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Electrospun fiber scaffolds offer distinct characteristics, including a high surface area-to-volume ratio, excellent
porosity, fiber uniformity, compositional diversity, flexibility, and the ease of functionalization with bioactive
molecules. These scaffolds can effectively control the release rate of bioactive molecules, making them promising

candidates for delivering antibiotics, proteins, and growth factors.
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| 1. Introduction

Over the past few decades, tissue engineering and regenerative medicine have emerged as promising approaches
aimed at improving clinical outcomes in the treatment of tissue lesions and degenerations that can lead to
significant health deterioration. This is particularly crucial because human tissues possess limited regenerative
capabilities L. Regenerative engineering has emerged as a prominent field with the aim of enhancing and
regenerating damaged tissues while restoring their functionalities. In recent years, this field has experienced
remarkable progress driven by advancements in materials science, tissue engineering, and regenerative medicine,
thereby revolutionizing the manufacturing of artificial matrices. These matrices are designed to facilitate

biosorption, promote cell adhesion, and utilize electrochemical signals ZEI4],

Tissue engineering plays a crucial role in the advancement of nano- or micro-structured materials known as
scaffolds, which are essential for regulating cell behavior and promoting the regeneration of damaged tissues .,
Among these materials, those composed of electrospun fibers with diameters ranging from nanometers to
micrometers are particularly advantageous due to their ability to mimic the natural extracellular matrix (ECM) 8],
Electrospun fiber scaffolds offer distinct characteristics, including a high surface area-to-volume ratio, excellent
porosity, fiber uniformity, compositional diversity, flexibility, and the ease of functionalization with bioactive
molecules. These scaffolds can effectively control the release rate of bioactive molecules, making them promising
candidates for delivering antibiotics, proteins, and growth factors [&l. The incorporation of these bioactive molecules
into the electrospinning process can be achieved through various methods such as mixing, emulsion, coaxial

electrospinning, or even surface functionalization in a post-electrospinning process .

Therefore, electrospinning has gained recognition within the scientific community as a valuable technique in
additive manufacturing. It allows for precise control over fiber deposition, facilitating the development of nano- or

micro-structured materials known as scaffolds, which play a fundamental role in regulating cell behavior and
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promoting tissue regeneration 4. Moreover, electrospun nanofibers offer notable advantages, allowing for the
control of various properties such as hydrophilicity, stimulus-response capacity, and nano- or micro-structuring,
including designs like microwires &l nanotubes [, nanobelts 19, nanofibers 1, core—sheath 121, multilayer 13!, or
two- or three-dimensional assembly from one-dimensional structures 4, thus enabling the adoption of complex

geometries and structures.

The two- or three-dimensional structures are achieved through a combination of direct electrospinning and
predefined translational movement of the collector, resulting in 2D or 3D constructions with high porosity, defined
patterns, and controlled features [22l. These variables allow the fabrication of scaffolds that mimic the architecture
of the ECM, where the highly porous structure facilitates the diffusion and transport of nutrients and oxygen to the
cells. The pore size of the scaffold is essential for supporting and enabling cell-cell and cell-matrix interactions,
with the optimal pore size depending on the cell type [18l. Additionally, mechanical properties, such as the stiffness
of the ECM, can influence cellular activities, including adhesion, migration, proliferation, and differentiation 28, The
design of biomimetic structures considers various critical stages they need to undergo, encompassing viability, in
vitro cell function, implantation, integration, and in vivo remodeling. Hence, the scaffolds must be cell-friendly,
supporting cell viability while retaining their shape and mechanical properties over time, facilitating tissue

remodeling until the regenerated tissue fully takes over 7],

The 3D electrospun materials hold promise in creating specifically shaped scaffolds for tissue repair; however, they
currently face limitations in replicating the complex and organized structures found in native tissues. The scaffolds
can only be tailored to the specific functions of a single cell type, lacking the versatility of native tissue structures
(18] Nevertheless, advancements have been made in fabricating ECM-like three-dimensional electrospun
structures using diverse methodologies involving one or more materials and phases 12, Therefore, the ongoing
development of structured materials with flexibility, biocompatibility, solubility, and programmability holds great
potential for revolutionizing ECM development. This includes exploring a wide variety of biocompatible and

biodegradable polymeric materials capable of replacing or augmenting the functions of living tissues 29,

While electrospun materials have shown moderate success in designing and fabricating soft tissue replacements
or implants, such as vascular grafts, skin grafts, hernia patches, and artificial ligaments (Figure 1), there are
challenges in creating more complex and efficient biomimetic structures. Currently, the spatial organization and
structural components of these scaffolds limit their application in areas such as posts, bone grafts, bone plates,
joint replacements, spinal rods, intervertebral discs, and spinal cages. Although existing scaffolds are made from
synthetic biomaterials and have demonstrated considerable success, further advancements are necessary to

bridge the gap between these materials and the complex nature of human body tissues.
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Figure 1. Schematic illustration of electrospun implants.

| 2. Ideal Scaffold System

Cellular scaffolds must possess specific characteristics to be considered suitable scaffold systems, with
requirements varying based on the intended application and tissue type. However, all scaffolds must meet certain
minimum criteria to enable their viability as an ECM. These requirements include:

