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Abstract

Among all nanostructured materials, nanofibers (NFs) are the one class that 
is widely used in tissue engineering (TE) and regenerative medicine (RM) areas. 
NFs can be produced by a variety of different methods, so they can be used almost 
for any tissue engineering process with appropriate modifications. Also, the 
variety of materials that can form nanofibers, production methods, and applica-
tion fields increase the value of NFs greatly. They are almost suitable for any tissue 
engineering applications due to their tunable properties. Hopefully, this chapter 
will provide brief information about the production methods (electrospinning, wet 
spinning, drawing, etc.), characterization methods (Scanning Electron Microscopy, 
Transmission Electron Microscopy, Atomic Force Microscopy, etc.), and tissue 
engineering applications (core-shell fibers, antibacterial fibers, nanoparticle-
incorporated fibers, drug-loaded fibers, etc.) of NFs.

Keywords: nanomaterials, nanofibers, production, characterization,  
biomedical applications, regenerative medicine, tissue engineering

1. Introduction

Specific definition of nanofibers can vary from one discipline to another, but 
according to one of the most common descriptions, fibers with a diameter below 
100 nm are referred as nanofibers. Nanofibers have two alike dimensions (diameter) 
in the nanoscale and a third dimension, which is significantly larger (length). Going 
back to its origins, nanofibers are produced for the first time by Formhals (1934) 
by electrospinning of cellulose acetate solution. Although electrospinning process 
was used before Formhals, no one was able to form long filaments due to the use of 
inelastic Newtonian fluids [1]. The use of viscoelasticity in the solutions led the  
formation of nanofibers because the applied electric field caused a considerable 
reduction of the fiber diameter due to the bending instability, which is later mentioned 
by Reneker [2]. Forming fibers in nanoscale was a major drawback at that time, and 
not much attention was paid to the topic until the breakthrough of nanotechnology 
in the late 1990s. After almost 60–70 years later, Formhals’ work was appreciated, 
understood, and widened [3].

Nanofibers have many advantages because of their scales, which gave them 
high aspect ratio (length/diameter value) above 200 and high surface area. And 
because almost all their properties are tunable, one can select and use nanofibers in 
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numerous applications. The vital point of nanofiber technology is the availability 
of a wide range of materials such as natural and synthetic polymers, composites, 
metals, metal oxides, carbon-based materials, etc., which can be used for fiber 
production process [4].

Types of nanofibers can vary due to their nature, structure, and composition. 
According to its nature, one can produce natural or engineered nanofibers while one 
can produce nonporous, porous, hollow, core-shell nanofibers due to its structure. It 
is also possible to blend fiber materials to acquire a composition that can be organic, 
inorganic, carbon-based, or a composite [5]. When all the advantages considered 
(high aspect ratio, tunable properties, ability to form 3D networks, etc.), nanofibers 
are perfect nominee for different biomedical applications, such as tissue engineering 
(TE), regenerative medicine, drug delivery, nanoparticle delivery, etc. [6].

This chapter mainly focuses on the different production methods of nanofibers, 
their characterization techniques, recent developments in tissue engineering 
applications.

2. Nanofiber production methods

Nanofiber production techniques can be divided into two main class: top-down 
and bottom-up approaches. Chemical and mechanical methods are considered in 
top-down approaches. In top-down techniques, nanofibers are formed from bulk 
materials. On the other hand, in bottom-up approaches such as electrospinning, 
drawing, phase separation, etc., nanofiber formation occurs from composing 
molecules. This chapter mainly focuses on bottom-up approaches since they are the 
widely used class of nanofiber production methods.

2.1 Electrospinning

Electrospinning (ES) directly emerged from electrospraying 
(Electrohydrodynamic spray (EHD)), which was discovered by Morton and Cooley in 
1902. Both methods depend on dispersing fluids by using electrostatic forces. There 
is one important distinction between these methods. By using ES, continuous fibers 
can be produced, whereas only small droplets are formed in EHD. After the electros-
pinning method was found to be more suitable for producing nanofibers rather than 
EHD, this method received more attention, and more studies were carried out in this 
field. As a result of these studies over the years, electrospinning method has under-
gone many modifications. By using different types of ES, one can produce hollow 
fibers, core-shell fibers, nanoparticles, or drug-incorporated fibers, etc.

2.1.1 Traditional electrospinning

For traditional ES, three main components are needed: (i) a high voltage source, 
(ii) syringe pump (nozzle), and (iii) a grounded collector (Figure 1a). The nozzle 
is preferably a metallic needle with a blunt tip to proper observation of the Taylor 
cone. During the ES process, first certain amount of polymeric solution (preferably 
dissolved in a volatile solvent with a w:v ratio.) is placed into a proper syringe and 
then to the syringe pump. Then high voltage is applied to the tip of the nozzle, and 
the elongating conical shape of the droplet is observed. To form nanofibers, the 
electrostatic force has to overcome the surface tension of the droplet, then Taylor 
Cone occurs at the tip of the nozzle, and a charged jet ejects from the Taylor Cone, 
resulting in the formation of nanofibers following by the fast evaporation of the 
solvent [10].
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Morphology of the formed fibers can be controlled by many factors such as flow 
rate of the syringe pump, concentration of the polymer solution, collector type, 
solution viscosity, applied voltage, distance between the collector and the nozzle, 
diameter of the nozzle, etc. And each of these factors affects the fiber morphol-
ogy significantly. For example, by increasing the voltage, fiber diameter can be 
decreased, low polymer concentrations can cause electrospraying rather than 
electrospinning, or increasing the flow rate can reduce the fiber diameter [11]. So, 
all these parameters have to be optimized before the ES process began in order to 
obtain fibers with maximum performance.

2.1.2 Multijet electrospinning

This method is also called “Multi Needle ES” in the literature. The reason for 
its development is to improve the productivity and produce composite fibers that 
cannot be dissolved in regular solvents (Figure 1b).

Needle diameter, needle number, and configuration play an important role in 
this approach such as the other ES methods. Unfortunately, this method holds one 
major drawback, which is a strong repulsion among the jets because of the multi 
needle system. This repulsion, which is generated by the coulomb force, may cause 
reduced fiber deposition and poor fiber quality. To avoid this problem, needles must 
be oriented at appropriate distance [12].

2.1.3 Coaxial electrospinning

Coaxial ES method is used to form core-shell nanofibers by using multiple 
syringe pumps or one syringe pump with multiple feeding systems. Mainly, a 
polymer and a composite solution, one is to form shell and the other is to form core 
parts, can be used individually, or two different polymer solutions can be employed 
as forerunner solutions (Figure 1c). Directed by the electrostatic repulsions 
between the surface charges, the polymer solution, which will form the shell part 

Figure 1. 
(a) Traditional electrospinning setup, (b) multijet electrospinning setup, and (c) coaxial electrospinning setup. 
(a and c were reproduced with the permission from Gonçalves et al. [7], Ura et al. [8], and b was reproduced 
with the permission from Wu et al. [9]).
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of the composite nanofibers, will be lengthened and will create viscous stress. After 
that this stress will be delivered to the core layer, and the polymer solution, which 
will form the core part, will be promptly stretched. As a result, composite jets will 
be formed, which will have coaxial structures [13].

