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Figure 14. The field emission scanning electron microscope (FESEM) images of the 
commonly used morphologies for scaffold tissue engineering fabricated using 
electrospinning. (A) Random morphology composed of randomly oriented fibers (B) The 
aligned morphology consists of layers of identically oriented fibers in a 3D fibrous 
structure. (C) Overlapping morphology is composed of layers of fibers overlapped at 
regions (D) 3D honeycomb structured morphology consists of fibers in a specific 
arrangement in the scaffold. 

Table 1. Properties of the scaffold considered when designing a scaffold. 

Properties Design Considerations 

Biocompatibility 
Ensure scaffolds are compatible with the cells and do not elicit an immune 
response. An essential requirement of all scaffolds. 

Biodegradable/Non-
biodegradable 

Based on the application, the scaffolds need to be biodegradable or non-
biodegradable. Biodegradable scaffolds degrade through enzymatic or 
hydrolytic action in a controlled manner. 

Electrical Conductivity 
Electrical signals form an integral part of the cell signaling cascade. Scaffolds that 
are conductive can be used to manipulate cell behavior accordingly. 

A B

DC
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Morphology 

Cell–scaffold behavior is influenced by the morphology of the scaffold. Porosity 
is one of the properties that ensures appropriate nutrient transfer to different 
layers of cells in the scaffold and cellular infiltration. Cellular alignment and 
migration are also dependent on morphology. 

Mechanical 
Characteristics 

Mechanical properties, like the stiffness, Young’s modulus, elasticity, and 
relaxation modulus, directly affect cell behavior. Mimicking the properties of the 
scaffold as closely as possible to the natural microenvironment is essential for an 
ideal scaffold. 

Magnetic 

Magnetic stimulation in electroactive tissues, like cardiac, nerve, and bone 
tissues, has shown increased cellular proliferation, differentiation, and cell 
alignment along the direction of the magnetic field lines. The magnetic field can 
be applied externally or by using scaffolds which exhibit magnetism. 

Bioactivity 

Bioactive scaffolds have surface ligands, like Arg-Gly-Asp (RGD) binding 
sequences, that can be recognized by the host. They elicit a response from the 
host due to the binding of surface receptors or peptides, or due to the release of 
degradation products from the scaffold.  

Ease of manufacturing 
Cost of raw materials, manufacturing process, storage, etc. are some of the 
factors that influence the effectiveness of a scaffold in tissue engineering 
applications on a wide scale. 

Some of the commonly used morphologies used for tissue engineering applications are 
scaffolds composed of randomly oriented fibers, aligned fibers, banded fibers, and 
honeycomb structured fibers (Figure 14). The topographies of each of these morphologies 
have unique properties that are beneficial in tissue engineering applications. For example, 
the aligned topography in certain tissues helps in better cellular migration and 
differentiation [51, 52]. The following sections review the developments made in the 
formation of functional scaffolds through polymer blending and electrospinning. The 
modifications in electrospinning have been used to fabricate various scaffolds with 
different morphologies, and structural and chemical properties that are tuned based on the 
intended application. The chemical properties of the scaffolds are important properties that 
are tuned in the case of biodegradable or bioabsorbable scaffolds, and to tune the drug 
release profile from the scaffold. The review by Cheng et al. provides some of the latest 
innovations in drug delivery from scaffolds by using electrospinning [53]. The state of the 
art polymer blends used for the fabrication of scaffolds for drug delivery applications were 
reviewed by Contreras-Cáceres and colleagues [54]. 

2.3.1 Natural Polymer Blends 

Natural polymers are the first choice for the fabrication of scaffolds initially because of 
their biocompatibility and inherent bioactivity. The commonly used natural polymers in 
engineering scaffolds are components of the extracellular matrix, like collagen [55], elastin 
[56], hyaluronic acid [57], and fibrinogen [58], or derivatives from natural sources, like 
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gelatin [59], chitosan [60, 61], silk fibroin [62, 63], or vegetable oils. The main challenges 
associated with the use of natural polymers are the strict purification processes, chances of 
loss in conformation during material processing, difficulty in preparing polymer solutions, 
variable degradation rates, and lower mechanical strength of the scaffolds. However, 
polymer blending has been a useful strategy to prepare functional scaffolds that are able to 
overcome these common problems. The use of post-processing techniques, use of 
sacrificial templates, and blending with binary or ternary solvent systems has been key to 
the fabrication of functional scaffolds from natural polymers. Table 2 summarizes the 
scaffold characteristics in terms of the natural polymers used, solvents used to blend the 
polymers, modifications to the electrospinning equipment, tissue targeted, and a 
description of the research. 

