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Abstract

Repairing large tissue defects often represents a great challenge in clinics due to issues regarding lack of donors, mis-
matched sizes, irregular shapes, and immune rejection. Three-dimensional (3D) printed scaffolds are promising for grow-
ing cells and manufacturing tissue constructs because of the intricate control over pore size, porosity, and geometric shape,
but the lack of biomimetic surface nanotopography and restricted biomolecule presenting capacity render them less effec-
tive in regulating cell responses. Besides, electrospinning is a rapid and simple manner to fabrication of different forms
of nanofibrous scaffolds and cause the novel and complex scaffold constructs for many tissue engineering applications. In
this review article, we begin with a thorough discussion on the method of producing 1D, 2D, and 3D electrospun nanofiber
materials. In particular, we insisted on the techniques which are developed to fabricate 3D scaffolds. We categorized these
techniques into four groups, direct fabrication, post-processing method, the combination of textile method and electrospin-
ning, and a combination of electrospinning and 3D printing. Then, we tried to explain their application in many clinical
scopes, especially in drug delivery, regenerative medicine, and cancer treatment. Ultimately, we discussed future actions
which could be done to improve nanomedicine and nanotechnology researches.
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1 Introduction

Various in-vitro studies have been conducted to improve
clinical issues related to drug delivery and tissue engineer-
ing, such as cell therapy. For over a century, two-dimen-
sional (2D) cell cultures have been employed as in vitro
models to determine cellular responses to biophysical and
pharmacological stimuli. However, cell seeding in the
two-dimensional (2D) microenvironment cannot accu-
rately mimic the in-vivo microenvironment due to irregu-
lar cell-cell interaction in the 2D environment. Besides, an
improved microenvironment is required for optimum tis-
sue engineering to mimic the extracellular matrix (ECM).
Scaffolds/substrates play an important role in this scope.
Scaffolds not only provide improved ECM-like structures
but also help the cells to better viability, attachment, prolif-
eration, migration, and differentiation. Studies show scaf-
folds could promote gene expression to a specific lineage.
Also, scaffold-cell interaction with controlling cell signal-
ing is very critical in tissue engineering and regeneration of
damaged organs [1, 2]. Various scaffolds, such as hydrogel
scaffolds, fibrous scaffolds, microsphere scaffolds, and so
on, have been used in tissue engineering; however, these
nanofiber-based scaffolds are superior to the others because
they have the architecture of natural tissue, making them
well-known as the best tissue imitative. Recently, several
methods have been used to fabricate nanofiber-based scaf-
folds, including template synthesis, drawing, self-assembly,
phase separation, and electrospinning. Among them, elec-
trospun nanofiber-based scaffolds have acceptable features
that make them practical such as simplicity, availability,
high surface area to volume ratio and diversity of used bio-
molecules. Despite these promising features, electrospun
nanofiber-based scaffolds usually have a 2D structure with
tight pores that couldn’t promote better cellular infiltration.
For the solution to this problem, researchers introduced 3D
scaffolds for better in-vitro cell culture research. These scaf-
folds play a variety of roles in the construction of artificial
structures [1, 3—6]. 3D scaffold structures have large pores
and can trigger immunological responses to provide bet-
ter cell-cell interactions and high cell affinity, which pro-
mote cell proliferation and improve cell morphogenesis [7].
Recently, very important attempts have been dedicated to
the construction of 3D nanofibrous scaffolds, such as using
a modified collector, orthogonal weaving technique, vibra-
tion, and ultra-sonication, using a sacrificial template, gas-
foaming technique, etc. Besides, the progress of 3D printing
technology especially in pluripotent stem cells and genome
editing platforms provides a very important improvement in
tissue regeneration. Interestingly, 3D printing method can
fabricate shape-specific fiber scaffolds to repair injured tis-
sues. Recently, researchers combine the 3D printing method
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with electrospinning to use the features of both techniques,
such as the hybrid process. In this review, we will review
the recent efforts which have been used for the fabrication
of 3D electrospun nanofiber scaffolds (3D ENS) by several
approaches, including direct fabrication techniques, post-
processing methods, and a combination of 3D printing and
electrospinning. Furthermore, we will highlight the use of
these scaffolds in a variety of contexts such as drug delivery,
regeneration medicine, and cancer treatment.

2 Electrospun Nanofiber

Drawing-processing, template-assisted synthesis, self-
assembly, solvent casting, phase separation, and electro-
spinning techniques have all been documented for the
fabrication of nanofiber-based scaffolds [8]. Electrospin-
ning is an attractive technique because of its simplicity of
technique, ease of process control, high surface area, high
porosity [8, 9]. This process, which began in the late 1890s,
was upgraded to electrospinning in 1900. In the 1930s,
Formhals explained its basic principle [10, 11]. Generally,
electrospinning has been done with a wide range of natural
and synthetic polymers. Alginates collagen, and gelatins,
as well as newly synthesized materials that mimic certain
properties of natural materials, with improved properties
such as the ability to signal to cells, enable cells to infiltrate
the generated fibers/scaffolds [12, 13]. The electrospinning
process works base on the electrostatic principle. Generally,
an electrospinning instrument has three parts; (a) high volt-
age power supply (DC or AC) with two electrodes, one of
these is connected to the spinneret and another to the collec-
tor which is usually grounded (b) syringe and needle assem-
bly (collectively called as spinneret in needleless type) and
(c) grounded metal collector. This technique consists of
three stages; (a) initiation of the jet and its elongation on
the straight line; (b) bending instability (whipping instabil-
ity) occurs and jet elongates, which could be associated with
branching or splitting or not; (c) fiber deposition and solidi-
fication on the metal collector [3]. Despite the simplicity of
the electrospinning process, many parameters can influence
the electrospun nonwoven mat’s morphology, like solution
parameter, instrumental parameter and ambient parameter.
We are going to explain the effect of these parameters on
the diameter and morphology of the electrospun nanofiber
(NFs) in Table 1.
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Table 1 Summary of parameters that effect on diameter and morphology of electrospun nanofiber

The effective parameters on diameter and morphology of electrospun nanofiber

At low viscosities, only droplets are produced, and at high viscosities, electrospinning is not
performed. Here we have a concept known as Berry’s number (Be = [n] ¢). If this unit passes the

The selection of suitable polymer depends on the end-use of nanofiber [15].