2.1.4 Melt electrospinning

Addition to the conventional ES setup, melt ES technique requires a heating 
device such as heat guns, lasers, or electrical heating devices (Figure 2a). Polymer 
solution must stay in its molten state by a constant heat source. Main difference 
between melt ES and conventional ES method is the fiber formation process. In 
melt ES, instead of a solution, a molten polymer is used, and desired product is 
obtained on cooling; however, in conventional ES, fibers are formed with the help 
of solvent evaporation [14]. Other than this difference, the parameters that affect 
the fiber diameter, fiber quality, and the ES process are the same with the conven-
tional ES method.

Main advantages of this method can be described as the absence of a solvent 
system and the high throughput rate of the polymer. This method can be used with 
the polymers that do not have a suitable solvent at room temperature. But in most  
of the cases, one of the major problems of melt ES is broad fiber diameter range 
due to the high viscosity of the melt polymer. Because of the high viscosity of the 
polymer, greater charge is required to initiate the jets. To reduce the fiber diameter 
or to obtain fibers with uniform diameters, some research groups used polymer 
blends or additives [17]. Requirement of high temperatures to melt the polymer can 
also be a disadvantage at this point. The melting temperature of the polymer can 
affect the structure and function of these additives (e.g., proteins, drugs, etc.) [18]. 
This situation makes selection and optimization steps critical.

2.1.5 Centrifugal electrospinning

Centrifugal ES is known by force spinning or rotary spinning as well. In this 
method, the electric field is replaced with a centrifugal force, which distinguishes 
centrifugal ES from conventional ES. Fiber formation is almost the same with 
conventional ES with a slight difference, instead of electric field, rotating speed 
surpasses the critical point to form a Taylor cone, and then the liquid jet gets ejected 
from the needle (Figure 2b) [19]. Therefore, rotating speed is one of the key param-
eters that determines the quality of the fibers along with the nozzle configuration, 
collector type, temperature, etc.

Figure 2. 
(a) Melt electrospinning setup, (b) centrifugal electrospinning setup, and (c) magnetic-field-assisted 
electrospinning setup. (a was reproduced with the permission from Brown et al. [14]; b was reproduced with 
the permission from Taghavi et al. [15]; and c was reproduced with the permission from Blachowicz and 
Ehrmann [16]).



5

Nanofibers: Production, Characterization, and Tissue Engineering Applications
DOI: http://dx.doi.org/10.5772/intechopen.102787

There are many advantages of this system due to the use of centrifugal force 
in place of electric field. Numerous conductive and nonconductive polymers can 
be electrospun with this method. Because no high voltage is needed, this method 
lightens safety-related concerns greatly. By adjusting the rotating speed, production 
efficiency can be improved, and large-scale production is allowed as well. Main 
limitations of conventional ES process (high voltage, misdirection of the jet, high 
cost, etc.) can be eliminated with this method. Aside of the advantages, the main 
disadvantage of this method is the spinneret design and material properties, which 
can highly affect the fiber quality and the yield of the process [20].

2.1.6 Magnetic-field-assisted electrospinning

In this method, magnetic properties are gained by incorporating magnetic 
nanoparticles to the polymer solution or using polymers that can respond to magnetic 
field (Figure 2c). This magnetic field can be obtained by two parallel permanent 
magnets, Helmholtz coils, or a magnetic field responder solution [21]. Besides mixing 
different polymers, adding non-polymeric materials (e.g., metals, ceramics, etc.) is 
another approach by which magnetic-field-assisted ES can be used. Fibers that are 
maintained with this method are reported to be more uniform. By using magnetic 
field fiber splitting from the jet can be prevented because of the magnetic field  
orientation. High velocity of the process supports smaller fiber diameter [22].

2.1.7 Needleless electrospinning

Some researchers proposed a new technique called “Needleless ES” to avoid the 
limitation caused by the capillaries and needles. Basis of this approach relies on a 
single principle, which is: Waves of an electrically conductive liquid self-organize 
on a mesoscopic scale and form jets when the intensity of the applied electrical 
field rises above a critical value (Figure 3a). Setup of the system can be divided in 
two groups: one of which is ES with a constrained feeding system and ES with an 
unconstrained feeding system. For the first system, a supply for the polymer solu-
tion, which is afterward injected into a closed nozzle, is preferred. On the contrary, 
for the second system, no nozzles are needed because the Taylor cones are formed 
on a free liquid surface. For both groups, high voltage source is a must to attract the 
polymer jets into nanofibers [25].

With the use of multiple jets without the needles, chances to increase the 
production rate of nanofibers are higher compared with the traditional ES systems. 
Some studies report an increase in polymer yield compared with single-needle 

Figure 3. 
(a) Needleless electrospinning setup, (b) emulsion electrospinning setup. (a was reproduced with the permission 
from Li et al. [23], and b was reproduced with the permission from Nikmaram et al. [24]).
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solution and an improvement in fiber deposition, in opposition to multi-needle ES, 
which resulted from a reduction in mutual fiber repulsion [26].

2.1.8 Emulsion electrospinning

Emulsion ES is developed to produce fibers from two immiscible solutions. 
To blend these immiscible solutions and obtain an emulsion, vigorous stirring is 
required. Then this emulsion is loaded a glass syringe connected to a needle and a 
high voltage source (Figure 3b). Because this emulsion contains two immiscible 
solutions, fibers are difficult to produce due to properties and immiscible phases 
of these solutions. To overcome these difficulties, nanoparticles and surfactants 
such as detergents, sodium dodecyl sulfate, etc., are generally used. Even with this 
solution, there is a constant necessity for the emulsion to stay stable through the ES 
process, which is a major drawback [27, 28].

2.2 Wet spinning

Wet spinning (WS) is an alternative nanofiber fabrication method for polymers 
that are derived from natural sources. It is much cheaper and simpler in comparison 
to any ES method. Because there is no high voltage source, it is much easier to load 
therapeutic agents into fibers, which expands the range of polymers from natural 
or synthetic sources handled by means of WS [29]. It is also a developing approach, 
but it is possible to gather wet-spun nanofibers to produce biodegradable and 
biocompatible scaffolds with a 3D network for regenerative medicine approaches. 
This method is mainly based on extrusion of a polymeric solution into a coagulation 
bath where the solution in the coagulation bath contains a poor solvent or solvent/
non-solvent mixture (Figure 4).

Main goal here is to obtain coagulating fibers in the coagulation bath, which at 
the end solidifies as a constant fiber, as the extrusion process continues. Typical 
WS setup composed of a needle contains the polymeric solution, which is placed 
in a syringe pump and a coagulation medium. The needle must be immersed in the 
medium to initiate fiber coagulation. Different strategies have been developed for 
the collection or assembly of the fibers such as rotating drum, 3D assembly of the 
fibers by thermomechanical treatments, manually or computer-controlled motion 
of the coagulation bath or the needle, etc. After the WS setup is complete, qual-
ity and final morphology of the fibers still depend on several parameters, which 
include temperature, solvent system, properties of the selected polymer, needle 
diameter, flow rate of the syringe pump [31].