Table 2. Electrospun scaffolds based on natural polymer blends. 

Polymers Used Solvents Used 
Type of 
Electrospinning 

Type of 
Tissue 
Engineering 

Comments Ref. 

Alginate/Gelatin 

(PEO: sacrificial template; 
Pluronic® F-127: 
Surfactant) 

PBS and water 
Wet 
Electrospinning 
(Ethanol) 

Cardiac 
Tissue 
Engineering 

The method of 
polymer blending, 
and choice of 
electrospinning 
helped in the 
formation of a 
microporous 
network. The 
alginate/gelatin 
hydrogel scaffolds 
provide a 3D 
microenvironment 
which help in 
maturation of human 
iPSC-derived 
ventricular 
cardiomyocyte.  

[64] 

Collagen/Chitosan/HA 

(PEO: Sacrificial template) 

Acetic acid, DMSO 
and water 

Vertical 
Electrospinning 

Bone Tissue 
Engineering 

The scaffolds 
demonstrated 
osteogenic 
differentiation and 
bone regeneration in 
animal models. 

[65] 

Gelatin and oxidized 
carboxymethyl cellulose 

Acetic acid and 
water 

Rotating collector 
coated with PEG 

Vascular 
Tissue 
Engineering 

Scaffolds with 
tunable mechanical 
properties and pore 
sizes were fabricated. 
The tubular 
constructs (scaffolds) 
had a homogenous 
distribution of fibers. 

[66] 



21 

Gelatin and Urinary 
Bladder Matrix 

Acetic acid, water 
and ethyl acetate 

(Crosslinker: 3 wt% 
glyoxal) 

Low Voltage 
Electrospinning 

- 

Biofunctional ECM 
fibers were fabricated 
with tunable 
biochemical, 
mechanical, and 
topographical 
properties. 

[67] 

Gelatin/Chitosan 
TFA and DCM (v/v 
7:3) 

Vertical 
Electrospinning 

Skin Tissue 
Engineering 

Fibrous scaffolds 
with improved 
mechanical 
properties helped in 
attachment, 
migration, and 
proliferation of cells 
in vitro. 

[68] 

Gelatin/Sodium Alginate 
Water 

(CaCl2: crosslinker) 

Patterned 
electrospinning 

- 

3D printing, freeze 
drying, and 
electrospinning were 
used to manufacture 
the porous scaffold. 
Long term in vivo 
studies demonstrated 
the ability of cells to 
vascularize on the 
scaffolds. 

[69] 

Gelatin/Glycosaminoglyca
n 

TFE and water Rotating collector 
Cartilage 
Tissue 
Engineering 

A nanofibrous 
scaffold was 
fabricated and tested 
with stem cells, 15% 
glycosaminoglycan in 
gelatin matrix 
showed the best 
results. 

[70] 

HA and collagen 

(PVP: sacrificial template) 
Ethanol 

Vertical 
Electrospinning 

Bone Tissue 
Engineering 

Bottom-up method 
was used to fabricate 
bone Haversian 
microstructure 
scaffold. 

[71] 

SF and HA 

(PEO: Sacrificial template) 
Water 

Wet 
Electrospinning 

Bone Tissue 
Engineering 

Mussel inspired 
polydopamine was 
used as an adhesive 
to coat another layer 
of HA on the fibers 
post-electrospinning. 
The scaffolds 
promoted cellular 
differentiation in 
vitro. 

[72] 



22 

Zein and Gelatin 
Acetic 
acid/water (v/v 4:1) 
and 5% w/v glucose 

Vertical 
Electrospinning 

- 

Maillard reaction was 
used to crosslink 
glucose with the 
proteins. Scaffolds 
with variable 
mechanical and 
surface properties 
were obtained. 