« The manufacturing material should have appropriate surface chemistry to ensure biocompatibility, allowing for

cell attachment and growth without inducing adverse tissue responses or inflammation caused by degradation
by-products [211122](23]

» The scaffold should feature an interconnected porous structure with controlled pore geometry and size. This
structure should maintain mechanical stability over a period of time, facilitating adequate tissue regeneration
within the scaffold. The interconnected porous structure is crucial for cell clearance, nutrient transport, and
removal of cellular waste, all of which are vital for cell formation and tissue growth. The optimal size and
morphology of the pores can vary depending on the cell type, but they should be large enough to support three-
dimensional tissue formation through multilayered cell growth. Additionally, a highly porous scaffold not only
maximizes tissue growth but also minimizes material usage [241[25](26]

» The scaffold should possess mechanical properties similar to the target tissue to promote proper vascularization
and minimize drastic changes in mechanical properties between the scaffold and the newly formed tissue. This
helps prevent the formation of unintended tissue types [27(28],

| 3. Scaffold Materials

https://encyclopedia.pub/entry/47761 3/44



Electrospun Scaffolds for Tissue Engineering | Encyclopedia.pub

Scaffold materials can be broadly classified into three groups: natural, synthetic, and hybrid materials 2239,
Natural materials are derived from plant sources, microorganisms, animals, or human tissues [31] They often come
with high costs due to the challenges of isolation and processing, and their properties can vary significantly
between batches. Synthetic materials, on the other hand, offer a solution to availability issues, as they can be
produced synthetically. However, synthetic materials can also exhibit batch-to-batch variations and varying

production costs as well as a wide range of properties through chemical functionalization 221,

Synthetic materials can be further categorized as either biodegradable or non-degradable. Biodegradable synthetic
materials, such as polyesters 3l polyanhydrides 4!, polyphosphoesters 31, and polyorthoesters 38l provide
control over scaffold structure and surface properties to accommodate biological requirements for cell adhesion,
growth, and functions. Scaffolds can be processed with controlled macro- and microstructures, including size and
porosity, and they can be tailored to different degradation times, ranging from days to years, depending on the
scaffold’s structure and manufacturing material 2. Therefore, biodegradable synthetic polymers find widespread
use in scaffold manufacturing. For example, hybrid meshes made of dextrin and poly(ethylene oxide) (PEO) can
exhibit mechanical properties similar to human skin by combining the mechanical strength of dextrin with the
flexibility of PEO. These structures can be adjusted by altering the polymer ratio. On the other hand, non-
degradable materials, such as polyethylene (PE), poly(ethylene terephthalate) (PET), poly(tetrafluoroethylene)
(PTFE), silicone rubber (SR) 28] and others, offer excellent mechanical properties for various scaffold applications.

However, there is a risk of permanent tissue reactions due to wear and tear during implantation.

Among the materials used in tissue engineering, biodegradable polyesters are widely employed compared to other
biodegradable polymers (Table 1) B9[40 polyesters, such as poly(a-hydroxy acid) (PAHA), have demonstrated
considerable success in various applications, including implants 4142 However, the mechanical properties and
degradation profiles of these polyesters may be insufficient for specific applications, and certain derivatives can be
toxic during degradation. Therefore, as tissue engineering continues to advance, there is a need to develop
biodegradable polymers or alternative materials of natural, mineral, or composite origin 4314445l that meet specific
structural and biodegradability requirements, allowing for cell adhesion, growth, and tissue regeneration. The
challenge lies in cultivating cells on the scaffold to produce appropriate tissue matrices 48!, Scaffold engineering
plays a vital role in regenerative medicine, providing an alternative for cell survival, proliferation, and differentiation
for tissue formation under in vitro or in vivo conditions. Additionally, scaffolds can be designed to deliver therapeutic

and bioactive agents simultaneously to tissue lesions [47[48[49](50]

Table 1. Polymers used in electrospun scaffolds for tissue engineering.

Category Polymers
Natural polymers Cellulose 1

Xanthan gum 2

Poly(hydroxyalkanoates) ]
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Category

Synthetic polymers

Polymers
Starch B4

Chitosan 23
Chitin B!
Pullulan B2
Alginate (58l
Wheat gluten [59]
Gelatin €%
Collagen 2
Dextrin €2
Fibrin &3
Zein &4
Poly(hydroxybutyrate) (PHB) 2
Polyamide-6 (€8
Polycaprolactone (PCL) &2
Polylactic acid (PLA) (8
Poly(lactic-co-glycolic acid) (PLGA) (69]
Polyvinyl alcohol (PVA) 2
Poly(glycolic acid) (PGA) L
Poly(butylene succinate) 2
Poly(anhydride-ester) 2!
Polyorthoesters 4
Polycarbonate 2
Polyanhydride 8
Polyfumarate 2

Polyphosphoester 8
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Category Polymers

Polyphosphazenes 2
Poly(urethane ester)urea [89]
Poly(L-lactide-co-caprolactone) (PLCL) (8]