Figure 4. 
Wet spinning setup. (Figure was reproduced and adapted with the permission from Wang et al. [30]).
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2.3 Drawing

Drawing technique is usually used to produce continuous individual nanofibers. 
It is based on a sharp probe tip or a micropipette, which is soaked into the edge 
of the droplet deposited on a container. Then the sharp tip is withdrawn from the 
solution with a constant rate (usually 100 μm/s) to fabricate liquid fibers. The 
drawn nanofibers will be deposited on the surface by contacting the surface with 
the edge of the micropipette (Figure 5a). To form a 3D structure or a network, this 
process was repeated several times for every droplet [33], and continuous fibers 
in many adjustments can be fabricated with drawing method to use in biomedical 
applications.

In addition, specific control of the drawing process parameters such as drawing 
speed, viscosity, properties of the used polymer allows repeatability of the process, 
control of the fiber quality and fiber dimensions. Besides the advantages such as 
fabricating continuous fibers, simplicity, and the cost-effectiveness of the process, 
there are also some limitations. Because drawing causes nanofibers to be produced 
one single fiber at a time, productivity of this process is low. The only material type 
that can be used in this process is viscoelastic materials. Viscoelastic materials can 
resist the increased stress produced by drawing, and they can preserve their integra-
tion while going through a strong deformation [34].

2.4 Template synthesis

Template synthesis method allows to produce solid or hollow, discontinuous 
nanofibers with different properties such as polymeric, metallic, ceramic, semicon-
ductor nanofibers. It is possible to convert multiple materials into fibrils or tubules 
in nanoscale diameter to use them in many applications, which include regenerative 
medicine, electronics, optoelectronics, gas sensors, etc. [35].

This method relies on the usage of a nanoporous membrane as a template/
mold, containing cylindrical pores. The template/mold often refers to a metal oxide 
membrane such as aluminum oxide membranes or silica-based membranes, etc. 
Nanofibers are formed by passing through the polymer solution from the pores of 
the nanoporous membrane/template (Figure 5b). During the extrusion, polymer 

Figure 5. 
(a) Drawing method, (b) template synthesis method, and (c) phase separation method. (Figures were adapted 
from Ramakrishna et al. [32]).
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solution comes in contact with the solidifying solution and nanofibers are formed. 
The major disadvantage of this method is the continuity of the fibers. Only a few 
micrometers long fibers can be obtained with this method, and the diameter of 
these fibers depends on the pore size of the template [36]. By using template with 
different pore sizes, a variety of diameters can be achieved with template synthesis.

2.5 Phase separation

Phase separation method was developed by Zhang and Ma to mimic the 3D 
structure of collagen under the name of thermally induced liquid-liquid phase 
separation (Figure 5c). This method is mainly composed of five stages, which 
include preparing a homogeneous polymer solution, phase separation process, 
gelation, extraction of the solvent, freezing, and freeze-drying under the vacuum. 
Polymer solution is often prepared by dissolving the polymer at room temperature. 
Then the solution reaches the gelation temperature, which is the most critical step 
in this method because the duration of gelation depends on the concentration of 
the polymer and the gelation temperature. If the polymer acquires high gelation 
temperature, platelet-like structures are formed due to the nucleation of crystals 
so low gelation temperatures are required for this process. After gelation step was 
completed, solvent was extracted from the gel with water, and the freeze-drying 
stage was applied to the final product [37, 38].

For this method, minimum equipment is needed. Nanofiber matrix can be directly 
fabricated, and by adjusting the polymer concentration, properties of the matrix can 
be accustomed. Process parameters such as polymer concentration, polymer type, 
solvent type, etc., were found to influence the nanofiber quality, morphology, and 
the final nanofibrous matrix. The matrix fabricated by the phase separation method 
exhibits high porosity of almost 98% within the overall material. The major drawback 
of this method is that only a few polymers (e.g., polylactide, polyglycolide, etc.) can 
be used to obtain nanofibers by phase separation due to the fact that not all polymers 
are compatible with this process since it requires a certain gelation capability [39].

2.6 Self-assembly

This method relies on the idea of spontaneous organization of amphiphile 
compounds, which can be considered as active molecules (Figure 6). Because 
self-assembly is a bottom-up fabrication method, it is based on gathering small units 

Figure 6. 
Self-assembly method. (Figure was adapted from Xu et al. [40]).
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together by the help of intermolecular forces such as hydrogen bonding, hydropho-
bic interactions, electrostatic reactions, biomolecule-specific interactions, etc. These 
units will organize and arrange themselves to form macromolecular nanofibers.

The overall shape of the nanofibers is determined by the shape of small units. With 
this method, it is possible to produce nanofibers smaller than 100 nm with a length of 
several micrometers, but the process is time-consuming. Also, low productivity, diffi-
cult control of the fiber dimensions, and limited active compound choices, which can 
self-assemble themselves, are the main disadvantages of self-assembly method [41].

2.7 Interfacial polymerization

This method depends on two different monomers, which can dissolve in dif-
ferent phases. Basically, this is a polycondensation reaction between two reactive 
monomers, which are dissolved in immiscible solvents. After these two different 
phases are prepared and mixed, polymerization will occur at the interface of the 
emulsion droplet. Homogeneous nucleated growth is the key factor in interfacial 
polymerization [42]. By separating the monomer precursors in different phases, 
localized reaction and nanofiber formation can be achieved (Figure 7).

By selecting different kinds of monomers, a variety of polymers can be  
synthesized. The properties and quality of the nanofibers are highly dependent on 
the reactivity and concentration of the monomers, reactive groups attached to the 
monomers, and the stability of the interface [44].

3. Nanofiber characterization methods

Nanofibers can be produced by many different methods according to the area in 
which they are to be used. After choosing the appropriate production method for 
the application area and producing the nanofibers, some characterization studies 
are required to examine the quality, composition, morphology, and structure of the 
nanofibers. Characterization methods are still improving, and request for the  
establishment of effective techniques is continuously increasing. Therefore, commonly 
used methods for the characterization of nanofibers are described below.

3.1 Morphological and structural characterization

3.1.1 Scanning electron microscopy (SEM)

Generally, microscopic imaging techniques are routinely used to observe fiber 
diameters, alignment, porous structure, fiber morphology, and orientation. With 

Figure 7. 
Snapshots showing interfacial polymerization of aniline in a water/chloroform system. From a to e, the reaction 
times are 0, 1.5, 2.5, 4, and 10 min, respectively. (Figure was reproduced and adapted with the permission from 
Huang et al. [43]).
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scanning electron microscopy (SEM) imaging, high-resolution images of a scaffold 
surface can be obtained and surface properties (roughness, porosity, smoothness, etc.) 
can be determined.

In order to obtain a high-resolution image from scaffolds, samples have to be 
conductive, so sputtering with a thin layer of a conductive metal such as gold or 
titanium is a common modification for nonconductive samples. After sputtering, an 
electron gun is used to produce beams as a cathode source and focuses by electro-
magnetic lenses to an exact spot on the sample. Selected spot is shaped by deflection 
coils so that the surface of the sample can be scanned. This procedure depends on 
the interaction between the beam and the secondary electrons, which are produced 
from the sample. Interaction between the secondary electrons from the surface of 
the sample and the electron beam is monitored, amplified, and illustrated in the 
form of an image of the surface (Figure 8a) [45].