[73] 

2.3.2 Synthetic Polymer Blends 

There are a vast number of synthetic polymers that can be used for the fabrication of 
functional scaffolds. Polymer blending facilitates the incorporation of complementary 
properties of different synthetic polymers. There are several synthetic polymers that have 
been approved by the Food and Drug Administration (FDA) for tissue engineering, like 
PCL [74, 75], PLLA, PGA, and PLGA. Some of these polymers are biodegradable while 
some of the polymers are bioactive because of the degradation products which are 
recognized by the native tissues. Conductive polymers, such as PANI and PPy [76], and 
piezoelectric polymers [77], like PVDF, provide additional features to the scaffold and can 
be used to elicit electrical or mechanical stimulus to the tissues, respectively. The major 
advantages associated with synthetic polymers are the ease of scaling up, 
electrospinnability, relative affordability, superior electrical and mechanical 
characteristics, and relative ease of altering structures. Hanumantharao et al. demonstrated 
the fabrication of different morphologies of scaffolds from a polymer blend of PCL-PANI 
using electrospinning as seen in Figure 15. The fibroblasts used for in vitro analysis 
exhibited a difference in behavior based on morphology [78]. The disadvantage is that 
following electrospinning, the fibers need to be surface treated before culturing with cells 
or implantation. Table 3 summarizes the scaffold characteristics in terms of the synthetic 
polymers used, solvents used to blend the polymers, modifications to the electrospinning 
equipment, tissue targeted, and a description of the research. The most commonly used 
polymers as seen from the table are PCL [79], PLLA, and PPy [80]. 
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Figure 15. Field Emission Scanning Electron Microscope (FESEM) image of the different 
morphologies obtained using a synthetic polymer blend of PCL and PANI at different 
voltages. The scaffolds had no significant change in surface chemistry but had different 
mechanical properties. Reprinted with permission from [104], Elsevier, 2019. 

Table 3. Electrospun scaffolds based on synthetic polymer blends. 

Polymers Used 
Solvents 
Used 

Type of 
Electrospinning 

Type of 
Tissue 
Engineering 

Comments Ref. 

PANI, PEG, and PLA 
Chloroform, 
acetone and 
water 

Coaxial and 
uniaxial 
electrospinning 

Cardiac 
tissue 
engineering 

Presence of doped PANI 
and PEG helps in 
increasing electrical 
conductivity and affects 
thermal properties. Use 
of PLA helps in reducing 
the toxicity caused by 
PANI. 

[81] 

PBAT and PPy DMF and CF 
Climate 
controlled 
electrospinning 

Bone tissue 
engineering 

The fabricated scaffolds 
provided a surface for 
depositing 
nanohydroxyapatite 
(nHAp). The scaffolds 
were bioactive and 
helped in the 
differentiation of cells. 

[82] 
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PBAT/PPy DMF and CF 
Vertical 
Electrospinning 

Neural 
Tissue 
Engineering 

Scaffolds composed of a 
conductive polymer 
(PPy) and biodegradable 
commercial polymer 
(PBAT) were fabricated 
through polymer 
blending and 
electrospinning. The 
scaffolds supported 
neuronal differentiation 
and spreading. 

[83] 

PCL 

(PVA: sacrificial template) 

PCL: CF 

PVA: PC12 
cell culture 
medium 

Liquid–liquid 
coflowing 
electrospinning 
method 

Neural 
Tissue 
Engineering 

Fibers with PCL sheath 
and PVA/PC12 cell cores 
were fabricated. Cells 
were grown inside the 
hollow fibers after 
dissolving the PVA. The 
scaffold provides a route 
to make nerve 
connections. 

[84] 

PCL and PANI HFIP 
Vertical 
Electrospinning 

Cardiac 
Tissue 
engineering 

The fabricated scaffolds 
provide a conductive 3D 
environment that 
showed potential as bio 
actuators. 

[85] 

PCL and PANI Chloroform 
Rotating 
collector 

Skin Tissue 
Engineering 

Honeycomb patterns of 
varying dimensions 
were fabricated through 
self-assembly by altering 
the voltage applied 
during electrospinning. 

[78] 

PCL and PGS 
CF and 
acetone 

Sequential 
Electrospinning  

Vascular 
tissue 
engineering 

Tubular scaffolds were 
fabricated from PGS and 
PCL. The PGS (inner 
layer) is a fast degrading 
polymer that provides a 
non-thrombogenic 
surface while PCL (outer 
layer) provides 
mechanical stability and 
controls the degradation 
rate. 

[86] 
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PCL and PPy 
DCM/DMF 
(v/v 1:1) 

Rotating 
collector 

Muscle 
tissue 
engineering 

Copolymer of PCL-PPy 
was initially prepared 
before electrospinning. 
The scaffolds were 
conductive and 
composed of aligned 
fibers. It was found that 
conductivity did not 
play a major role in 
cellular differentiation. 

