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ABSTRACT: Unique properties and potential applications of nanofibers have
emerged as innovative approaches and opportunities in the biomedical, healthcare, n 5
environmental, and biosensor fields. Electrospinning and centrifugal spinning e Rt
strategies have gained considerable attention among all kinds of strategies to m
produce nanofibers. These techniques produce nanofibers with high porosity and SsSg
surface area, adequate pore architecture, and diverse chemical compositions. The o
extraordinary characteristics of nanofibers have unveiled new gates in nano-

medicine to establish innovative fiber-based formulations for biomedical use,

Applications
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Scaffolds

Drug Delivery Biomedical
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healthcare, and a wide range of other applications. The present review aims to @ &

provide a comprehensive overview of nanofibers and their broad range of e . -
applications, including drug delivery, biomedical scaffolds, tissue/bone-tissue ™) - ﬁt
engineering, dental applications, and environmental remediation in a single place. e S 4

The review begins with a brief introduction followed by potential applications of

nanofibers. Finally, the future perspectives and current challenges of nanofibers

are demonstrated. This review will help researchers to engineer more efficient multifunctional nanofibers with improved
characteristics for their effective use in broad areas. We strongly believe this review is a reader’s delight and will help in dealing with
the fundamental principles and applications of nanofiber-based scaffolds. This review will assist students and a broad range of
scientific communities to understand the significance of nanofibers in several domains of nanotechnology, nanomedicine,
biotechnology, and environmental remediation, which will set a benchmark for further research.
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1. INTRODUCTION encapsulation efficiency, controllable morphology, and high
chemical and thermal stability. The properties of nanofibers

Nanofibers are emerging one-dimensional nanomaterials for a
could be significantly influenced by the polymeric raw

broad range of research fields and commercial applications

thanks to their exceptional physicochemical characteristics and material.” Thus, numerous polymers have been utilized to
architecture. Nanofibers are small-scale strands of materials produce nanofibers. For instance, cellulose nanofibers (CNF)
that usually have a diameter from tens to hundreds of are promising reinforcement fillers for polymer, owing to their
nanometers. Nanofibers have an exceedingly high surface area unique properties of low thermal expansion, high aspect ratio,
and a high surface-to-volume ratio." They can form networks low density, high stiffness, low cost, and biodegradability.6 The
of highly porous fiber mesh with incredible interconnectivity different types of nanofibers can be classified according to the
among their pores, making them an enticing choice for a host technology implemented for their synthesis, materials or types

of superior applications. Yet, the size and length of the
nanofiber depend on the application or function that it
performs. Due to their high similarity with the extracellular
matrix (ECM), nanofibers are applied in various fields, such as
nanomedicine, biosensing, tissue engineering, drug delivery,
and others.” Nanofibers have unique properties, making them
ideal for a wide range of advanced applications.” Currently,
synthetic fibers have gained higher demand than natural fibers
because of the easy manipulation of their structure.* Nano-
fibers are capable of producing ideal advantages, including high

of polymers used, as well as their various applications. Natural
polymers offer multiple advantages, such as being similar or
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identical to macromolecular substances present in the human
body. With this, the biological environment can recognize and
interact with natural polymers more efficiently. Collagen
nanofibers show compatibility with some types of cells in the
organism. Chitosan (CS) nanofibers show a significant
potential for scaffolds in tissue engineering. In addition,
synthetic polymers show the largest class of bioactive materials.
Poly(ethylene-co-vinyl acetate) nanofibers are used to control
drug delivery. Carbon and alumina nanofibers are used in
dental and orthopedic implants.” Nanofibers can be produced
by different techniques such as electrospinning, blow spinning,
centrifugal spinning, and microfluidic spinning techniques.
Among them, electrospinning technology is the most common
approach. This technique has the advantage of being cost-
effective, straightforward, and can be operated at room
temperature.” However, this technique has some limits such
as it requires specialized equipment and high voltage, as well as
presenting a low deposition rate.” Another method is the
solution blow spinning technique. This method uses a simple
apparatus and a concentrated polymer solution in a volatile
solvent. However, it has limits in producing the desired fiber
diameter.” A third approach is centrifugal spinning, which
utilizes centrifugal forces to produce nanofibers. Both the
diameter and morphology of the nanofibers can be adjusted by
controlling the viscoelasticity and rotation speed of the
fluid.""~"* One last current technique is microfluidic spinning,
where two different fluids are injected into microscale channels
to form a three-dimensional (3D) coaxial flow at the
intersection.'’ The ability to use different approaches to
fabricate nanofibers has helped researchers find different
applications of these fibers in the biomedical field, tissue and
bone-tissue engineering, drug delivery, and the ongoing
COVID-19 pandemic.

Furthermore, nanofibers can be classified according to their
structure and geometries in many ways, and they can be
nonporous, mesoporous, hollow, core—shell, nonwoven, and
yarn-like, among many other variations. This structural
diversity depends largely on the type of precursor material
utilized, along with the synthesis methodology being followed.
Moreover, the final form of the nanofibers that are used largely
depends on the application being sought."> Nanofibers can be
dispersed in solution or can be used directly as free-standing
meshes. In the field of biomedicine and tissue engineering, for
example, nanofibrous scaffolds are ubiquitous in applications
concerning tissue regeneration, as they can provide adequate
conditions to promote cell adhesion and proliferation. In this
review, several types of nanofiber geometries are mentioned,
where nanofiber meshes in the form of scaffolds are the most
commonly used."*

Nanofibers have different applications depending on their
properties. For instance, there is a wide variety of applications
in environmental remediation. Nanofibers have been used for
the removal of carcinogenic chemicals released by the textile
industry in water streams and soil, such as formaldehyde or
heavy metal ions.''® Nanofibers can act as filters for either oil
spill management or waste handling. Furthermore, methylene
blue is a toxic colorant that can be degraded due to the
photocatalytic properties of nanofibers.'” Outstanding charac-
teristics of electrospun nanofibers, including high surface area,
cost-effectiveness, porosity, and flexibility, make them a good
choice for sensor applications. Thus, the combination of
electrospun nanofibers and the incorporation of functional
nanomaterials can provide an efficient platform for developing
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technologies such as a potential glucose sensor.'® Nanofibers
have recently been known for their great potential in the
medical field. The use of nanofibers for drug delivery has
increased rapidly due to their favorable properties, such as high
porosity, small pore size, superior mechanical properties, and
ease of surface modification. For drug delivery systems, the
application consists of drug-loaded nanofiber membranes that
can be prepared via electrospinning using a model drug and
polymer solution. The release of the drug from the nanofiber
membrane in a safe and controlled way is challenging because
of the initial burst release. Employing a core—sheath design
provides a promising solution for controlling the initial burst
release.”” Dentistry is another medical application of nano-
fibers. Nanofibers are being used for dental tissue engineering.

Tissue engineering aims to fabricate functional biomaterials
for the mend and regeneration of defective tissue, in addition
to the structural simulation for accelerating the repair process
and achieving a high-quality regeneration.”’ This is achieved by
mimicking the ECM with nanofiber scaffolds.”’ The nanofibers
should be fabricated with materials that allow them to function
as normal tissue, inhibiting bacterial §rowth, and promoting
angiogenesis and cell proliferation.”” Among the various
nanomaterials, self-assembled peptide nanofibers have gained
considerable attention thanks to their widespread application
in biology, tissue engineering, drug delivery, biosensors, and
regenerative nanomedicine.”””*” Self-assembled peptide-based
nanomaterial scaffolds were mainly made from three major
categories of peptides including a-helical, S-sheet, and
collagen-mimetic peptides.””** A great number of advances
have been reported in the area of self-assembled peptide
nanofibers for regenerative nanomedicine.

Such advances explored the rational design, synthesis, and
characterization of different peptide nanofibers for a wide
range of applications. Among all nanomaterials considered for
self-assembly functions, peptide nanofibers have attracted great
attention as structure units for bottom-up manufacture, thanks
to their versatility, ease of fabrication, tunable structures, low
costs, and versatile attributes. Besides, self-assembled peptides
form well-ordered supramolecular structures and possess many
advantages including good mechanical and thermal stability,
piezoelectricity, semiconductivity, and optical properties
compared with individual peptides. Due to the dynamic nature
of electrostatic interaction, self-assembled peptides can readily
respond to multifarious external stimuli. So that self-assembled
peptides recreate aspects of the dynamics present in living
organisms. Self-assembly can be controlled by stimuli
conditions such as chemical cues (i.e., ionic strength, pH,
redox agent, competitive guest—host interfaces), physical cues
(ie, light, temperature, voltage, and ma%netic field), and
biological cues (i.e., proteins, and enzymes).”’~>> Such stimuli
sensitivity can leverage to develop supramolecular peptide-
based nanomaterials that allow the variation of characteristics
in real-time in response to external stimuli, so ultimately
producing smarter therapeutics. Thus, the formation of
nanostructures by this self-assembly process is affected by
stimuli conditions. For instance, the desired peptide nano-
structures can be obtained by adjusting appropriate conditions.

Surfaces of some inorganic, organic, and biological materials
are usually used as substrates to guide the self-assembly of
peptide molecules to form well-ordered nanostructures such as
nanofibers, nanowires, nanotubes, films, and networks.>® This
review demonstrates the current status and future evolution of
nanofibers, with an emphasis on their production and
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Figure 1. Schematics for the fabrication of GelMA nanofibrous mat and its subsequent application into a wound bed. The photo cross-linkable
GelMA prepolymer was electrospun onto an aluminum plate and subsequently UV light-cross-linked to obtain nanofibrous mats which were
applied to wound beds to promote skin regeneration. The integrated box displays the nuclear magnetic spectrum of synthesized GelMA. The
gelatin component (red dashed box) was modified to contain methacryloyl groups (blue dashed box) which formed cross-linked GelMA networks
upon light exposure. Reproduced with permission from ref 39. Copyright 2017 Elsevier.

applications. First, more relevant and recent developments
related to the applications of nanofibers have been exhibited.
Then, perspectives on the new directions, opportunities, and
challenges for the future development of nanofibers are
discussed. Specifically, six important areas of drug delivery,
tissue and bone-tissue engineering, biomedical scaffolds, dental
application, and environmental remediation were demonstra-
ted. Despite all the developments, there are still some
challenging tasks to be resolved and overcome for nanofibers
to move toward evolution. In the end, we explain methods to
scale up the production of nanofibers and briefly explain
several types of nanofibers-based commercial products that
have found widespread use in daily life.

