
79© Springer Nature Singapore Pte Ltd. 2018 
H. J. Chun et al. (eds.), Cutting-Edge Enabling Technologies for Regenerative Medicine, Advances 
in Experimental Medicine and Biology 1078, https://doi.org/10.1007/978-981-13-0950-2_5

Electrospun and Electrosprayed 
Scaffolds for Tissue Engineering

Natasha Maurmann, Laura-Elena Sperling, 
and Patricia Pranke

Abstract
Electrospinning and electrospraying technolo-
gies provide an accessible and universal syn-
thesis method for the continuous preparation 
of nanostructured materials. This chapter 
introduces recent uses of electrospun and elec-
trosprayed scaffolds for tissue regeneration 
applications. More recent in vitro and in vivo 
of electrospun fibers are also discussed in rela-
tion to soft and hard tissue engineering appli-
cations. The focus is made on the bone, 
vascular, skin, neural and soft tissue regenera-
tion. An introduction is presented regarding 
the production of biomaterials made by syn-
thetic and natural polymers and inorganic and 
metallic materials for use in the production of 
scaffolds for regenerative medicine. For this 
proposal, the following techniques are dis-
cussed: electrospraying, co-axial and emul-
sion electrospinning and bio-electrospraying. 
Tissue engineering is an exciting and rapidly 
developing field for the understanding of how 
to regenerate the human body.
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5.1  Introduction

Electrohydrodynamic techniques, namely elec-
trospraying and electrospinning, are very power-
ful tools for developing and producing materials 
with the structural features necessary for tissue 
engineering (TE) applications. By definition, TE 
is a multidisciplinary field, integrating engineer-
ing principles, materials science, with chemistry, 
biology, and medicine, with the aim of either 
restoring or enhancing tissue or organ functions 
[56]. A tissue engineered construct is commonly 
made of materials and cells. The materials are 
often presented as porous biodegradable scaf-
folds which provide structural support for the 
cells. The materials used to produce the scaffold 
are a major area of study in TE. Natural materials 
offer the advantage of presenting structures and 
sequences that stimulate cell proliferation and 
adhesion but are highly variable from batch to 
batch or difficult to obtain on a large scale. 
Synthetic polymers allow for the control of vari-
ous parameters, such as molecular weight, hydro-
phobicity and degradation time, but on the other 
hand, do not allow for good cell adhesion, prolif-
eration or maintenance of the differentiated state 
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[108]. The materials can be processed by various 
techniques in order to obtain the scaffolds, 
including electrospinning and electrospraying.

Electrospraying and electrospinning are tech-
nologies which use high electric fields for the 
production of particles and fibers, respectively. In 
the technique, a polymer solution jet is acceler-
ated and drawn through an electric field. 
Depending on the apparatus, electric field 
strength, preparation conditions and physical 
properties of the solution, the stretched jet can 
break, causing droplets that produce micro/
nanoparticles or remain as a filament which, after 
drying, produce nanometric/micro diameter 
fibers [90, 99, 134].

The first study that described the application 
of high electrical potentials to generate aerosols 
from drops of fluids was published in 1745 [14]. 
An application of the electrospraying technique 
was patented in 1902. Regarding electrospinning, 
which follows the same physical principles of 
electrospraying, the first patent which described 
the technique was reported in 1934 [100].

The conventional setup of an electrospinning 
and electrospraying process is illustrated in 
Fig. 5.1. The technology consists of three major 
components: a source of the electric field (high 
voltage power supply), a spinneret (nozzle cou-
pled with a syringe pulsed with a pump) and a 
counter electrode (normally a metal collector 
plate). The solution is put through a pump and a 
difference in an electrical voltage is applied 
between the nozzle and the counter electrode. 
The flow rate of the polymer solution and the 
applied voltage need to be optimized, depending 
on the type of the solution used. Because of the 
high voltage that is applied (in the range of 1 to 
30 kV), the drop of the polymer solution becomes 
highly electrified and it causes a cone-shaped 
deformation because of the surface tension, 
known as Taylor cone [14, 100]. Under the elec-
trostatic forces the electric field becomes greater, 
the cone-shaped deformation breaks into highly 
charged droplets and by selecting the suitable 
conditions, the droplets reach to micro or nano- 
size level [101, 106]. Along the path that traverses 
the electrified jet ejector nozzle to the collector, 
the stretching process takes place and, depending 

on the physical characteristics of the polymer 
solution, the jet can break up into drops or remain 
as a filament [90, 100]. On this route to the coun-
ter electrode, the evaporation of the solvent and 
solidification of the polymer also occurs, leading 
to the formation of particles or solid continuous 
filaments with a reduced diameter [14, 90, 100].

The fiber formation in an electrospinning pro-
cess depends on several parameters, which 
includes solution parameters (molecular weight, 
viscosity, surface tension, electric conductivity 
and dielectric effect of the solvent), ambient con-
dition (humidity, temperature, pressure and type 
of atmosphere), processing conditions (voltage, 
flow rate, feed rate, diameter of spinneret and dis-
tance between the spinneret and collector) [90].

A video of electrospinning fundamentals 
regarding optimizing solutions and apparatus 
parameters in TE can be seen in Leach and col-
laborators [59] as well as the demonstration of 
electrospinning/electrospraying polymer solu-
tions for biomedical applications [51].

Several polymers have been used industrially, 
such as nylon, polyester, polyacrylonitrile, poly-
vinyl alcohol, polyurethane, polylactic acid etc. 
Conventionally, the electrospinning technique 
mainly uses a polymer solution in organic sol-
vents, such as chloroform, formic acid, tetrahy-
drofuran (THF), dimethylformamide (DMF), 
acetone and alcoholic solvents.

Currently, various modified electrospinning 
techniques have been developed, such as coaxial 
electrospinning, emulsion electrospinning, core- 
shell electrospinning, melt-spinning, blow 
assisted electrospinning and post-modification 
electrospinning [134]. The schematic diagrams 
show the co-axial electrospinning (Fig. 5.1c) and 
emulsion electrospinning techniques (Fig. 5.1d).

Electrospraying is a versatile way to make 
nanoparticles. Electrospraying, also called elec-
trohydrodynamic atomization, represents a modi-
fied form of electrospinning and is a technique 
for the preparation of micro- and nanoparticles 
instead of fibers. Electrospraying has been widely 
applied to develop different types of commercial 
technologies, such as mass spectrometry, focused 
ion beam instruments and electrostatic precipita-
tion of nanoparticles [11].
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Fig. 5.1 Schematic 
diagram of the 
electrospraying (a) and 
electrospinning (b) 
processes for the 
production of particles 
and fibers, respectively. 
The polymer solution is 
pumped into the syringe 
and passes through a 
spinneret. This nozzle is 
connected to one 
terminal of the power 
supply and a metal 
collector to the opposite 
terminal. The jets of 
polymer solution ejected 
from the capillary tube 
may form polymeric 
particles or filaments, 
depending on the 
physical properties of 
the polymer solution. (c) 
co-axial and (d) 
emulsion 
electrospinning. 
Photographs kindly 
provided by the Stem 
Cell Laboratory 
archives, Universidade 
Federal do Rio Grande 
do Sul
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The particles and filaments produced by the 
electrospraying and electrospinning techniques 
can be used in various research and industry 
areas, as in TE in the production of biomaterials 
which are useful for treatment and also for diag-
nosis in the areas of pharmaceuticals, food, cos-
metics, etc. [53, 134].