[87] 

PCL or PLLA and 
hexaaminocyclotriphosphazene 
(HACTP) 

PCL: Formic 
acid and 
Acetic acid 

PLLA: TFA 

Needle-less 
Electrospinning 

- 

Two different types of 
scaffolds were 
fabricated. The addition 
of HACTP increased the 
cell spreading, 
metabolism, 
proliferation, and 
bioactivity of the 
scaffolds. 

[88] 

PCL/PHB/58S bioactive glass 
CF /DMF 
(v/v 8:2) and 
ethanol 

Horizontal 
electrospinning 

Skeletal 
tissue 
engineering 

The fabricated fibers 
exhibited high stiffness 
of PHB, flexibility of 
PCL, and bioactivity of 
58S bioactive glass. 

[89] 

PCL/PLGA and BMP-2 

PLGA and 
PCL: TFE 

BMP-2: BSA 
and water 

Coaxial 
electrospinning 

Bone Tissue 
Engineering 

3D scaffolds were 
prepared using TISA 
post-electrospinning. 
The scaffolds promoted 
osteogenic 
differentiation and 
proliferation. 

[90] 

PCL/PLGA/PANI 
CF/DMF 
(v/v 3:2) 

Rotating 
collector 

Neural 
Tissue 
Engineering 

Electrically conductive 
scaffolds were 
fabricated. The scaffolds 
when electrically 
stimulated resulted in 
neurite outgrowth and 
cell proliferation in 
vitro. 

[91] 
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PCL-PLA (4:1) 
DCM/DMF 
(v/v 3:2) 

Rotating 
collector 

Bone tissue 
engineering 

Thermally induced 
nanofiber self-
agglomeration (TISA) 
was used to create 3D 
nanofibrous scaffolds 
after the fabrication of 
electrospun nanofibers. 
PCL/PLA-3D scaffolds 
facilitated new bone 
formation in a cranial 
bone defect mouse 
model. 

[92] 

PHBV/PEO TFE 
Rotating 
collector 
electrospinning 

Neural 
Tissue 
Engineering 

The aligned PHBV/PEO 
fibers after 
electrospinning were 
coated with laminin 
after treatment with 
plasma. The scaffolds 
provided topographic 
cues for the cellular 
alignment and 
orientation. In vivo 
studies demonstrated 
the effectiveness of the 
scaffold for peripheral 
nerve regeneration.  

[93] 

PU and PGS 

Two types of 
solvent 
systems 
were used. 

CF/DMF 
(v/v 3:2). 

HFIP, TFE 
and acetic 
acid 

Vertical 
Electrospinning 

Vocal fold 
tissue 
engineering 

Two different solvent 
systems were used to 
obtain scaffolds 
composed of PU/PGS. 
The morphology and 
mechanical properties 
were different when the 
solvent system was 
changed. Scaffolds 
mimicking mechanical 
properties of vocal folds 
were fabricated.  

[94] 

PVA and tetraethyl orthosilicate Water 
Vertical 
Electrospinning 

- 

A 3D silica sponge was 
fabricated using self-
assembly. The scaffolds 
have high porosity, low 
density, and 
demonstrated high cell 
vitality and proliferation 
rates. 

[95] 

2.3.3 Mixed Polymer Blends 

Mixed polymer blends are composed of a mixture of natural and synthetic polymers to 
form a homogenous blend, which is electrospun to fabricate functional scaffolds. The 
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blending and miscibility of synthetic polymers are well characterized because of their 
relatively known or characterizable glass transition temperatures. Natural polymers have 
variable glass transition temperatures owing to the variability in processing and changes in 
conformations. Hence, a blend of natural and synthetic polymer is challenging. A suitable 
solvent system is needed for preparing the blend, such that the natural polymer does not 
lose its native structure and consequently, its properties in the blend. Table 4 summarizes 
the scaffold characteristics in terms of the natural polymers used, synthetic polymers used, 
solvents used to blend the polymers, modifications to the electrospinning equipment, tissue 
targeted, and key points of the research. 

Table 4. Electrospun scaffolds based on mixture of synthetic and natural polymer blends. 

Natural 
Polymers 

Synthetic 
Polymers 

Solvents Used 
Type of 
Electrospinning 

Type of 
Tissue 
Engineering 

Comments Ref. 

6-O-
Tritylchitosan 
(Chitosan 
derivative) 

PCL DMF 
Vertical 
Electrospinning 

Bone Tissue 
Engineering 

The use of chitosan 
derivative along with 
PCL helped in 
increasing the 
biocompatibility and 
mechanical 
properties of the 
scaffold. 