For the first evaluation of the nanofiber scaffolds, SEM is the most common 
characterization method due to its availability and the ease of use. It is possible to 
determine the porosity, the width, and length of pores on the surface, which can 
help understand the structure of the nanofibers [46]. To analyze the qualitative 
characteristics of the nanofibers, a convenient number of samples are needed to 
obtain statistical information about the materials.

Evaluation of nanofibers, cells, living organisms, or biological materials is also 
possible without any coating treatment required by using environmental SEM 
(ESEM). In this characterization method, the electron beam is wielded under water 
vapor environment. The ionization of water prevents the accumulation of the 
surface charges, which allows nonconductive materials to be evaluated without any 
modifications.

3.1.2 Transmission electron microscopy (TEM)

Transmission electron microscope (TEM) technology is considered one of the 
most important characterization techniques because of its ability to evaluate the 
interior structure of the samples. The pore structure of the scaffolds can be clearly 
seen by the images taken with TEM. The pore size and distribution of scaffolds are 
crucial parameters in tissue engineering field due to the fact that these parameters 

Figure 8. 
(a) Schematic image of scanning electron microscope, and (b) schematic image of transmission electron 
microscope. (Figures are reproduced from https://biorender.com/).

https://biorender.com/
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directly affect the ability of the cells to penetrate through the pores of the material. 
Similar to SEM imaging, TEM also yields two-dimensional (2D) images of nanofi-
bers and pores as well [45–47].

The common method includes transmitting electron beams through the ultra-
thin part of the samples, which causes a phase shift in portion of the electrons. 
When the incoming electron beam descends from the microscope column, it 
interacts with the sample fluorescent screen. And then the electron beam hits the 
sample, which leads a large amount of radiation to be emitted from the sample. 
This interaction causes the elastic and inelastic scattering of the emitted electrons. 
Images that take origin from the elastically scattered electrons allow the observa-
tion of the structure of the scaffolds or the defects at a high resolution (Figure 8b). 
Ultrathin samples are required for TEM evaluation (~20–200 μm) because electron 
beams are absorbed completely by the thick samples and no image can be formed. It 
is a very common characterization technique, but it is also a detrimental technique 
as well because of the possibility to damage the samples, especially the biological 
samples, by the electron beam going through them [45, 46].

3.1.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) technique is mostly used for the evaluation of 
surface topography. The analytical capabilities of AFM are limited to the uppermost 
atomic layer of a sample because its operation is based on the interactions with the 
electron clouds of atoms at the surface. This technique also gives information about 
morphology, surface roughness, fiber orientation, and particle/grain distribution 
from the surface of the samples [45].

In this technique, a small tip is attached to a cantilever, and when the tip encoun-
ters with the sample surface, Van der Waals and electrostatic interactions between 
atoms at the tip and those on the surface create a force profile and cause attraction 
of the tip to the surface. A photodiode detector detects the changes and converts 
them into data, which are later to be converted into images (Figure 9) [45, 49].

The operation of AFM can be carried out by three modes depending on the 
application: contact, noncontact, and tapping modes. The contact mode measures 
the repulsion between the tip and the surface of the sample where the force of the 
tip against sample surface remains constant. At this mode, sensitive samples can be 
damaged because scanning requires constant contact of the tip to the surface. The 
noncontact mode on the other hand measures the attractive forces between the tip 

Figure 9. 
Atomic force microscopy setup. (Figure is reproduced with the permission from Deng et al. [48]).
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and the sample surface. Van der Waals forces between the tip and the sample surface 
are detected. Characterization of soft materials is often made with noncontact mode. 
At last, the tapping mode depends on the vertical oscillation of the tip. The tip con-
tacts the surface of the sample and then lifts off at a certain frequency. Oscillation 
amplitude reduces as the tip contacts the surface due to the loss of energy. This mode 
overcomes problems with friction, adhesion, and electrostatic forces [49].

3.1.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) spectroscopy is a safe non-damaging characterization 
technique, which can be performed on wide range of materials such as minerals, 
metals, semiconductors, ceramics, polymers, etc. This technique is mostly applied 
to evaluate structural properties of the samples such as phase formation, crystallite 
size, lattice strain, contents of each phase, and crystal structure. The wavelength of 
X-Rays (0.5–50 A°) is similar to the distance between atoms in a solid, they are ideal 
for exploring atomic arrangement in crystal structure [46].

XRD, rather than measuring how the absorbance of X-rays affects the sample, 
examines how X-rays are diffracted from the atoms in a sample. Diffraction occurs 
when incident rays are scattered by atoms in a way that reinforces the waves 
(Figure 10). Working principle of XRD is basically a filament is heated to produce 
electrons in a cathode tube. By applying voltage, electrons are accelerated toward 
the sample and the sample is bombarded with electrons. Characteristic X-ray 
spectra are produced when electrons have enough energy to remove the inner 
shell electrons of the target sample. These X-rays are adjusted and located onto the 
sample, and the intensity of the reflected X-rays is recorded. Then these recorded 
signals are processed and converted to a count rate and directed to a printer or a 
computer monitor as an output [51].

3.1.5 Thermogravimetric analysis (TGA)

Thermal methods can be examined under two categories: (a) differential thermal 
analysis and (b) thermogravimetric analysis (TGA). Differential analysis depends on 
the changes in heat content, which is measured as a function of increasing tem-
perature. On the other hand, thermogravimetric analysis depends on the changes in 
weight, which is measured as a function of increasing temperature (Figure 11) [53].

TGA technique relies on the use of uniform heating to decompose all organic 
contents at high temperature, which eventually gives information about the 

Figure 10. 
Working principle of X-ray diffraction. (Figure is adapted from Kaur et al. [50]).
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compositions of the sample. Mainly, by increasing the temperature at a constant 
rate, the decrease in the mass of the sample is recorded. The sample is located on 
a balance with a platinum melting pot, which is placed inside a furnace, and the 
procedure is generally carried on under air gas. As a result of this analysis, mass 
against temperature or time plot is obtained to measure the changes in the physi-
cal and chemical properties of the sample. The obtained data provide information 
about thermal stability of the remained sample, dehydration, pyrolysis, solid/gas 
interactions, etc. [54]

3.2 Mechanical characterization

Mechanical characterization of the scaffolds plays a critical role in tissue 
engineering applications. The designed scaffold’s mechanical properties have to 
match the mechanical properties of the desired tissue. The mechanical strength of 
a scaffolds is crucial especially for in vivo applications, where the scaffold exposed 
mechanical loading repeatedly.

Most common characterization technique for nanofibrous scaffolds is tensile 
testing or nano-tensile testing. The theory is based on the attachment of the scaf-
fold from both sides to the grips of the tensile testing machine and then pulling the 
scaffold with a constant rate until the rupture occurs (Figure 12a). The results give 
information about the stress-strain values, modulus, and strength of the scaffolds. 
But there are two limitations, which need to be overcome. Firstly, sample gripping 
is a problem because fibers tend to slip from the grips or break at the grips. These 
machines generally are not equipped to perform under micro sizes, so the small 

Figure 11. 
Thermogravmetric analysis diagram. (Figure is adapted from Loganathan et al. [52]).