2. NANOFIBER SCAFFOLDS FOR BIOMEDICAL
APPLICATIONS

Some of the main biomedical applications of nanofibers
include biosensors, contact lenses, drug delivery, and treatment
implants. To achieve successful applications, it is important to
consider some characteristics such as high tensile strength,
elastic modulus, low density, toxicity, biocompatibility, and
tunability. The most common materials for creating polymer
nanofibers are hydrogel, cellulose, methacrylated gelatin
(GelMA), peptides, etc.”**> Nanofiber scaffolds allow
interactions with bodily tissues, which can offer regenerative
treatments. This is especially useful. The skin is the largest
organ of the human body, which acts as a barrier with
immunologic, protective, and sensorial functions. Its exposure
to the external environment results in several different types of
injury and damage, along with the loss of variable volumes of
ECM. Nanofiber scaffolds offer a viable, permanent, and
effective alternative to tackle the drawbacks of skin
regeneration and repair by combining cells, growth factors,
and biomaterials. Nanofibers imitate ECM and use cells to help
regeneration, and they can also mimic the environment under
the skin. In some cases, stem cells are targeted by these
scaffolds to enhance the healing process. They improve the
efficiency of cells to form a natural matrix around the wound.*®
Jiang and co-workers developed 3D nanofiber scaffolds with
controlled porosity and thickness using subcritical CO, fluid.
The nanofiber scaffolds preserved the antibacterial activity of

loaded antimicrobial peptide LL-37 and the fluorescent
intensity of embedded coumarin 6. The 3D scaffolds have
significantly improved infiltration and neotissue construction
after intravenous grafting. In addition, improved blood vessel
formation and the ratio of M2/M1 macrophages have been
observed after intravenous implantation over 2 and 4 weeks.””
Tetracycline hydrochloride (TCH) incorporated zein/gum
tragacanth/PLA (zein/GT/ PLA) nanofibers were fabricated
for wound healing and anti-inflammatory applications. The
TCH-embedded zein/GT/PLA/TCH nanofibers showed
improved mechanical, morphological, and antibacterial proper-
ties, as well as improved cell viability. They also demonstrated
antibacterial properties and degradability for tissue repair.
Additionally, they encouraged cell growth, proliferation, and
adhesion. Due to their biocompatibility, low degradability, and
strength, these could be used for many biomedical
applications.”® In another study, natural, protein-based 3D
fibrous scaffolds with favorable physicochemical properties
were used for wound healing. For instance, photo cross-
linkable methacrylated gelatin (GelMA) 3D fibrous scaffolds
were fabricated, and their biophysical properties were
investigated. The GelMA scaffolds exhibited improved stiff-
ness, water retention, strength, degradation, cell adhesion,
migration, and proliferation. Overall, the GelMA scaffolds can
be used for the reconstruction of wound defects or in vitro skin
reconstruction (Figure 1).%’

Moreover, the biomedical applications of nanofibers can
extend beyond the skin into other tissues. For example, Chen
and co-workers developed electrospun gelatin/PLA nanofiber-
based porous 3D scaffolds (3DS-1) for cartilage tissue
regeneration. Furthermore, hyaluronic acid (HA) cross-linked
modified scaffolds (3DS-2) were also primed to further
improve cartilage regeneration. The fibrous scaffolds exhibited
elastic and superabsorbent properties in the wet state. Both
3DS-1 and 3DS-2 fibrous scaffolds showed enhanced
cytocompatibility against chondrocytes. Furthermore, the
scaffolds were implanted in rabbits under an articular cartilage
injury model to investigate cartilage regeneration.

The in vivo results demonstrated that the 3DS-2 would be a
promising material for cartilage tissue repair.*” Thermoplastic
polyurethane (PU) nanofibers were fabricated by using a
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trichloromethane (TCM)/2,2,2-trifluoroethanol (TFE) sol-
vent system. This new solvent system showed improved
properties, including high viscosity and better conductivity.
The fiber elongation was improved while still having flexibility.
There was high cytocompatibility, which makes PU nanofibers
nontoxic for biomedical applications.*' Biomedical applications
of nanofibers including drug delivery, tissue engineering, bone-
tissue engineering, dental application, and clinical trials of
fibers-based scaffolds are discussed in the following sections.

2.1. Nanofibers for Drug Delivery. Among the various
potential biomedical applications, drug delivery is one of the
promising applications. The high encapsulation efficiency, high
loading capacity, sustained and controlled delivery, ease of
operation, instantaneous delivery of diverse remedies, and cost-
effectiveness are enticing features in drug delivery. An ideal
drug delivery system should carry adequate drug molecules and
preserve the payload until it reaches the targeted site. Besides,
a drug delivery system should have biocompatibility and
biosafety. A variety of controlled delivery systems are utilized
to improve the therapeutic efficiency and protection of drugs
by delivering them in a controlled fashion to site action.
Among the various drug delivery systems, nanofibers are the
most potent vehicles for drug delivery applications. Electro-
spinning is the most used strategy to produce nanofibers,
which yields highly porous nanofiber meshes with a large
surface-to-volume ratio. Perhaps, the greatest challenge for
nanofibrous meshes for drug delivery is the specificity needed
in the design of each system, which leads to great obstacles
when attempting to produce them at an industrial scale.
Therefore, there is a great need for the study of different
spinnable polymers and their interactions with individual drug
molecules to achieve the desired properties of the drug delivery
system.”” Therefore, the ability of nanofibers as drug delivery
systems is explored in this subsection.

Nanofibers are widely used in the pharmaceutical field and
are being paid attention to due to their advantages for drug
delivery depending on critical process parameters and critical
material attributes for electrospinning and polymer materials,
respectively.”

Sofi and co-workers reported a series of nanofibers from
synthetic and natural polymers and discussed how they can be
applied in different fields like drug delivery and others.""
Ibuprofen (IBU) incorporated cellulose micro/nanofibers
(CMF) were produced by electrospinning under an ionic
liquid (1-butyl-3- methylimidazolium chloride). The CMF
fibers exhibited improved physicochemical properties and cell
viability. The drug release measurements revealed a controlled
and prolonged IBU was released from the nanofibers in acetate
buffer (pH $.5)." Similarly, fluconazole-loaded poly(vinyl
alcohol) (PVA) based electrospun fibers were manufactured
to suppress side effects of the fungus Candida albicans, which
arise from the treatment of chronic candidiasis. Moreover,
these electrospun fibers showed potential to be used in the
medical textile industry.2 Nanobioactive glass (BG)/PVA/CS
nanocomposite fibers were fabricated by electrospinning.
Risedronate sodium was incorporated as a model drug into
the BG/PVA/CS fibers and drug release was measured. The
drug release results revealed sustained drug release over 96 h
and followed a diffusion mechanism.” Akpan and co-workers
developed poly(D, L-lactic-co-glycolic acid) (PLGA)/pluronic
F127/GL/prodigiosin (PG) nanofibers for controlled drug
delivery. The obtained nanofibers displayed prolonged drug
delivery. In addition, the fibers exhibited improved cell viability
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against breast cancer cell lines. Therefore, this encourages the
localizing and delivery of triple-negative breast cancer drugs in
three stages. The drug release can be controlled by doses and
release rates. Due to the surfactant (pluronic F127), the drug
loading ability of nanofibers was increased, and the initial burst
drug release was controlled.*’ In another study, different drug
molecules loaded within gelatin nanofibers showed controlled
drug delivery, improved cell viability, and antibacterial
properties against Staphylococcus aureus and Klebsiella pneumo-
nige.">'® Kamble and co-workers reported the evolution of
drug delivery through the skin. Biocompatible cellulose acetate
(CA)-based nanofibers have been also used for biomedical
applications. However, CA could not be degraded in the
human body due to the lack of cellulase enzymes, so the
biodegradation of CA nanofibers has become an issue.'’
Bhandari and co-workers developed CNF aerogels as
innovative delivery vehicles for oral drug delivery. Bendamus-
tine hydrochloride was selected as a model drug and controlled
drug release was observed under physiological conditions.”
In addition, various polymers and their combinations have
been used in drug delivery. For instance, hydrophilic or
hydrophobic polymers were loaded with several hydrophobic
and hydrophilic drug molecules and their release performances
were investigated. For this, coaxial electrospinning has been
developed, and throughout the years, major advances have
occurred which have led to various configurations of multiaxial
fibers for drug delivery (Figure 2).* In wound care,

Single Fiber

[ Coaxial Fiber |

[ Hollow Fiber | ( Triaxial Fiber |

@ Medication 1

A Medication 2

Figure 2. Schematics of the cross-sectional view of electrospun fibers
in various configurations of multiaxial fibers with the loading of
required agents. Reproduced with permission from ref 4. Copyright
2017 Elsevier.

antibacterial drugs such as chloramphenicol (CAM) loaded
in fibrous dressing have gained major interest as an innovative
topical drug delivery system. Thus, CAM-loaded polycapro-
lactone (PCL) and poly(ethylene oxide) (PEO)/PCL nano-
fibers were developed, and the composite fiber exhibited
sustained drug release along with improved physicochemical
properties and cell viability. Moreover, possible interactions
between CAM and polymers were investigated by computa-
tional modeling and phytochemical analysis.®

Likewise, a poorly water-soluble drug (quercetin or
tamoxifen citrate) loaded into core—shell nanofibers was
used as a novel drug delivery system, and controlled drug
delivery was observed.” Thanks to the tunability of nanofiber
scaffolds for drug delivery, it is possible to solve specific
challenges in different fields. For example, a short residence
time of a drug inside the body is a major issue in the treatment
of eye diseases because of the poor administration capability of
the eye to accommodate excess liquids. The challenge was
addressed by developing gellan gum/pullulan nanofibers as a
prolonged ocular drug delivery system. The fibers are shaped
into curved geometries to fit the eye. This ocular product with
adapted geometry is an optimistic alternative for drug delivery
(Figure 3)."°
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Figure 3. (A) 3D image of the lens forming matrix (side view); (B) 3D view of the forming matrix; (C) 1.5 cm diameter flat lens image of mesh
immediately after preparation; (D) side view of 1.4 cm diameter lens image after curvature formation; (E) microscopic picture of the lens (side
view); (F) lens construction, scaled with the measured dimensions. Reproduced with permission from ref 10. Copyright 2020 Elsevier.

In another scenario, due to the inability to control anticancer
drug delivery to the affected area, low efliciency of drug effects
on the solid tumor, and various other reasons, there’s a high
mortality rate in cancer patients.
addressed by using nanofiber drug delivery without side effects.
Specifically, S-fluorouracil incorporated PCL/CS nanofibers
were manufactured for controlled drug delivery. The nano-
fibers showed sustained delivery over colorectal cancer
therapy.'” Anticancer drug Temozolomide/CS nanoparticles
incorporated PCL/PU/gold-coated nanofibers were primed for
advanced drug delivery. The composite fibers not only exhibit
a prolonged drug delivery but also inhibit the growth of U-87
MG human glioblastoma cells. Thus, the composited fibers
were considered potential candidates to treat glioblastoma
cancer.” In another study, a local drug delivery system made
of electrospun polymers was described that contained
hydrophilic tea polyphenols in the core and hydrophobic 10-
hydroxycamptothecin in the shell of the nanofibers. The
potential suitability of the nanofibers in the localized therapy of
primary and advanced orthotopic hepatomas was addressed.”’
In addition, the focus of drug delivery through the skin has
been a recent topic of focus due to higher precision and
accuracy compared to traditional methods. This method is not
only exclusive to drug application but also improves skin
quality. The advances of nanofibers products in pharmaceut-
icals and cosmetics sectors were explored by Kamble and co-
workers.'”

In addition to electrospinning, forcespinning (FS) is another
emerging fiber manufacturing technique, which can produce
fibers from both polymer solutions and pallets."* FS boasts
high fiber fabrication rates and the ability to process a large
range of materials such as polymers, carbon, ceramics, etc. FS
compiled a lot of attention in recent years, in drug delivery and
energy.*~* For instance, polycaprolactone/mercaptophenyl
methacrylate functionalized carbon nano-onions (PCL/f-
CNOs) nanofibers were primed by using FS for controlled
anticancer drug release. Doxorubicin (DOX) is well-known
anticancer drug with the ability to kill cancer cells via the
inhibition of RNA and DNA biosynthesis. However, its
hydrophobic nature impedes its wide range of applications.
Therefore, the FS technique was used to produce PCL/f-
CNOs nanofibers for the prolonged and controlled DOX
release. The PCL/f-CNOs composite nanofibers exhibited pH-
responsive DOX release over 15 days. Moreover, the
composite nanofibers showed improved mechanical properties
and cell viability against human fibroblast cells. Thus, it can be
insisted that these composite nanofibers could potentially serve

Such demerits can be
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as a drug delivery system for achieving pH-responsive delivery
of DOX."

