in
such composites could activate a signaling cascade and
trigger the healing process.®?

A combination of ampicillin (AMP), MNZ (20/20%w/
w), and PLA single fiber mats were described to suppress
periodontopathogenic species A. actinomycetemcomitans
within an elution time of 24h* and the effect of MNZ
(0.1-40% w/w) with electrospun PLA fibers decreased via-
bility of F. nucleatum and P. gingivalis up to 28 days and for
A. actinomycetemcomitans up to 2 days.*’ In Reise et al.,*" it is
described that highly loaded fiber mat with 40% of MNZ
(w/w) with a weight of 35 mg contains 14 mg of MNZ and
the amount of MNZ when administered systemically adds
up to 8400 mg (3 x 400 mg daily over seven days). However,
toxic effects are expected if local drug administration pro-
vides highly concentrated antibiotics doses. Gradually
drug release could be a more biologically friendly approach
to be tested such as amounts that promote the elimination
of Dbacteria associated with the reduction of
adverse effects.**

Regenerative endodontics requires effective root canal
disinfection with no or minimal harm to stem cells and
growth factor. Triple antibiotic (ciprofloxacin, MNZ, and
minocycline) or double highly concentrated antibiotic
(minocycline-free) pastes are typically accomplished for
root canal disinfection.”® However, potentially toxic effects
of highly concentrated antibiotic pastes on dental pulp
stem cells and dental pulp fibroblasts should be concerned.
Controlled amounts of antibiotics could be achieved with
electrospun antibiotic-containing scaffolds. For this
purpose, PDS fibers were fabricated with MNZ, minocyc-
line, and ciprofloxacin via electrospinning and tested in
vitro against a dual-species biofilm (A. naeslundii and
Enterococcus  faecalis, bacteria prevalent in immature
infected root canals and responsible for secondary infec-
tions in necrotic teeth after treatment, respectively) with a
significant bacterial death, whereas they did not affect
dental pulp stem cells attachment and proliferation
on dentin.**

Controlled localized delivery of antibacterial agents to
dental implants site using a biodegradable electrospun
material could be designed in order to prevent bacterial
infection, one of the causes of dental implant fail. PCL/
alginate associated with MNZ rings were custom designed
and inserted around dental implant prior to their place-
ment procedure. This strategy minimized burst release
effects with MNZ release over 30 days.”

Reported studies suggest the use of these materials for
periodontal and endodontical infections and for dental
implants. Drug release from nanofibers could be due to
desorption of drug from the surface, diffusion from pores
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and/or matrix degradation, all processes likely to get
affected by polymer type, porosity, morphology, and also
by geometry of nanofibers.®> Other antibiotics have been
used in drug delivery inside electrospun materials: amox-
iciline,”” AMP,*” minocycline, and Ciproﬂoxacir1.49’51

Antifungal and mucoadhesives properties are also
reported in this area. Poly-g-caprolactone nanofibers func-
tionalized with ketoconazole were produced by electro-
spinning and tested against filamentous fungi in Veras
et al.% and the functionalized nanofibers showed antifungal
activity against Aspergillus avus, A. carbonarius, A. niger,
Aspergillus sp. A29, Fusarium oxysporum and Penicillium
citrinum by agar diffusion test with inhibitory zones rang-
ing from 6 to 44 mm.

Mucoadhesivity of polymers is sometimes a desired
characteristic in drug delivery systems because it
could enhance drug retention time at the application
site and increase bioavailability.®> The chitosan-
ethylenediaminetetraacetic acid/polyvinyl alcohol
(CS-EDTA /PVA) was reported as mucoadhesive and elec-
trospinnable composite that associated with clotrimazole
(CZ)-loaded microemulsion could be used for antifungal
purposes,® demonstrating sustained release with antifun-
gal activity in vitro.