Figure 12. 
(a) Tensile testing of nanofiber scaffolds, and (b) nanoscale bending test schematic. (a was author’s 
unpublished thesis images, b was reproduced with the permission from Zhou et al. [55]).
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size of the specimen is a major limitation for this process. Second, alignment of the 
scaffolds is needed because randomly oriented fibers may lead to premature sample 
failure due to unwanted bending caused by misalignment [56].

Another characterization technique that is widely used is bending test for 
nanofibers (nanoscale three-point bending test). The capability of an AFM system 
to apply forces in the nano/pico-Newton range and measure the deformation in 
the range of Angstroms has made this characterization method very useful. The 
nanofiber sample is produced or deposited on a substrate with holes in it. Then the 
nanofiber is positioned such that a part of it is suspended over a hole. The adhesion 
between the sample and the substrate is enough for the test to be performed without 
a failure (Figure 12b). With three-point bending test, Young modulus and fracture 
strength can be obtained. The downside of this method is that it is only limited to 
samples that can be produced using AFM anodization [45, 56].

3.3 Chemical characterization

3.3.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) technique is one of the most powerful 
characterization techniques because of the ability of giving chemical informa-
tion about the surface of the material, both elemental and molecular composition 
(Figure 13a). It can also differentiate chemical states of the same element to deter-
mine their depth distribution at a thickness between 5 and 10 nm. Useful electron 
signal is obtained only from a depth around 10–100 A° on the surface. Basically, 
the surface is irradiated by hitting the core electrons of the atoms. X-ray absorption 
causes the removal of an electron from one of the innermost atomic orbitals, and 
the kinetic energy of the emitted electron is recorded. The recorded kinetic energy 
is then converted into a spectrum by a computer. Binding energies of the elements 
from the sample will be determined according to the peaks from the spectrum. 
In literature, the kinetic energy and binding energy values assigned to each ele-
ment can be found. This method often requires an argon ion bombardment step to 
eliminate surface impurities [45, 59].

3.3.2 Fourier’s transform infrared spectroscopy (FTIR)

Fourier’s transform infrared spectroscopy (FTIR) is a technique used to collect 
an infrared spectrum of an emission or an absorption of a solid, liquid, or gas. It 
is used to identify organic, inorganic, and polymeric materials utilizing IR light to 

Figure 13. 
(a) Working principle of X-ray photoelectron spectroscopy, and (b) schematic of Fourier’s transform infrared 
spectroscopy. (a was adapted from Seyama et al. [57], b was adapted from Lee et al. [58]).
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scan samples. Standard FTIR setup is composed of a source, sample cell, detector, 
amplifier, A/D converter, and a computer (Figure 13b).

IR radiation is passed through the sample, and the emitted radiation could 
be absorbed and/or transmitted from the sample. Changes in the patterns of the 
absorption bands pinpoint a change in the composition of the material. So, the 
obtained signals are amplified, changes got detected by the detector, converted 
by the A/D converter, and as a result, a spectrum will be obtained. The obtained 
spectrum provides information about chemical composition of the material because 
the wavelength of absorbed light indicates characteristics of the chemical bonds. 
Just like fingerprints, two individual molecular structures cannot generate same IR 
spectrum. Every molecule has a specific fingerprint, which makes this technique a 
valuable tool for chemical identification. Also, this feature makes FTIR very prefer-
able for many analyses such as determining the components in a mixture, identifying 
unknown materials, detecting contaminants in a material, finding additives, or 
determining the quality of a sample [60].

3.3.3 Raman spectroscopy (RS)

Raman spectroscopy (RS) method is based on irradiating a sample with a pow-
erful laser source consisting of a monochromatic beam and measuring the scat-
tered beam from a specific angle. During light scattering, the energy of most of the 
scattered light becomes equal to the energy of light interacting with the specimen. 
This type of elastic scattering is called Rayleigh scattering. In addition to elastic 
scattering, if a small part of the scattered light includes inelastic scattering, it is 
called Raman scattering. In Raman scattering, the excess or decrease in the energy 
of the scattered light relative to the energy of the light interacting with the mol-
ecule is as much as the energy difference between the energy levels of the molecule 
interacting with the light. This excess or scarcity at the energy levels is called the 
Raman shift. These shifts are measured in Raman spectroscopy (Figure 14) [62].

This method is used to evaluate vibrational and rotational frequency modes in 
physical and chemical systems. The intensity of Raman scattering depends on the 
change in polarizability. RS is suitable for the qualitative and quantitative analysis of 
organic, inorganic, and biological systems. With the obtained spectrum, unknown 
material identification, material differences, crystallinity, and material amount can 
be determined [60].

Figure 14. 
Working principle of Raman scattering. (Figure was adapted from Kim [61]).
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4. Tissue engineering applications

As mentioned in the introduction section, natural and synthetic fibers from 
different sources have been widely used in many areas for hundreds of years, and 
tissue engineering area happens to be one of them. TE maintains an alternative way 
to the restoration and regeneration of the injured tissues. TE is an interdisciplinary 
field that requires knowledge of biological, chemical, and engineering sciences 
toward the objective of tissue regeneration using cells, factors, and biomaterials 
alone or in combination with each other. With the light of this brief information, 
widely used TE applications of nanofibers are discussed below.

4.1 Muscoskeletal tissue engineering applications

4.1.1 Bone tissue engineering (BTE)

Bone tissue is mainly composed of organic bone matrix, which mostly includes 
collagen fibers (95% of these fibers are collagen type I) and inorganic compounds 
such as hydroxyapatite crystals [63]. There is a global need for bone grafts because 
of the high incidence of bone defects, which are caused by bone tumors, infections, 
and bone loss by traumas. Main treatment approaches for these injuries are auto-
grafts, allografts, or xenografts. But there are some challenges to these approaches 
such as inflammation, scarring, infection, immunological graft rejection, hema-
tomas, high-cost procedures, etc. [64, 65] At this point, bone tissue engineering 
(BTE) approaches present an alternative treatment way for these injuries. BTE field 
aims to form materials that can outperform bone autografts and allografts. The 
ultimate goal is to manufacture a scaffold that can be implanted to the defect area 
and then remodeled by patient’s own cells. The key is to fulfill the role of the extra-
cellular matrix (ECM) in the defect area. The design of the scaffolds for BTE is also 
modeled by the structure and function of healthy bone tissue, which is crucial to its 
function, for example, highly porous trabecular bone or highly dense cortical bone, 
which surrounds the trabecular bone. But still, regardless of recent advancements in 
TE and RM, reconstruction of critical-size bone injuries is still challenging [66].