In another study, DOX-loaded bovine serum albumin
(BSA)/poly 4-hydroxyphenyl methacrylate-carbon nano-
onions (PHPMA-CNOs-CNOs) composite fibers were
manufactured for stimuli-responsive release. The BSA
composites fibers exhibited pH and temperature-responsive
drug delivery. Specifically, BSA composite fibers under pH 5.0
exhibited more than 98% of DOX released at 45 °C in 15 days.
In addition, improved cell viability against human fibroblast
cells and other physicochemical properties were also
augmented.” Similarly, ultrahigh molecular weight poly-
ethylene/poly 4-hydroxyphenyl methacrylate single-walled
carbon nanotube (PE/f-CNT) nanocomposite fiber mem-
branes were developed by using FS for simultaneous drug
delivery and heavy metal ions removal. Curcumin (Cur)-
loaded PE/f-CNTs nanocomposite fibers displayed pH-
responsive drug release in a controlled fashion. The composites
fiber presented enriched cell viability against osteoblasts.
Moreover, the composite fibers exhibited record mechanical
properties and stood as the strongest composite material
among all polymer-based composites.”” Recently, phytochem-
ical-based isorhamnetin glycoside (IRG) reinforced gelatin
nanofibers were fabricated using FS and characterized. The
gelatin nanofibers showed a controlled and sustained IRGs
release (63%) under physiological pH over 3 days. The gelatin
fibers displayed excellent biocompatibility with human
fibroblast cells.*®

In addition, self-assembled peptide nanofibers have also
been used for the controlled delivery of proteins, drugs, and
other biological payloads. For instance, an anti-inflammatory
drug can be incorporated as a prosthetic group onto self-
assembled peptide nanofibers through hydrolytic linkage,
which enables prolonged and localized drug delivery upon
hydrogelation by calcium salt.”® Tat Cell-penetrating peptide
(CPP) nanofibers hybridized with aliphatic moiety have
encapsulated the hydrophobic drug paclitaxel (PTX) within
their hydrophobic core. The experimental results demon-
strated that Tat-CPP nanofibers could transport the encapsu-
lated PTX into the cells through the endocytosis pathway, thus
Tat nanofibers served as efficient drug vehicles.>* Similarly,
hydrophobic peptide nanofibers exhibited controlled and
sustained drug release to the tumor site and considerably
inhibited tumor growth in a mouse model.*” It is also reported
that enzymes produced by cancer cells can also stimulate the
self-assembled peptide nanofibers. For example, cancer
enzymes promoted a conformational change in self-assembled
peptides that caused a controlled release of encapsulated
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Figure 4. Porous HA scaffolds support robust wound closure and tissue regrowth. (a) Schematic of the full-thickness excisional splinting wound
model procedure steps: (1) 6 mm full-thickness excisional wounds are inflicted on CS7BL/6 male mice (8—10 weeks old), (2) silicon rings are
sutured to the surrounding uninjured skin, (3) HA wound dressings are applied to the wound, and (4) silicon occlusive dressings (Tegaderm) are
used to cover the wounds. (b) Representative macroscopic images of wounds at day 0 and day 6 postinjury for the control (only covered with a
Tegaderm film dressing), mHA, and pHA dressings. HA-treated wounds reveal the formation of a scab across the entire wounded area, while
controls appear still completely open. Reproduced with permission from ref 57. Copyright 2019 American Chemical Society.

chemotherapeutics.” Thus, several drug delivery systems were
discussed in this subsection.

2.2. Nanofiber Scaffolds for Tissue Engineering.
Tissue engineering is a new and intensifying branch of the
medical discipline. Developed tissues and organs have been
constructed by combining cells, growth factors, and bio-
materials to substitute the injured tissues in the human body.
To regenerate damaged tissues is also the essential goal for the
less agonizing and speedy restoration of cartilage/bone to treat
skin wounds. The tissue regenerated by tissue engineering and
widely utilized by the patients is still very inadequate such as
cartilage, skin, bone, capillary, and periodontal tissues. The
major reasons for such scanty advances in clinical or preclinical
applications of tissue engineering are discussed. Fundamental
tissue engineering involves the scaffolds for cell expansion and
differentiation, cell courses, and vehicles for growth factors.”
Human and animal trials are the most important parts of tissue
engineering. For this, some key issues to be determined for the
enhancements of tissue engineering are focused on emphasiz-
ing the collaborations between medical doctors and bio-
materials researchers.

The main challenge of this application is the resemblance of
the extracellular matrix (ECM) and the proliferation of
endothelial and epithelial cells.”* Thus, this subsection explores
an overview of nanofibers-based biomaterials encompassing
fundamentals and applications in tissue engineering. Tissue
engineering along with regenerative medicine has been
focusing lately on the development of 2D and 3D nanofibrous
scaffolds. Due to their promising properties, they are likely to
contribute to the formation of new tissue in a wound. These
nanofibers produced by electrospinning have a highly porous
ECM which allows for the mimicking of small pore
membranes. It has also been proven that the nanofibers with
a sustainable release of silver nanoparticles increase the
antimicrobial activity against Staphylococcus aureus and
Pseudomonas aeruginosa. Compared to the 2D nanofibers, 3D
nanofibers allow better interaction between cells and nutrient
diffusion.” In another study, zein/poly(ethylene oxide)
(PEO)/thyme essential oil-based nanofibers were fabricated
by a portable hand-held electrospinning device and applied
onto partial-thickness wounds on mice models. The results
unveiled appropriate surface hydrophilicity, gas permeability,
high conformability to the wound site, and antimicrobial
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activity against S. aureus and E. coli. In addition, animal-based
in vivo results displayed that those nanofibers greatly improve
the wound healing process along with reducing infection and
cross-contamination rates.” Focusing on wound healing
(diabetic skin issues or normal skin wounds), nanofiber
scaffolds were made using ECM substances such as collagen,
HA, and gelatin. For instance, HA-based nanofiber scaffolds
were manufactured by using the immersion rotary jet-spinning
machine technique. This technique produced a variety of
scaffolds with excellent porosity, mechanical properties, and
swelling behavior. The scaffolds were tested in mice and
showed a high coverage of epithelial tissue and faster closing of
the wound due to the porosity properties of the scaffolds
(Figure 4).%”

Similarly, diclofenac-loaded gelatin/poly(epichlorohydrin-
co-ethylene oxide) [GL:PECO] nanofibers were fabricated by
using forcespinning (FS) for tissue engineering and drug
delivery. Since gelatin can easily attach to cells because of its
degradability, PECO makes polymers last longer and make
them more flexible and stronger. The fiber scaffolds exhibited
controlled drug delivery with improved cell viability and
proliferation, which aids in drug delivery and wound healing.>®
Most of the nanofibrous scaffolds including aligned and
randomly oriented fibers have been used in skin repair and
wound healing. However, for the first time, inspired by the
basketweave-like pattern of collagen fibrils, crossed nanofibrous
scaffolds were primed using electrospinning for the repair of
chronic wounds. The crossed nanofibrous scaffolds were
implanted in diabetic rats, and the results demonstrated
excellent wound healing compared to that of aligned and
random fiber scaffolds, which was proved by the accelerated
migration of fibroblasts, resolution of inflammation, presence
of keratinocytes, and elevation of angiogenesis.’”

Circular gradients of active proteins accelerate cell migration
and neurite extension. For instance, aligned nanofiber scaffolds
were produced using circular gradients of active proteins, BSA,
and copper wires. A cone-shaped container with BSA was filled
with an active protein and a circular gradient was formed with
BSA. The results showed that there was a faster epidermal
growth because there was a high rate of migration of fibroblast
and keratinocytes from the perimeter of the container to the
center of the scaffold. A nerve growth factor was evaluated, and
it was shown to have a radial extension of neurites. Electrospun
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fibers were combined with an electrohydrodynamic jet printing
technique to produce them with the active proteins, yet there is
still no official method to produce them. They can be used for
wound healing, optical nerve repair, cell migration, and
biochemical graded scaffolds.”” In another study, ginsenoside
Rg3 (G-Rg3)-loaded electrospun poly(L-lactide) (PLLA)
nanofibers were developed to diminish scar formation in a
rabbit ear model. The G-Rg3—PLLA electrospun scaffolds
unveiled a controlled release of G-Rg3 and prevented the
proliferation of human hypertrophic scar fibroblasts (HSFs).
Moreover, in vivo results exhibited inhibition of hypertrophic
scar growth by reducing the thickness of the neodermis and the
proliferative cells and collagen fibers.”" It is reported that
scaffold-free cell sheet lacks cell viability and mechanical
properties, whereas cell-free scaffolds preserve limited bio-
compatibility. Therefore, the assimilation of cells with
biomaterials scaffolds for high performance is very crucial in
tissue engineering. These issues were addressed by Zhu and
co-workers. They prepared a novel sandwich architecture of
cell sheet-plasmid-membrane-cell sheet (CpMC) scaffold to
reinforce cell sheets and improve cell activity for quickening
wound healing. The CpMc containing two adipose-derived
stem cell (ADSC) sheets on outer surfaces, and a gelatin/
chitosan nanofibrous membrane (NFM) was constructed to
propose a different and new way to treat wound healing. They
optimized the best ratio of gelatin/chitosan (7:3) to produce
the nanofibers with suitable porosity, mechanical properties,
swelling, biodegradation, and bioactivity. This proved to be the
most ideal structure for adhesion and proliferation.®”

In another study, silica particles incorporated in PVA/SF-
based medical-grade nanofiber scaffolds were primed for the
wound healing process. The results demonstrated that the
scaffolds displayed great reepithelization and hair growth
ability, as well as inhibited bacterial growth such as E. coli and
S. aureus.”> Current wound dressing methods suffer from drug-
resistant bacteria, high cost, and the hassle of handling
Therefore, a melamine-modified silk fibroin (SF-Mel) was
synthesized to produce a series of PCL/SF-Mel nanofiber films
(PSNFs) by the electrospinning technique. The PSNFs
demonstrated good biocompatibility, wettability, air perme-
ability, and antibacterial properties against S. aureus and E. coli.
The in vivo experimentations showed that PSNFs are adequate
to accelerate wound healing through collagen deposition and
vascularized reconstruction. The PSNFs showing the best
results leading to further investigations and possible
applications were the PSNF-20 with a higher wound healing
ability, epithelization, and angiogenesis promotion.®*  Self-
assembled cell sheets composed of adipocyte-derived stem
cells (ADSCs) and surface-engineered nanofibrils (NF) were
successfully prepared and the NF were layered with gelatin. To
test the effectiveness of the Gel/PCL NF, a dorsal wound was
treated. The results showed that the highest concentration of
gelatin exhibited higher wound healing rates. Also, cell sheets
made of ADSCs and Gel/PCL NF showed increased levels of
collagen and pan-keratin expression. In general, the Gel/PCL
NF cell sheet showed effective wound healing and higher
adheﬁzgion to the matrix due to the immobilized gelatin of the
NE.*

On the other hand, peptide nanofibers also play a crucial
role in tissue engineering applications, ranging from neural
injury treatment to cartilage tissue repair. Peptide nanofibers
with protein binding ability and cellular adhesion epitopes
were experimented with a rat model to target spinal cord
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injuries (SCIs). The peptide nanofibers displayed heparan
sulfate mimetic and laminin mimetic epitopes. The in vitro test
results showed that the nanofiber supported the adhesion and
viability of dorsal root ganglion neurons. The in vivo
experiments demonstrated that the peptide nanofibers
enhanced tissue integrity after 6 weeks of injury. The overall
result suggested that the neuroactive peptide nanofibers
mimicked the ECM with dual bioactivity. This means that
nanofiber could be a promising therapeutic method for SCL*®
RADA16 (RADARADARADARADA) is an amphiphilic
polypeptide made of 16 amino acids, which consists of
alternating arginine (R), alanine (A), and charged aspartic acid
(D) that duplicate periodically throughout the composition.
This arrangement of amino acids allows RADA16 to produce a
highly stable and ordered S-sheet structure. Moreover, it forms
an immunogenic and biocompatible 3D nanofiber hydrogel in
neutral pH that facilitates the differentiation and proliferation
of cells, making it extensively applied in cell culture scaffolds.
Recently, RADAI16 self-assembling hydrogels were also
prepared by modifying the C-terminus or N-terminus of
RADA16. Thus, RADA16 and RADA16-based fusion peptides
are widely used in tissue repair, 3D cell culture, delivery
systems, and rapid hemostasis. RADA16 is also a very attractive
model to investigate damaged cartilage regeneration, as it can
be a scaffold for cartilage repair.’” It is also reported that short
peptide building blocks were used as self-assembly entities. For
instance, a new hydrogel made from nanofiber structures and
five-residue peptides was designed for tissue engineering. The
mechanical properties of the nanofiber pentapeptide hydrogel
were tested using rheology and spectroscopy. Viewed by
transmission electron microscopy, the fibrils exhibited a unique
twisted ribbon shape. The tunable mechanical and structural
properties of the hydrogel fiber allow cell expansion and
remodeling. This could have different applications in tissue
engineering and cell delivery.*®