Polyurethane (PU) (81] ¢ fib
1 of fibers

Poly(vinylidene fluoride) (PVDF) &2 tilizes an
electrical charge to manufacture nano- and micro-structured materials, which exhibit lightweight and soft
properties, along with a significant surface area-to-volume ratio and porosity at both the structural and fiber levels
B3] These unigue characteristics render these materials highly suitable for a wide range of biomedical applications,
including tissue engineering. They have the ability to mimic the ECM, promoting cell migration and proliferation.
Additionally, electrospun fibers can effectively incorporate drugs or other biomolecules into their structure or onto
the fiber surfaces. Beyond the biomedical field, electrospun fibers find diverse applications in areas such as
filtration membranes, multifunctional membranes for photo/chemo/electrocatalysis B483 nanodevice electronics
B8] piosensors &1 self-powered electronics in textiles B8 electromagnetic interference shielding 2, stealth

materials 29, and energy storage and conversion 24,

The most commonly employed electrospinning technique involves the assembly of fibers formed from polymer
solutions, which is known as solution electrospinning. This technique is typically conducted at room temperature
under atmospheric conditions L The electrospinning system comprises a high-voltage power supply, a syringe
pump, a spinneret (usually a blunt-tipped hypodermic needle), and a grounded conductive collector, such as a
metal screen, plate, or rotating mandrel. The power source can be either direct current (DC) or alternating current
(AC), which imparts a charge of specific polarity to a polymer solution or molten polymer. The charged polymer is
then accelerated toward a collector of opposite polarity (Figure 2) B3] The electrospinning process can be broadly
divided into four consecutive steps: (i) charging the liquid drop and forming a Taylor cone or cone-shaped jet; (ii)
extending the charged jet along a straight line; (iii) thinning of the jet in the presence of an electric field and
increased electrical bending instability, also known as whipping instability; and (iv) solidification and collection of
the jet as solid fiber(s) on a grounded collector [BAIESIES  This technique can be implemented in various

electrospinning configurations, as depicted below (Figure 3).

https://encyclopedia.pub/entry/47761 6/44



Electrospun Scaffolds for Tissue Engineering | Encyclopedia.pub

Syringer needle

HV+ |, HV-
L
High voltage

Figure 2. lllustration of electrospinning process.

Rotating wire drum Reotating mandral Rotating drum with
wire around it

; !
1 % =

Rotating disk Retating tubg with Rotating deumn with a
knife-adge clectrodes below  sharp pin inside

G
/7 7%

Parallel electrodes Electrode array Blades placed in line

Ring collectors Muliple spinnenets Yam collection using
placed in pallal witer bath

Figure 3. Schematic illustration of electrospinning configurations.
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Currently, extensive efforts are being made to develop methods for manufacturing 3D structures, including
microembossing 2, fiber felts 88 3D printing & and electrospinning 2. Among these techniques,
electrospinning is considered a simple and versatile approach that enables the production of uniform fibers in a
continuous and scalable process. However, the assembly of 3D fibrous structures still poses a significant
challenge, as most electrospun materials are limited to 2D structures 2B |n general, four strategies are
employed for fabricating 3D electrospun structures, which face the issue of hypoxia resulting from limitations in
oxygen and nutrient diffusion within 3D scaffolds. Nevertheless, 3D nanofiber scaffolds created by incorporating
fibers of different diameters (nano/micro) and forming micro/millimeter-sized pores have the potential to mitigate
these diffusion limitations. Consequently, significant efforts have been dedicated to developing 3D nanofiber
scaffolds with customized shapes and adjustable pore sizes, facilitating notable advancements in tissue

regeneration through various approaches (Figure 4):

Spinning ime Templale-sssisted callecton 30 printing :nr!':hl?ﬂ with
glectrospinning

Laguad assisted collection Self-assembled 30 fibrous stacks Compesites of electrospun fibers

v

Multilayer eboctrospinning

Figure 4. Schematic illustration of 3D electrospun methods.

(a) Spinning time; electrospinning is particularly suitable for fabricating 2D structures, such as membranes with

random or aligned orientations 2. However, conventional electrospinning leads to changes in membrane
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thickness over time, resulting in 3D structures with thicknesses ranging from tens to hundreds of microns.
Moreover, multilayered 3D macrostructures comprising different materials can be achieved through sequential
electrospinning 221931 or co-electrospinning 24!, involving the exchange and electrospinning of polymer solutions
under different conditions (23,

(b) Assembly through post-processing of 2D electrospun structures, involving techniques like folding, rolling-up (28],

sintering 22, and mechanical expansion 28], to achieve the desired morphology for subsequent applications.

(c) Direct assembly using auxiliary factors, such as 3D templates 22 liquid collectors, or porogenic agents.
Templates are commonly in the form of mechanical collectors with desired shapes (e.g., rotating collectors or

static collectors) or other fibrous structures (e.g., microfibers), which serve as matrix templates [1091[201]

- Rotating collectors enable the fabrication of single or interconnected micro- and macro-tubes with multiple

micropatterns (292,

- Fibrous 3D templates are created using a hybrid technique that combines traditional electrospinning with
methods like 3D printing, allowing for the production of 3D prototypes 2231 onto which solution electrospun

fibers 1941 or fusion electrospun fibers 193] gre subsequently deposited.