For bone tissue regeneration, wide range of biomaterials can be used to mimic 
the function, structure, and composition of bone ECM with proper osteogenic 
activity. First studies for stimulating bone regeneration were done by ES of widely 
used polymers such as polycaprolactone (PCL), polylactic acid (PLA), gelatin, 
silk, and chitosan. The common feature of all these polymers was biodegradability 
because if the scaffolds are not biodegradable, a second surgery is necessary to 
remove the scaffold, which can result in infection, patient discomfort, or additional 
costs. According to the study of Cai et al., a 3D PCL/PLA scaffold was produced, 
and its bone regeneration efficiency was investigated in a rabbit tibia bone defect 
model by using human embryonic stem cell–derived mesenchymal stem cells 
(hESC-MSCs) [67]. They reported that the attachment of the hESC-MSCs to the 3D 
scaffold was successful due to the differentiation of the cells from round-like shape 
to a spindle-like form. Additionally, the histology and radiography studies resulted 
in 3D bone tissue formation after 6 weeks. Another study conducted by Nedjari, 
et al. is based on the development of a novel 3D honeycomb-shaped scaffold made 
by electrospun hybrid nanofibers, which includes poly(l-lactide-ℇ-caprolactone) 
and bone ECM protein fibrinogen (FBG) (Figure 15) [68].

Results of this study indicate that PLCL/FBG scaffolds support osteogenic 
differentiation of human adipose-derived mesenchymal stem cells (hADMSCs). 
Besides ES, melt ES writing is a promising method to design scaffolds with 
controlled structure. Abdalhay et al. manufactured PCL/HAp composite 3D 
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scaffolds with high porosity (96–98%) by using melt ES writing method [69]. 
According to the results, infiltration and proliferation of seeded osteoblasts 
were achieved, which supports high interconnectivity and porosity of the PCL/
HAp scaffolds. Velioglu et al. fabricated 3D-printed PLA scaffolds with different 
pore sizes for trabecular bone repair and regeneration. Their findings showed 
that the resemblance between 3D-printed scaffolds and native trabecular bone 
in terms of pore size, porosity, and mechanical properties of the scaffolds, the 
3D-printed PLA scaffolds printed in this study can be considered as candidates 
for bone substitutes in bone repair [70]. In 2019, Lukasova et al. produced 3D 
and 2D nanofibrous scaffolds by using centrifugal ES and needleless ES methods, 
respectively. Cyclone device was used as a spinneret for centrifugal ES, and the 
spin guidance was sideways. Needleless ES on the other hand was performed by 
using Nanospider® technology. Scaffolds were then tested for metabolic activ-
ity, cell differentiation, and proliferation by using hMSCs. Scaffolds obtained 
with centrifugal ES showed higher cell proliferation due to their 3D, porous, and 
interconnective architecture [71].

4.1.2 Tendon/ligament tissue engineering

Tendon/ligament injuries, which are caused by tears, ruptures, traumas, and 
inflammation, result in severe pain and are generally seen in physically active young 
patients. Natural healing of these tissues is challenging due to their poor healing 
capacity and scar tissue formation, which then result in poor mechanical properties. 
Standard treatment approaches for these injuries are grafts or artificial prosthe-
sis. Autografts are considered “gold standard” because of their lack of immune 
response, but they are limited by donor site availability and morbidity. Allografts 
hold the same concerns as in BTE, which are rejection, risk of disease transmis-
sion, and high re-rupture rates caused by mismatches between the donor and the 
recipient. To overcome these challenges, TE approaches are widely used for tendon/
ligament tissue repair [72].

Figure 15. 
SEM images of random (A, D), aligned (B, E) and honeycomb (C, F) PLGL-FBG nanofibers. Bottom row 
represents the immunofluorescent imaging of FBG within the fibers (red) on random (G), aligned (H), and 
honeycomb (I)-shaped scaffolds (the arrows indicate the higher accumulation of FBG at the walls of the 
honeycomb shapes.). Relative expression of alkaline phosphatase gene (J) and RunX2 gene (K) of ADMS 
cultured for 21 days in osteogenic medium on different shaped scaffolds. (Figure was reproduced with the 
permission of Nedjari et al. [68]).
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These soft tissues are mainly composed of dense and aligned collagen fibers, 
so the mechanic load of tendons and ligaments is restricted to one direction. As a 
result, scaffolds composed of aligned nanofibers are highly promising for tendon/
ligament tissue repair studies because they can mimic the anisotropic nature of the 
native tissues. In the light of these information, a novel, multilayer scaffold was pro-
posed by Yang et al., which was composed of fibrous PCL and methacrylated gelatin 
produced by dual ES [73]. The scaffold was formed by five sheets, which were 
cross-linked. The scaffold was then reinforced with gelatin layer bearing the stem 
cells, which were treated with TGF-β3 for 7 days to stimulate differentiation. Results 
showed an increase of tendon markers tenascin-C and scleraxis, which implies the 
scaffolds were porous enough for the diffusion of bioactive molecules. Another 
study conducted by Perikamana et al. reported that immobilization of platelet-
derived growth factor (PDGF) in a gradient scaffold, which is also composed of 
aligned nanofibers, enhanced the expression of tenomodulin compared with a non-
modified nanofiber scaffold [74]. Rinoldi et al., fabricated a bead-on-string fibrous 

Figure 16. 
The cell proliferation rates from DNA assays (a) and SEM images (b) of tenocytes cultured on different core-
shell nanofiber scaffolds. The relative mRNA expression of type-I collagen (c), type III collagen (d), tenascin-C 
(e), and biglycan (f) by tenocytes after cultured on different core-shell nanofiber scaffolds for 7, 14, and 
21 days. (Figures are reproduced with the permission from Chen et al. [76]).
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scaffold and incorporated with silica particles to enhance the biological activities 
and modify the properties of the scaffolds such as wettability, degradation rate, etc. 
The results imply that their bead-to-string fibrous scaffold is a significant candidate 
for guided tissue regeneration [75]. In a recent study, Chen et al. proposed a three 
types of core-shell nanofibrous scaffolds [76]. For one group, HA (hyaluronic 
acid) is the core and PCL (random) is the shell while the other groups are HA/PRP 
(platelet-rich plasma) core–PCL shell (Random+) and HA/PRP core–PCL shell 
(Align+) (Figure 16). Tenocytes were used in in vitro studies, and the cells in Align+ 
showed the highest cell proliferation rate while Random+ is also significantly higher 
than Random study group. According to the expression studies, by day 14, Random+ 
and Align+ showed significant downregulation of collagen III gene expression when 
shift of collagen III to collagen I occurs during the tendon maturation.

It is safer to study tendon/ligament tissue regeneration compared with ten-
don/ligament-bone interface regeneration, which is also called the enthesis. 
Regeneration enthesis is exceptionally challenging due to its complex and gradient 
structure. The enthesis possesses location-dependent changes such as gradients, in 
terms of composition of ingredients and structural properties.

Still, there are many studies and research groups trying to fabricate scaffolds 
to repair tissue-tissue interfaces by incorporating bone-like biomaterials such as 
hydroxyapatite, hyaluronan, etc. (Figure 17) [74, 77]. Yet still, it remains a chal-
lenge in the field, which requires much more time and effort.