Perhaps one of the most important applications in
biomedicine for nanofiber scaffolds is tissue repair of all
kinds, thanks to the biocompatibility of these materials.
Lidocaine hydrochloride (LID) and mupirocin-loaded chito-
san/polycaprolactone (CSLD-PCLM) fiber scaffolds were
produced by the dual spinneret electrospinning technique.
The obtained scaffolds exhibited interfacial interaction with
blood cells and excellent blood coagulation capacity. The
CSLD-PCLM scaffolds displayed rapid release of LID and
sustained release of mupirocin. Nonetheless, the CSLD-PCLM
scaffold also proved efficient as an antibacterial and collagen
deposit, enhancing the healing process in the epithelial tissue.
Furthermore, it showed less inflammation, homeostasis during
the healing process, )granular tissue growth, and epidermis and
dermis generation.”” To mimic blood vessels, support cell
proliferation, and help tissue reconstruction, pectin hydrogel
nanofiber scaffolds were prepared by a multistep methodology
such as electrospinning, periodate oxidation, and adipic acid
dihydrazide cross-linking. It was proven that the hydrogel
nanofiber scaffolds promoted mesenchymal stem cell (MSC)
separation into vascular cells (by gene expression). Phys-
icochemical characteristics, including hydrophobicity and
stiffness, can be controlled by changing cross-linking levels of
the hydrogel.

Live/dead staining measurements unveiled the superior
viability of the MSCs cultivated on the fiber hydrogel scaffolds
over 14 days. Real-time polymerase chain reaction findings
indicated that the softer fiber scaffold promoted MSCs
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differentiation into endothelial cells, while the stiffer fiber for tissue engineering applications.”” In another study,
hydrogel scaffold enabled the differentiation of MSCs into polydopamine (pDA)-coated water-insoluble PVA 3D scaf-
vascular smooth muscle cells.”” Aligned fibers are proven to be folds were developed for tissue regeneration, drug delivery, and
more useful in the field of tissue engineering since they environmental remediation.” It is known that tendon injury in
encourage cell reproduction and structural advantages. For athletes may result in disability or late recovery. To surmount
instance, gelatin/zein-aligned nanofibers were manufactured by this, PCL, PCL-PCL, and PCL-SF/poly(r-lactic aciepsilon-
FS. The aligned nanofibers displayed hydrophilicity, bio- caprolactone) (PLCL) microfiber scaffolds were developed to
compatibility, and noncytotoxic properties. Moreover, adding test the biocompatibility and tendon tissue regeneration.
the benefits of 3D models, the scaffolds presented benefits such Among them, the PCL-SF/PLCL scaffold proved to be the
as cell reproduction, cell growth, and adhesion.”" Similarly, most biocompatible, yielding the highest proliferation and
Cur-loaded forcespun gelatin/PLA nanofibers were developed better regeneration. This is the result of the nanofibers’ ability
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to bind to cell membrane receptors and mimic the ECM
tendon regeneration. On the other hand, the microfibers
provided mechanical support.”* A nonwoven cholesteryl ester
liquid crystal (CLC) with electrospun nanofibers scaffold was
fabricated along with PCL. The PCL polymer functioned as
the structure while the CLC established a viscoelastic fluidlike
interface.

The scaffold showed a favorable result because it played an
important role in cellular homeostasis and signal processes.
Additionally, its wettability aided by the nanofibers enhanced
the attachment among cells and allowed for their proliferation.
Compared to the usual elastic nanofibers, this technique was
able to provide a more fluidlike interface.”® Heterogenous
dual-layer nanofiber scaffolds using silk fibroin and collagen I
were constructed to experiment with its function in repairing
dura mater tissue. The nanofiber scaffold presented an effective
fibroblast adhesion and growth. It was also discovered that
while the density of the SF fiber increased, the adhesion and
growth were inhibited. When the nanofibers were aligned in
the inner layer of the scaffold regeneration and repair of tissue
were promoted. However, with random SF fibers, the
formation of scar fibrosis in the tissue was prevented. The
nanofiber scaffold fabricated showed good biocompatibility
and great mechanical properties (Figure 5).””" It is also
reported that nanofiber-based hydrogel composites have
demonstrated the ability to induce angiogenesis. For instance,
PCL/HA hydrogels were primed that mimicked the mechan-
ical and structural characteristics of ECM. The fiber network of
hydrogel exhibited the filtration of macrophase and led them to
the regenerative phototype. The hydrogel promoted the
expression of cytokines and pro-angiogenic growth factors
after subcutaneous injection in rabbit and rat models.”® An
amphiphilic PU tubular nanofiber scaffold was constructed to
regulate the expression of both epithelial cells (EC) and
smooth muscle cells (SMC). The fabricated scaffolds were
implanted into a Beagle’s defective urethra. The amphiphilic
nanofiber enhanced hydrophilicity, cell compatibility, and
mechanical properties that resembled those of the natural
urethra. The fiber also induced the formation of new blood
vessels without causing foreign body responses.”” A recombi-
nant human angiotensin-converting enzyme 2 (rhACE2)-
electrospun fibrous scaffold was designed to treat myocardial
infarction. The patch was able to release hACE2 encapsulated
from a hyaluronic acid poly(i-lactic acid) (PLLA) core—shell
structure.

An in vitro assay demonstrated that the rhACE2 patch can
prevent cardiomyocyte apoptosis from hypoxic stimuli. This is
critical to treating cardiac fibrosis. After a wound healing study,
results showed that the thACE2 patch can suppress cardiac
fibroblast migration and proliferation in vitro. The in vivo
experiment was made with a mice MI model to remodel the
function of the patch. The rhACE2 patch provided
antiremodeling effects and prevented the development of
heart failure.*” It has been observed that nanofibers can be
used to enhance the healing of tissues of many types, perhaps
one of the areas seeing the most development in tissue
engineering through nanofibers is neural regeneration. Electro-
spun fibers were implanted into acute spinal cord injuries in
rats to promote neural differentiation of MSCs. In addition to
sustained release of nerve growth factors, the fiber scaffolds
proved to be able to regulate the inflammation response and
reduce scar tissue formation. In the in vivo experimentation,
the promotion of angiogenesis and differentiation at the injury
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site enhanced the recovery of the tissue.”’ Inspired by the
shape memory properties of the poly(lactide-co-trimethylene
carbonate) (PLATMC) polymer, a self-forming multichannel
nerve guidance conduit was fabricated. The inside surface of
the conduit was fabricated from aligned nanofibers. This
conduit helps during peripheral nerve regeneration due to the
deformation of a tubular shape to a planar fibrous mat allowing
uniform loading of cells. These variations in shape are
produced by thermal changes. At room temperature, the
tubular shape transforms into a fibrous mat, and at 37 °C, the
fibrous mat recovers the tubular shape. The favorable results of
the cell repair and proliferation of rat sciatic nerve defects
demonstrated the substantial 2potential of smart fibers in
peripheral nerve regeneration.”” A reduced graphene oxide-
GelMA-PCL composite nanofibrous scaffold was fabricated for
nerve tissue engineering. The electrospun composite nano-
fibers were randomly oriented and formed a 3D intercon-
nected porous network. The properties of the composite
scaffold were tuned by modifying the rGO concentrations. The
in vitro study showed that low concentrations (0.25 and 0.5 wt
%) of rGO proliferated more than the other samples.
Moreover, the hybrid nanofibers can activate epithelial-
mesenchymal transitions and produce the expression of
Schwann cells. The in vivo studies showed that the nanofiber
was biocompatible and had great conductive substrates, which
could have further applications.”” In another study, highly
crystallized aligned PCL nanofibers were primed by using a
touch-spinning strategy for neural constructs.

It was observed that the elastic modulus and crystallinity of
touch spun nanofibers were better than that of electrospun
PCL nanofibers. The growth and differentiation of neural stem
cells (NSCs) were significantly improved on the aligned touch-
spun nanofibers. Serum albumin incorporated into the touch-
spun fibers increased the expression of neuron-specific class III
p-tubulin.** When designing nanofibrous scaffolds for tissue
engineering, it is important to consider the precursors being
used as well as the processes involved in improving the
properties of the final product. There have been many
advances in both starting materials and production methods
that deserve to be mentioned. As it has been discussed that
electrospun-based tissue engineering scaffolds are mostly made
up of natural polymers, however, due to the low availability
and weak mechanical properties, synthetic polymers are used,
which are cheaper and have improved properties. Synthetic
aliphatic polyesters are recommended because of their physical
properties and low degradation rate in water. However, they
need to be modified with harmful techniques to improve their
properties. To improve synthetic polymers through safer
methods, we used the nonthermal plasma technology (using
argon/helium in nanofiber scaffolds) to enhance cellular
interactions, where the plasma treatments are made using
nontoxic substances in the gaseous phase. There is no residue
or contamination after using the procedure, in vitro practices
are enhanced, and there is a significant rise in functional group
density. However, the plasma treatment aging affects its
efficiency on cell interaction. There are still a lot of gray areas
to discover in this plasma method for nanofibrous scaffolds.*”
Similarly, polyester-aligned fibrous scaffolds, especially 3D-
aligned nanofibrous scaffolds, have developed as a promising
solution for tissue regeneration. They possess advantages like
physical changes in size, degradation, higher solubility, and
molecular immobilization. These scaffolds respond to external
stimuli, including light, pH, or magnetism, and can be
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Table 1. Different Nanofiber Scaffolds for a Wide Range of Tissue Engineering Applications

types of nanofibers
2D and 3D nanofibrous scaffolds

PCL-SF/PLCL scaffold.

self-forming multichannel nerve guidance conduit (inspired by
PLATMC polymer)

nonwoven cholesteryl ester liquid crystal (CLC) with electrospun
nanofibers scaffold with polycaprolactone (PCL)

heterogenous dual-layer nanofiber scaffolds using silk fibroin and
collagen I

PCL/HA hydrogels

cell sheet-plasmid-membrane-cell sheet (CpMC) containing two
ADSC sheets and an electrospun gelatin/chitosan nanofibrous
membrane (NFM)

silica-particle-incorporated PVA/SF-based medical-grade nanofiber
scaffolds

reduced graphene oxide-GelMA-PCL composite nanofibrous
scaffold

PCL/SF-Mel nanofiber films (PSNFs).
surface engineered nanofibrils

crystallized aligned PCL nanofibers
amphiphilic PU tubular nanofiber scaffold

chitosan/polyvinyl alcohol nanofiber. (CS/PVA)

PCLMA:GelMa nanofiber scaffolds
PPy composite fiber scaffolds

electrospun fibers
rhACE2-electrospun fibrous scaffold

hydrogel fiber
nanoband air

polycaprolactone (PCL)

electrospun nanofibers containing Gymnema Sylvestre extracts and
antibiotics combination.

bacterial nanocellulose with pullulan zinc oxide nanoparticles and
aminoalkyl silane (A-g-BNC/Pul-ZnO)

Cur-loaded chitosan/poly(ethylene oxide)/collagen (CS/PEO/
Col) nanofibers

silk nanofiber hydrogel loaded with desferrioxamine (DFO)
gelatin methacryloyl (GelMa) coated 3D nanofiber scaffold