5.2  Electrospun 
and Electrosprayed Scaffolds 
for Tissue Engineering

The total number of papers published in the 
PubMed database (http://www.pubmed.gov) 
with the keywords “tissue engineering” and 
“electrospinning” or “electrospun” in the field 
search “Title/Abstract” is 2215 since their first 
use in 2001 until 2017 (see Fig. 5.2). The number 
of papers containing these keywords has 
increased each year, especially in 2009, from 108 
to 127, 163, 171, 214, 270, 266 and 296 in each 
subsequent year, up to 373 in 2017. A search in 
the PubMed database with the keywords “tissue 
engineering” and “electrosprayed” or “electro-
spray” in the field “Title/Abstract” resulted in 41 
original papers from 2001 to 2017.

5.2.1  Types of Electrospun 
and Electrosprayed Materials 
for Tissue Engineering

Natural and synthetic polymers, together with 
their respective blends and composites, can be 
processed by both procedures of electrospinning 
and electrospraying, resulting in either fibers or 
particles with specific engineered properties. 
There are three individual groups of biomaterials 
used in the production of scaffolds for TE: natu-
ral polymers, synthetic polymers, and ceramics. 
Each biomaterial groups has advantages and dis-
advantages, so the use of composite scaffolds 
comprised of different types of biomaterials is 
becoming increasingly habitual [108].

This subsection illustrates the types of materi-
als used for electrospinning and electrospraying, 
using some examples; however, it does not 
intended to present a list of all the materials 
belonging to this category.

5.2.1.1  Natural Polymers
In order to serve as a temporary extracellular 
matrix (ECM) for cells involved in the regenera-
tive processes, the scaffold has to present some of 
the advantageous features of the natural 
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Fig. 5.2 The number of papers published in the PubMed 
database. The keywords “tissue engineering” and “elec-
trosprayed” or “electrospray” (red columns) and “tissue 

engineering” and “electrospinning” or “electrospun” 
(blue columns) were used in the field Title/Abstract 
(Search realized in 31st December 2017)
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ECM.  There are two types of natural polymers 
derived from natural sources typically used as 
scaffolds in TE: (1) proteins such as collagen, 
gelatin, fibrinogen and silk fibroin and (2) poly-
saccharides as for example hyaluronic acid, chi-
tosan, and alginate. These naturally occurring 
proteins and polysaccharides have been 
 extensively used in the production of electrospun 
fibrous scaffolds [76]. Proteins such as collagen, 
fibrinogen and silk fibroin, which are able to 
form fibers in nature, are highly recommended 
for electrospinning and during the process, they 
easily assemble in fibers. Moreover, these pro-
teins are also biocompatible and biodegradable, 
and some of them can also present antibacterial 
and anti-inflammatory properties [73].

The principal component of the ECM of vari-
ous tissue types is generally collagen and the 
ratios of different collagen types and their organi-
zation define the mechanical properties and 
structure of the developing and growing tissue. 
An ideal scaffold should imitate the structure of 
the natural collagen found in the target organ [57, 
73]. Typically, collagen can be electrospun from 
solutions based on either fluoroalcohols or water- 
ethanol mixtures [15]. The first study of electros-
pinning scaffolds using collagen was carried out 
by Huang and collaborators in 2001 with the 
electrospinning of collagen–polyethylene oxide 
(PEO) nanofibers [42]. Fluoroalcohols are still 
the solvents of choice, although some concerns 
have arisen concerning the possible effects of 
these solvents on collagen denaturation. However, 
cross-linking procedures are needed due to the 
fact that collagen nanofibers have poor mechani-
cal resistance and a high degradation rate. In 
order to enhance the resistance different methods 
have been tested, as, for example, stabilization 
with either glutaraldehyde, epoxy compounds, 
1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide and exposure to ultraviolet light [31]. 
These methods can be employed during and after 
the process of electrospinning. On the other hand, 
the conversion of collagen into nanoparticles is 
challenging, but it is possible using one-step 
electrospray deposition. Gelatin is a mixture of 
products resulting from the degradation of colla-
gen frequently used for biomedical applications. 

Fibers of gelatin were produced by electrospin-
ning from solutions using HFIP, TFE, acetic and 
formic acid, and subsequently crosslinked for 
better mechanical resistance [44, 76, 86].

In addition to collagen and gelatin, fibrinogen 
is a candidate for the production of scaffolds by 
electrospinning for TE.  Similar to collagen, 
fibrinogen is a protein that is present in the blood 
and plays an important role in wound healing, 
where during hemostasis, it is converted into 
fibrin fibers that are insoluble. Fibrinogen was 
first electrospun by Wnek and collaborators using 
a mixture of hexaflouroisopropanol and minimal 
essential medium as electrospinning solvent; the 
fibrinogen nanofibers presented a strong varia-
tion of the fiber diameter in the range of 
80–700 nm (Gary E. [31, 32]). A study that used 
fibrinogen showed that fibers that were electros-
pun were characterized by elasticity and extensi-
bility higher than collagen fibers [6]. In order to 
better control the mechanical resistance or the 
rate of degradation of fibrinogen scaffolds the 
fibers were either cross-linked with chemical 
compounds, such as glutaraldehyde or the cell 
culture medium was supplemented with aprotin.

Silk from the silkworm has been used as a 
medical suture for many centuries. The silk fibers 
present particularly remarkable mechanical prop-
erties and represent an option for many clinical 
applications [2]. The protein produced by the 
silkworm Bombyx mori is fibrous. In nature, silk 
is protected by a coat of sericin which is a glue- 
like protein. The raw silk fibers need to undergo 
degumming procedures in order to make the pro-
tein available and avoid possible biocompatibil-
ity problems due to contamination from residual 
sericin [2]. It is well known that fibroin possesses 
excellent biocompatibility and shows minimal 
immunogenicity and anti-inflammatory activity. 
This protein also plays important roles in re- 
epithelialization and elimination of scarring by 
enhancing the biosynthesis of collagen. For this 
reason, studies have been directed towards pro-
ducing fibroin fibers through electrospinning in 
combination with other active principles, such as 
vitamin C or green grape seed extracts [28, 65].

Polysaccharides, such as alginate, cellulose, 
and chitosan can also be electrospun, but the pro-
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cess of electrospinning and electrospraying pres-
ent some challenges and in most cases require 
additives.

