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3D electrospinning used in medical materials
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Abstract: Electrospinning (ES) is an interesting and efficient technique for biomedical use. This is a method used for the fabrication of
polymer fibers used in tissue engineering (TE). The electrospun nano- and microfibers biomaterial, called scaffolds, are also used for
regenerative medicine. The aim of the present mini-review is to present methods used to fabricate 3D fibers by electrospinning and their
applications in TE. Also, discussed here are issues regarding the electrospinning limitations and research challenges.
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Introduction

New frontiers in the application of technigues involving the production
of medical products have been recently investigated. Electrohydrodynamic
techniques, as electrospinning (ES), are very powerful tools for developing
and producing materials with the structural features necessary for tissue
engineering (TE) applications’2.

The conventional setup of an electrospinning process is illustrated in
Fig. 1a. The equipment used for the electrospinning technique consists
of a syringe with a needle attached to its tip, connected to an electrode, a
hydrostatic pump, and an electrical source. In the syringe, a polymer so-
lution is packaged and then, through the hydrostatic pump, this polymeric
solution is directed to a metal collecting plate, which acts as a support for
collecting the material produced??. When the applied voltage is increased
beyond a critical value, where the electrostatic forces are balanced by the
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surface tension of the polymer solution drop at the tip of the capillary,
Taylor's cone formation occurs (Fig. 1b)*. The potential difference be-
tween tip and metal collector induces stretching in a polymer solution
from the apex of the Taylor cone. The electrospun process is divided into
two stages: first, the drop geometry distortion occurs due to the action
of the electric field and then a continuous jet formation occurs from the
end of the drop®. Between the spinneret and the collector, the solvent is
evaporated and fibers with smaller significant diameters than the spin—
neret are deposited in the collector®. Another monoaxial electrospinning
process (with just one capillary) is emulsion electrospinning (Fig. 1c). An
experimental setup with coaxial nozzle electrospinning (Fig. 1c) consists
of two independents solutions simultaneously electrospun forming fibers
with core-shell morphology**.

In TE, the produced biomaterials are known as scaffolds. Scaffolds
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Figure 1 - Schematic diagram of the electrospinning processes for the production of nano- or microfibers. (a) The polymer solution is pumped into
the syringe and passes through a spinneret.The nozzle is connected to a terminal of the power supply and a metal collector to the opposite terminal.
The jets of polymer solution ejected from the capillary tube can form polymeric particles or filaments, depending on the physical properties of the
polymer solution. (b) Schematic illustration of the Taylor cone (https:/commons.wikimedia.org/wiki/File: Taylor_cone.jpg). (c) emulsion electrospinning

and (d) co—axial electrospinning. Adapted, with permission, from Ref.2.
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produced by ES technique are formed by nano- or microfibers, pretending
to be similar to native extracellular matrix (EMC). Natural ECM where the
cells are attached contain nanofibrous proteins and proteoglycans’. Thus,
the scaffolds produced by ES have special characteristics for use in TE
since they are biomimetic materials. In TE, the scaffolds are associated
with cells and bioactive molecules, a strategy for a better cellular response
on the surface of the biomaterial®®. Some requirements of scaffolds for
usein TE are illustrated in Fig. 2.

Several biomaterials are used for the production of medical structural
supports by ES. Some examples are the FDA-approved synthetic polyes—
ters poly( s —caprolactone) (PCL) and poly(lactic—co—glycolic acid) (PLGA).
PCL scaffold fibers produced by ES are shown in fig. 3a. In this case,1.2
ml was used of a polymer solution composed of 15% PCL in tetrahydro-
furan:methanol (3:1) with the injection rate of 1.41 mi/h, distance of 15cm
between the tip and the plate and supply voltage of 20kV. Fig. 3b shows
scaffolds of PLGA (18%) in acetone:hexafluoro (9:1) produced by ES. The
procedure for producing PLGA scaffolds was similar to that used for pro-
ducing PCL scaffolds except for a voltage of +13 kV and flow 1.74mL/h.
When scanning electron microscopy (SEM) was realized in the PCL and
PLGA electrospun fibers using a JSM—-6060 — JEOL microscope, the den-
sity of the web uniform fibers was shown. The mean diameter (um) and the
standard deviation was of 1.35 + 0.50 for PCLand 1.21 £ 0.25 for PLGA.