SLg, ALg, and SLe peptide nanofiber gels
Nap-FFEG-IVGGYPWWMDV

nanofibrous membrane with PVDF and PMBU polymers

Review

cell lines application ref
ECM formation of new tissue in a wound. mimicking small 55
pore membranes
cell membrane and tendon  tendon tissue regeneration 74
ECM
satellite cells and Schwann  peripheral nerve regeneration 82
cells (peripheral nervous
system)
myoblast cell lines cellular homeostasis and cell proliferation 76
ECM repairing dura mater tissue 7S,
77
ECM angiogenesis induction and promotion of the expression 78
of cytokines and pro-angiogenic growth factors in
rabbits and rats
endothelial, epidermal, and  wound healing; cell adhesion and proliferation 62
fibroblast cells
epithelial cells wound healing, hair growth promotion, inhibited 63
bacterial growth such as E. coli and S. Aureus
epithelial and mesenchymal nerve tissue engineering 83
cells
endothelial cells and acceleration of wound healing, epithelization, and 64
epithelial cells angiogenesis
adipocyte-derived stem treatment of dorsal wounds 65
cells
neural stem cells neural constructs 84
epithelial cells and smooth  formation of new blood vessels 79
muscle cells
dermal papilla multicellular  inducing hair follicle growth 92
spheroids.
abdominal hernia tissue repair 93
nerve, vascular, and cardiac muscle tissue engineering 94
MSCs regulate inflammation response and reduce scar tissue 81
formation
cardiomyocytes prevent the development of heart failure and treat 81
myocardial infarction
tissue engineering and cell delivery 68
liver cells effectively reduced inflammation and wound healing 9s
MG63 cells prevention of adhesion and biofilm formation of 96
bacteria
proliferation of fibroblasts ~ potent antibacterial activity and wound healing 97
and keratinocytes
proliferation of L929 faster healing and re-epithelialization in wounds 98
fibroblast cells
increase conductivity of polymer solution, control 99
bacterial growth, and wound healing
endothelial cells treatment of diabetic foot ulcers 100
dermal fibroblasts and bone tissue constructs and wound healing 101
marrow-derived MSCs
primary human umbilical proangiogenesis in skin regeneration 102
vein endothelial cells
human umbilical vein cardiac function 103
endothelial cells
resembled ECM healing acute and chronic wounds 104

produced in 3D molds to be more efficient in tissue
engineering.86

On the other hand, it is known that electroactivity is
necessary for cells to perform tasks. In this case, nanofiber
polymeric scaffolds are being investigated to boost myoblasts,
osteoblasts, and neural crest cells (which all have electro-
activity) to repair damaged tissue or organs. However, creating
nanofibrous scaffolds with conductive polymers decreases
biocompatibility and degradation in the body. Yet, intrinsically
conductive polymers like polyaniline (PANI) or polypyrrole
(PPy) are compatible with cell tissues and contain antioxidant
characteristics.”’
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Among the newer techniques being explored, the 3D
electrospinning method produces 3D aligned nanofiber
scaffolds to mimic isotropic tissues that grow in a specific
orientation and address optical tissue regeneration. This
technique is different because it can produce contact lenses
and tissues for the eyes or 3D wounds, all of which need
hemispherical or look-through structures. It also controls renal
cell carcinoma reproduction rate. These nanofibers can be used
for biomolecules conjugation, drug delivery systems, and
therapy that involve other methods (like surface treatments).
By having a 3D model, the scaffolds can imitate eye structures
such as the cornea. These scaffolds also allow the entry of
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Figure 6. Images obtained by 3D CT of bone regeneration at the bone—implant interface in rats at 4 and 8 weeks. Reproduced with permission

from ref 110. Copyright 2021 Frontiers.

collagen into the ECM.2*7%° On the other hand braided/
woven/knitted yarn networks, aligned nanofiber yarns, and
composites made of fibrous yarns and hydrogels displayed
potential in stimulating the differentiation of MSCs to
anisotropic soft tissues. For heart valve engineering it can be
possible to produce scaffolds using woven fabric as well as a
bioactive hydrogel.”" Aside from materials and methods, new
nanostructures have also been explored.

A CS/PVA nanofiber sponge was fabricated to help the
construction of efficient and functional multicellular spheroids.
To determine the biocompatibility, a CCK-8 assay was
performed and the result showed that CS/PVA nanofibers
were noncytotoxic. It was speculated that cell infiltration and
nutrient transport were favorable due to the porosity of the
nanofiber. The nanofiber had an open-cell cellular structure
and high elasticity, enhancing multicellular spheroid formation.
Through experimentation with mice, it was shown that dermal
papilla multicellular spheroids helped the hair follicle-inducing
ability.” In addition, several other nanofiber scaffolds for tissue
engineering applications are presented in Table 1.

2.3. Nanofibers for Bone Tissue Engineering. Bone
tissue engineering is involved with constructing implantable
bone substitutes and bone regeneration for critical bone
defects that cannot heal unaided. Degenerative disease,
traumatic injury, surgical removal of tumors, and congenital
defects can cause large defects of bone that necessitate medical
intervention to achieve complete healing and functional
restoration. These large bone defects can be fixed by using
conventional standard treatments such as inert metallic
devices, bone autografts, and allografts. However, bone-metal
fixation devices often required ensuing surgical removal, while
the use of bone autografts causes additional illnesses associated
with the healing of the donor site. The use of bone allografts is
linked with a risk of infection transmission from the donor
materials. These risks linked with bone grafts are notably acute
in aging people. Thus, bone-tissue engineering had witnessed
substantial advancements toward biomaterials that enable the
bone regeneration process at the defect site without acquiring
these risks. In the typical bone regeneration paradigm, a blend
of biomaterials and cells are planted into composite
biomaterial scaffolds to regenerate implantable “osteogenic”
implants.

Lucrative materials design for bone-tissue engineering
necessitates an understanding of the structure and composition
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of native bone tissue, and an appropriate selection of
biomimetic natural, or tunable biomaterials including metals,
polymers, bioceramics, and composites. Scalable production
methods that facilitate control over construct design at
multiple length scales can be utilized to process these
biomaterials into suitable scaffolds for bone-tissue engineering.
High tensile modulus, high tensile strength, and osteoinductive
properties are the essential characteristics of bone. However,
mimicking bone grafts involving cells, ECM, scaffolds, and
osteogenic growth factors are key challenges in bone-tissue
engineering. ° Because of the hierarchical shape of bone and
its natural growth processes in the course of fracture healing
and embryonic development offer insight into novel
approaches for bone-tissue regeneration. A typical bone
comprises distinctive cell types encircled by ECM with
biologically active molecules unified within the ECM or
produced by cells. The bone ECM is akin to a bone-tissue
engineering scaffold, containing a framework of cross-linked
protein fibrils (collagen type I), inorganic minerals (calcium
phosphate, and carbonate hydroxyapatite), and multiple cell
types. This structural combination of components and their
hierarchical arrangement of bone transmits the mechanical
characteristics of bone. Therefore, the researchers of bone-
tissue engineering materials intend to enumerate the physical
structures, or functions of the protein, cellular, and mineral
components of bone, to enable the growth of new bone tissues
and refurbish their functionalities. Several nanomaterials
(electrospun nanofibers) have been used to regenerate bone
ECM. For instance, Wang and co-workers engineered flexible
bioactive glass (Si0,—CaO) nanofibers followed by assembling
them into 3D nanofiber scaffolds by using CS as a linker. Upon
implantation, the elastic nanofiber scaffolds showed self-
deployment and were well mounted into the irregularly shaped
bone defects. Particularly, the 855i0,—15Ca0O/CS nanofiber
scaffolds exhibited significant support for bone regrowth and
vascularization in the osteoporotic calvarial defect in a rat.'%
In another study, an artificial bone scaffold was made by using
lignin/PCL nanofibers. The lignin/PCL nanofibers helped
with the formation of human bone-like hydroxyapatite (HAp).
The results showed a morphology similar to that of native
bone.

The tensile measurements revealed that the scaffold
presented an elastic modulus of 5.57 GPa, which is within
the elastic modulus range of cortical bone and cancellous bone
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(ie, 1 to 20 GPa). In addition, the CCK-8 test displaced the
formation of HAp by the mineralization promoted cell
proliferation. The augmented cell adhesion and spreading
were observed in the presence of Iignin.107 However, the
authors found that PCL/HAp composites are not entirely
enough for bone repair. Therefore, poly(ethylene phosphoric
acid) (PEPA) was added to the composite and enhanced
mechanical properties and biodegradation were observed. The
presence of PEPA in the nanofiber confirmed an efficient
binding to the vancomycin, which presented a great response
against Staphylococcus aureus. This antibacterial activity was
tested using the Kirby—Bauer test.'”” It is also reported that
3D nanofiber aerogels can be used as bone grafts for bone
regeneration thanks to their biomimetic morphology, porous
structure, and composition. This 3D nanofiber aerogel can be
improved by adding miR-26a with a suitable polymeric vector
targeting bone marrow-derived MSCs, providing a solution for
bone regeneration. The cellular results presented high
biocompatibility. Overall, healing of rat cranial bone defects
by implanting the 3D hybrid nanofiber aerogel was
achieved.'”” In another study, Zhang et al. developed
berberine-loaded mineralized collagen/CS nanofibers for
bone regeneration. These hybrid composite fibers exhibited
augmented mechanical properties, cell attachment, prolifer-
ation, and controlled drug release. In addition, improved new
bone regeneration in a rat femoral bone defect model was
reported (Figure 6).'"°

In addition, Cheng et al. reported that BMP-2 could also
improve the early accretion of osteoblast cells in injury sites.
Thus, BMP-2 modified black phosphorus-incorporated nano-
fibers recruited osteoblast cells and accelerated the biominer-
alization process supported by both in vitro and in vivo
measurements.''' A 3D printed scaffold was prepared by
partial cross-linking of TEMPO-oxidized cellulose nanofibril/
alginate hydrogel and used as a promising solution for bone-
tissue engineering.112 Natural bone-inspired, and HAp-
incorporated aligned and mineralized bacterial cellulose
(AMBC) nanofibers were primed. For this, aligned bacterial
cellulose was mineralized by using CaCl, and K,HPO,. The
composite displayed an elastic modulus of 10.91 GPa and a
hardness of 0.37 GPa. It also reported that AMBC presented a
much higher elastic modulus (210%) and hardness (95%)
compared to that of nonaligned mineralization BC fibers.
Moreover, the mechanical properties of AMBC resembled
those of natural bone.'"” It is worth mentioning that the
subsequent release of different growth factors from the
nanofiber scaffolds would hasten bone formation. Thus,
BMP-2 and connective tissue growth factor (CTGF)-
incorporated multilayer core—shell SF/PCL/PVA nanofibers
scaffolds were fabricated by Cheng and co-workers. The
prolonged release of BMP-2 enhanced bone formation while
the release of CTGF had a proangiogenic effect on bone
healing. The in vivo results presented around 43% of
improvement in bone regeneration.''* In another study, a
nanofibrous membrane was fabricated to aid bone regener-
ation. This nanofibrous membrane was composed of low-
immunogenicity fish collagen and bioactive nano HAp
enhanced with poly(lactide-co-glycolide). The results obtained
from the physicochemical properties and morphology study
showed that the fish collagen and the nano HAp were
homogeneously dispersed in the PLGA fiber membrane. It was
noticed that the incorporation of fish collagen modified the
degradation behavior of fibers and accelerated the degradation

3701

rate of the whole membrane. The PLGA membrane presented
good cytocompatibility not only with human gingiva fibroblasts
cells but also with bone MSCs. The most important
observation of this new membrane was that it satisfied the
requirements of the “biological evaluation of medical
devices”.""?