Chitosan is a polysaccharide obtained through 
the deacetylation of chitin, which is the second 
most abundant polysaccharide in nature (after 
cellulose). Besides this, chitin is the major 
 structural component of the exoskeleton of crus-
tacean, as shrimps and crabs, and of the cell walls 
of fungi [76, 93]. As mentioned above, polymeric 
additives and also different acidic solutions, such 
as acetic acid, trifluoroacetic acid, formic acid 
and hydrochloric acid, are necessary for electros-
pinning chitosan [76]. Due to the presence of 
many amino groups in its backbone that gives to 
the molecule a polycationic character chitosan is 
difficult to electrospin. This polycationic nature 
increases the surface tension of the solution and a 
high electrical charge becomes necessary to pro-
duce electrospun chitosan nanofibers. During the 
electrospinning, process particles are often 
formed, probably due to the repulsive forces 
between ionic groups in the chitosan backbone in 
an acidic solution [60]. The resulting scaffolds 
are characterized by haemostatic and antibacte-
rial properties, low immunogenicity and biocom-
patibility. Methacrylate glycol chitosan, 
carboxymethyl chitosan, and carboxyethyl chito-
san are examples of water-soluble derivatives of 
chitosan that have been synthesized and electros-
pun, for TE applications [94]. For example, cin-
namon oil, which exhibits antibacterial activity 
has been incorporated into chitosan/poly(ethylene 
oxide) (PEO) fibers. The electrospun fibers of 
cinnamon oil/chitosan were able to release the 
essential oil in vitro [92]. Electrosprayed chito-
san microspheres were also produced and repre-
sent a potential carrier for the controlled release 
of drugs [111]. As chitosan is a mucoadhesive 
polymer the chitosan microspheres can attach to 
the mucosal surfaces and therefore may prolong 
the residence time and improve specific localiza-
tion of absorption of the target drug.

Hyaluronic acid (HA) is a polyanionic poly-
mer component of the ECM of connective tissue, 
such as umbilical cord, synovial fluid, vitreous, 
etc. The polyanionic surfaces of HA are highly 
hydrophilic. When the material is used as cell 

support, HA does not favour cellular interaction 
and attachment due to its thermodynamical fea-
tures. Consequently, this material does not pro-
mote tissue formation. Therefore, in order to 
improve cell attachment onto HA-based biomate-
rials, ECM proteins such as type I collagen and 
fibronectin are coated onto HA surfaces, and HA 
microporous scaffolds are produced, which serve 
to direct the growth of cells within the scaffold 
[49]. As mentioned already in the case of protein- 
based biomaterials, HA is also often mixed with 
other polymers or needs to be dissolved in the 
suitable solvent mixture be to be able to form 
fibers when submitted to electrospinning proce-
dures [49].

Alginate is an anionic polysaccharide derived 
from brown seaweed and produced by bacteria 
[60]. The sodium salt of alginate is soluble in 
water and forms highly viscous solutions even at 
very low polymer concentrations (2–3  wt%). 
Alginate is a very feasible biomaterial, because it 
is ableto form beads, sponges, and microfibers, 
which have been used for many TE approaches, 
such as cartilage, skin, liver, bone and cardiac tis-
sue regeneration [60]. Alginate has many advan-
tages in its use as a biomaterial for scaffolds, 
such as excellent biocompatibility, and the fact 
that it does not stimulate the immune response. It 
is also low cost, and has low toxicity, and can be 
transformed into a gel with the help of divalent 
cations, especially Ca2+ and Mg2+. Being of a 
polyanionic nature, the same challenge, namely 
the repulsive force among the polyanionic algi-
nate chains, has to be overcome by performing 
electrospinning only in the presence of synthetic 
polymers, such as PEO and PVA [9, 68]. 
Generally, electrospinnability of alginate 
increases with the increase of synthetic polymers 
concentration, and nanofibers have been electros-
pun with compositions that were rich in synthetic 
polymers, as for example an alginate/synthetic 
polymer ratio of 50/50. However, the resulting 
electrospun fibrous alginate scaffolds present a 
high water solubility which limits their stability 
in aqueous environments. This instability in 
water-containing environments is overcome by 
cross-linking the fibers with glutaraldehyde, 
divalent ions, and TFA [60, 76].
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Polyhydroxyalkanoates (PHA) are biodegrad-
able polymers synthesized by microorganisms 
such as the bacterium Burkholderia xenovorans 
[1, 63]. The typical production techniques of 
PHA scaffolds include electrospinning, salt- 
leaching, solution casting and 3D printing [63]. 
One study compared the fabrication of a type of 
PHA, the poly-hydroxybutyrate (PHB), using 
electrospinning and salt-leaching techniques 
[74]. It was found that the nanofibrous scaffolds 
had better mechanical properties and Vero cells 
proliferated more on the electrospun PHB scaf-
fold when compared to the PHB salt-leached 
scaffold. It was concluded that nanofibrous scaf-
folds were a better choice overall [74]. Another 
study showed that PHB electrospun membrane 
obtained by bacterial synthesis from a mutant 
strain of Azotobacter vinelandii promoted an 
increase in the cell density when compared to the 
cast film, suggesting that the fibrous morphology 
allows for better nutrient transference [95]. The 
study comparing electrospun fibers aligned to 
poly-(3-hydroxybutyrate-co-3-hydroxyhexano-
ate) meshes increased elasticity, tensile stress and 
MSC proliferation compared with randomly- 
oriented studies [116].

Decellularized ECM is gaining attention as a 
biomaterial for TE applications. The goal of 
decellularization is the removal of all the cells 
from a tissue or organ once cellular antigens are 
recognized as foreign by the host and, thereafter, 
the induction an inflammatory response [87]. 
Recent studies demonstrated that it is possible to 
produce hybrid scaffolds based on decellularized 
ECM and fibrous polymer meshes by electros-
pinning [113]. For example, Kim and collabora-
tors developed nanofibrous electrospun from 
heart decellularized ECM-based hybrid scaffolds 
with poly(l-lactide-co-caprolactone) (PLCL) as a 
wound dressing for reducing scarring in wound 
healing [54]. Aslan and collaborators evaluated 
the use of a combined construct for corneal 
regeneration consisting of a collagen foam, a 
poly(l-lactic acid) (PLA) nanofiber mesh and 
decellularized matrices [5]. Goyal and collabora-
tors developed hybrid scaffolds with decellular-
ization derived from cultivated cells deposited 
within synthetic polymeric fibers [36].

However, a natural ECM component or its 
derivatives may not represent the ideal scaffold 
for biomedical applications because the scaffold 
should be able to accelerate the regeneration pro-
cess that is normally encountered during the nat-
ural processes.

5.2.1.2  Synthetic Polymers
A great variety of synthetic polymers have been 
used to produce fibrous scaffolds by electrospin-
ning, such as: poly(caprolactone) (PCL), 
poly(glycolic acid) (PGA), poly(lactic acid) 
(PLA), poly(D,L-lactide-co-glycolide) (PLGA), 
PLCL, poly(L-lactic acid) (PLLA), 
poly(carbonate), poly(urethane) (PU), 
poly(ethylene oxide) and poly(ethylene glycol) 
(PEG), among others [19]. The most important 
advantages of synthetic polymers over natural 
polymers are the possibility of customizing their 
mechanical properties, the controlled degrada-
tion process and the fact that can be synthesized 
into the desired form. Moreover, they are gener-
ally low-cost and have highly reliable character-
istics [46].