- Liquid collectors are effective for manufacturing 3D fibrous structures by utilizing liquid deposition or vortex

formation to solidify the fibers, resulting in a 3D fibrous structure [08],

- The addition of porogenic agents, such as ice crystals 1971081 sajt particles [299 or even certain polymers
(e.g., PEO), is ideal for fabricating highly porous 3D fibrous structures (1191 These materials, acting as
porogens, are typically mixed with the precursor during the electrospinning process and later washed away

after reaching the desired thickness 199,

(d) Self-assembly is a strategy for creating nest-like fibrous structures through the utilization of electrostatic forces
between already collected fibers, where flying fibers are directed to settle on nearby conductive regions to

dissipate their charges [112],

| 5. Applications

Electrospun 3D structures and membranes closely resemble the morphology and mechanical properties of native
tissue extracellular matrices 23], These electrospun scaffolds serve as analogs to the ECM, providing a supportive
environment for cells and promoting stem cell regeneration and differentiation into functional tissues. The unique
characteristics of electrospun materials, such as their large surface-to-volume ratio, pore size, and fiber diameter,
facilitate efficient cell infiltration and proliferation 141181 Fyrthermore, these scaffolds offer the potential to
incorporate bioactive agents, enhancing their biocompatibility and making them promising candidates for a wide

range of biomedical applications. Examples include nerve regeneration 228l vascular grafts 114 bone grafts 1181,
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and more. Additionally, electrospun structures find utility in controlled drug delivery 119 biosensors, and cancer
diagnosis 129,

5.1. Nerve and Neural Regeneration

The human nervous system has a limited capacity for regeneration, particularly in the case of large lesions 1211,
which poses a significant clinical challenge for repair. The nervous system consists of the central nervous system
(CNS) and the peripheral nervous system (PNS) 1221 Within both the CNS and PNS, neurons are surrounded by
various regulatory cells collectively known as glia. The interaction between neuronal cells and glial regulatory cells
is crucial for maintaining a balanced ECM and facilitating proper electrophysiological functions. One notable
distinction between the CNS and PNS is the relatively reduced protection of the PNS, which lacks bone tissue and
the blood—brain barrier. Consequently, the PNS is more susceptible to physical trauma, chemical substances, and
biological agents, often resulting in injuries or diseases that lead to impaired muscle movement and permanent
sensory loss 2231, Autologous nerve grafting is currently the standard treatment for nerve damage, involving the
use of donor nerves, which are typically harvested from the patient’s sural nerve (1241, However, this procedure may
result in functional loss and permanent morbidity at the donor nerve site 123 as well as potential Schwann cell

necrosis in the grafted nerve due to limited perfusion from surrounding blood vessels 1261,

Considering the potential complications linked to autologous nerve grafting, electrospun structures offer an
appealing alternative for the repair and regeneration of injured nerves. These structured materials provide versatile
methods for non-traditional clinical treatments 127, They utilize synthetic 1281291 semj-synthetic 139 and natural
(131][132] polymeric materials to manufacture structures with well-aligned fibers at the nano- or micro-scale,
exhibiting minimal defects (133, These structures serve as supportive scaffolds to connect injured nerves and guide
nerve regeneration, promoting attachment, propagation, neurite outgrowth, and axonal regeneration along the fiber
direction 134 Three-dimensional scaffolds composed of uniaxially and radially aligned fibers have demonstrated
particular efficacy in regenerating neuronal damage £33, while two-dimensional scaffolds are primarily used for in
vitro neuronal regeneration studies 136l Uniaxially oriented fiber scaffolds effectively differentiate bone marrow-
derived mesenchymal stem cells (MSCs) and Schwann cells, whereas radially aligned fibers show enhanced repair
capacity in spinal cord injuries by promoting cell proliferation surrounding the injury site 23711381 Mechanisms such
as the migration of neural stem cells from the periphery to the center and along the scaffold contribute to these
outcomes 29l Despite significant advances, precisely replicating all the structural and biochemical features of

nervous tissue remains a challenge.

Among the electrospun 3D scaffolds, multitubular structures, often designed with microchannels or intraluminal
coatings, are frequently employed as nerve guides (NGCs) in in vivo studies. These multitubular scaffolds aim to
provide additional topographic signals, including topographic and biological orientation, simultaneously to facilitate
nervous tissue regeneration. Methods to achieve additional topographic orientation include using sacrificial
templates such as sucrose fibers 149 Additionally, piezoelectric polymers and conductive polymers have the
capacity to deliver electrical stimulation to cells. For instance, the use of polypyrrole, a conductive polymer, enables

Schwann cell proliferation and axonal regeneration in vivo through the application of topographic and electrical
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signals 141, The efficiency of electrospun conduits can be further enhanced by incorporating cells 2271 biochemical
signals, peptides (e.g., IKVAV) 142 hioactive molecules such as fibronectin and laminin 223! neurotrophic growth
factors [144l145][146] nerye growth factors 47, antibodies targeting inhibitors present in harsh extracellular
environments, small molecules (e.g., paclitaxel) 148 and electrical stimulation 122150 These enhancements play

crucial roles in facilitating the process of nerve regeneration (Figure 5).