It is well-known that titanium implants are used in bone-
tissue engineering. However, titanium implants may become
loose and displaced, delaying the healing of the bone.
Additionally, the bacteria spreading evolve into worse cases
such as bone loss or amputation. For this reason, graphdiyne
(GDY)/TiO, nanofibers were fabricated to combat implant
infections due to their prolonged antibacterial ability and
enhanced photocatalysis. Due to the presence of GDY, the
GDY/TiO, composite presented outstanding osteoinductive
properties. The GDY/TiO, composite exhibited good cell
adhesion and biocompatibility to allow cell proliferation."'® In
addition, a new strategy was developed to produce nanofibrous
membranes. The strategy consisted of recycling lactic acid
(LA) to synthesize calcium lactate (CaL), an osteoinductive
biomolecule. This strategy was applied to produce a 3D
bioactive PCL/CalL fibrous scaffold for bone-tissue engineer-
ing. The 3D PCL/CaL was successfully converted from lactic
acid to CaL and presented an enhanced biomineralization
capacity, proliferation rate, cell infiltration, and osteoblastic
differentiation. The composition of lactic acid had a significant
influence on viscosity, electrical conductivity, and density. The
overall results showed that the PCL/CaL could be a potential
scaffold material for both soft and hard tissue repair.''” The
effect of nanofibrous architecture on stem cells was explored
with capable of confining a single stem cell on a micro island of
a nanofibrous matrix. This new design was able to reduce any
potential intercellular communications.

The experimental results demonstrated that the nanofibrous
architecture enhances BMSC differentiation through the FAK/
Rho/YAP1 pathway.''® The composite fiber scaffolds mimic
the fibrous structure of the ECM with around 95% of porosity,
which enhances the ability of cell migration, adhesion,
differentiation, and proliferation in bone-tissue engineering.
Thus, a series of electrospun fiber scaffolds with a sandwich
architecture based on PCL and CS/PEO composites were
developed by Yahia et al. The sandwich composite scaffolds
regenerated the bone defects within 28 days via osteogenesis
and angiogenesis.''” There is a lot of research that proves the
interdependent role existing between osteogenesis and angio-
genesis in bone-tissue engineering. However, there is not much
information available to explore how functional blood vessel
networks are organized to initiate bone regeneration. Based on
a previously constructed layer-by-layer BMSC electrospun
nanofiber, a deeper understanding of spatiotemporal regulation
of angiogenesis could be discovered. This study demonstrates
that by combining tissue engineering strategies and advanced
imaging technology the key role of vessel specification in the
control of bone formation can be accomplished. With this,
effective and uniform bone regeneration can be achieved.'*’
An electrodeposition-promoted 3D calcium phosphate nano-
fibrous scaffolds were developed to mimic the bone matrix of
mineralized collagen that facilitates cell migration and bone
regeneration. The results showed that the rate of mineraliza-
tion was augmented at a higher voltage and temperature,
whereas calcium release was decreased under the same
conditions. This was associated with high crystallinity and a
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high hydroxyapatite content. Bone regeneration could be
enhanced by manipulating initial conditions."*"

To mitigate these shortcomings, cryoelectrospun PCL (CE)
nanofibers surrounded by a macroporous gelatin/heparin
cryogel (GH) were developed by Lee and co-workers. In this
combination, the GH component was able to increase the
hydrophilicity of CE, which mimicked a better cellular
environment. On the other hand, the CE component improved
the mechanical properties of the scaffold and induced
osteogenic differentiation. This new CEGH nanofibrous
scaffold maintained a sustainable release of BMP-2 over 40
days. This factor also contributed to the enhancement of
osteogenic differentiation.'”* Similarly, PLLA membranes can
mimic the ECM, but their hydrophobic nature and poor
osteoinductive properties restrict their use in bone regener-
ation. Thus, a GelMA/nHA/PLLA nanofiber membrane was
primed.

This new membrane had a saturated adsorption rate of 8 wt
%, nearly 7 times higher than that of the pure PLLA
membrane. The GelMA/nHA/PLLA membrane had excellent
cytocompatibility, promoting the spreading and proliferation of
hBMSC. Additionally, the membrane exhibited greater bone
formation compared to the other groups tested. It was able to
regenerate the cranial bone of a rat almost entirely.'””
Similarly, preosteoblastic cells exhibited improved cell
adhesion and proliferation on chitosan-based composite
fibers.'"”* The periosteum is a dense layer of vascular
connective tissues, stem cells, and osteoprogenitor cells. It
plays a key role in bone regeneration. However, current
artificial periosteum materials suffer from poor mechanical
characteristics, osteogenic differentiation, bionic structure
construction, and vascularization capabilities. To address this
issue, Zhang and co-workers developed a PCL/whitlockite
(WH) artificial periosteum by electrospinning. According to
the cellular studies, WH doping did not show cytotoxicity to
BMSCs and the PCL/WH nanofibers promoted migration of
HUVECs as the concentration of WH increased. The
composite nanofibers were proven to regulate cell adhesion,
proliferation, and osteogenesis differentiation. Figure 7 shows
histological images of different nanocomposite fiber mem-
branes with H&E staining for 7 and 14 days.'*

In another case, silk fibroin (SF)/PLGA coaxial nanofibers
for bone regeneration, were developed, which were cranially
implanted in a rat. The result demonstrated a new bone
formation over 8 weeks.'>® Similarly, silk fiber-based hydrogels
were developed for bone regeneration.'”” A 3D printed
biodegradable PGSLP/gelatin fiber scaffolds were developed
for angiogenesis and osteogenesis. The scaffold was implanted
in a rat skull and augmented bone regeneration was
observed128. It is also reported that DFO-loaded fiber
membranes could promote osteogenic differentiation of
hMSCs and MC3T3-El. Also, these membranes presented a
rapid wound healing rate when compared to that of the control
(DFO 0)."* It is also known that ceramics are widely used in
bone regeneration. Biodegradable porous ceramics, such as
calcium phosphates (CaP), are usually employed to treat bone
regeneration due to their similarities with bone characteristics.
However, the CaP ceramics are brittle, which impedes their
wide range of applications. Therefore, a biphasic calcium
phosphate (BCP) sponge was developed and integrated with
interwoven nanofibers. This allows the sponge to have an open
cell geometry and high porosity. This sponge can be modified
into different shapes. For instance, the sponge can be
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Figure 7. Histological images of different nanocomposite fiber
membranes with H&E staining for 7 and 14 days (red arrows,
boundaries of materials and skin; black arrows, blood vessel).
Reproduced with permission from ref 125. Copyright 2021 American
Chemical Society.

introduced through a syringe into a bone defect in a
compacted state, and after being wet, it expands to its original
shape. The in vitro testing demonstrated that the sponge
degrades gradually and mineralizes rapidly when immersed in
simulated bodily fluid. Additionally, it absorbs a significant
quantity of proteins and supports attachment, proliferation,
and osteogenic differentiation of humans (MSCs)."*°
Calcium silicate is also a bioceramic material, and it is used
for bone treatment because it provides bioactive ions (Ca®*
and Si*") that invigorate bone regeneration. Therefore, calcium
silicate-based electrospun fibers were fabricated followed by
calcination at a high temperature. The obtained nanofibers
were characterized and implanted into rat calvarial defects. The
in vivo results demonstrated that the nanofibers calcined at
1000 °C showed augmented bone generation. Thus, osteo-
genesis was improved using calcium silicate nanofibrous
scaffolds.'”" Treating osteoporotic bone defects with irregular
shapes has been a major challenge because the bioactive glass
that has been used so far is limited due to its inherent
brittleness. Therefore, a bioactive glass was assembled into 3D
fibrous chitosan (85Si0,—15CaO NF/CS). The new scaffold
presented improved mechanical properties, including excellent
flexibility, allowing a maximal bending of 180°. The new
scaffold exhibited a full recovery of 80% compression over
1000 cycles of compression underwater. When implanted, the
fiber scaffold was able to deform and fit into the shape of bone
defects even if they were irregular, achieving a perfect match
with the cavities. The osteoporotic calvarial defect in a rat
model demonstrated that the composite scaffold promoted
bone regrowth and vascularization.'” Inspired by natural self-
assembling peptides found in indigenous proteins, deliberately
designed and engineered peptides show outstanding biode-
gradability, biocompatibility, and ECM-mimicking micro-
environments. Specifically, peptide nanofibrous scaffolds
showed promising abilities for bone regeneration and
regenerative medicine. By having a controlled release of signal
molecules and operative modifications, the peptide nanofibers
can increase their biological activity, yet they lack mechanical
strength. Other materials, including polymers, demineralized
bone matrix, hydroxyapatite, and metal materials, have been
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reinforced within peptide scaffolds based on the requirement

of different bone defects to solve this issue (Figure 8)."*>

Functional motifs
Peptide

- . Growth factors

Figure 8. Ways to produce self-assembling peptides using motifs and
growth factors. Reproduced with permission from ref 132. Copyright
2018 Elsevier.

Similarly, endothelial progenitor cell (EPC)-induced graft
was fabricated by the immobilization of bioactive peptides
(WKYMVm and YIGSR) on the PCL/PGC nanofiber
scaffolds for promoting vasculogenesis. This strategy achieved
the successful immobilization and sustained release of bioactive
dual peptides and directed the vascularized bone regeneration
under the stimulation of EPCs.

Thus, these dual-peptide functionalized nanofiber-based
scaffolds show excellent advantages in early osteogenesis and
angiogenesis. For instance, the composite promoted calvarial
defect repair. The in vitro study suggested that the new scaffold
benefited the osteogenesis of MSCs."*® Several fiber-based
scaffolds for bone-tissue engineering are presented in Table 2.

2.4. Nanofibers for Dental Applications. Recent dietary
trends have shown notable increases in the intake of sugary
foods and beverages, which led to the proliferation of oral
diseases among the population. There is a great need for novel
and functional biomaterials that can interface with complex

dental structures to treat these ailments. In recent years,
nanofibers have risen as potential solutions, as they can form
high surface area and microporous 3D frameworks and
scaffolds that can easily imitate complex dental tissues and
provide advantages in cell adhesion, proliferation, and
differentiation. However, there are some shortcomings of
nanofibers impeding the wide progress of nanofibers to clinical
applications. Control of fabrication, physicochemical proper-
ties, and functioning of nanofibers is required to overcome
these limitations. Advanced in vivo studies are certainly
essential to appraise the biocompatibility of nanofiber scaffolds.
Anti-inflammatory activity, or/and tissue regeneration of
scaffolds should be controlled.'*? Furthermore, the mechanical
properties of nanofibers scaffolds should be tolerable during
tissue regeneration application. The objective of this
subsection is to summarize the current advancement of
nanofibers for dental applications. Besides, numerous aspects
of nanofibers and their potential dental applications have been
highlighted. As a consequence of the complexity of various oral
infections, the dentistry industry has come up with different
approaches to anti-infective nanotechnology. There has been a
rise in the application of nanofibers and new techniques in the
dentistry industry for the delivery of antimicrobial molecules.
Nanofibers can be used for endodontic or periodontal therapy,
or even on implant surfaces.**

A bioharmonious technique to eradicate bacteria from the
root canal system after pulpal necrosis of immature permanent
teeth is fundamental for regenerative endodontic procedures.
Sousa and co-workers fabricated clindamycin-modified triple
antibiotic polymer nanofibers. After synthesizing the clinda-
mycin-modified triple antibiotic polymer, the data suggests that
it might be a possible substitute for antibiotic pastes.*> In
another study, amoxicillin (AMX) encapsulated poly-pL-lactic
acid (PDLLA) nanofibers were fabricated by electrospinning,
and the cell viability, behavior of periodontal ligament cells,
and antibacterial capabilities of the nanofibers were inves-
tigated. The experiment results showed that AMX was
successfully encapsulated in the fabricated fibers, allowing a
sustained release of the substance. After the initial attachment,
it could be observed that the cells stretched out along the
directions of the nanofibers. Moreover, the growth of S.
sanguinis and P. gingivalis was significantly reduced by the

Table 2. List of Various Fiber-Based Scaffolds for Bone Tissue Engineering

types of nanofibers cell lines application ref
cyroelectrospun PCL (CE) nanofibers surrounded by a osteogenic cells bone regeneration and osteogenic 122
macroporous gelatin/heparin cryogel (GH) or CECH differentiation
nanofibrous scaffold
GelMA/nHA/PLLA nanofibrous membrane human bone marrow stromal cells (hBMSC) bone regeneration 123
endothelial progenitor cell (EPC)-induced graft on the surface endothelial progenitor cell (EPC) osteogenesis of MSCs and promotion of 133
of PCL/PGC nanofibers vasculogenesis
preosteoblastic cells on chitosan-based composite fibers preosteoblastic cells cell adhesion 124
PCL/whitlockite (WH) artificial periosteum bone marrow stromal cells (BMSCs) and regulate cell adhesion, proliferation, and 125

silk fibroin (SF)/PLGA coaxial nanofibers

silk fiber-based hydrogels

3D printed biodegradable PGSLP/gelatin fiber scaffold

DFO-loaded fiber membranes

human umbilical vein endothelial cells
(HUVECs)

bone marrow mesenchymal stem cells
(BMSCs)

stem cells

endothelial cells and osteogenic cells

human mesenchymal stem cells (hMSCs)
and MC3T3-El
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osteogenesis differentiation

bone regeneration 126

bone regeneration and bone-tissue 127
engineering

bone regeneration; angiogenesis and 128
osteogenesis

promote osteogenic differentiation of 129

hMSCs, MC3T3-El, and rapid wound
healing rate
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PDLLA-AMX nanofibers. In addition, the fibers promoted the
viability and mobility of periodontal ligament cells and reduced
inflammation."*® In yet another study, TCH-incorporated
polylactic acid (PLA), PCL, and GL nanofibers and titanium
(Ti) modified TCH-integrated nanofibers were developed for
the evaluation of antimicrobial and osteogenic behavior.