Since a low boiling point will obstruct the needle tip and a high boiling point will prevent the
solvent from being evaporated, the solvent should have a moderate boiling point. The deposition of
nanofiber without solvent evaporation on the collector will cause the formation of beaded fibers [16].
If this parameter increases, the Coulombic forces overcome the viscoelastic forces, leading to bigger
Increasing the flow rate above the critical value leads to an increase in the pore size and fiber diam-

Large diameter beaded fibers may form when this distance is small; as the distance increases, the

Decreasing orifice radius tends to decrease the average fiber diameters [3].

Petra kocbek et al. demonstrated that low RH during electrospinning results in the formation of
thicker and homogeneous nanofiber, whereas higher RH results in the formation of thinner and

Kim et al. demonstrated that PLLA electrospun nanofiber has smaller pores on the surface at room

Solution Polymer
parameters Concentration
threshold value, small fibers will be generated [14].
Suitable Polymer
Suitable Solvent
Instrumental Applied Voltage
parameters but irregular fibers [17].
Flow rate
eter but also leads to bead formation [8].
Distance from spin-
neret to the collector  diameter of the nanofiber decreases [15].
Gauge diameter
Drum speed The high speed of the drum leads to aligned NFs [14].
Ambient Relative humidity
parameters
heterogeneous nanofiber [18].
Collector
Temperature

perature of PLLA [16].

temperature than heated collector to 40° C, but this increase in pore size continued to the Tg tem-

3 1D Nanofiber Scaffold

Although continuous long fibers can be made using electro-
spinning, short nanofibers or one dimensional (1D) nanofi-
ber (fragments and yarns) have attracted a lot of interest in
medical applications due to their high mechanical proper-
ties, high tensile strength, high thermal stability, high con-
ductivity, and injectability [1].

3.1 1D Nanofiber Fragments

Some studies have focused on the electrospinning-based
fabrication method because of its merits for fabricating
short nanofiber [19]. For example, Stoiljkovic and Agar-
wal developed the UV-cutting method which irradiated
electrospun fibers with UV light then treated them with an
appropriate solvent to remove soluble parts [20]. Yoshikawa
and their co-worker fabricated short nanofiber with a con-
centrated polymer brush. After the electrospinning process,
atom transfer radical polymerization forms the brushes on
the electrospun nanofiber surface. Then, fibers were cut by a
homogenizer [21]. In another study, Yabuki and coworkers
developed a new system that used an electric spark. When
electrospun nanofibers pass through the gap between the
tips of two electrodes, an electric spark is generated, which
cuts them into short nanofibers [19]. In another study, they
used a solution composed of cellulose acetate, acetone,
and dimethyl acetamide with a specific concentration. A
quick increase in the repulsive force from surface charges
and the longitudinal forces from the applied voltage causes
short nanofibers formation [22]. Razorblade cutting and

cutting with cryostat microtome are the other methods for
the formation of short nanofibers which are better for brittle
polymers and ductile polymers [23, 24]. Ultrasonication of
nanofibers introduces another way to fabricate short nano-
fibers, especially brittle polymers. Ductile polymers need
pretreatment before the ultrasonication process [25]. Li et
al. demonstrated increasing NaCl nanoparticles to the solu-
tion could reduce lengths of short nanofiber [26]. Table 2
shows these techniques and their merits as well as demerits.

3.2 1D Nanofiber Bundle/Yarn

Many approaches have been developed for Yarn fabrication.
For example, Jha et al. used the air gap electrospinning pro-
cess. This process forms fibers into linear bundles that are
aligned in parallel with the long [27]. Teo et al. used a steel
blade to form a bundle that is highly aligned with nanofi-
ber. Then, the fiber bundle could be twisted or braided [28].
Dual collection rings electrospinning is another method that
forms fibers between two ring electrodes. Finally, for the
Yarn formation, the ground on the right collector is rotated,
while the left ground collector remains stationary [29].
Besides, Sanderson et al. developed an efficient method
based on wet electrospinning. In this process, a liquid bath
has been used as a collector. The non-woven web of fibers
that formed on the surface of the water was collected using
an external mandrel [30]. Furthermore, Lotus et al. devel-
oped a new system with two collectors: a rotating hollow
hemisphere for twisting the fibers together and a rotating
mandrel for collecting the twisted yarns [31].
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Table 2 Summary of the 1D nanofiber fragment fabrication method and their merits and demerits

Approach Demerits Merits Ref.
Uv-cutting More than one step short time operation, easy operation, [20]
method high recovery (80%), controlled supply
and length from 20-150 pm
‘concentrated’ More than one step, need much time Lengths from 11 +17 pm [21]
polymer brush
method
Using electric spark Need to optimize parameters One step, around 230 um [19]
Increased Electrospinning optimization require specific concentration One step, length from 37—670 pm, [22]
applied voltage length of short nanofiber
could be changed.
Rozar blade Repeated steps Good for brittle and ductile [23]
method polymers, length of nanofibers
(cryogenic method) between 50—100 pm,
Cryostat Repeated steps Good for all kind of polymers, [24]
microtome control of nanofiber length with splices
(cryogenic method)
Ultrasonication Good for brittle nanofibers Length for brittle fibers about 10 pm [25]
Length for ductile fibers about 5 +5 pm
Ultrasonication Suitable all kind of fibers 2.5 um, 4.5 um, 6.1 pm, 8.6 um [26]
with NaCl

nanoparticle incorporation

4 2D Nanofiber Scaffold

One of the most important purposes of the nanotechnol-
ogy process is controlled drug delivery. For this purpose,
many approaches have been developed. First, blend elec-
trospinning provides a straightforward technique for the
various composite fabrications [32]. Then, for the purpo-
sive drug delivery, core/sheath nanofibers were developed
which could be fabricated via emulsion electrospinning
[33] or coaxial electrospinning [34]. The core-sheath struc-
tured nanofibers could provide a prolonged release pattern
because of the outer layer which acts as a barrier [35]. In
another attempt, researchers fabricated side-by-side nano-
fibers with two different polymers orienting parallel in one
fiber to control the drug release from the scaffolds which
were made via dual electrospinning [14, 36].