Figure 17. 
Energy-dispersive spectroscopy (EDS) spectrum of polycaprolactone (PCL)-only and PCL-nano-
hydroxyapatite (nHA) meshes at different flow rates corresponding to different nHA concentrations (a–c). 
Representative scanning electron microscopy (SEM) micrographs taken from (d) polycaprolactone (PCL)-
rich and (e) nano-hydroxyapatite (nHA)-rich surfaces of the spatially graded meshes. White arrows in E 
indicate nHA particulates embedded into nanofibers. (Figure was reproduced with the permission from 
Bayrak et al. [77]).
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4.1.3 Cartilage tissue engineering

Other than tendons and ligaments, cartilage tissue is another class of connective 
tissues that presents elastic behavior and protects the end of bones at joints. Nose, 
ears, knees, and many other parts of the body contain cartilage tissue. The main 
ECM components of dense cartilage tissue are collagen and proteoglycans, which 
are produced by a low number of chondrocytes. After an articular cartilage injury 
such as rupture, trauma, aging, etc., remodeling and regeneration of the native 
tissue are challenging due to the low availability of chondrocytes and the complex 
structure of the tissue. Current approaches are mostly grafts, decellularized struc-
tures, microfracture, etc.; however, these approaches pose significant risk to the 
patient such as inflammation, rejection, implant loosening, or failure.

To repair the damaged articular cartilage, Tuli et al., prepared nanofibrous PCL 
scaffolds by ES method. The fetal bovine chondrocytes (FBCs) were seeded onto 
these scaffolds and examined in terms of their ability to maintain chondrocytes in a 
functional state. According to their results, PCL scaffold seeded with FBC is able to 
preserve the chondrocyte phenotype by expressing cartilage-specific ECM com-
ponents such as aggrecan and collagen [78]. In another study, electrospun gelatin/
PLA nanofibers were fabricated, and one group was modified by cross-linking with 
hyaluronic acid to examine the ability to repair cartilage damage. These scaffolds 
were then subjected to an in vivo study on rabbits using an articular cartilage injury 
model. Results of the in vivo studies demonstrated that the hyaluronic-acid-modi-
fied scaffolds could increase the repair of cartilage along with their super-absorbent 
properties and cytocompatibility (Figure 18) [79].

Another research group fabricated a scaffold by using coaxial ES with poly 
(L-lactide-co-caprolactone) and collagen as the shell and kartogenin solution as the 

Figure 18. 
Macroscopic images (a, d, and g) of the cartilage joints from three groups at 12 weeks after surgery. Histological 
analysis of cartilage defect area from three groups at 12 weeks after surgery, stained with safranin O-fast green 
(b, e, and h) and H&E (c, f, and i). Arrows and dotted lines indicated the defect sites. (OC: Original cartilage 
tissue. RC: Repaired cartilage tissue.) (Figure was reproduced with the permission from Chen et al. [79]).
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core. Kartogenin’s release behavior was monitored over 2 months, and it is shown 
that the proliferation and chondrogenic differentiation of rabbit bone-marrow-
derived MSCs are increased due to the chondrogenesis inducement properties of 
kartogenin [80]. Furthermore, incorporation of cartilage-derived ECM into nanofi-
brous scaffolds is another novel way for stimulation of chondrogenic bioactivity [81].

4.2 Skin tissue engineering

The skin is the largest organ in mammals and acts as a physical barrier between 
the human body and the external environment, which means it is directly exposed 
to harmful microbial, thermal, mechanical, and chemical damage. Skin tissue, 
mainly composed of epidermis, dermis, and subcutaneous layer, suffers from 
integral skin loss with every injury, which can cause functional imbalance in case 
of large full-thickness skin defects or loss of large skin areas. Skin loss can occur for 
many reasons, such as disorders, burns, and chronic wounds. For years, autografts 
and allografts have been used to treat burns or other skin defects, yet the inability 
of damaged skin tissue to fully heal has opened up the field of tissue engineering for 
repair broadly to resolve skin-related defects. The basic prerequisite for a material 

Figure 19. 
In situ deposition of electrospun zein/PEO and zein/PEO/TEO fibrous meshes onto wounds of Kunming mice: 
(a) no treatment, (b) zein/PEO (control group), and (c) zein/PEO/TEO (study group); gross observation of 
wounds healing at 0, 3, 7, and 11 days after injury for no treatment (a1−4), zein/PEO (b1−4), and zein/PEO/
TEO (c1−4), respectively. (Figure is reproduced with the permission from Liu et al. [87]).
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to qualify as a biomaterial is biocompatibility, which is the ability of a material to 
perform with an appropriate host response [82].

Nanofibrous scaffolds with high porosity can enable cell respiration, infiltra-
tion, and absorb exudates. Natural polymers such as chitosan, collagen, and elastin 
are widely used biomaterials for wound dressing according to their biocompatible 
and biodegradable properties [83]. Ghosal et al. extracted the silk sericin protein 
(SS) and blended it with PCL, fabricating a scaffold by using emulsion ES method 
to examine the effect of the silk sericin protein in the scaffold morphology and 
proliferation of human primary skin fibroblasts. Results showed an increase in 
proliferation of the cells on PCL/SS scaffolds [84]. Nanoparticles due to their 
antioxidant and antibacterial properties are also widely used in this field. Augustine 
et al. incorporated cerium oxide (CeO2) nanoparticles into electrospun poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) scaffolds and analyzed the wound heal-
ing properties. The results showed increased cell proliferation, angiogenesis, and 
wound healing [85]. Chantre et al., prepared a scaffold by centrifugal ES composed 
of hyaluronic acid to repair cutaneous tissue. In vitro test showed that due to the 
high porosity, the infiltration of seeded dermal fibroblasts was successful, and 
scaffolds present biocompatible and bioactive properties. In vivo studies supported 
their research as well by the acceleration of the tissue formation, neovasculariza-
tion, and re-epithelialization [86]. Recently, portable electrospinning devices have 
been widely used to understand in situ deposition of fibers for wound coverage. 
This technology allows fibrous scaffolds to form directly on the wound site in a 
matter of minutes.

For example, Liu et al. fabricated electrospun zein/poly (ethylene oxide) 
nanofibrous scaffolds modified with thyme essential oil (TEO) by using portable 
handheld ES device directly onto partial thickness wounds on mice dermal tissue 
defect (Figure 19). It is found that electrospun nanofibers improved the wound 
healing process within 11 days [87].

4.3 Cardiovascular tissue engineering

Cardiovascular diseases such as coronary artery, cardiomyopathy, hypertension, 
valve disorders, heart failure, etc., are the leading cause of death globally, and the 
incidence rates are drastically increasing day by day. Common approach is vascular 
graft transplantation, but it has some limitations such as lack of organ donors, 
mismatches, preexisting vascular diseases. These limitations cause a need for more 
stable, flexible grafts with low toxicity and immunity. Since cardiac tissue ECM 
causes cardiomyocytes to form into fiber-like cell bundles and these bundles elongate 
and align themselves, a polymeric scaffold that could mimic this specific feature of 
cardiac tissue could be a potential candidate for cardiovascular tissue engineering.