Tissue regeneration

The synthesis of unique materials to support the regenera-
tion of tissues and lost organs due to trauma and/or dis-
eases and TE remains pivotal to the development and
translational impact in regenerative dentistry.** TE uses
three basic components (cells, scaffolds and biomolecules)
to develop biofunctional substitutes for restore and main-
tenance of tissue function. The regeneration process can be
assisted by scaffolds produced by electrospinning method
resulting in biocompatible and sometimes biodegradable
polymers.>*®” However, natural tissue integration with
functional neovessels can be also obtained (Figure 5).
Scaffolds can convey growth factors as well as cells to the
target site to assist the injury regeneration®® and generate a
support to the increase of cell adhesion, growth, migration
rate, and differentiation. Biodegradable polymers with-
draw surgical implant removal and can improve patient
recovery process.51 Thus, nanostructured materials have
been electrospun as mono and multilayered membranes
and scaffolds in order to improve tissue regeneration.
Regenerative endodontics includes approaches to treat
pulpal and periapical pathologies, for instance, in proce-
dures that could be used for apical closure induction or
for teeth that were previously endodontically treated.** In
this area, nanofibrous scaffolds have been designed to stim-
ulate positive cell-ECM interactions, increase cell prolifer-
ation, maintain cell phenotype, support differentiation of
stem cells, and activate cell-signaling pathways by provid-
ing physical and chemical stimuli.** In Bae et al.,*® collagen
was added into electrospun bioactive glass to improve
its poor mechanical properties as high brittleness.
Proliferation and odontogenic differentiation of dental
pulp cells was tested with enhanced cellular growth and
differentiation into odontoblasts and human dental pulp
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(b)

Figure 5. In vivo assay via intramuscular scaffolds implantation in rat.
Histological aspect 28 days after implantation of PLGA scaffolds, showing (a) the
natural tissue integration capacity and (b) the neovascularization (dark regions) in
the implanted region.

cells grew preferentially on the nanocomposite, rather than
on type I collagen during culture for 14 days. Additionally,
gene expression of the key integrin a2B1 which specifically
binds to collagen molecular sequence was highly stimulat-
ed in the collagen/electrospun bioglass composite, sug-
gesting that an integrin-mediated process was associated
to the odontogenic stimulation.

In Kim et al.,>* a polycaprolactone nanofibrous scaffold
was produced by electrospinning and the surface was min-
eralized with apatite to test cell adhesion, growth, and
odontoblastic differentiation. Their results indicated that
such scaffold promoted growth and odontogenic differen-
tiation of human dental pulp cells through the integrin-
mediated signaling pathway.

Healing of periodontal tissues (ligament and surround-
ing bone) could be improved by TE and nanofibers.* In
Sundaramv et al.,*® PCL multiscale (micro/nano) mem-
brane was obtained by simultaneous spinning of PCL
micro and nanofibers to recover a calcium sulfate/chitosan
scaffold to assist in both ligament and bone regeneration.
Osteoblastic differentiation of human dental follicle stem
cells (hDFCs) on calcium sulfate/chitosan scaffold showed
maximum alkaline phosphatase at seventh day followed by

a decline thereafter when compared to chitosan control scaf-
fold and also fibroblastic differentiation of hDFCs.

In Bottino et al.,”! chitosan for guided bone regeneration
membranes was electrospun using chitosan (70% deacety-
lated, 312 kDa, 5.5w/v%), with or without the addition of a
crosslinking agent (genipin) in order to extend biodegrada-
tion. Genipin-crosslinked mats presented lower degrada-
tion rates based on mass loss compared with
uncrosslinked mats. In addition, genipin-crosslinked mats
supported the proliferation of SAOS-2 cells in a five-day
growth study, similar to uncrosslinked mats.