5 3D Nanofiber Scaffold

While two-dimensional electrospun nanofiber has many
advantages, such as being cost-effective and commercially
accessible, we need three-dimensional nanofiber for cell
growth due to the low pore size and two-dimensional envi-
ronment. Despite having optimized pores in three-dimen-
sional scaffolds, we face other challenges, such as reduced
nutrient diffusion and hypoxia; hence, much attention has
been devoted to constructing 3D nanofiber scaffolds, and
major improvements have been made, as described in the
approaches below [1].
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5.1 Direct Fabrication
5.1.1 Multilayer Electrospinning

One simple way of fabricating 3D nanofiber is multi-lay-
ering electrospinning or sequential electrospinning. In this
technique, one layer of electrospun nanofiber deposits
another layer. This deposition continues to reach the thick-
ness around hundreds of microns (Fig. lia) [37]. It seems
that researchers often use an external electric field to col-
lect fibers at a definite site to fabricate 3D scaffolds [38].
It is important to note that the thickness described above is
approximately 1 mm. This technique has many advantages,
such as controllable pore size and diameter, fiber construc-
tion, and the number of layers of scaffolds required for cell
adherence, development, and differentiation on the scaffold,
but it may take a long time [3]. To dissolve this problem,
Sherif Soliman et al. developed a new multimodal structure
where the distribution of fibers is not simply juxtaposed.
This procedure has only one step and this will reduce the
time of the electrospinning process. There is an important
point about this technique that copper ring electrode was
used to control the spinning jet and the deposition area of
polymer solutions from two syringes. These polymer solu-
tions have different concentrations that are pumped from
separate pumps (Fig. 1ib) [39].

5.1.2 Using Modified Collector

Among many methods for the fabrication of scaffolds, elec-
trospinning is popular because it has a simple process the
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fabrication of biocompatible scaffolds for different applica-
tions. However, this technique has a serious limitation due
to the tightly packaged nanofiber layers with low porosity.
This is a significant obstacle to cell penetration and migra-
tion into the scaffolds [40]. As a result, there is a critical
need for new electrospinning techniques to produce porous
electrospun scaffolds by adjusting fiber deposition and
orientation for tissue engineering applications. Recently,
researchers investigated different collectors and examined
their impact on scaffold porosity and diameters. Zhu et
al. designed a rotating metal frame cylinder as a collector
which increases porosity as high as 92.4% and average pore
size of 132.7 um was fabricated [41]. Blakeney et al. used a
non-conductive spherical dish instead of the traditional col-
lector. This collector has an array of metal probes that have
been connected to the ground. Deposited NFs can be settled
next to the previous fiber and embedded between probes
and their mid-air dish. This spherical dish generates fluffy
and cotton ball-like electrospun scaffolds with high porosity
and high stability. This technique has another feature that
took less time (Fig. 1 iia) [40]. In another study, Vaquette
et al. used several patterns of collectors such as wire form,
round, ladder and star pattern of collectors, then described
their porosity [42]. Besides, Leong et al. used cryogenic
mandrel or low-temperature under humid conditions. When
fibers are deposited on the cryogenic collector in the humid
environment of the instrument, ice crystals are formed. The
formation of these crystals caused many pores after post
fabrication drying. The formation of ice crystals ratio deter-
mines fiber porosity and density [43] (Fig. liib).

5.1.3 Wet Electrospinning

Besides the techniques which are mentioned above, there is
another technique for the fabrication of 3D nanofiber-based
scaffolds, which was developed by ki et al. They use non-
solvent baths as collectors to fabricate sponge-like scaffolds
that are called wet electrospinning. When electrospun nano-
fiber is deposited in a non-solvent bath, this collector inhibits
pack densely and creates a highly porous structure of scaf-
folds [44]. A considerable point about wet electrospinning is
the porosity of the wet electrospun NFs. The electrical con-
ductivity and surface tension of the solvent bath used as the
collector and play an important role in the morphology of
3D scaffolds [45]. Ethanol, methanol, tertiary-butyl alcohol,
and acetone which have low surface tension are suitable for
better deposition and porosity increasing, while high sur-
face tension causes fibers to deposit densely in non-solvent
baths [1, 46, 47]. Electrical conductivity is one of the most
influential features of fiber porosity in wet electrospinning.
No fibers were observed when nonpolar solvents with low
conductivity and high electrical resistance, such as Hexane,

were used as collectors [48]. Shin et al. used this technique
to provide a 3D electrospun P (TMC-co-CL)-b-PPDO scaf-
fold. In this technique, after solution preparation, they used
a stainless dish which has methanol that plays the collector’s
role. After deposition of fiber into the bath, the next step
is fiber recovering from the methanol bath by substitution
with distilled water. To extract excess non-solvent, they first
immersed the fibers in liquid N, and allowed them to freeze.
The following phase was freeze-drying. These NFs have a
cotton-like appearance. Thus, they should compress these
NFs into sponge-like. To dissolve this problem, they placed
cotton-like nanofiber in a 1ml syringe and compressed it,
then placed it in a warm water bath (70 °C) for 30 min. After
these processes, compressed NFs were placed in N, liquid
to be frozen, and disks were cut for use [49].