[96] 

Alginate/PEO PCL/PEO DMSO 
Co-
electrospinning 

Cancer 
research 

Scaffolds with 
tunable properties 
were obtained, which 
interacted with 
cancer cells 
differently. 

[97] 

CA PVP 
Acetone and 
water 

Vertical 
Electrospinning 

Bone Tissue 
Engineering 

Polymer blending 
and electrospinning 
was used to create 
coaxial nanofibers of 
CA/PVP.  

[98] 

Carboxymeth
yl chitosan 

PCL 
Acetic 
acid/formic 
acid (v/v 2:3) 

Vertical 
Electrospinning 

Bone Tissue 
Engineering 

Carboxymethyl 
chitosan was used in 
place of chitosan to 
ensure the fabrication 
of scaffolds with a 
uniform 
morphology. The 
scaffolds promoted 
cellular proliferation 
when compared with 
chitosan/PCL 
scaffold. 

[99] 
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Chitosan 
Polyamide 
6,6 

Acetic acid and 
HFIP 

Vertical 
Electrospinning 

Bone tissue 
engineering 

The increase in 
concentration of 
chitosan showed 
enhanced suitability 
as scaffolds by 
increasing the 
bioactivity. 

[100] 

Chitosan PHB TFA 
Vertical 
Electrospinning 

Cartilage 
tissue 
engineering 

The blend was 
prepared to increase 
the hydrophilicity of 
the scaffolds. 

[101] 

Chitosan PVA Acetic acid 
Needle-less 
Electrospinning 

- 

The scaffolds have a 
controlled 
degradation rate and 
mechanical 
properties. 

[102] 

Chitosan PCL 
DCM and DMF 
(v/v 7:3) 

Vertical 
Electrospinning 

- 

Formation of a 3D 
scaffold through 
post-processing of 
electrospun mats 
using a needle 
machine and 
laminating multiple 
layers  

[103] 

Chitosan PCL DMF and CF Rotating collector - 

Nano fibrillated 
chitosan was blended 
with PCL to 
electrospin the 
scaffolds, resulting in 
improved 
mechanical and 
surface properties 
compared to PCL. 

[104] 

Chitosan PVA 
Acetic acid and 
water 

Vertical 
Electrospinning 

- 

The nanofibers were 
crosslinked with 
glutaraldehyde post 
electrospinning. The 
mechanical 
properties of the 
scaffolds could be 
varied by changing 
the crosslinking time. 

[105] 

Chitosan PLA 
PLA: CF 
Chitosan: acetic 
acid 

Vertical 
Electrospinning 

- 

A porous nanofiber 
network of fibers was 
fabricated using a 
binary solvent 
system.  

[106] 
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Chitosan and 
hyaluronic 
acid 

PCL 

(PEO: 
Sacrificial 
Template) 

Water, Formic 
Acid, Acetones  

Vertical 
Electrospinning 

Skin Tissue 
Engineering 

A 3D bilayered 
scaffold composed of 
chitosan/PCL-
hyaluronic acid was 
fabricated. The 
scaffold showed 
good mechanical and 
surface properties as 
well as facilitated cell 
proliferation and 
nutrient transfer in 
comparison to PCL 
and chitosan/PCL. 

[107] 

Collagen 
PCL and 
nano 
bioglass 

Acetic acid 
Vertical 
Electrospinning 

Nerve Tissue 
engineering 

Bioactive with 
tunable 
biodegradation rates 
were fabricated. 

[108] 

Collagen PLA 
HFIP and 
Water (v/v 8:2) 

Patterned 
Electrospinning 

Skin Tissue 
Engineering 

Multi-level 
architecture scaffolds 
were obtained by 
using a patterned 
collector. Collagen 
helped in improving 
the mechanical and 
surface properties of 
the scaffold. 

[109] 

Collagen PLGA HFIP 
Co-
electrospinning 

Neural 
Tissue 
Engineering 

The fabricated 
scaffolds had the 
advantages of 
collagen and PLGA. 
The scaffolds were 
tested using TBI 
models on animals 
and were found to be 
successful. 

[110] 

Collagen PCL HFIP 
Modified 
Electrospinning 
setup 

Wound 
healing 
applications 

Manipulation of the 
collector during 
fabrication was used 
to fabricate a 
nanotopographical 
patterned scaffold 
with control over the 
porosity and pore 
size. 

[111] 

Collagen PCL HFIP 
Near Field 
Electrospinning 

- 

Near-field 
electrospinning was 
used to create 
interconnected fiber 
junctions and fiber 
overlays. 

[112] 