The experimental results demonstrated that TCH-integrated
nanofibers could be useful for Ti dental implants as an
osteogenic inducer and antimicrobial surface modifier."’”
Besides efficient antibacterial activity, nanofibers have various
other dental applications like tissue re%eneration, endodontics
application, and implant coatings.**~"*' A vast investigation
has been performed to explore the potential of nanofibers for
the repair and regeneration of different dental and oral tissues
such as periodontal tissues, dentin, dental pulp, oral mucosa,
and skeletal tissues. The process and purpose of electro-
spinning for biomedical and dental applications like tooth
regeneration, wound healing, and prevention of dental caries
are also extensively studied (Figure 9)."**'*7'** Hamidabadi

Dental stem cells Scaffold
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Figure 9. Schematic presentation of using electrospinning scaffolds
for tissue engineering of various oral and dental issues. Reproduced
with permission from ref 138. Copyright 2016 MDPL

and co-workers developed chitosan intercalated montmor-
illonite (OMMT)/PVA nanofibers to guide the differentiation
of human dental pulp stem cells (hDPSCs) toward neuronlike
cells. The OMMT/PVA fiber scaffolds exhibited augmented
mechanical properties and biocompatibility along with a
homogeneous morphology.'**

Similarly, PLA/PCL blend nanofibers containing both
nanohydroxyapatite (nHA) and zeolite were manufactured
for promoting the proliferation of hDPSCs with possible
application in dental tissue engineering. The results exhibited
that zeolite-loaded nanofibers are the best candidate scaffold
for their application in bone and tooth tissue engineering
(Figure 10)."*® Pankajakshan and co-workers described how
periodontitis is one of the most aggressive diseases that
weakens the integrity of tooth-supporting structures. Electro-
spinning was used to develop bioactive membranes for dental
regeneration and nanofibers for antibiotic drug delivery to
improve current endodontics.'*” Furthermore, nanofibrous
materials applied for dental applications must possess adequate
mechanical properties, because they will face vigorous
mechanical loads over time. Borges and co-workers developed
a composite resin filled with nylon-6 nanofibers and nylon-6
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Figure 10. FE-SEM images of hDPSCs adhesion to designed
nanofibers: (A) PCL-PLA, (B) PCL-PLA/Zeolite, (C) PCL-PLA/
nHA, and (D) PCL-PLA/nHA/Zeolite. Reproduced with permission
from ref 146. Copyright 2020 Elsevier.

nanofibers with multiwalled carbon nanotubes or with
prepolymerized resin with different concentrations. They
have investigated the composite film thickness, volumetric
polymerization shrinkage, flexural strength, and elastic
modulus of the composite resins. The experimental results
revealed that the mechanical and physicochemical properties of
composite resins were improved, and they estimated that the
composites would be suitable for dental applications.'** Amiri
and co-workers engineered polyacrylonitrile (PAN) reinforced
dental composites to investigate the enhanced interfacial
adhesion between PAN fibers and dental resin matrix by
surface modification of the fibers. Bisphenol A glycidyl
methacrylate (Bis-GMA)/triethylene glycol dimethacrylate
(TEGDMA) was used as the dental resin. Initially, pristine
PAN electrospun fibers were prepared followed by the surface
of the fibers being treated with a dental resin. The dental resin-
coated PAN fibers exhibited improved properties."* Yancey
and co-workers proposed a study to compare the properties of
different nanofiber-reinforced hybrids. For instance, flexural
strength/modulus, depth of cure, degree of conversion, and
polymerization shrinkage of the composite nanofiber were
compared to those of traditional hybrid composites, and
improved properties were observed.'*’ Poly(ether imide)
fibers were fabricated and the properties and potential
mechanical improvements for their application in dental
materials were analyzed.”' The aforementioned mechanical
properties were also studied for dental applications by using
zirconia and alumina nanofibers.'* Similarly, bioceramic
nanoparticle-embedded nanofibers have been used for dental
regeneration due to their nanostructures, flexibility, and cell
homing behavior."*?

Another study focused on the dual delivery of calcium
chelating bone therapeutics with mineralized nanofiber frag-
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Figure 11. Demonstration of the electrospinning technique and posterior air calcination. Reproduced with permission from ref 175. Copyright

2018 Elsevier.

ments to regenerate alveolar bone in vivo. Alendronate (ALN)
has been reported to induce osteonecrosis, therefore a low
dose of ALN along with BMP-2 mimicking peptide conjugated
to a heptaglutamate moiety (E7-BMP-2) was aggregated onto
mineralized nanofiber fragments. The nanofiber fragments
were composed of polylactide-co-glycolide-collagen-gelatin in
ratios PCG 2:1:1. The method to incorporate the E7-BMP-2
into the fibers was via calcium coupling/chelation. The results
showed that this technique could have potential applications in
bone regeneration.'>*

2.5. Role of Nanofibers in Clinical Trials. A
comprehensive assessment of registered preclinical and clinical
trials was performed to ascertain the clinical ability of
nanofibers in biomedical applications. Limited literature was
found for clinical trials of nanofibers in wound healing, drug
delivery, dentistry, tissue engineering, etc. The results were
presented in Table 3. Several clinical and preclinical
applications of nanofibers are currently being considered
(Table 3). Preclinical tests revealed that various nanofibers
displayed no inflammatory response, no toxicity toward living
cells, loss of cell integrity, no cellular damage, etc. For instance,
PCL fiber scaffolds were used in tendon repair and negligible
inflammatory results were observed in the mice model, and
reflection of cell infiltration into the fiber scaffold was also
noticed.>> In another study, polyurethane Tecophilic nano-
fiber textiles (NT) were submitted to a clinical trial as chronic
wound healing entities.'”° In addition, clinical studies of
metronidazole and doxycycline-loaded PCL fibers scaffolds
explored in patients with chronic periodontitis have been
reported.”>”">* PCL fiber mesh-based 3D printing scaffold has
been exploited as patient-specific ear-shaped cartilage in the
clinical application for auricular regeneration.>” Similarly,
PLLA/gelatin nanofibers were evaluated as biomimetic skin
substitutes for chronic cutaneous wound healing. Clinical
applications of nanofibers exhibited superior biological,
physicochemical, and safety characteristics. Around 93.3% of
wound closing and 6.7% of wound recovery were observed in
clinical tests.'®® Several nanofibers applied in clinical trials are
presented in Table 3.

Clinical trials provide valuable information about the level of
efficiency that nanofibers have in certain applications. Table 3
demonstrates how nanofibers can be useful and efficient for
specific circumstances, yet they can also be unnecessary for
other uses, such as the acyclovir trial. Clinical trials can help us
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cover all the gray areas there still are in the nanofiber field and
open new pathways for research.

3. NANOFIBERS FOR ENVIRONMENTAL
REMEDIATION

Water is one of the vital entities for all lives to flourish and
access to safe and potable water is one of the top priorities to
measure the standard of living of a populace. However,
agricultural waste, industrial pollution, and untreated waste-
water contaminate the useable water. Traditional water
remediation technologies are being modernized to augment
the quantity of safe and useable water and avert the pollution
of natural water resources. To date, activated carbon has been
used as one of the potential adsorbents in the wastewater/
water remediation process. However, it possesses greenhouse
gas emissions, high levels of carbon footprints, high cost, and
high energy consumption for production. Thus, the develop-
ment of cost-effective alternative materials from sustainable,
and renewable sources is imperative and biomaterials are
attractive eco-friendly sources for water purification methods.
For instance, chitosan, zein, protein nanofibrils, silk, cellulose
nanofibers, etc., have been used as adsorbents for environ-
mental remediation thanks to their nontoxic, ubiquitous, and
excellent adsorbent characteristics.'”!

Therefore, due to the negative environmental impact
provoked by mankind through its use of harmful products
and chemicals, there is a great need for the development of
environmentally friendly, low-cost, and renewable nanomateri-
als that will help in reversing the damages. It is expected that
the development of these nanomaterials will provide a
sustainable alternative and contribute to environmental
remediation.'”> Perhaps one of the most researched and
explored applications for nanofibers in the field of environ-
mental remediation is the cleaning of water and air that has
been polluted by dyes, heavy metal ions, and hydrocarbons,
among other contaminants due to their excellent adsorption
ability and high surface area.'”*'”* For example, fly ash (FA) is
a contaminant generated by the combustion of coal, leading to
water and air pollution. It is normally seen as a residue in
thermal power plants. Bishweshwar and co-workers developed
FA-incorporated zin oxide (FA/ZnO) nanofibers for the
removal of methylene blue (MB) from wastewater treatment.
The FA/ZnO fibers exhibited excellent photocatalytic and MB
adsorption of efficacy. Thus, the pollutant FA was used as an
adsorbent for wastewater treatment (Figure 11).'”
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In another case, Gopinath and co-workers developed
electrospun  CuO-ZnO (CZ) nanofibers for simultaneous
antibacterial properties and environmental remediation. The
obtained CZ nanofibers successfully removed Congo red dye
from wastewater. Besides, the CZ fibers exhibited excellent
antibacterial activity against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus). Thus, CZ composite fibers
are explored as a potent nanoplatform for the amputation of
organic and biological contaminants.'”® Riva and co-workers
developed cellulose-based materials for the efficient removal of
organic dyes from wastewater. These nanofibers could be
reus:li;b7le due to the porous structure of cellulose fibers (Figure
12).

It is reported that native cellulose nanofiber (CNF)-based
pyrolysis products called char materials offer a wide range of
favorable merits and possible applications. They are very
accessible and eco-friendly and are used for the elimination of
charged heavy metals, bacteria, and viruses, as well as the air
purification of CO,. Thus, cellulose nanofibers were produced
by using slow pyrolysis from wood, bacteria, and Cladophora
algae. The obtained nanofibers exhibited excellent surface area
and porosity to investigate dye and oil adsorption from
wastewater.'”® Nanofibers that are derived from biomass are
ideal for environmental remediation uses because of their low
toxicity and availability. For instance, TEMPO (2,2,6,6,-
tetramethylpiperidine-1-oxyl radical)-promoted oxidized cellu-
lose nanofibers (TOCNFs) are made from wood biomass and
contain carboxyl groups. It is a strong green nanomaterial, and
due to its functional groups of carboxylic acid and alcohols,
these nanofibers are useful to remove heavy metal ions. This
makes them ideal for wastewater treatments and water
purification. The authors also identified their recyclability,
which allows these nanofibers to be used for several cycles,
making them suitable for industrial processes. The main
properties of adsorption, strength, and low environmental
impact of the nanofibers make them ideal for removing
pollutants (Figure 13)."”