5.2 Combination of Textile Method and
Electrospinning

5.2.1 Three Dimensional (3d) Orthogonal Weave Method

The combination of electrospinning and textile methods
provides new avenues for fabrication of 3D scaffolds like
twisting [50], braiding [51], and weaving/noobing [52]
methods. Among them, weaving/noobing, a novel process
made from stripes, yarns, and bundles with anisotropic
properties and normal pores [1]. The term “noobing” is an
abbreviation for these terms (Non-interlacing, Orientating
Orthogonally and Binding). The “noobing” method is also
known as the orthogonal weave method. The combination
of electrospinning and the “noobing” process allows for the
fabrication of 3D scaffolds by assembling three orthogonal
sets of yarns/ bundles/ strips with no interlacing. In other
words, the fabric’s constituent strips are crimp-free. In this
method, aligned NFs sheets were first cut into fine strips
along the direction of fiber alignment after being produced
by high-speed rotating mandrel (collector) electrospinning;
the next step is the noobing step. Then, cutting and ther-
mal treatment are necessary to seal the edge of 3D fibrous
scaffolds without interlacing (Fig. 1 iii) [52]. Although this
method is the most adaptable for creating macro- or meso-
scale pores, there have been only a few reports of electros-
pun fibers being used to create porous woven constructions.
Because of the complexity of fabricating continuous elec-
trospun fibers for industrial weaving machines, weaving
electrospun filaments presents many challenges [53]. Xie et
al. have proved human adipose-derived stem cells seeded
on incorporated woven nanofiber (basket-weaved architec-
ture) scaffolds with a significant amount of vascular endo-
thelial growth factor (VEGF) can potentially simulate the
construction of native cardiac tissue and act as implants to
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Fig. 1 3D scaffolds fabricated by

direct fabrication (i-ii) and weav-
ing and noobing method (iii). i
(i) multilayer electrospinning;
(a) conventional multilayer c
electrospinning, (b) novel multi
electrospinning. (ii) Modified
collector; a) cotton ball-like
nanofiber scaffold which fabri- |
cated with the modified spherical
dish. (iii) schematic diagram of
weaving and noobing method; (a)
electrospun nanofiber, (b) cutting,
(c) noobing
a) b)
i / =
- ! - ]
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provide an inherent structural capacity to conduct the in situ
regeneration of cardiac tissue after grafting [52, 54].

5.3 Post Processing Method

Although defined pre- or co-fabrication strategies aim to
increase the pores of scaffolds and are widely applicable,
some drawbacks exist, such as the need for significant
changes to the setup. Thus, many efforts were made to elim-
inate these limitation [55].
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5.3.1 Vibration and Sonication Method

Ultra-sonication is a straightforward technique to develop
electrospun nanofibrous scaffolds into 3D constructions
with preserving topographic cues. The ultrasonic vibra-
tions can upsurge porosity [1]. Lee et al. identified an ultra-
sonication procedure that improved the thickness and pore
size of a synthetic NF. In this process, after collecting the
membrane and placing it under vacuum conditions at room
temperature for one day. They were cut and immersed in
70% ethanol and DDW before beginning the sonication and
lyophilization [56]. Gu et al. confirmed that ultrasonication
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of electrospun chitosan NFs increased pore sizes from 79.9
to 97.2%, making it suitable for wound dressing due to its
high porosity and improved water absorption time. This scaf-
fold’s coagulation effectiveness was superior to that of chi-
tosan sponge controls, especially for surgical applications.
Furthermore, normal human dermal fibroblast viability was
found to be 1.4-fold higher than non-sonicated scaffolds
[57]. Despite the fact that ultrasonication has no impact on
molecular weight, mechanical properties in ultrasonicated
scaffolds are reduced. For example, after ultrasonic treat-
ment with 60 J-mL— 1 of ultrasonic power, the mechanical
properties of PLLA NFs scaffolds around 11-fold decreased
[56]. The tensile strength and pore size subsequently can
be adjusted via changing the ultrasonic power and exposure
times [55]. Sawawi et al. proved the sonication process has
no effect on the chemical or physical structure of the fibers
or their constituent polymers [25].

5.3.2 Gas Foaming Method and Modified Gas Foaming

The techniques that are noted above, have some drawbacks
like insufficient thickness and uncontrolled porosity. Fur-
thermore, the preceding 3D scaffolds achieved were related
to unordered organizations and the absence of nano-topo-
graphic cues that are crucial for regenerating organized tis-
sues such as nerve, tendon and muscle [58, 59]. The Gas
foaming technique is broadly used to construct 3D sponge
scaffolds for tissue engineering applications. This technique
includes three basic phases: (1) gas/polymer solution cre-
ation and generation of gas bubbles via chemical reaction
(2) gas bubble (pore) nucleation (3) gas bubble growth and
volume expansion [60]. Nam et al. created dual-porosity
nanofiber scaffolds using a salt leaching/gas foaming pro-
cess. As a gas foaming agent, NH,CO; was used. High tem-
perature (90 °C) was used to leach out the NH,CO; particles,
resulting in gaseous ammonia and CO, within the solidified
polymeric matrix [61]. Jiang et al. presented another way
to fabricate a 3D fibrous scaffold by an in situ gas foaming
process. In this process, NaBH, solution was applied as a
gas foaming reagent, and the nonwoven scaffold fabricated
through electrospinning was immersed in a NaBH, solu-
tion for different time intervals. The following steps were
taken to complete the expansion process: (i) NaBH, aque-
ous solution penetrated into the aligned nanofibrous mats by
capillary effect; (ii) different nucleation of gas bubbles on
the surface of NFs or at intersections of aligned NFs; (iii)
growth of the nucleated bubbles because of production of
hydrogen gas; (iv) coalescence of adjacent gas bubbles and
subsequently formation of a ‘bubble layer’. To maintain the
scaffold integrity, the mats were freeze-dried using a lyoph-
ilizer at the end of this process. It was confirmed that an
increase in the concentration of NaBH, as well as in keeping