PGA is the simplest polyester, it is biodegrad-
able, and presents high crystallinity. PGA has 
slow degradation rate and is water insoluble. Its 
solubility depends on the molecular weight and 
typically, high molecular weight PGA is insolu-
ble in most organic solvents except fluorinated 
solvents (e.g., hexafluoroisopropanol). Another 
synthetic polymer, PLLA, represents one of the 
most promising materials in TE because of its 
excellent mechanical properties, processability, 
and very good biocompatibility and biodegrad-
ability. PLLA is commonly used in various suture 
and implantation applications and due to its good 
mechanical properties, it can last for the suffi-
cient time period in mechanical stresses in vivo 
[38]. In addition, PLLA electrospun fibrous scaf-
folds have been used in different biomedical 
applications. PLA itself presents high crystallin-
ity (ca. 40%) and rigidity and a slow degradation, 
which limits its use as a suture material. 
Therefore, lactic acid is very often copolymer-
ized with other biodegradable monomers as, for 
example, glycolic acid in order to achieve the 
required properties [38].
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PLGA is a synthetic copolymer that is biode-
gradable and biocompatible and is very often 
used in electrospinning and electrospraying. 
Various characteristics can be obtained using the 
polylactides/glycolide by manipulating four key 
variables: the co-monomer ratio, the monomer 
stereochemistry, the linearity of the polymer 
chain, and the molecular weight [17]. The mech-
anism of degradation of the copolymer is the 
simple hydrolysis of the ester links, with crystal-
linity and water uptake being two key factors in 
determining the rates of in vivo degradation [17]. 
The crystallinity of the PLGA is related to its 
swelling behavior, mechanical strength, biodeg-
radation rate, hydrolysis capability, which further 
depends on the molecular weight, and the molar 
ratio of the lactic and glycolic in the polymer 
chain. The lactide/glycolide polymer chains are 
cleaved by hydrolysis to the monomeric acids 
and are eliminated from the body through the 
Krebs cycle, primarily as carbon dioxide and in 
urine. The rate of hydrolysis of the PLGA is 
dependent only on changes in temperature and 
pH or the presence of a catalyst, therefore very 
little difference is observed in the degradation 
rate at different body sites [17]. PLGA is 
approved by both the European Medicine Agency 
and the US Food and Drugs Administration as a 
material that can be used in implantable biomedi-
cal applications and also for designing drug 
delivery systems. Moreover, PLGA is frequently 
used worldwide for the preparation of intrave-
nous drug delivery systems and biomimetic 
materials and it has extensive application possi-
bilities in TE.

PCL is a biodegradable and biocompatible 
polymer, which is chemically stable, mechani-
cally strong, semi-crystalline and with a glass 
transition temperature of −60  °C.  Due to these 
properties, PCL is approved by the Food and 
Drug Administration (FDA) for its application in 
drug delivery systems and TE [46].

The synthetic polymers mentioned here are 
being widely used in drug delivery systems, bio-
medical devices, and TE applications in both 
electrospun and electrosprayed preparations.

5.2.1.3  Polymeric Composites
Most of the polymers used to produce electros-
pun TE scaffolds are in their pure, single compo-
nent form. However, very often one polymer does 
not meet all the requirements for various TE 
applications [57, 73].

As mentioned earlier, natural polymers, such 
as collagen, gelatin, silk fibroin, fibrinogen, chi-
tosan, HA and their combinations, have been 
electrospun into nanofibers. However, these elec-
trospun scaffolds show poor mechanical proper-
ties and lose their 3D structure in an aqueous 
environment. This problem can be overcome by 
blending the synthetic and natural polymers, 
which results in composite materials that present 
a combination of both good biocompatibility and 
mechanical strength, combining the advantages 
of two types of materials [22]. The combination 
of naturally occurring polymers on the surface of 
the composite nanofibers provides continued cell 
recognition signals, which is important for cell 
functioning during regeneration [22]. Natural 
bone matrix is an example of composite material, 
consisting of collagen (organic) and mineral 
components (inorganic), which provides an 
excellent balance between strength and tough-
ness, superior to either of its individual compo-
nents. The composite scaffolds with polymer and 
inorganic part are very advantageous scaffolds 
for bone TE.

In one study, Cui and collaborators produced 
PDLLA fibers by electrospinning and investi-
gated their physical properties. They found that 
the fibers were hydrophobic, and could not sup-
port the initial adhesion and further growth of the 
cells, probably due to the surface erosion and 
dimensional shrinkage [21]. They, therefore, pro-
duced PDLLA and PEG composite electrospun 
fibers by blending different amounts of PEG into 
PDLLA [21]. PCL/HA composite nanofibrous 
scaffolds produced by electrospraying HA on 
PCL or PCL/collagen nanofibers enhanced the 
differentiation of mesenchymal stem cells into 
osteogenic lineage, indicating the use for bone 
TE [115]. Zheng and collaborators electrospun 
membranes with different gelatin/PCL ratios. 
The results show that three kinds of membranes 
with various gelatin/PCL ratios exhibited bio-
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compatibility with chondrocytes and that electro-
spun gelatin/PCL is a good candidate for cartilage 
and other tissue regeneration [130].

Composite polymer/carbon nanotubes are 
another example of a combination of the excel-
lent mechanical and electronic properties of the 
carbon nanotubes with the biocompatibility and 
degradability of synthetic polymers. For instance, 
the single carbon nanotube has a modulus as high 
as several thousands of gigapascal (GPa) and a 
tensile strength of several tens of GPa. However, 
carbon nanotubes are very difficult to align when 
they are used as mechanical reinforcement in 
composite fabrication and, therefore, the result-
ing composite does not exhibit the mechanical 
properties as one would expect. The alignment is 
a crucial step and electrospinning is presented as 
one method to align the carbon nanotubes in 
fibers [43, 79]. A number of research groups have 
tried to yield such nanofibers in recent years, by 
making PCL/gold or ZnO, polyacrylnitrile 
(PAN)/TiO2, PVA/Silica, and Nylon6/montmoril-
lonite (Mt) ultrafine fibers, respectively.

5.2.1.4  Inorganic and Metallic 
Materials

Electrospinning applications are mostly limited 
to the fabrication of nanofibers from natural and 
synthetic polymers because of the accessibility in 
preparing a polymer solution with appropriate 
physical properties required for electrospinning. 
Inorganic materials, as for example ceramics, are 
usually considered not to be suitable for electros-
pinning. However, it is possible, to electrospin 
ceramic nanofibers from their melts by using 
extremely high temperatures [61]. In order to 
prepare ceramic fibers by electrospinning, some 
extra steps are required, steps that are normally 
not necessary when electrospinning natural or 
synthetic polymers; they are the following: prep-
aration of an inorganic solution containing a 
matrix polymer together with an alkoxide, poly-
mer precursor or a salt, followed by electrospin-
ning of the solution to produce composite fibers 
and, finally, calcination, sintering, or chemical 
conversion of the precursor into the desired 
ceramic at high temperature, with removal of all 

organic components from the precursor fibers 
[61].