Additionally, natural polymers such as gelatin, collagen and chitosan,
as well as compositions of the polymers can be formed by ES™.

3D electrospinning used in medical...

Research studies involving the use of ES have increased considerably
over the last few years. The number of publications in the “PubMed” da—
tabase (http:/www. pubmed.gov) with the keywords “electrospinning” or
“electrospun” in the field search Title/Abstract was 10,708 from 2001 until
today. When the term “medical” or “tissue engineering” was added to ES
searches, the number decreased to 254 and 2,920, respectively. Although
in 2001 the numbers of articles were similar, over the years, research with
ES has increased more than ES with TE, showing that this technique is
being used for other purposes, mainly in batteries and filtration mem-
branes studies. When the term “3D” (three—dimensional) was added to
the search with ES and TE, the number fell to 375 articles (Fig. 4). Between
these 375 papers, 54 correspond to reviews and 321 to original articles.
The major applications of ES for TE are bone, soft tissue and vessels 210,

The traditional electrospun nanofibrous mats are two-dimensional
(2D) and have some disadvantages regarding the lack of a 3D structure
311, Although they have a high number of pores, the ES scaffolds have a
small pore size (<10 um) between the closely packed nanofibers'-'2,
These 2D biomaterials cause limited cell infiltration since the cells can
only proliferate on the surface of the scaffolds, limiting the number of cells
grown in and on the scaffolds'.

Studies have shown that 3D biomaterials, when compared to 2D, serve
as ideal scaffolds for cell delivery, providing a support structure and cell
encapsulation, thus facilitating cell release at the target destination'”.
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Figure 2 — lllustration of some requirements of scaffolds for use in TE. Adapted, with permission, from Ref.8,

Figure 3 - SEM of fibers electrospun from different polymers. (a) PCLand (b) PLGA. Photographs kindly provided by the Stem Cell Laboratory archives,

Universidade Federal do Rio Grande do Sul.
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Figure 4 - The number of annual publications in the “PubMed” database from 2001 to November 2019. The black columns indicate the use of
keywords “tissue engineering” and “electrospinning” or “electrospun”, the gray columns indicate the addition of the keywords “3D”, the blue
columns indicate the originals and the green columns indicate the review papers (searches realized on 2nd November 2019).

3D electrospinning

In order to enhance the ideal pore size and a 3D structure in nano-
fibrous scaffolds to improve cell infiltration, some modifications in the
ES method have been proposed. Some of the variations are the use of
different salts and surfactants molecules, modifications on the collecting
plate, the use of sacrificial elements, the gas foaming technique, extra
metal as a positive electrode, the simple layer-by-layer ES, as well as the
association between 3D techniques and electrospinning?®.

The use of sacrificial elements involves the use of soluble compo-
nents that are mixed with insoluble polymers. The function of the soluble
component (sacrificial element), that could be a polymer or particles, is
to leave a bigger pore when it is removed by rinsing in water. Wang and
colleagues fabricated an electrospun silk fibroin scaffolds with macropores
and high porosity using electrospraying—generated poly (ethylene oxide)
(PEO) microparticles as porogen. The scaffolds with a greater diameter
allowed the cells to be infiltrated with up to 550 um, while those on the
control scaffolds remained on the surface™. Moreover, Zander and colle-
agues compared two methods to reach a bigger pore size, one fabricating
aligned fibers by co-electrospinning of PCL with a sacrificial polymer
PEO, and the other, fabricating a scaffold with various concentrations of
PCL to obtain different fibers diameters and porosity. The last was the
better method; however, a better infiltration only was achieved for the
micron-sized fibers obtained from a 40 wt% PCL solution'®.