time has a crucial effect on the thickness of the NFs. Surpris-
ingly, after just 24 h of exposure to the 1 M NaBH, aqueous
solution, the thickness of nanofibrous scaffolds increased
from 1 to 35.6 mm. Notably, the maximum expansion of
randomly oriented nanofibrous mats is lower than that of
aligned NFs due to a close interaction between intertwined
NFs [60]. In this process, NaBH, cannot penetrate into the
hydrophobic polymers like PCL or PVDF. To dissolve this
issue and expansion of this technique, researchers used
methanol solution [62]. Nevertheless, controlling the width,
length, and thickness of the scaffold remains a challenge.
To solve this problem, a study combined a customized mold
with a glass spacer and a gas-foaming approach. Using this
approach, expanded mats with precise density and thick-
ness can be adapted to the size of the glass spacer (Fig. 2i)
[4]. Despite several advantages, the gas foaming technique
has some drawbacks. For example, a leak of gas blowing
agent near to the surface causes a dense skin layer on the
scaffolds. The gas foaming process produces pores from
the inner of the materials, but the selective solvent etching
method has solved this drawback that generates pores from
the surface [63, 64].

5.3.3 Porous Nanofiber with Adding Porogen Substance

The electrostatic repulsion between many substrates and
deposited NFs may be altered by adding ionic salts to the
electrospinning solution, allowing sponge-like NFs to be
developed [65]. This strategy can produce limited thickness
of NF matrix and requires the application of additives (e.g.,
ionic salts) that may lead to safety issues and side effects
during tissue regeneration [66, 67]. Another method for
addressing these issues is to use sacrificial fibers, which are
soluble fibers that have been removed by a suitable disso-
lution medium [66]. Gualandi et al. proved fibers consist
of 60% PEO have better cell infiltration than 5% PEO to
the center of the scaffold [68]. Aghajanpoor et al. developed
a set of sacrificial co-electrospinning with PEO and subse-
quent ultrasonication of PCL/nanohydroxyapatite electros-
pun mats to improve pore size by 1.9 times. This resulted
in major improvements in hMSC penetration, proliferation,
and osteogenic differentiation [69].

5.3.4 Depressurization Subcritical co,

There are various disadvantages of adding Porogen material,
including the requirement for numerous processes to remove
sacrificial fibers, a complicated procedure, a restricted num-
ber of materials, the inability to use randomly oriented NFs,
the need for an additive substrate, and the need for an aque-
ous solution [70]. Jiang et al. developed another expansion
method by utilization of subcritical CO, fluid to dissolve

@ Springer
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Fig. 2 3D scaffolds fabricated with post-processing method. (i) modi-
fied gas foaming technique with glass spacer. (a) design of glass spacer
and putting nanofiber scaffold in glass spacer, (b) expanding and rins-
ing steps continue after mold assembly, (c) freeze-drying, (d) remove
mold. (ii) schematic diagram of depressurization subcritical CO,. (a)

these problems. They discovered that CO,-expanded 3D
nanofibrous scaffolds enhance cellular penetration and have
a positive host response. In this technique at first NFs were
cut into 1 cm X 1 cm squares in liquid nitrogen to avoid
deformation on the edges. Then, 1 g of dry ice and one piece
of nanofiber mat were placed in a 30 mL Oak Ridge centri-
fuge tube. In the high-pressure condition of the centrifuge
tube, the dry ice changed into CO, fluid versus low pressure.
This fluid penetrates the fiber. Then, when the cap was loos-
ened rapidly, the pressure reduced, and CO, fluid trapped
in the pores of NFs changed into a gas. The result of these
events is the puffy structure of NFs. This expanding process
was repeated again and again to reach the desired thickness
(Fig. 2ii) [70].
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electrospun nanofiber, (b) nanofiber was cut into 1 cmx 1 cm, (c) piece
of nanofiber with 1 gr of dry ice {CO,(s)} in the 30 mL Oak Ridge
centrifuge tube, (d) in high pressure, dry ice change into CO,(L), (e)
then open the cap rapidly, pressure decrease, fluid CO, change into
gaseous CO,, (f) 3D scaffold

5.4 Combination of 3D Printing and Electrospinning

Fabrication of 3D scaffolds for mimicking the extracellular
matrix is a significant issue in tissue regeneration because
ECM has an essential role in growing the cells, diffusion
of nutrients, metabolites, and essential soluble factors [71].
The combination of 3D printing and electrospinning can
endow hierarchical architectures composed of macrostruc-
tures and microstructures. In this part we will try to explain
these methods in more detail.

5.4.1 Hybrid Process and Rapid Prototyping (RP) Method

3D nanofibrous scaffolds have the potential for cell adhe-
sion and migration as well as natural ECM, while the mea-
surements of fabricated scaffolds for tissue engineering
should be potential for cell adhesion and migration as well
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as natural ECM. One of the most important technologies
for fabricating tissue structures with dimensions ranging
from micrometers to millimeters is a hybrid process [72,
73]. Park et al. developed this method for the fabrication
of experimental 3D scaffolds that mimic the biophysical
milieu. These scaffolds were made up of two parts: the first
microfibrous structure created using direct polymer melt
deposition (DPMD) and the second part nanofibrous struc-
ture created using electrospinning. The DPMD process pro-
duces a 3D structure to promote tissue ingrowth, as well as
functions associated with surface affinity and an increased
surface area for improved cell adhesion and proliferation.
The system hybrid process consists of a micronozzle (stain-
less steel syringe), a device heating syringe, a compressed
air dispenser and a three-dimensionally moving micropo-
sitioning system. The heating device melts the polymer in
the syringe before applying compressed air to the polymer
melts. The woodpile-like structure was fabricated via 3D
movement of a micronozzle. The NF networks were then
inserted between the layers of the microfibrous structure.
The parameters that affect the quality of fibrous scaffolds in
this process are as follows: (1) diameter of the micro noz-
zle, (2) the temperature of the material process; the coiled
heater raises the temperature above the melting point, (3)
the compressed air pressure, and (4) the nozzle’s velocity.
After one day of culture, Park et al. discovered that the cell
attachment rate in hybrid scaffolds is 2.2 times higher than
in previous scaffolds (Fig. 31) [74]. We can see the advanced
hybrid processes in the RP method. RP method has proven
to be an effective tool for dramatically reducing the time
and expense involved in the realization of a new products
and for overcoming the bottlenecks of existing manufactur-
ing processes [75]. In this process, 3D plotting scaffolds are
made by using the Bioplotter to manufacture biofunctional
scaffolds for tissue engineering. Because of the computer-
aided design that produces complex scaffolds with a variety
of biomaterials and fabricating conditions, such as form,
thickness, and strand spacing, rapid prototyping is a very
simple and practical process [71].