Several groups have shown that inorganic sols 
prepared by hydrolysis and condensation could 
be directly used for electrospinning [58, 61]. 
Fibers constructed of Al2O3, PbZrxTi1 − xO3, SiO2, 
and TiO2/SiO2 have been successfully produced 
in this manner.

Not only fibers but also inorganic nanoparti-
cles have been developed for various biomedical 
applications due to their nanosize and biological 
properties. Several studies have reported encap-
sulation of inorganic nanoparticles such as tita-
nium, silica, alumina, calcium carbonate and 
magnetic iron oxides onto a polymeric matrix, 
but their biomedical applications are sparse [40].

5.3  Tissue Engineering 
Applications

The facility of fabricating micro/nanofibers or 
particles and the wide variety of biocompatible 
polymers that can be used in electrospinning 
and electrospraying have revealed their poten-
tial applications in TE. One advantage of scaf-
folds produced by electrospinning is that their 
surface can be adjusted by controlling the 
parameters, thereby allowing for the topography 
that best fits the application. Another advantage 
is that nanofiber sheets can be shaped into 
almost any form-in accordance with the desired 
application. Electrospun scaffolds have assisted 
in the regeneration of a variety of tissue, such as 
skin, vasculature, neural, bone, ligament, and 
tendon ([105]a; [62]).

Regarding papers using electrospinning for 
TE published until 2017 in the PubMed database, 
it was possible to verify that approximately 30% 
have been used for the regeneration or recon-
struction of bone; 16% for soft tissue; 13% for 
vascular; 13% for wound healing/skin/wound 
dressing; 11% for neural; 6% for cardiac; 6% for 
cartilage and a lower percentage for suture, blad-
der, corneal, liver, urinary incontinence and con-
junctival regeneration (Fig. 5.3).

For TE, the research carried out on electros-
pun nanofibers quantified in terms of journal 
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publications is much more in comparison with 
that of electrosprayed nanoparticles.

5.3.1  Bone Tissue Engineering

For bone repair, autograft is considerate the gold 
standard, however, there are supply limitations in 
its use [26]. In this context, the use of electrospun 
scaffolds for bone TE has become a rapidly 
expanding research field. Some of the most cur-
rent materials and approaches used in electros-
pinning scaffolds for bone TE are summarized in 
Table 5.1.

5.3.2  Soft Tissue Engineering

In the field of soft TE, there is an immediate need 
to develop biomaterials with a high capacity for 
mechanical and biological performance [3]. A 
variety of scaffolds are investigated to promote 
soft TE by electrospinning; some current materi-
als and approaches used are summarized in 
Table 5.2.

5.3.3  Vascular Tissue Engineering

Patients with cardiovascular disease have greatly 
benefited from the development of devices such 
as tissue-engineered vascular graft (TEVG) [30]. 
Vascular TE usually involves the fabrication of 
electrospun tubular scaffolds. Some current 
materials and approaches used in electrospinning 
scaffolds for vascular TE are summarized in 
Table 5.3.

5.3.4  Skin Tissue Engineering

Skin grafts are usually autografts, allografts, allo-
geneic, or xenogeneic. With the use of TE, it is 
possible to develop an improved approach to 
wound healing [81]. Some current materials used 
in electrospinning scaffolds for skin TE wound 
healing and wound dressing are summarized in 
Table 5.4.

5.3.5  Neural Tissue Engineering

Peripheral nerve tissue can self-regenerate if the 
external injuries are small. However, a number of 
challenges lie in restoring nerve tissue. Various 
kinds of scaffolds have been applied for neural 
TE, such as electrospun nanofibers [134] 
(Table 5.5).

Cartilage
6%

Cardiac
6%

Neural
11%

Skin/
wound
13%

Vascular
13%

Soft tissue
16%

Bone
30%

Other
5%

Major applications of electrospinning in
tissue engineering

Fig. 5.3 Tissue engineering areas of major application of 
electrospinning, according to research realized in the 
PubMed database until December 2017. The keywords 
used in the field Title/Abstract were: “tissue engineering” 
and “electrospinning” or “electrospun” and the organs and 
tissue applications (“cartilage” or “trachea”, “heart” or 
“cardiac”, “nervous” or “nerve” or “neural”, “skin” or 
“wound healing” or “wound dressing”, “vascular” or 
“vessels”, “soft tissue” or “tendon” or “valve” or “mus-
cle”, “bone”, “suture”, “bladder”, “corneal”, “liver” or 
“hepatic”, “urinary incontinence”, “conjunctival”)
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5.4  Electrospray as Drug 
Delivery System

Electrospraying is recognized as an important 
and one of the most efficient techniques for the 
preparation of nanoparticles with respect to phar-
maceutical applications. The entrapment of drugs 
into a biocompatible and biodegradable polymer 
matrix has been the focus of interest for the pro-
duction of sustained drug release applications. 
The polymer takes the drug to the target, reduces 
the metabolic drug degradation, provides a con-
tinuous release, increases the active pharmaceuti-
cal ingredient activity and reduces the side effects 
of the drug [106]. Moreover, the nanoparticles 
have a wider range of applications because of 
their “zero” dimensional nature, whereas nanofi-
bers are more restricted due to their two- 
dimensional nature [106].

Many different types of biodegradable poly-
mers have been developed with differences in 
biodegradability. Drug delivery systems based on 
polymeric nanoparticles have the advantages of 
scalability, biodegradability, biocompatibility, 
cheaper cost, targeted delivery, sustainability in 
the release of encapsulated drugs that will result 
in improved efficacy. Among these polymers, 
polyesters such as PLGA, PCL, PLA and their 
derivatives, polyorthoesters and polyanhydrides, 
are being extensively used in a wide range of 
clinical applications as they are approved by the 
Food and Drug Administration for their biocom-
patibility and low toxicity [25, 82]. Bohr and col-
laborators successfully electrosprayed PLGA 
fabricated microspheres containing celecoxib, a 
non-steroidal anti-inflammatory drug; the com-
pound proved to be amorphous and physically 
stable for more than 8 months [12]. Yu and col-

Table 5.1 Current papers with electrospinning scaffolds for bone tissue engineering

Scaffold material Outcomes References
Collagen/nano-hydroxyapatite (n-HA)/bone 
morphogenetic protein-2) (BMP-2)/PCL-PEG- 
PCL hydrogels wrapped in PDLLA 
electrospun nanofiber

Scaffold working as a barrier between the hydrogels 
and the tissue, maintaining the n-HA/BMP-2 in the 
required places of osteogenesis and exhibiting an 
excellent effect on the spinal fusion

[89]

Amalgamating chitosan, aniline-pentamer, and 
hydroxyapatite

Utilization of electrical stimulation or hydroxyapatite- 
enhanced osteogenesis could lead to more efficient 
osteogenesis protocol

[85]

PVA based bionanocomposite with 
nanohydroxyapatite and cellulose nanofibers

Cell viability, cell attachment, and functional activity 
of osteoblast MG-63 cells showing higher cellular 
activity for scaffolds with nanofillers

[27]