Surface functonalization Intraluminal guidance Electrospun tube

Multichanel structure Electrical activity Hybrid aproaches
Figure 5. Electrospun scaffold approaches for nerve regeneration.

For instance, chitosan-based oriented fiber conduits have demonstrated remarkable efficacy in aligning Schwann
cells and promoting the regeneration of peripheral nerves. These conduits enhance cell adhesion to the aligned
chitosan fibers, creating a unique structure that extends between the cells and adjacent fibers. Histology studies
have confirmed the formation of nervous tissue with Schwann cell myelinated axons, closely resembling isografts
within the conduit. These findings suggest that chitosan-oriented fiber conduits hold promise as a potential
alternative to autologous nerve grafting [121/152][153]

Similarly, nanofibrous PLGA scaffolds were engineered with longitudinal 2D and random 3D orientations, featuring
mean fiber diameters of 187 + 121 nm and 197 + 72 nm, respectively. Characterization studies revealed that the
2D scaffolds exhibited a pore size of 3.5 £ 1.1 pym, which is significantly smaller than the random scaffolds, which
had a pore size of 8.0 £ 2.0 um. The pore size of the scaffold influenced various properties, including degradation
rate, with the random fiber scaffolds degrading at a faster pace. Additionally, the random scaffolds demonstrated
greater tensile strength and Young’s modulus compared to the aligned fiber scaffolds. In vitro cultures of Schwann
cells on the scaffolds revealed that the aligned fibers acted as guides, promoting cell proliferation. In summary, the

results demonstrated that aligned fiber scaffolds exhibited superior deformability, slower degradation, comparable
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porosity, and provided topographic orientation cues compared to random fiber scaffolds. Thus, longitudinally

aligned fibers hold significant potential as scaffolds for nerve regeneration [124],

Furthermore, biofunctionalized PCL fibrous scaffolds incorporating glial cell-derived neurotrophic factor (iGDNF)
displayed controlled release of the factor, exerting a positive influence on primary cortical neural stem cells in in
vitro studies and enhancing cell transplantation within the brain parenchyma. The biofunctionalized scaffolds
exhibited notable improvements in the cell viability and proliferation of neural stem/progenitor cells, surpassing
conventional two-dimensional culture materials. Moreover, upon implantation, the scaffolds continued to enhance
the survival, proliferation, migration, and neurite outgrowth of cortical cells while suppressing reactive inflammatory

astroglia 1531,

5.2. Skin Regeneration

The field of skin tissue engineering faces significant challenges in developing scaffolds that can effectively mimic
the complex ECM of the skin. The skin’s ECM is composed of collagen fibrils arranged in a mesh-like pattern,
resembling a basket-shaped tissue structure 1281, |t comprises two distinct layers: the epidermis and the dermis,
with the epidermis having a lower capacity for regeneration compared to the dermis 157 Therefore, tissue
engineering aims to not only facilitate wound closure but also promote the regeneration of both layers in a manner

that closely replicates their natural composition and organization (Figure 6).
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Figure 6. Electrospun scaffolds to promote skin regeneration.

Electrospun materials hold significant promise in tissue engineering due to their structural similarity to the mesh-
like ECM 58] Moreover, they offer biomechanical properties that may surpass those of normal human skin (4—20
MPa) by utilizing naturally derived or synthetic polymers in scaffold fabrication 252, Studies examining the effect of
fiber diameter have revealed that fibers within the range of 350 to 1100 nm facilitate better fibroblast proliferation,
leading to the formation of well-distributed cell layers 169 Additionally, nanofibers with crossed patterns have
demonstrated improved migration rates of keratinocytes and fibroblasts compared to randomly or unidirectionally
aligned nanofibers (2611, These structural factors have the potential to enhance wound healing 24 and decrease the
risk of hypertrophic scarring by preventing abnormal fibroblast proliferation and excessive collagen deposition [£62],
Several cell-signaling molecules have been investigated, including basic fibroblast growth factor (bFGF) 163

transforming growth factor-B1 (TGF-B1) 164 and ginsenoside-Rg3 182 For instance, the incorporation of
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ginsenoside-Rg3 and bFGF into PLGA nanofibers using a combination of electrospinning and surface
immobilization has shown promising results in promoting normal fibroblast function 1621651  Similarly, TGF-B1
inhibitors tested on composite nanofibers of PCL/gelatin have exhibited potential in inhibiting hypertrophic healing
(1661 Therefore, understanding the impact of nanofiber characteristics, such as diameter and alignment, on cell

signaling mechanisms and biochemical pathways is crucial for scar prevention.