5.4.2 Near Field Electrospinning

The Near Field Electrospinning (NFES) process is one of
the most well-known techniques which is used in various
applications, including 3D scaffold fabrication for biomedi-
cal applications, drug delivery systems, and tissue engi-
neering [76]. Sun et al. introduced the concept of near-field
electrospinning in 2006 to bridge the gap between solution
electrospinning and direct-write additive manufacturing
[77]. The NFES technique consists of two types just like
electrospinning. One of these is solution near field electro-
spinning and the another is near-field melt electrospinning

[78]. More specifically, in solution near field electrospin-
ning, the spinneret-to-collector distance frequently ranges
from 500 m to 2 mm, allowing for proper fiber deposition
on the collector. Another part of the instrument has two
motional axes, a programmable x-y translational motion
stage which deposits fibers repetitively and a z-axis regu-
lates deposition distance from spinneret to collector. A sheet
of printing paper is placed on top of the grounded conduc-
tive plate to accumulate fibers and absorb excess solvent
that does not evaporate due to the short distance. Because
of the excessive solvent penetration, the local resistance of
the paper near the fibers decreases, which improves elec-
trical charge transfers between the deposited fibers and the
conductive ground plate through the fibrous network within
the paper. This transfer can guide other fibers to deposit
on preferred site. While Melt Near Field Electrospinning
(MNFES) with molten polymer has some drawbacks, such
as a short spinning distance, it has many advantages, such as
being eco-friendly, avoiding solvent evaporation, having a
high yield, and its ability to fabricate high aspect-ratio struc-
tures. This process can produce various 3D structure with
pre-designed shapes [78, 79]. The voltage used in the NFES
method is low since the distance is short, and using external
forces such as a magnetic field will also reduce it, which is
another advantage [80, 81]. Despite encouraging achieve-
ments about NFES, Little study has evaluated the effect of
parameters on uniformity of NEFS printed fibers. Zhao et al.
studied these parameters and reported results. The param-
eters that were studied are applied voltage, speed of sili-
con substrate travelling, flow rate and distance between the
needle and silicon substrate. They proved that with increas-
ing voltage and flow rate, the width of fiber increased, but
when travelling speed and distance increased, the width of
fiber decreased. Relative standard deviation (RSD) is a unit
that is connected to fiber uniformity; as width uniformity
improves, RSD value decreases. For example, as the applied
voltage and travel speed to the silicon substrate increase, this
unit decreases, and as the flow rate of the syringe pump and
distance between the needle and silicon substrate increase,
RSD value increases, and thus fiber uniformity decreases.
The effects of distance between the needle and the silicon
substrate, as well as applied voltage to the needle, on width
and its uniformity, can be attributed to variations in elec-
tric field strength. Relatively uniform ribbons were printed
under high electric field strength, while bead-on-string lines
with poor uniformity were obtained under low electric field
intensity, possibly due to insufficient polymer expanding
force in the polymer jets (Fig. 3ii) [82]. In summary, Table 3
shows advantages and disadvantages of 3D nanofiber based
scaffolds approaches and their application.

@ Springer



3364 Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:3355-3371

|

fb Nanofiber

e
. Microfiber
; Electrospinning
;:\rg\ztzirsg instrument
_ ii
power supply

Fig. 3 3D scaffolds fabricated by a combination of electrospinning and 3D printing. (i) hybrid process, hybrid scaffolds contain microfiber and
nanofiber, respectively fabricated via DPMD and electrospinning. (ii) Near Field Electrospinning Method
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Table 3 Summary of the 3D ) Techniques Merit Demerit Application Ref.
qanoﬁber based Scaﬂpld fal.)rlca— Direct fabrication =~ Multi-layer Mimic natural ECM, Sometimes,  Time programmed  [3,
tion methods and their merits, .. . .
. . L methods electrospinning  controllable pore size it takes long  controlled release 83]
demerits, and their application . . .
and diameter, using  time of dual drugs from
various polymers for tetra-layered nanofi-
each layer brous scaffold
Using modified  Using shape desired ~ Fiber suspen- Development of [3,
collector collector, sion was environment to 84]
having multiple seen in low  mimic neuronal
micro patterns distance network
Wet High porosity, Requires Meniscus [49,
electrospinning  Less density molding and  regeneration 85]
freeze-drying in rabbit model
steps
Combination Orthogonal Assembling three Requires Nanofibrous scaf- [52,
of textile and weave method  orthogonal sets of aligned folds based on 53]
electrospinning yarns/ bundles/ nanofiber ‘noobing’ method
strips, having macro- could mimic cardiac
or mesoscale pores tissue structure
Post processing Vibration and Highly porosity and ~ Reduces Ultrasonicated chito- [56,
methods sonication water absorption mechanical  san nanofibers is 57]
method ratio, the tensile properties suitable for wound
strength could be dressing
adjusted
Modified gas Controlled density Dense skin ~ Skin regenera- [86,
foaming method and thickness layer on tion with Gelatin 87]
the scaffold  Scaffolds Prepared
surface through in-situ Gas
Foaming
Adding porogen Production of Limited Major improvements [67,
or sacrificial sponge-like NFs thickness of  in hMSC penetra- 69]
fibers NF, Safety tion, Proliferation,
issues and and osteogenic
their side differentiation
effects, Need
to remove
sacrificial
fibers
Depressurization High porosity and Needs Promotion of cel- [70]
of subcritical cell penetration, pro- repeated lular infiltration
CO, duces puffy structure steps and positive host
of NFs, maintains the response
activity of encap-
sulated biological
molecules
Combination of Hybrid process  Increased surface Requires High cell attach- [3,
3D printing and and rapid proto- area, produces com-  hybrid ment rate in hybrid ~ 74]
electrospinning typing method  plicated scaffolds techniques scaffolds
Near field Produces various Short spin- MT3T3-E1 differ- [78,
electrospinning  shapes, being eco- ning distance entiation to the bone 79,
friendly, Avoiding lineage 88]