Blend of PLA/PCL/PEO The modified process to arrive at a sponge-like 3D 
scaffold with highly interconnected pores and 
mechanically viable, exhibited sufficiently large pores 
and allowed for cell penetration

[16]

Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate)/graphene oxide

Easy process of production, appropriate structures of 
porous, favorable biomechanical properties, and fast 
osteogenic capability

[133]

Blend of polydioxanone and polysaccharides 
kappa-carrageenan and fucoidan

Enhanced differentiation of human preosteoblasts [35]

Poly(vinylidene difluoride – Trifluoroethylene) 
(PVDF-TrFE)

Piezoelectric fibrous scaffolds selectively promote 
mesenchymal stem cell differentiation

[24]

Polyglutamate acid conjugated with BMP-2/ 
silk fibroin/PCL

Characterization of mineralized scaffold and 
cytocompatibility. The polyglutamate motif improved 
binding properties, and the BMP enhanced expression 
of osteogenic genes

[70]

PCL/PLA Osteogenic differentiation of stem cells can begin on 
PCL scaffolds without specific culture conditions

[8]

PCL/PLGA A hybrid scaffold constructed by 3D printed and 
PLGA fibers can be used for the regeneration of hard 
tissue, such as bone

[75]
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laborators prepared nanoparticles by a modified 
electrospraying process using polyvinylpyrrol-
idone (PVP) as a hydrophilic polymer matrix and 
ketoprofen as a model drug [127]. Ketoprofen is 
widely used for the treatment of inflammation, 
pain, or rheumatism and its short biological half- 
life leads to an increase of the frequency of medi-
cine intake. In another example, a coating of 
nanoparticles composed of carbonated calcium 
deficient hydroxyapatite and PLA were deposited 
on a PLA substrate surface via electrospraying 
[132]. The deposited coating was also applied as 

a carrier to assist alendronate sodium, an 
approved bisphosphonate drug used for the treat-
ment of osteoporosis, through local release. 
Paclitaxel, an antineoplastic chemotherapy drug 
which is widely used for the treatment of ovarian, 
breast, lung and pancreatic cancer was also suc-
cessfully encapsulated into different biodegrad-
able polymers, such as PLA, PCL or PLGA with 
high encapsulation efficiency through electro-
spraying [82].

Moreover, natural polymers of either protein 
or carbohydrate were found to produce stable 
micro/nanoparticles without any loss of their bio-
activity of either the drug or encapsulating bio-
molecules [25, 37].

Electrospraying has been shown to meet the 
requirements for production of aerosols because 
monodisperse particles with controllable size and 
shape can be produced [82]. Ijsebaert and col-
laborators developed an aerosol generator of 
beclomethasone dipropionate by using electro-
spraying [45]. Electrospray nebulizers were used 
for producing microparticles of a size range of 
2–5  μm and the particles serve the purpose of 
inhaling drugs through the lungs [106].

Another application of electrospraying as a 
drug delivery system is its potential in delivering 
more than one drug. Multiple drugs in a fixed 
dose combination could be delivered and released 
at the target sites [82]. The main benefit of the 
fixed-dose combination is that co-delivery of var-
ious therapeutic agents in the same delivery vehi-
cles can bring the advantage of synergy, suppress 
drug resistance and be more convenient for 
patients (simplified dose regimen for daily treat-
ment). An example is the work of Sakuma and 
collaborators who used electrospraying to 
enhance oral absorption of lopinavir through co- 
encapsulation with ritonavir [98]. Lopinavir, a 
human immunodeficiency virus (HIV) protease 
inhibitor, is used for the treatment of HIV infec-
tion. Low bioavailability and fast elimination are 
observed when lopinavir alone is orally adminis-
tered; however, co-administration with ritonavir 
dramatically improves the poor pharmacokinetic 
properties of lopinavir [98].

Table 5.2 Current papers with electrospinning scaffolds 
for soft tissue engineering

Scaffold material Outcomes References
Blend of 
polycarbonate 
urethane with 
ciprofloxacin bound 
to triethylene glycol

In situ drug release 
for the regeneration 
of the periodontium

[118]

Trichostatin A -laden 
PLA

Functional tendon 
TE

[128]

PCL/PLA PCL/PLA fibers 
with increased 
diameter promoted 
stem cells towards 
the tendon lineage 
without tenogenic 
factors

[8]

Collagen Aligned anisotropy 
nanofiber induces 
myotube 
differentiation for 
musculoskeletal TE

[55]

PLA Aligned fibrous 
scaffolds produced 
by a novel 
centrifugal melt 
electrospinning 
technique could 
repair and 
regenerate tendon 
defects and injuries

[119]

Poly(caprolactone 
fumarate)/PCL

A novel elastomeric 
was fabricated with 
in situ 
photo-crosslinking

[103]

Keratin Secretome with 
scaffold improves 
tendon-bone 
healing

[102]
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5.5  Co-Axial Electrospinning 
and Electrospraying

The co-axial electrospinning method (Fig. 5.1c) 
is a modification of the traditional single spin-
neret electrospinning set up. This innovative 
method was first reported by Loscertales and col-

laborators in 2002 [67]. Loscertales and collabo-
rators produced the capsules with diameters 
ranging from 150 nm to 10 μm by use of electro-
spraying. Sun and collaborators first used this set 
up to prepare nanofibers with core-sheath struc-
tures and called this technique ‘co- 
electrospinning’ [110]. The main purpose of 

Table 5.3 Current papers with electrospinning scaffolds for vascular tissue engineering

Scaffold material Outcomes References
Gelatin/oxidized 
carboxymethylcellulose blend

In-situ crosslink. Scaffold surface and mechanical properties 
validate properties of the native vessel.

[50]

Poly(glycerol sebacate) Anisotropic membrane for vascular TE [41]
PLCL/collagen fibers and PLGA/silk 
fibroin yarns

Tri-layered vascular scaffold consisted of aligned fibers in the 
inner layer, yarns in middle layer, and random fibers in outer 
layer with tissue regenerative capability

[120]

PCL and gelatin composite Cuffs for tissue engineered blood vessels. [109]
PGA and PLCL Bone marrow mononuclear cell seeding for tissue-engineered 

vascular graft
[29]

PCL Fibrous vascular graft with two layers, one thin and internal 
made of longitudinally aligned fibers and the other a relatively 
thick highly porous external layer

[112]

Tecophilic/gelatin Dynamic cultivation promoted increased accumulation of 
collagen, indicating a balance between scaffold biodegradation 
and matrix turnover

[114]

PCL functionalized with heparin and 
vascular endothelial growth factor

The scaffolds exhibited antithrombogenic properties, 
mechanical properties compatible with the arteries and favored 
the development of cells on their surface

[13]

Table 5.4 Current papers with electrospinning scaffolds for skin tissue engineering

Scaffold material Outcomes References
Gelatin/cellulose acetate/elastin The use of the grid-like pattern as a collector increased the 

swelling ratio, degradation rate, increased the elongation at 
break and is a biocompatible scaffold

[52]

Silk fibroin/gelatin loaded with thyme 
essential oil and doxycycline

A characterized mat with antibacterial properties for drug 
delivery applications and biocompatible

[23]

Cellulose/PLA/polydioxanone Sugar-cane bagasse derived cellulose [91]
Nanochitosan enriched PCL with 
curcumin

A characterized membrane hemocompatible for drug 
releasing properties with pH stimulus.