To stimulate myocardial regeneration, a 3D PCL-based scaffold with hexagonal 
structure was fabricated using melt electrowriting method. The aim of the study 
was to create functional cardiac patches, human induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CM) were seeded onto these scaffolds. Results of 
the in vitro studies showed increased cell alignment, cardiac-maturation-related 
markers, and sarcomere content. Furthermore, in vivo studies, which are conducted 
on a contracting porcine heart with a minimally invasive approach, showed that 
the scaffolds express successful biaxial deformation and also supported high tensile 
stress [88]. Recently, many studies focus on the development of conductive nano-
porous scaffolds for cardiovascular tissue engineering approaches. Bertuoli et al. 
developed an electrospun conducting and biocompatible uniaxial and core-shell 
fibers having PLA, PEG, and polyaniline (PAni) for cardiac tissue engineering 
(Figure 20) [89]. They produced PLA, PLA/PAni, and PLA/PEG/PAni fibers and 
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core-shell PLA/PLA/PAni and PLA/PEG//PLA/PAni fibers successfully via uniaxial 
and coaxial electrospinning, respectively. The proposed PLA/PAni-5% uniaxial and 
PLA//PLA/PAni coaxial fibers offer very good adhesion for cardiac cells, also being 
able to modulate cell shape and orientation, something important for the character-
istic anisotropy of the cardiac tissue.

Liang et al. fabricated a conductive nanofibrous scaffold by encapsulating 
polypyrole (PPY), which is a conductive polymer, in silk fibroin electrospun 
fibers. Neonatal rat cardiomyocytes (NRCM) and iPSC-CM cells were used to 
evaluate cardiomyocyte contraction studies. Results showed that both cell lines 
attached and proliferated onto these scaffolds successfully. Contraction study 
indicated that scaffolds with different amount of PPY exhibit contraction behav-
ior starting from day 5 [90]. Another group developed a lab-on-a-chip system 
integrated with PLLA and PU nanofiber mats for cardiovascular diseases. The 
aim of the study was to create a model of hypoxic myocardial tissue. The micro-
fluidic system allows simultaneously conducting cell cultures under different 
circumstances. Cardiac cell lines were used for this study, and results showed 
that cell viability was high, and cells were positioned parallelly on the scaffolds. 
The hypoxia study indicates that the amount of ATP molecules decreased during 
biochemical simulation [91].

Figure 20. 
Biocompatibility of PLA/PAni uniaxial fibers expressed as relative viability of normal rat fibroblasts (NRK) 
and osteosarcoma (MG-63) culture cells onto the fibrous mats after (a) 24 h (cell adhesion) and (b) 96 h 
(cell proliferation). Biocompatibility of (c, d) PLA/PEG/PAni uniaxial and (e, f) PLA/PEG//PLA/PAni 
core-shell fibers expressed as relative viability of NRK and MG-63 cells onto the fibrous mats after (c, e) 24 h 
(cell adhesion) and (d, f) 96 h (cell proliferation). (g) Electrical conductivity of PLA, PLA/PAni, PLA/
PEG/PAni, PLA//PLA/PAni, and PLA/PEG//PLA/PAni fibrous mats. (Figures were reproduced with the 
permission from Bertuoli et al. [89]).
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4.4 Neural tissue engineering

Injuries affecting peripheral or central nervous systems can cause long-lasting 
loss of neurological functions due to the severity of the injuries. The usual path 
of an injury is the inhibition of nerve regeneration, which triggers the formation 
of compact scar tissue at the defect site. The scar tissue inhibits the connection of 
the axons across the gap, which will result in disruption of the native tissue and 
signaling pathways. Short nerve injuries, which have less than 20 mm transac-
tion gap between nerves, are usually repaired surgically; however, long-distance 
nerve defects require nerve healing/regeneration. For long-distance nerve defects, 
allografts are usually the gold standard, but there are some disadvantages such 
as limited donor source, nerve size mismatch, neuroma, etc. To overcome these 

Figure 21. 
In vitro release profiles of BSA and NGF. (A) Release curve of BSA from (R/A)-PCL-BSA scaffolds, (B) 
release properties of NGF from (R/A)-PCL-NGF scaffolds, (C) NGF release from (R/A)-PCL-NGF&BSA 
scaffolds. Fluorescent images of PC12 cells cultured for 8 days on the surface of different samples with labeling 
of cytoplasm (red) and nuclei (blue). (D) R-PCL, (E) R-PCL-BSA, (F) R-PCL-NGF, (G) R-PCL-
NGF&BSA, (H) A-PCL, (I) A-PCL-BSA, (J) A-PCL-NGF, (K) A-PCL-NGF&BSA, (L) CS-positive, (M) 
CS-blank for immunofluorescent staining, (N) CS-negative. (yellow arrow indicates the alignment direction 
for the underlying nanofibers, and blue arrow shows the neurite-bearing PC12 cells.) (Figure was reproduced 
with the permission from Hu et al. [92]).



25

Nanofibers: Production, Characterization, and Tissue Engineering Applications
DOI: http://dx.doi.org/10.5772/intechopen.102787

challenges, design and fabrication of nerve grafts composed of synthetic or natural 
polymers are a promising approach for neural tissue engineering.

Nanoporous scaffolds for neural tissue engineering purposes should provide 
enough surface area for Schwann cells growth and migration, which will direct 
axons to elongate. Since the orientation structure of axons is axial, some research-
ers recommended the use of aligned scaffolds, which can provide better contact 
guidance for cells. Hu et al. fabricated aligned and random PCL scaffolds via ES, 
and PC-12 (pheochromocytoma of the rat adrenal medulla) neural-like cells were 
seeded (Figure 21).

The results showed that aligned scaffold increased the length of the neurites and 
directed the extension parallely to the fiber axis. The study also showed that NGF 
and bovine serum albumin (BSA) incorporated PCL core-shell nanofibrous scaf-
folds provide sustained release of NGF and neuronal marker expressions and differ-
entiation of PC-12 cells, which indicates that cells were responded to released NGF 
[92]. Zhang et al. fabricated a conductive scaffold composed of polyaniline (PAN) 
and poly (L-lactic-co-Ɛ-caprolactone)/silk fibroin nanofibers with incorporation of 
nerve growth factor (NGF) by using coaxial ES method. The scaffolds successfully 
support the neurite outgrowth of PC-12 cells, and under electrical stimulation, the 
amount of neurite-bearing cells and median neurite length were increased [93]. 
Oxidative stress has a negative impact on nerve cells, so novel approaches, which 
include antioxidant agents, were investigated. Wang et.al fabricated an antioxi-
dant scaffold composed of lignin/PCL copolymer, and results showed increased 
mechanical properties of the scaffold and antioxidant activity on cells.

5. Conclusions

The need for less invasive treatment approaches, biocompatible, tailorable, and 
biodegradable tissue constructs, which can properly mimic native tissues, is still a 
major challenge for tissue engineering field, and the surface is barely scratched. But 
nanofibers, due to their tailorable structure, variety of biomaterial options, fabrica-
tion routes, and application areas became a popular class of nanomaterials for tissue 
engineering field. Besides tissue engineering, are other biomedical applications such 
as drug delivery, biosensor technology, etc. Applications described in this chapter 
are only a minor proportion of all the results proving the great potential and useful-
ness of nanofibers. Within this chapter, different fabrication routes, characteriza-
tion methods, and tissue engineering applications are explained briefly.
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