Xylan, chitosan, gelatin, collagen, silk fibroin, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(lactic
acid-co-glycolic acid) (PLAGA), PLGA, poly(L-lactic acid)-co-poly(3-caprolactone) (PLLCL), and PCL are among
the most commonly employed polymers in skin tissue engineering [L50I[151][152|[153][154[155][156][157]  Notably,
electrospun PLAGA 3D scaffolds with varying fiber diameters have exhibited tensile moduli within the range of
normal human skin, ranging from 39.23 £ 8.15 to 79.21 + 13.71 MPa. Studies on the impact of fiber diameter have
shown that human skin fibroblasts seeded on matrices with fiber diameters ranging from 350 to 1100 nm display
significantly higher proliferation rates compared to matrices with fiber diameters below or above this range. This

favorable response results in the formation of well-distributed cell layers on the scaffolds after 28 days in vitro 2311,

Moreover, blending PLCL with PU to create electrospun scaffolds with a 50% PLCL content and a suitable degree
of fiber crosslinking has demonstrated improved mechanical properties and appropriate porosity. These scaffolds
have shown significant biological advantages in terms of human skin fibroblast growth, with cells adopting a
sprawling morphology compared to PU membranes, indicating the excellent cytocompatibility of the composite
scaffolds. These findings highlight the substantial potential of electrospun PU/PLCL scaffolds in skin regeneration

applications B4,

5.3. Bone Regeneration

Bone tissue engineering is a rapidly expanding field that offers a promising approach to repairing and regenerating
bone lesions resulting from various conditions, including tumors, trauma, or disease 287, Typically, bone tissue
engineering involves the use of scaffold materials in combination with tissue cells and biological signals. The
scaffold provides the necessary support for cells to adhere, grow, and differentiate 168l Tissue engineering is an
excellent alternative to reconstructive techniques such as autologous and allogeneic bone grafts, which require

multiple surgeries and carry the risk of complications and patient trauma (1621170,

Although electrospinning offers a suitable solution for soft tissue regeneration, it encounters a significant challenge
when designing 3D scaffolds with the desired pore size for bone regeneration. The inherent nature of
electrospinning produces very small pores, typically around one micron, which may not be optimal for bone scaffold
fabrication that requires larger pores (200-400 um) L7721 Nevertheless, 3D electrospun scaffolds hold great
potential as bone substitutes in tissue reconstruction due to their ECM-like morphology 278l Achieving suitable
mechanical properties for the scaffold is crucial as it should mimic native bone, providing mechanical support

during bone regeneration while guiding osteogenesis to accelerate bone healing [ZZ4IL75],
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In this context, a wide range of materials and methods (Figure 7) have been investigated for their application in the
fabrication of bone structures. These materials can be broadly classified into four categories based on their

composition: bioactive inorganics LZ8IIL77I178]179]1180]  jegradable polymers 18 non-degradable polymers [182

(1831 and their composites (hybrids) [184185] However, many polymers used in 3D electrospinning structures have
a lower Young's modulus compared to cortical bone, which is approximately 3.1-34.3 GPa, and a strength of 65—
238 MPa 18I188Il187] thanks to its main structure of type | collagen fibrils and hydroxyapatite nanoparticles. To
overcome this limitation, researchers have incorporated bioactive inorganic materials into the electrospinning
process, resulting in scaffolds with suitable properties for bone regeneration. The incorporation of bioactive
inorganic materials in these scaffolds has been shown to improve their mechanical properties [188I189 gnd the
cytocompatibility of polymeric nanofibers 199 as well as adhesion and cell growth. These improvements facilitate

osteogenic differentiation and calcification of the bone matrix, which are crucial in the bone formation process 2211,
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Figure 7. Electrospun scaffold approaches for bone regeneration.

The fragility of certain inorganic materials limits their application as cell supports, particularly in areas where they
interface with soft tissue: for example, in subchondral areas involving bone and articular cartilage lesions 221,
Therefore, the introduction of a polymer phase can provide mechanical flexibility while eliminating the need for
subsequent treatments. The polymer phase acts as a binding matrix and can also be utilized for drug delivery

systems [192],

In practice, the intrinsic properties of polymeric and inorganic materials have been successfully studied and applied
in electrospinning nanofiber systems. Special consideration is required for the preparation of polymeric solutions
when incorporating inorganic compounds due to their suspension stability 1231 Various methods have been
developed to produce hybrid nanofibers through electrospinning with inorganic compounds, including
hydroxyapatite 124 polyphosphate 2931 bjoactive glass 1928 ceramic 124, and dicalcium silicate 1281 among
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others. These materials have been proven to be excellent inorganic phases in the production of high-strength

scaffolds for hard tissue regeneration.

Some examples of hybrid scaffolds include gelatin nanofibers electrospun with varying amounts of hydroxyapatite
using organic solvents and water 223, The hybrid nanofibers exhibited a uniform distribution, which is attributed to
the interactions between hydroxyapatite and gelatin amino acids, which also prevented the precipitation of the
inorganic phase. In both cases, the incorporation of the inorganic phase significantly enhanced the chemical
stability of gelatin, resulting in a hybrid network and promoting notable osteoblast differentiation 224, The same
approach has been applied to create collagen—hydroxyapatite scaffolds 2% as well as chitosan—hydroxyapatite
scaffolds 2921, among others. These hybrid scaffolds aim to generate a nanofibrous matrix that closely mimics the
bone ECM.