[20]

Laminin-functionalized PDLLA Biomaterials could provide support for the cells and 
stimulate the healing of the burnt skin in an animal model

[107]

Gelatin and sulfated or non-sulfated 
hyaluronan and chondroitin sulfate

Characterization and biocompatibility of biomimetic 
scaffolds

[10]

PLGA/collagen Characterization and biocompatibility of scaffolds, but 
mechanical strain needs to be improved

[97]

PCL/chitosan/ gelatin extracted from 
cold water fish skin

Characterization and biocompatibility of scaffolds. 
Scaffolds with gelatin (GEL) have better physical properties 
whereas, without GEL, scaffolds support higher cell 
adhesion

[34]

PCL/gelatin containing silicate-based 
bioceramic particles (Nagelschmidtite, 
NAGEL, Ca7P2Si2O16)

Biocompatibility, characterization and released Si from the 
conducive biomaterial for diabetic wound healing

[71]
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co-axial electrospinning is to obtain fibers with a 
core-shell structure. The single spinneret is 
replaced by two co-axial capillaries in which two 
channels are connected to two reservoirs [69]. 

This technique is mainly used to obtain fibers 
with a core-shell structure having the specific 
desired drug encapsulated in the core of the 
fibers, which, due to the controlled degradation 
of the shell polymer, leads to a continued and 
controlled drug release over a long period. For 
drug delivery purposes various molecules have 
been successfully loaded into the co-axial fibers, 
as for example, antibiotics, proteins, enzymes 
and growth factors, The main advantage of this 
technique is that the core-shell fiber structure 
offers protection for the molecule loaded into the 
core and the bioactivity of the growth factor or 
drug, remains preserved [19, 105]. The fact of the 
drug or biological molecule being in the inner jet 
while the electrospinning process is in progress 
gives protection and enhances its the enhancing 
functionality or maintains the bioactivity of 
unstable compounds. Another advantage of the 
core-shell system is that it improves the sustained 
release of drugs [19]. The co-axial fibers present 
several advantages regarding the materials for the 
preparation of scaffolds, namely due to the pos-
sibility of combining a core with the desired 
mechanical properties with a shell, prepared from 
biocompatible materials, which will establish 
appropriate interactions with the host.

Various parameters can influence the encapsu-
lation of drugs and biomolecules in the core of 
the co-axial fibers, such as concentrations of the 
core polymer and shell polymer, the relative flow 
rate of the core and shell solutions and the molec-
ular weight and drug concentration [101]. 
Depending on the degradation rate of the shell 
polymer, when necessary an accelerated trans-
port of core molecules into the environment is 
achieved by incorporating low molecular weight 
PEG as a porogen into the shell.

Co-axial electrospraying allows for the pro-
duction of bilayered nano and microparticles by 
using a high electric field between the coaxial 
capillary needle and the ground. In this tech-
nique, the resultant electrical shear stress elon-
gates the core and the shell liquid menisci at the 
needle outlet to form the Taylor cone; after this 
phenomenon, the jet of the liquid elongates 
enough until it is broken into multilayer droplets 
owing to the electrohydrodynamic forces [129]. 

Table 5.5 Current papers with electrospinning scaffolds 
for neural tissue engineering

Scaffold material Outcomes References
PLA coated with 
alginate and 
gelatin, followed 
by a multi-wall 
carbon nanotube 
coating 
combined with 
valproic acid

Characterization, 
biocompatibility, and 
differentiation of 
mesenchymal stem 
cells into neuron-like 
cells in the 3D 
composite nanofiber 
scaffold for damaged 
neural tissue

[33]

PLLA Cytocompatibility and 
neurite guidance effect 
on randomly and 
aligned fibers with 
induced pluripotent 
stem cells 
differentiated into 
neural stem cells for 
use in neural TE

[64]

PLLA- 
poly(glycerol 
sebacate)

Characterization and 
biocompatibility of 
core-shell membranes. 
The developed 
materials presented the 
potential for nerve 
regeneration and 
biomedical 
engineering

[122]

Cellulose 
acetate/PLA 
containing 
citalopram- 
loaded gelatin 
nanocarriers

Scaffold with the 
core-shell structured 
fibrils using drug 
loaded coaxial 
wet-electrospinning 
(produced by the 
nanoprecipitation 
method) for sciatic 
nerve injury

[80]

PLGA Aligned fiber scaffold 
which increased the 
differentiation of 
embryonic stem cells 
into neural precursors

[104]

Poly(γ-benzyl-l- 
glutamate)-r- 
poly(glutamic 
acid)

The polypeptides were 
synthesized and the 
scaffold was 
biocompatible and 
biodegradable with 
controlled hydrolysis 
of glutamic acid for 
neural regeneration

[117]
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Table 5.6 shows some recent examples of possi-
ble TE applications of co-axial fibers.

5.6  Emulsion Electrospinning

Emulsion electrospinning (Fig. 5.1d) is a simple 
variation of electrospinning to produce core-shell 
nanofibers by using a stable polymer emulsion, 
which has raised increasing interest, as the pro-
cess is considered more stable. The advantage of 
emulsion electrospinning over the other blending 
techniques is that the drug of interest and the 
polymer are each solubilized in appropriate sol-
vents, thus eliminating the need for a solvent that 
is suitable for the drug and polymer at the same 
time [101].

The emulsion electrospinning technique is a 
good alternative as it allows for the encapsulation 
of lipophilic molecules using hydrophilic poly-
mers and avoids the use of organic solvents [83]. 
Emulsion electrospinning relies on chemical 
means of separation through the creation of an 
emulsion within a single solution and the subse-
quent organization of the emulsified droplets into 
two distinct phases as the solvent evaporates 
from the electrospun fibers. However, the method 
lacks well-defined control over the placement of 

the therapeutic agent within either the core or 
shell of the structure.

Yang and collaborators assessed the potential 
use of emulsion electrospinning to prepare core- 
shell fibers as carriers for therapeutic proteins 
[123]. Bovine serum albumin (BSA) was selected 
as a model protein and PDLLA as a polymer. The 
ultrafine fibers prepared by emulsion showed 
higher structural integrity of the core-shell fibers 
[123]. Table 5.7 shows some of the most recent 
studies investigating TE applications of scaffolds 
produced by emulsion electrospinning.