In summary, electrospun of polymeric nanofibers has
been used for regeneration of pulp-dentin complex used
in combination with biomechanical and biochemical cues
in endodontics.***® Nanofibers have been used also for
regeneration of periodontal ligament alone,** considering
alveolar regeneration at the same time” or combining ori-
ented nanotopological and mechanical stresses.>*>!
Multilayer membrane has been produced for bone and
soft tissue regeneration at the same time,”° and barrier
membranes in guided bone regeneration.’® Testing cell via-
bility with increase or decrease of the content of nanofibers
while maintaining the required structural and biological
properties could be challenging. Although initial in vitro
results are promising, limited use should be taken until
clinical further long-term data are obtained.*

Modification of materials

Ceramic, polymeric, and biodegradable materials have
been increasingly used in dentistry as aesthetic options
for oral rehabilitation. The improvement of mechanical
and physical properties of dental composite such as tensile
strength, flexibility and elasticity at nanoscale has stimulat-
ed studies to investigate methods to produce modified
restorative materials®® to better support the challenging
biological and mechanical oral conditions. The use of elec-
trospinning method for these purposes has been indicat-
ed 334655587089 Nanofiber morphology, size, and
anisotropy behavior are important factors for reinforced
resin composites.*’

Recent researches are progressing to further understand
how polymers composition influences the success or failure
of dental restorations, especially dental resins. Mechanical
properties of commercial dental composites modified with
electrospun nanopolymers are approaches commonly stud-
ied. In Vidotti et al.,*° the effect of bis[4-(methacryloxypro-
poxy)-phenyl]-propane/triethylene glycol dimethacrylate
(BisGMA/TEGDMA) ratio and resin blend to fiber mass
ratio on the flexural properties was investigated for electro-
spun PAN fibers included into resin blends. Their results
demonstrated that addition of different ratios of PAN fibers
did not affect flexural strength and flexural modulus of the
composite beams as compared to neat resin beams; howev-
er, the addition of fibers significantly increased the work of
fracture of the composite beams, especially for blends with
higher TEGDMA ratios.”’ Surface silanization of electro-
spun fibers could be a method to prevent detachment
of fibers and the resin matrix in BisGMA/TEGDMA
reinforced blends with further increase of mechanical



properties as flexural strength, elastic modulus, and work
of fracture.*” The composite performance is a function of
matrix chemistry, fiber diameter, fiber dispersion, and fiber
matrix interaction. The performance of simple polymer sys-
tems, like acrylates, can be effected by the introduction of
small weight percentage (<1 wt.%) of nanoscale reinforce-
ments.*® Resins for indirect oral application as used in the
fabrication of interim restorations’® or acrylic denture
material”® could be also benefited with electrospun
method. In Almeida et al.,”° bisacrylic partial fixed dental
prostheses with and without electrospun silica-nylon rein-
forcement were tested for different orientations (horizontal
or vertical) before and after thermocycling. Results indicat-
ed enhanced the flexural strength values of bisacrylic
resin bars and that horizontal orientation provided the
highest values of fracture strength for partial fixed
dental prostheses.

Electrospun polymers with fiber alignment could be an
approach since aligned fibers could present round pattern
or crossed lines®>® and dynamic rotating collector is an
approach to produce them from different polymers. Fine
and nanotexturized biocompatible layers with bioactive
compounds could be deposited on dental implants surfaces
to increase surface area, reactivity, and interaction with sur-
rounding tissue.”’ Implant-cement or implant-bone inter-
faces are required for implant fixation and the filling of
possible tissue defects.®® In Khandaker et al.*®* PCL was
deposited with a elestrospinning device in order to create
unidirectional fibers on titanium (Ti) plates cemented with
poly(methyl methacrylate) (PMMA). The results from
fatigue testing and finite-element analysis showed that
the addition of the micron- to nanosize PCL fibers on Ti
improved the quality of the Ti-PMMA union.

In De Carvalho et al.,°" cellulose acetate and PEO were
electrospun and chlorhexidine (CHX) was incorporated
into the mats. The CHX-containing fibers showed antibac-
terial activity against S. mutans and E. faecalis based on the
test of inhibition halos formed around the nanofiber discs
after the bacterial incubation period. Additionally, fibers
with CHX increased release over 90 days from the fibers
treated with CHX after spinning.”" This kind of studies is
relevant, because most of the commercial restorative com-
posites do not present bacteriostatic and bactericidal prop-
erties and such aspects are desirable since restorative resins
facilitate bacterial colonization and biofilm formation.*?