Thus, eco-friendly, or/and sustainable biomaterials showed
promising performance for environmental remediation. Specif-
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Figure 13. Demonstration of how nanofibers are made from wood
biomass. Reproduced with permission from ref 172. Copyright 2021
Wiley—VCH.

ically, multilayered biomaterials-based nanofibers exhibited
superior filtration ability, considering they are eco-friendly with
exceptional mechanical properties compared to single-layered
nanofibers. Lastly, these nanofibers need to have tensile and
degradation properties for industrial-scale use in rivers or
lakes.'””

Nanofiber-based meshes were prepared from a green and
sustainable waste glass for the separation of oil/water mixtures.
The meshes behaved as a multifunctional water purification
system by removing concurrently water-soluble contaminants
during the oil/water separation process. Organic dye removal
is also a potential use for these nanofibers since they are
superoleophobic.'® Several other nanofiber-based sorption
systems were also used for the purification of wastewater. °' In
another study, ethylenediamine (EDA)-functionalized carbon
nanofibers (CNFs) containing porous carbon beads were
fabricated to remove salicylic acid (SA) from the wastewater.
These nanofibers could be applied to further pollutants in
aqueous solutions because of their high adsorption capacity
compared to resins or CN'Ts."** Nanocellulose (NC) exhibited
a wide range of advantages for its use in nanofibrous materials
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since it is a renewable natural polymer. For wastewater
remediation treatments, NC together with other additives with
different functional groups is being explored. NC has been
used in food packaging aimed at environmental remediation
since it is safe and degradable, and contains a wide surface area.
In water treatment, NC adsorbs toxic materials like petroleum
polymers and activated carbons. Nevertheless, even though
NC is a potential candidate, there is still limited information
regarding heavy metals that cannot apply to water.'®

Magnetic zinc Ferrite (ZnFe,0,)@TiO, nanofibers were
prepared by hydrothermal technique followed by an electro-
spinning technique. The obtained ZnFe,0,@TiO, nanofibers
have been used simultaneously for both energy conversion and
environmental remediation. Specifically, ZnFe,O,@TiO,
nanofibers presented around 42% of incident photo-to-current
conversion efficiency along with excellent photocatalytic
efficiency toward dye removal.'®* In another study, nitrogen-
enriched carbon nanofiber aerogels (NCNA-900) with ultra-
fine nanofiber network structures were made by using chitin
nanofiber aerogels. The composite structure has a high surface
area and displays potential as a dye adsorbent. It provides great
adsorption of Congo red and rhodanine. It can also serve as
energy storage without any corrosive or toxic substances since
it used marine biomass. Chitin nanofiber aerogels contain a 3D
structure and provide effective properties allowing them to
adsorb dyes such as Congo red and rhodamine B.'*> A biomass
(cotton) supported metal—organic frameworks (ZIF-67)-
based catalyst precursor Cot@ZIF-67 was prepared from
cobalt (Co) ions, cotton, and 2-methylimidazole. This catalyst
proved that it could remove almost all bisphenol A from
wastewater within five minutes. The catalyst removed the
bisphenol A by degrading it since it is an organic pollutant.
The nanofibers made of cotton are proven to be porous and
environmentally friendly in a cost-effective way. Biomass-
derived carbon shows a promising way to remove or degrade
contaminants using biomass like banana peels, cotton, etc.'5¢
Similarly, a robust, reusable, and multifunctional Fe;O,@
PAN/CS fiber membrane was primed via a facile and eco-
friendly gas-spinning method. The obtained membranes
removed contaminants from water and air, simultaneously."®’”

In another study, nonwoven polyimide nanofibers were
shown to maintain superior air filtration performance at 370
°C. Real field testing validated that polyimide nanofibers could
effectively remove all kinds of PMs from car exhaust at the
temperature range of 50—80 °C, bringing down the content of
PM:s to 99.5%. The authors reported that these nanofibers can
work individually or with other types of industrial dust
collectors at the temperature range of 25-270 °C.'**
Electrospun nanofibers made with materials like aerogels
have been used for oil spill treatments.' """ The fabrication of
nanofibrous polymeric sorbents, which include capillary action,
like polysulfone fibrous mats, are being considered as
wastewater and oil spill treatments.'”'~'"> The sorbent can
be altered depending on the water environment or oil type to
meet specific chemical guidelines and make it more efficient.
Hydrophobic-oleophilic polymer-based nanofibers, carbon-
based fibers, and composite nanofibers are potential candidates
for oil spill treatments.'”*

Another source of great concern is the pollution of water
with heavy metal ions and even radioactive materials. Heavy
metal ion pollutants are present in water and are difficult to
remove. However, by using biomass polymers as a material,
these contaminants can be eliminated by cellulose nanofibers
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(CNFs)."” For instance, nitro-oxidized carboxy cellulose
nanofibers (NOCNFs) are rich in nitric acid and are examples
of biomass polymers capable of removing contaminants. These
nanofibers have proven to remove very small particles of UO***
from contaminated water.'”*'”” The NOCNFs not only help
in the removal of pollutants from water but can also help with
solar cells.'”® Tt is also reported that hexavalent chromium
(Cr®) is highly toxic and Cr®*-polluted water causes possible
health issues.”””?°® To solve this, researchers fabricated
oxidized graphitic carbon nitride (Ox-g-C;N,) nanosheets
decorated with polyaniline nanofiber (Ox-g-C;N,/PANI-NF)
for the removal of Cr®" ions from wastewater. The nanofibers
were positively charged, which attracted negatively charged
chromium ions.**" It is important to mention that temperature
and pH also play important roles in the adsorption
process.”’>*”> However, the sorption studies demonstrated
that these nanofibers were ideal for the removal of hexavalent
chromium.*”!

In many natural disasters, nuclear reactors can be damaged,
and radionuclides are released, contaminating the seawater and
soil. To clean up radionuclides, researchers have used ferric
hexacyanoferrate, also known as Prussian blue (PB), o trap
radioactive cesium ions, because it forms stable colloids in
water. Therefore, cellulose nanofiber (CNF) backboned PB
was prepared and found to be more stable in water. These
CNE/PB fibers were successfully used to remove the
radioactive cesium ions. The tests in contaminated soil with
cesium have been made using CNF/PB encapsulated spongi-
form adsorbents, which demonstrated excellent results. These
3D porous nanofibers show a promising future for specific
contaminant cleaning.””* Looking at another facet of environ-
mental remediation, new photocatalysts have been prepared
using electrospinning methods with further calcination to
develop nanofibers using a polyoxometalate (PMo,,)/TiO,
composite and platinum (Pt) nanoparticle. A photoreduction
technique was also used to test the photocatalytic activity the
nanofibers possessed. The fibers were proven to have high
photocatalytic efficiency, no toxicity, and high oxidation. This
demonstrated that the removal of methyl orange was indeed
possible under the light. The morphological studies displayed
that Pt nanoparticles were equally distributed within the
PMo,,—TiO, nanofibers.””

Self-standing photocatalytic TiO, fibrous membranes are
promising materials for environmental remediation but possess
poor mechanical properties. In this case, scientists produced
soft Zr-doped TiO, (ZT) nanofibrous membranes with
augmented mechanical properties and better photocatalytic
activity. They added Zr*" because it could promote fewer
surface defects and slow down grain growth. The ZT
nanofibers are well interconnected and have small grain and
pore sizes, which helps in having a better photocatalytic, and
tensile strength. As a result, ZT membranes stimulated
methylene blue to degrade better compared to P25 (a
commercial catalyst) and are easily recycled.’”® A noble
metal-based catalytic Pt/Al,O; electrospun membrane was
prepared and used for gas and water treatments or BPA
degradation. The results revealed a complete elimination of
bisphenol A and conversion from CO to CO,.”"” Recyclable
photocatalytic CNFs@I-doped Bi,O,CO;—MoS, nanosheets
were developed for water remediation under irradiation of
visible light. These composite fibers can be reused, and they
have a great potential for the removal and degradation of the
rhodamine B contaminant under visible light.””® In another
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study, spiropyran-doped SF/PEO nanofibers were manufac-
tured for acidic acid (AA) detection. The nanofibers are cost-
effective and can accomplish multiple functions at the same
time, which makes them effective. The AA detection
mechanism is a progressive transition of the merocyanine to
protonated merocyanine. This process occurs in a very short
period, and the fibers can be reused several times.”"’

However, photocatalysts have gained popularity in colorant
treatments because they use solar energy to degrade the
colorants into CO, or mineral acids. Compared to TiO,, CeO,
catalysts are said to be potent because they last longer and are
inexpensive, yet it lacks photocatalytic properties. By
modifying CeO, into a crystal structure, its photocatalytic
activity can be enhanced. CeO, nanofiber crystals were
decomposed harmful colorants under both sunlight and solar
light. For instance, CeO, nanofibers successfully degraded the
methylene blue under sunlight. The nanofibers can also be
reused for various cycles and the many oxygen atoms helped in
the photocatalytic performance.”'” Apart from polymer-based
nanofibers, protein nanofibrils have been used for water
purification that can deliver clean water, reduce worldwide
food waste, improve global health, minimize energy con-
sumption without CO, emission, and lower the impact on
climate change. Vegetable proteins from agricultural waste are
attractive for protein nanofibril production (like soy, pea, or
rice). In post-treatment residues of water purification, protein
nanofibrils can reduce toxicity by providing one-step
adsorption and a cutback of harmful metal ions to their
elemental states on the nanofibril’s outer layer due to the
amino acids they have. Microorganism contamination, biofilm
formation, and possible fouling affect the long-term use of
protein nanofibrils in water treatments. Yet, amyloid oligomers
could be used to make antifouling coatings. Also, silk
nanofibrils are used for the removal of heavy metals with little
degradation properties.”""

4. CONCLUSIONS AND FUTURE PERSPECTIVE

The production and utilization of spun fibrous scaffolds
derived from a wide range of materials, including natural and
synthetic polymers, which can also serve as a reinforcement of
ceramics, metals, carbonaceous materials, and organic/
inorganic composites, have been discussed. By selecting
suitable materials and fabrication methods, the surface
characteristics of nanofiber scaffolds can be readily tuned to
attain favorable biological, optical, electrical, chemical, and
magnetic properties. Nanofibers incorporated as reinforcement
also have shown a promising future. In this review, different
spun fibrous scaffolds for a wide range of applications have
been summarized. Thanks to their nanoscale size, high surface
area to volume ratio, porous architecture, and tunable
mechanical/thermal properties, nanofiber scaffolds can be
utilized as (i) ultrafiltration fiber scaffolds for environmental
remediation such as wastewater treatment, and air purification
and (ii) fiber scaffolds for biomedical applications, drug
delivery systems, tissue/bone-tissue engineering, wound
dressing, and dental implants. Nanofiber scaffolds should
bring major changes in the biomedical and healthcare sectors
due to the large surface area that increases the interactions with
tissues and the possibility to incorporate different features in
scaffolds. However, before their widespread biomedical and
health sector application, the major demerits associated with
fibrous scaffolds” biocompatibility and physiochemical integrity
must be remedied. For instance, leaching and/or disintegration
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of fiber scaffolds in body fluids may not be sustained due to
their salvage. Despite several studies on spun fibrous scaffolds
and applications in the past five years, the strategies for large-
scale production of fiber scaffolds have emerged very slowly,
which limits their widespread applications. Nonetheless,
investigation of fiber scaffold functionality would eventually
lead to the advancement of cost-effective, biocompatible,
energy efficiency products, some of which could possess
characteristics that are not available yet in conventional
materials. Overall, some challenges of spun fibrous scaffolds
for clinical, medical, and environmental remediation remain
unsolved, and it is hypothesized that these structural scaffolds
will become available commercially in the near future.
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