In addition to natural polymers, synthetic degradable polymers have also been utilized in the electrospinning of
composite fibers containing bioactive inorganic materials. However, combining these polymers with inorganic
phases poses a significant challenge due to their hydrophobic nature. This hydrophobicity hinders the
homogenization and organization of the inorganic phase, unlike natural polymers that tend to be more hydrophilic.
Some studies have reported the incorporation of CaCO3; nanoparticles into electrospun membranes made of PCL
[203] These CaCO3 nanoparticles exhibit good water affinity, desirable tensile mechanical properties, and promote
the favorable adhesion and growth of osteoblasts. To address the challenges associated with homogenizing and
organizing the inorganic phase, some methodologies have employed surfactants. These surfactants act as
mediators, leveraging their amphiphilic nature to stabilize the interface between the inorganic and organic
components as well as the solvent interface. This approach effectively prevents the agglomeration of inorganic

nanoparticles and the formation of beads during the electrospinning process [204],

Other reported examples have utilized a 12-hydroxystearic acid surfactant in the manufacturing of PLA composite
fibers containing hydroxyapatite nanocrystallites 2951, The electrospun fibers were obtained without beads, with
fiber sizes in the range of a few microns, and they exhibited a uniform distribution of hydroxyapatite nanocrystals
within the PLA matrix. Cellular studies demonstrated that these composite fibers promoted osteoblast growth and
phenotypic expression at a significantly higher level compared to pure PLA polymeric fibers. In general, the focus
of electrospinning composite fibers has been primarily on achieving the uniform incorporation of bioactive inorganic

nanoparticles within a polymer matrix while maintaining the fibrous morphology and control over homogenization
206

The incorporation of bioactive inorganic phases in conjunction with degradable polymers of natural and synthetic
origin holds promise in fabricating ECMs suitable for bone tissue regeneration, including its interface with cartilage
(2071 Therefore, further studies are anticipated to focus on developing composite nanofibers with new compositions
that offer both desirable mechanical properties and biological functionalities for bone regeneration. Despite existing
challenges, such as achieving morphological and compositional control, reducing fiber size, ensuring
homogenization, and guaranteeing mechanical stability, composite nanofibers show potential for surpassing the

capabilities of individual polymeric components. This can be achieved through the incorporation of metal
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nanoparticles 29812091 \hich exhibit a relatively high modulus, or by developing polymer-free ceramic scaffolds for

hard tissue regeneration (219,

In recent years, several research groups have explored another application of 3D fibrous scaffold manufacturing
techniques in bone tissue engineering 211, This involves fabricating PLA microfibrous 3D scaffolds using the
electrospinning technique, which is followed by a mechanical expansion process. The resulting scaffolds were
evaluated and demonstrated favorable results in terms of cell infiltration and bone formation after 2 to 4 weeks,

using the rabbit calvarial model 28,

Cai et al. introduced a novel electrospinning-based fiber assembly technique for fabricating a macroporous 3D
scaffold using PLLA/PCL nanofibers. The scaffold had a thickness of 3 mm and a diameter of 15 mm,
demonstrating favorable mechanical resistance with an elastic modulus of 71.68 + 5.61 MPa. Additionally, it
exhibited interconnected micropores, resulting in a porosity of 77.61 + 6.35%. To assess its potential for bone
formation, the efficacy of the 3D scaffold was evaluated using a human embryonic stem cell-derived mesenchymal
stem cell differentiation model and a rabbit tibial bone defect model. In vitro studies demonstrated robust cell
proliferation and growth on the 3D scaffold. Furthermore, when applied to the bone defect, the scaffold promoted
the formation of bone tissue. By week 3, there was observable bone tissue formation both around and within the
scaffold. By week 6, most regions of the scaffold displayed thicker and more mature bone tissue with newly formed

cortical bone exhibiting interconnectedness and serving as a structural and functional unit 212,

5.4. Cartilage Regeneration

Cartilage is a structural component found in various parts of the body, including the rib cage, ear, nose, and joints.
There are three types of cartilage, which are distinguished by their ECM composition: elastic cartilage (with elastic
fibers in the ECM), fibrous cartilage (with a rich collagen fiber ECM), and hyaline cartilage (predominantly
composed of glycosaminoglycans (GAGSs) in the ECM). The latter, known as articular cartilage or diarthrosis-like
cartilage, is a resilient connective tissue covering the surfaces of bones within joints. It consists of approximately
30% chondrocytes by volume, along with an integrated ECM comprised of type Il collagen and proteoglycans,
which are secreted by chondrocytes [213]1214][215]

Articular cartilage is a tissue that is structurally and functionally complex. Its ECM exhibits spatial variations in
organization and composition from the superficial to the deep zones. In the superficial zone, the concentration of
type Il collagen decreases, while the amount of proteoglycans increases. This zone is acellular and consists of
collagen fibrils aligned parallel to the articular surface. On the other hand, the middle and deep zones are
composed of densely packed collagen fibrils oriented perpendicularly to the articular surface. A zone of calcified

cartilage separates the deep zone, which is non-calcified, from the subchondral bone, which is rich in type X
collagen [21811217],