Another interesting method to improve the pore size is the cold-pla-
te electrospinning technique (CPE), wherein humid conditions, polymer
fibers are deposited in a cryogenic mandrel while the formation of ice
crystals occur due to the condensation of humidity. Sheikh and colleagues
produced 3D silk fibroin nanofibers with high porosity using the cold-plate
technique and compared this technigue to salt leaching electrospinning
(SLE). Results showed that CPE can produce nanofibers with a higher
porosity than those achieved using the TE and SLE techniques. Additio-
nally, nanofibers had more regular pore architecture and consequently
anintense cell infiltration, in contrast with the SLE, when there was a mild
cell infiltratione.

On the other hand, researchers have developed nanofibrous scaffolds
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with bigger pore size processing the electrospun scaffolds after its con—
ventional production. In the study of Lee JB and colleagues, a 3D nanofi—
brous scaffold of poly—L-lactic acid (PLLA) was fabricated by subjecting a
conventional PLLA electrospun scaffold, with densely packed nanofibers,
to ultrasonication. The results showed highly porous scaffolds with over
98% porosity, which was dependent on the ultrasonic exposure time. The
increase in the pore size and porosity allows a maximum 3D cell infiltration
of 28% of the total depth of the scaffold in 7 days in vitro".

The gas foaming technique is another way used to increase the pore
size and porosity. This method takes advantage of gas at high pressure
to produce harsh solvents instead of the often used particle-leaching
methods™. Jiang and colleagues used this technique, where hydrogen gas
bubbles generated from the sodium borohydride (NaBH4) hydrolysis reac—
tion, expanded aligned electrospun nanofiber PCL mats in 3 dimensions,
with an increased porosity of 84 to 99 %'°. Hematoxylin—eosin (H&E) stai-
ning of cell-seeded scaffolds suggested that cells successfully infiltrated
and proliferated throughout the bulk of expanded nanofiber scaffolds!.

A simple way to produce 3D scaffolds with ES is to make rectangular
scaffold mats which a glued forming a 3D conduit (Fig. 5a)%. In addition,
a similar 3D conduit (Fig. 5b) can be produced by the electrospinning te-
chnique utilizing a cylinder grounded as a collection rotating mandrel?'-%,
This method involves the deposition of the fibers in the tubular collection,
represented by “sa” and “pa” (Fig. 5b). The appearance of the scaffold
(tubular conduit) is shown in Figure 5b. Sell and colleagues described the
production of scaffolds for vascular grafts with a view towards the cardio-
vascular tissue engineering?'. Lee et al developed this scaffold composite
of PCL/collagen with adequate elasticity and burst pressure larger than
with the PCL scaffolds alone, which is appropriate for vascular TE?'.

Itis also possible to combine techniques such as ES and rapid proto-
typing. The 3D printing assists in the rapid fabrication of tissue engineering
biomaterials for complex shapes and cells can be easily associated'. The
association between 3D techniques and electrospinning is of great rele—
vance, and electrospun nanofibers in association with 3D printed matrices
have been developed (Fig. 5b)8. These scaffolds can be used for tissue
engineering of cartilage and bone.
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Figure 5 — 3D making scheme. (a) Production of 3D conduit. Adapted, with permission, from Ref. 20. (b) Fabrication of tubes by the electrospinning
technique using 3D columnar collectors. 1: 3D columnar collectors. 2: fibrous tubes. (w: working collector; pa: plate assistant collector; sa: stick as—
sistant collector) and an optical photograph of a tube fabricated using this method. Adapted with permission from Ref. 22. Copyright (2019) American

Chemical Society. (c) ES at par 3D printed matrices. Adapted, with permission, from Ref.¢.

In a study with the laser-based 3D printing system, Lee and colleagues
used stereolithography capable of fabricating 3D constructions through a
layer assembly method. The association of this technique with electros-
pinning developed a 3D biomimetic neural scaffold associated with bioink
to improve biocompatibility and mechanical properties?.

In another study, hierarchical scaffolding supplemented with cellulo-
se alginate hydrogel microfibers was developed to evaluate the effect of
diameter and thickness on cell activity. The bioink used was associated
with alginate solution MG63 cells and is overlaid with PCL nanofibers and
3D printed PCL microstructure by 3D printing. They concluded that the
MG63-associated microfibers assisted in the process of proliferation,
release efficiency and osteogenic differentiation, and are promising for
soft tissue and hard tissue regeneration®.