In Dodiuk-Kenig et al.,** polyvinyl alcohol (PVOH),
PLLA, and nylon 6 were electrospun and added at different
ratios into Bis-GMA/TEGDMA acrylate resin system with
increase of cross linking for 0.05wt.%, 250nm PVOH
nanofiber-reinforced composite with decrease of linear
shrinkage by 50%. Such result was attributed to the incor-
poration of hyperbranched moieties into the matrix resin
assembling to form nanophases that retard motions in the
acrylate backbone through the hydroxy-rich chemistry;
however, the exact details of the chemical mechanisms
were not fully addressed.

To summarize, the increase of the longevity and
performance of direct or indirect dental restorations for
oral rehabilitations could be assisted by eletrospinning pro-
cesses. 07422589195 The achievement of the desirable
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benefits of nanofiber reinforcement could be improved
with the increase of resin ability to properly wet and pen-
etrate the interfibrillar spaces of the fibrous mesh.

However, not all composites ratios are beneficial and
limitations of the bonding between the fibers and the
resin matrix are an important problem. The incomplete
wetting of the nanofibers by the infiltrating resin could
result in air inclusion and voids that ultimately compro-
mises the strength of the material.*" Another problem is
that methacrylate monomers undergo shrinkage when
they polymerize generating shrinkage stresses and leaving
restorations susceptible to debonding of the tooth/compos-
ite interface. This phenomenon could result in gap forma-
tion prone to bacterial infiltration and attempt to reduce
polymerization shrinkage comprise varying monomer
structure, modifying type, size, size distribution, and
amount of fillers added to the resin matrix.”* Finally, anoth-
er strategy to decrease bacterial infiltration is the incorpo-
ration of bacteriostatic and bactericidal agents in dental
materials. All promising strategies could be assisted by
electrospinning process although further in vitro, in vivo,
and clinical investigations are strongly indicated.

Concluding remarks

Collaboration between professionals from different
research areas will be essential to the development of
new materials and the optimization of techniques for its
production, such as electrospinning. Clinical problems
and oral health outcomes can be benefited by advances in
materials engineering research involving the electrospin-
ning technique.

From the different polymeric materials and applications
presented here, it is possible to conclude that the electro-
spinning technique is increasingly advantageous in oral
applications. The improvement of the mechanical proper-
ties, the promotion of cell proliferation and differentiation,
the degradation rate of different electrospun materials, and
the possibility of controlled drug delivery proved the effec-
tiveness of materials produced by this technique. However,
some of the analyzed studies require further investigation
in order to enable direct human applications. The interac-
tion of nanofiber with biomolecules in animal models may
be different in humans and induce different toxic effects. In
vivo studies for testing electrospun nanofiber are very low
in number compared with in vitro studies. In addition, both
in vitro and in vivo toxicity tests must follow well estab-
lished regulatory guidelines.” This will enhance the per-
formance of products made from fibers and develop new
trends and possibilities in oral treatments.

Natural polymers such as cellulose, collagen, and chito-
san, appear as potential electrospun materials, low explored,
but with high potential for oral applications.

Although several strategies are being developed to
achieve materials with superior performance compared to
those commercially available, advances in this field of
research are incremental and should be combined or opti-
mized for the effectively production of such materials on a
larger scale. Despite the controlled production in laboratory
is easy to achieve, the large scale production by
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electrospinning is in development. For example, in dental
and medical applications, the solvent removal from the mat
is very important and represents a problem when higher
volumes of material are processed. Even though, emerging
companies are concerned with these issues, designing inno-
vative devices for industrial scale production.”® Changes in
properties cannot be extrapolated by inverse size analysis
of the particular but must be determined through in vitro, in
vivo, and clinical studies.
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