solvent evaporation,
Low applied voltage

6 Biomedical Application

6.1 Drug Delivery

Tissue engineering and its regeneration is a complicated
biological process that requires the assembly and deliv-
ery of numerous biomolecules such as cytokines, growth

factors, and other proteins as well as DNA, siRNA at a
specific site and time [8§9-92]. As a result, we must place
a greater emphasis on drug delivery. We have various local
drug delivery vehicles (e.g., nanoparticles and NFs) that can

provide managed release while potentially reducing unde-
sirable systemic side effects [93—-96]. But among them, NFs
are more useful because they have many features like various
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material choices, simple drug encapsulation, use of various
drug formulations, and high controlled release of drugs
[1]. Drug release from NFs might be due to drug desorp-
tion from the surface, diffusion from pores, or matrix deg-
radation [97]. There are various drug release patterns such
as zero-order release, biphasic release, sequential release,
stimuli-triggered and spatiotemporal release that are utilized
in many applications [1]. Burst release involves a high con-
centration of drug at the time of injection or implantation,
followed by a long period of drug maintenance at an accept-
able concentration. This pattern of drug release is more
useful for local treatment, such as lesion sites, but burst
release of drug can be destructive in some cases; therefore,
drug release must have a sustained release pattern. Stim-
uli-triggered release is a new pattern of drug release with
few side effects. Various stimuli responsive polymers have
been reported upon exposure to exogenous stimuli such as
magnetic fields, ultrasounds, light, temperature, and elec-
tric fields or endogenous variations such as pH value, ionic
strength, and enzyme concentration. Thermoresponsive
drug delivery is one of the most studied stimuli-responsive
strategies, and it has received a lot of attention in oncol-
ogy [1, 98]. Demirci and colleagues investigated PH sensi-
tive polymers as another stimuli responsive strategy. They
designed a poly (4-vinylbenzoic acid-co-(ar-vinylbenzyl)
trimethylammonium chloride) nanofiber scaffold which is
sensitive to the PH alteration in order to control the release
of ciprofloxacin in acidic, neutral and basic medium [99].
Generally, in addition to these techniques, there are many
factors that influence drug release rate. Drug dependent
parameters include molecular weight, drug loading, physi-
cal state, solubility and interaction between drug and poly-
mers [100]. For example, as drug loading increases, so does
the rate of drug release. Low molecular weight drugs have
a high rate of release. The crystalline drugs have a burst
release pattern because these are often loaded on the fiber
surface and an amorphous form of drug is located deep site
of the scaffold and is released in a sustained pattern [101].
Another parameter that affects the rate of release of drug is
polymer dependent parameters like polymer composition,
crystallinity and polymer molecular weight. Results demon-
strate that when we use amphiphilic and hydrophilic poly-
mers, drug loading increases and its burst release decreases.
Highly crystalline polymers have a lower drug release rate
than other polymers, because the three-dimensional struc-
ture of crystalline doesn’t allow water to enter the polymer
easily. In other words, water uptake in these polymers is
very low. Porosity, alignment and mechanical property of
nanofiber are other parameters that influence drug release
rate. Various studies have often demonstrated that porous
NFs have faster drug release than fibers which have low
porosity. Alignment of nanofiber is another parameter
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that influences drug release rate. We see faster release in
randomized pattern of nanofiber, because the tendency of
water entrance increases into the polymer. Chou and col-
leagues have proved the effect of the mechanical property.
They showed stretched nanofiber of PCL/PLGA (20:80) had
faster drug release than unstretched nanofiber at the same
period of time [102—-104].

6.2 Regenerative Medicine
6.2.1 Bone

The bone is a highly complex, dynamic, and vascularized
tissue that can remodel and regenerate itself in a limited area
during life [105]. Despite this potential, large bone disorders
like trauma, osteoporosis or tumor removal are major chal-
lenges which bone can’t treat itself [1]. Autogenous bone
graft is the gold standard in bone dysfunction treatment.
However, this approach has some drawbacks, including
donor site pain and reduced movement [106]. Another tech-
nique for treating bone disorders is allogenic bone grafting,
but it is not suitable due to immune responses and disease
transmission [107]. Because of these drawbacks, bone
regeneration is a viable option. 3D nanofiber scaffolds have a
promising role in bone regeneration. Phase separation tech-
nique with the porogen leaching technique (TIPS & P) fab-
ricate 3D scaffolds with interconnected pores [108]. In other
work, the combination of thermally induced self-agglomer-
ation (TISA technique) and freeze-drying method produces
3D short nanofiber. Yao et al. proved this scaffold can sup-
port BMP2 to bone regeneration [109]. Wang et al. fabricate
biomimetic bone scaffold with a 3D printing method. These
scaffolds have two parts; RGD-phage attaches to chitosan
and a 3D composite of biphasic calcium phosphate (BCP),
hydroxyapatite (HA) and B-tricalcium phosphate (B-TCP).
The results showed a novel strategy for formation of vas-
cularized bone and proposed new ideas for further research
[110]. He et al. confirmed a novel scaffold which was fabri-
cated with NFES technique has pores~ 167 um that guaran-
ties better MT3T3-El1 cell line differentiation which leads to
better bone regeneration [88].