Lately, both 3D printing and electrospinning technologies have been
associated to develop an efficient scaffold, capable of supporting the
culture of tissues like skin. Miguel and colleagues produced a 3D skin
asymmetric construct by using electrospinning and 3D bioprinting tech—
niques. To develop the epithelium like a layer, a PCL/silk serin scaffold was
electrospun and placed at the top of a dermis like layer formed by printing
a layer by layer chitosan/sodium alginate hydrogel. Results showed that
the epithelium layer, developed with the electrospun scaffold, provided a
protective barrier against dehydration and potentially dangerous elements.
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On the other hand, the printed dermis exhibited an adequate porosity,
wettability and biological properties for supporting cell adhesion, mi—
gration and proliferation?.

Other 3D electrospun materials could be used in bone, skin and carti-
lage regeneration. On the skin, the biomaterials have crucial performance
in body defence. They can be used as autologous and allogeneic kerati-
nocyte grafts, and cellular biological matrix and there is also the possibility
of including biological substances that can assist in the regeneration pro—
cess. For bone use, calcium phosphate or growth factors associated with
bone marrow or osteoblast-like stromal cells are used. Cartilage provides
a structure to the body without bone stiffness, consisting mainly of chon—
drocytes incorporated into the non-vascularized extracellular matrix. One
study used electrophilic silk matrices, which resulted in increased binding
and proliferation of the chondrocytes*.

Conclusions

The electrospinning to produce nonwoven fibers, from both natural
and synthetic biomaterials, have been used in tissue engineering. Moreo—
ver, fibrous scaffolds confer better cell adhesion, proliferation, migration
and differentiation for the cells.

These scaffolds produced by ES are formed by structures that mimic
the fibrous structure of the ECM two-dimensionally making this technique
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an effective and simple method for producing micro- and nanofibers
with a wide variety of biodegradable polymers. Although there are many
techniques for obtaining biomimetic 2D structures, the production of true
3D microenvironments for tissue regeneration is just beginning. There
has been an increase in the number of annual publications in the field of
electrospinning with applications in medicine. When the keyword 3D was
added to research, the number decreased (about 10x less), indicating
that the papers do not address the three—dimensional aspect. Between
the papers that focus on TE + ES + 3D, most refer to original articles and
14% review the topic.

Electrospinning has been recognized as a versatile approach for
obtaining variously shaped structures from a range of biomaterials for
possible applications in tissue engineering and regenerative medici-
ne. However, the dense bundling of fibers is a major setback, where the
cells do not form a real three—dimensional environment. To this end, va—
rious strategies have been reported on electrospun scaffolding which
thus improve cellular response. Key challenges include the development
of ES—-based 3D scaffolds that have an appropriater structure similar to
native tissue to aid in cell adhesion and proliferation. The 3D approach
offers advantages regarding the promotion of cell infiltration; increased
cell numbers mimic better ECM and allows for the production of scaffolds
which are more similar to living tissue. As each tissue and organ have
different organizations, the fabrication of standardized scaffolds is not
possible, and the optimization of each cell type is necessary.

Several electrospinning parameters affect the fibers, porous and
consequently the formation of the 3D scaffolding structure, such as the
solvent, polymer, processing additives, flow rate, applied voltage, needle
size, spinner to the collector distance, ambient temperature and humidity.
Some setups with electrospinning allow for the production of 3D scaffolds.
For example, the use of layer-by-layer ES; the association between 3D
techniques and electrospinning; an extra metal as the positive electrode
or the modifications on the collecting plate; salts, surfactants and others
sacrificial elements and gas foaming technique. The ES method with 3D
collection is a versatile and extensively used technique for manufacturing
fibrous tubes in biomedical applications.

[tis necessary to fine-tune the process to create reproducible scaffol-
ds with ideal fiber and pore sizes. Thus, innovative and alternative approa—
ches in TE research and development are still seeking to understand the in
vivo behavior of these materials, their rate of degradation and remodeling
in situ, as well as their inflammatory and immunological responses.
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