5.7  Bio-Electrospraying

Bio-electrospraying is a development of electro-
spraying that allows for producing matrices of 
cells inserted in scaffolds that could form engi-
neered tissues and organs. Bio-electrospraying 
was first developed in 2005, and since then has 
been employed in some studies which further 
refined its use and made it evolve as a novel, 
direct in vivo TE and regenerative medicine strat-
egy [39, 47, 48, 77, 84]. As the name suggests, 
the bio-electrospraying involves the spraying of 
living cells under the application of an electrical 
potential difference. Jayasinghe and collabora-
tors have electrosprayed two types of cells, 

Table 5.6 Current papers with co-axial electrospinning scaffolds for tissue engineering

Scaffold material Outcomes References
PCL/GelMA Characterization of their chemical/physical properties and their hemo and 

biocompatibility in vitro for use as vascular grafts
[18]

P3HB4HB/(gelatin + 
PVA)

P3HB4HB as the core solution and gelatin + PVA mixture into the shell 
solution. Characterization and testing of the osteogenic and chondrogenic 
potential

[72]

Kartogenin/ (PLCL/
collagen nanofibers)

PLCL and collagen solution as shell and kartogenin solution as core. The 
kartogenin scaffold promoted the chondrogenic differentiation of 
mesenchymal stem cells, being an effective delivery system for kartogenin 
and a promising TE scaffold for tracheal cartilage regeneration

[126]

Poly(glycerol 
sebacate)-PCL/
gelatin-dexamethasone

PGS-PCL as core and Gt as shell, scaffolds as being appropriate for soft TE [78]

Cellulose acetate/PLA PLA as core solution, cellulose acetate as shell solution. The electrospun 
scaffold was rolled into a conduit and implanted into a rat model of nerve 
injury

[80]

Collagen-chitosan- 
PLCL/heparin

Collagen/chitosan/PLCL as the shell solution and heparin as the core 
solution. The scaffolds showed excellent biocompatibility and can be used 
for vascular TE purposes

[125]
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namely human blood and Jurkat cells, assessed 
for their viability after the procedure using trypan 
blue staining, they demonstrated that the cells 
could be maintained viable [47, 77]. Bartolovic 
and collaborators established a protocol for bio- 
electrospraying hematopoietic stem cells, show-
ing that the cells retained both their viability and 
stem cell characteristics [7].

Bio-electrospraying has been continuously 
refined since its development to improve jet sta-
bility and continuity, but also to allow for the for-
mation of encapsulations that include cells of 
various morphologies or multicellular model 
organisms such as zebrafish. The technique is 
unique for many reasons, as for example the abil-
ity to handle highly concentrated suspensions 
(>106 cells/mL). Moreover, the technique offers 
the possibility of forming nano/microstructures, 
including cells while using large needles, which 
are necessary in order to limit cell damage arising 
from shear forces on the cells [4]. One advantage 
of bio-electrospraying over other techniques such 
as ink-jet printing and aerosol delivery is that it 
can process denser cell suspensions and also gen-
erate finer droplets [48].

The methodology of bio-electrospraying pro-
vides a wide range of applications spanning from 
bio-analytics to diagnostics, but most impor-
tantly, it shows the potential for forming syn-
thetic or artificial tissue, repairing and replacing 
damaged/aging tissue. One of the possible appli-
cations is found in the ability to bio-electrospray 
whole human blood without affecting the genetic 
make-up, demonstrating that this technique is a 
possible diagnostic protocol [77].

Bio-electrospraying allows for the design of 
constructs and this synthetic construct would 
require significantly reduced bioreactor time. 
Moreover, the combination of traditional electro-
spinning with bio-electrospraying offers the pos-
sibility of creating nanofibrous scaffolds with a 
uniform 3D distribution of cells for use in TE and 
regenerative medicine.

Table 5.7 Current papers with emulsion electrospinning 
scaffolds for tissue engineering

Scaffold material Outcomes References
GDNF/PLGA 
and NGF/
PDLLA

Proper physical 
properties, high 
encapsulation 
efficiency, and 
well-preserved 
bioactivity exhibiting 
different release 
behaviors. Possible 
candidates for neural 
TE

[66]

PCL/chitosan The scaffold is a 
promising, readily 
available, cost- 
effective, off-the-shelf 
matrix as a skin 
substitute

[88]

PLA/alginate The scaffolds show 
good mechanical 
properties and are 
beneficial for cell 
proliferation and 
differentiation. Suitable 
for various TE 
applications due to the 
antibacterial properties 
of the alginate

[121]

Poly(ethylene 
glycol)-b- 
poly(l-lactide- 
co-ε-
caprolactone) 
(PELCL)/micro 
RNA 126

Encapsulation of 
miR-126 in the 
electrospun 
membranes, a sustained 
release profile, strategy 
for cardiovascular 
disease treatment and 
for blood vessel 
regeneration

[131]

PELCL/peptide 
QK

Successful 
encapsulation of the 
QK peptide and 
maintenance of its 
secondary structure 
after released. The 
release of QK peptide 
could accelerate the 
proliferation of 
vascular endothelial 
cells showing potential 
applications in vascular 
TE

[124]

PLGA/VEGF Nanofibers with 
sustained release of the 
encapsulated 
VEGF. General TE 
applications with a 
focus on vascular TE

[96]
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5.8  Conclusions 
and Perspectives

Electrospinning and electrospraying are electro-
hydrodynamic techniques used for the produc-
tion of scaffolds or nano/microparticles in several 
fields of research. Variations of these techniques 
include electrospraying for drug delivery sys-
tems, co-axial electrospinning, and electrospray-
ing, emulsion electrospinning as well as 
bio-electrospraying. The materials most com-
monly used for the production of scaffolds for TE 
or nano/microparticles for drug delivery are natu-
ral or synthetic polymers, polymers composites 
and inorganic and metallic materials.

The ability to produce fibers and particles with 
well-defined dimensions is an important 
 characteristic of the electrospinning/spraying 
methods. The morphology of materials can be 
manipulated by solution parameters, such as 
molecular weight of the polymer, viscosity, the 
concentration of the solution, and by manipulat-
ing the processing parameters, such as tip to col-
lector distance, conductivity, applied voltage, etc. 
The variously modified electrospinning and elec-
trospraying techniques allow for the production 
of a great variety of nanostructured materials 
with desired properties for the regeneration of tis-
sue and organs.

TE applied for regenerative medicine is an 
interdisciplinary subject of medicine, biology, 
engineering and life science. Numerous studies 
have been devoted to this rapidly developing 
field, with the aim of developing scaffolds to pro-
vide support for cells. It is with the continuous 
study of TE that we can successfully achieve the 
necessary groundbreaking techniques for the 
rebuilding of human tissue and organs.

There are still many challenges to be met 
regarding the improvement of the materials in 
terms of guaranteeing their three-dimensional 
structure along with vascularization and suffi-
cient porosity to allow for the cells to grow and 
proliferate in the scaffolds. For drug delivery, the 
systems need further refinement for optimizing 
the encapsulation of biomolecules, ensuring they 
attain the appropriate quantity and their delivery 
in the desired location. Numerous studies are 

working to provide realistic solutions for these 
desired improvements to guarantee the success-
ful development of scaffolds or drug delivery 
systems. The long-term goal for these studies 
will be a very high standard system for delivering 
drugs in small but highly efficient doses in the 
target with a significant decrease of undesired 
side effects and the elevation of efficiency in tis-
sue regeneration in terms of the repair of lesions 
in tissue and organs.
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