6.2.2 Nerve

Nerve injury is an important clinical and social concern
which requires essential intervention to restore their func-
tions since it has limited regeneration capacity. Although
small nerve defects can be improved by formation of tun-
nels along the axons, larger defects in PNS can’t regenerate
themselves. Nowadays, using autografts is a gold standard
therapeutic approach for the treatment of neural defects;
however, it has several limitations, such as functional
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disorders, neuroma formation, and so on. Scientists follow
new approaches to the treatment of neural disorders [111].
Many strategies for neural engineering, such as electrospun
NFs, have recently been developed, however 3D scaffolds
are the best option for 3D environments [112]. Melissinaki
et al. achieved a new structure to improve neural disorders
and developed neuronal cell guidance devices by femtosec-
ond direct laser writing (DLW) to fabricate 3D scaffolds
[113]. Gunay et al. demonstrated the 3D peptide nano-
fiber scaffolds was superior than its 2D structure for the
induction of neural differentiation, even in the absence of
a critical biological inducer in nerve growth factor (NGF)
[114]. The organ-on-chips system is another technique for
neural regeneration. In this technique, microfluidic technol-
ogy caused better regeneration of neural tissue by the cul-
ture of different types of cells into the 3D model of tissue
[115]. Serrano et al. described a 3D GOx scaffold with a
novel ISISA method (ice segregation self-assembly). They
observed ENPC cultures have high differentiation of neu-
ral network on these scaffolds [116]. In other work, results
show 3D scaffolds based on MWCNTs and CS provide dif-
ferent signals for the improvement of neural damage [117].

6.2.3 Cartilage

Cartilage injuries cause joint instability and pain in dam-
aged sites which can cause dysfunctionality. Cartilage
injures can worsen over time and cause severe conse-
quences like homeostasis and biomechanics problems in the
joints. Human cartilage tissue can be damaged in exercise,
accidents, or during autoimmune diseases such as arthritis.
The results show OA in the population is 22.7% and by
2020, around 50 million people will struggle with OA in
the U.S [118, 119]. Treatment of cartilage disorders associ-
ated with some limitations, including the poor regenerative
capacity of cartilage tissue and biomechanical changes in
the damaged site. Using tissue-engineered cartilage (TEC)
has many advantages in this scope. The tissue-engineered
cartilage requires a combination of 3D construction and
chondrogenic cells and chondrocyte-related growth factors.
Lee et al. assessed a microstereolithography system for fab-
rication of 3D scaffolds. They found chondrocyte adhesion
and cellular activity over 2 weeks increased. These scaffolds
have great potential for cartilage regeneration [118]. Moutos
et al. used polycaprolactone (PCL) as a 3D-printed thermo-
plastic which showed success in cartilage and intervertebral
disc regeneration [120]. In another study, Rosenzweig et al.
confirmed 3D-printed acrylonitrile butadiene styrene (ABS)
and polylactic acid (PLA) scaffolds have good features that
provide a suitable condition for chondrogenic induction
of chondrocytes or NP cells [121]. Also, Hung et al. cre-
ated a new 3D printing scaffolds that can promote cartilage

regeneration through MSC self-aggregation and confirmed
the results of this research with rabbit knee implantation
[122].

6.3 Treatment of Cancer

The World Health Organization has reported that cancer
caused 10 million deaths in 2020, and it is one of the leading
causes of death worldwide. Breast, lung and colorectal can-
cer are the most common cancers in the world [123, 124].
Thus, scientists are trying to develop new improvements in
cancer diagnosis and treatment to increase life expectancy
in these patients [125-127]. 3D NFs have great potential
for diagnosis and treatment of cancer. Cancer models in the
laboratory provide a powerful device for cancer research in
several scopes, such as studying of carcinogens and their
effects on cell signaling pathway of cancers or metastasis
of tumors, studying drug effects, and cancer therapy. Pre-
viously, cells were cultured on 2D polystyrene surface to
study, but this technique has a great disadvantage that cells,
especially cancer cells, can’t match properly with this con-
dition and don’t show their real face. Electrospun fibers
are useful, because of their high similarity to collagen and
other components of the tumor ECM. Kim et al. designed a
gastric cancer model consisting of poly (3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) 3D electrospun scaffolds
and collagen to test chemosensitivity of the tumor [128].
Besides, Mikos et al. created 3D scaffolds made of PCL
nanofiber as an ex vivo ewing sarcoma model with bet-
ter phenotype features than traditional monolayer cultures
[129]. Mikos et al. developed novel 3D scaffolds that mimic
ewing sarcoma, based on previous studies. This cancer
model has a flow perfusion bioreactor that creates mechani-
cal stimulation to mimic cell mechanical stress [130]. This
method has better cell-cell signaling, tumor angiogenesis,
biomechanical stimulation that are necessary for cancer
prognosis, especially biomechanical stimulation [32].

7 Conclusion and Future Perspective

The manufacturing of a scaffold as the important subunit
that provides mechanical properties, cell adherence, prolif-
eration, and differentiation, could be achieved by altering
important critical aspects such as material selection and
ECM-like structure formation methods that are appropri-
ate for medical application. 3D fiber scaffolds opened new
opportunities for drug delivery, regenerative medicine, can-
cer treatment, and other disorders that affect everyone’s life.
As a result, significant progress has been made in the devel-
opment of 3D structures that are compatible with organ con-
ditions and can enhance drug delivery ratio. Accordingly,
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scientists can employ both electrospinning and 3D printing
technologies to develop 3D structures and apply the result-
ing 3D fiber scaffolds in clinics which we had short perspec-
tive reviews in this literature. Recently, four-dimensional
(4D) printing has been used for fabricating smart scaffolds
which can mimic the dynamic and structure of injured tis-
sues. These scaffolds change their shape according to sched-
ule. In other words, their shape alters after specific stimuli.
More efforts should be made to evaluate the use of 4D print-
ing nanofiber in drug delivery and regenerative medicine
because these smart scaffolds require additional information
for use in clinics.
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