The articular cartilage serves as a deformable, low-friction surface that facilitates the movement of synovial joints. It

supports high dynamic compression loads due to its gradient structure and mechanical properties, including a

https://encyclopedia.pub/entry/47761 16/44



Electrospun Scaffolds for Tissue Engineering | Encyclopedia.pub

resistance ranging from 9 to 40 MPa, toughness (fracture energy of 1000 to 15,000 J m2), elasticity (fracture
deformation of 60 to 120%), and a coefficient of friction of 0.010 [218l219] pespite its crucial functions and
mechanical properties, cartilage lacks blood vessels and nerves, and it has limited capacity for repair (217220
Various approaches have been used for cartilage repair, such as autologous chondrocyte implantation and the
microfracture technique (221, Tissue engineering has sought alternative solutions for cartilage repair, including the
use of hydrogels 222, However, hydrogels have certain disadvantages due to their poor mechanical properties and
limited ability to mimic the ECM of cartilage [2231122411225] Consequently, electrospun materials have emerged as a
promising alternative to hydrogels, gaining increasing interest due to their biomimetic properties similar to the ECM
as well as superior mechanical properties. Electrospun hydrogels have proven to be an excellent alternative in this

regard.

Continuous advancements in tissue engineering have facilitated the production of highly organized fiber scaffolds
capable of emulating cartilage and serving as temporary replacements for damaged articular cartilage with 3D
scaffolds [228]. Hydrogels show promise as materials for cartilage regeneration, especially when combined with
electrospun fibers to reinforce their structure 227, These scaffolds are able to mimic the natural ECM due to their
high porosity and water content. Additionally, the presence of fibers allows for improved mechanical properties as
they can reorient themselves under deformation, thereby strengthening and enhancing the system 228 |n this
sense, efforts have been made to optimize the mechanical properties of hydrogels by incorporating various
polymer fibers with specific diameters, alignment, porosity, and the number of scaffold layers to facilitate cell
infiltration 222, Studies have suggested that nanofibrous scaffolds can promote the expression of chondrogenic
markers such as type Il collagen and aggrecan. This may be attributed to the fact that the size and alignment of the

fibers can influence the morphology of chondrocytes, ultimately affecting gene expression [2321231],

Various natural and synthetic polymers have been utilized to fabricate electrospun scaffolds for applications in
cartilage regeneration. These polymers include polycaprolactone (PCL) 222 poly(lactic-co-glycolic acid) (PLGA)
(2331 poly(L-lactic acid) (PLLA) 2341 polyvinyl alcohol (PVA) 222 hyaluronic acid (HA) 233 silk fibroin 2381 and
chitosan 2371 among others. In this regard, techniques have been developed to reinforce hydrogel scaffolds by
incorporating nanofibers of varying sizes into the hydrogel matrix, which are positioned randomly to promote an
irregular orientation of chondrocytes 231, For instance, alginate-grafted hyaluronic acid (Alg-HA) hydrogels and
fragmented PLA fibers were fabricated through an aminolysis reaction to enhance hydrophobicity and cell-
interaction capabilities. The nanofiber-reinforced hydrogels exhibited higher compression modulus and lower
swelling index compared to Alg-HA hydrogels without PLA fibers. The orientation of the fibers in the hydrogel
allowed for control over fracture and gel strength. Notably, the scaffold demonstrated excellent cytocompatibility,
promoting chondrocyte proliferation and the production of glycosaminoglycans (GAGs) and other extracellular
molecules [238 Similarly, hydrogels composed of chitosan enriched with electrospun fibroin fibers exhibited
improved compression and Young’s modulus properties compared to chitosan alone. These hybrid hydrogels hold

promise for cartilage formation 239,

The incorporation of a porogenic agent in scaffold manufacturing for cartilage regeneration is a valuable strategy to

enhance cell infiltration within porous fibers. Through electrospinning, highly porous PCL fibrous scaffolds were
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created using a combination of PCL and PEO fibers. The PEO fibers acted as a porogen, leading to the formation
of macropores upon their subsequent removal through dissolution. In contrast to other conventional nanofiber
systems with limited cellular infiltration, the electrospun scaffolds with enlarged pores facilitated the rapid and
complete cellular infiltration in MSC cultures. The extent of cell infiltration increased with higher percentages of
PEO incorporation. However, it is important to note that as the percentage of PEO increased, the scaffold exhibited
greater deformation, indicating the significant influence of the 3D microenvironment on cellular processes. Despite

this, the inclusion of PEO resulted in enhanced cell infiltration and the formation of a robust ECM [249],

The manufacturing of scaffolds can be diverse, involving the creation of 3D scaffolds through the combination of
various techniques, such as crosslinking the fibers using chemical reactions after electrospinning. For instance,
two-dimensional scaffolds of poly(l-lactide-co-g-caprolactone)/silk fibroin (PLCL/SF) were fabricated via conjugated
electrospinning. Subsequently, these scaffolds were crosslinked with chondroitin sulfate (CS) and transformed into
3D scaffolds through freeze-drying, resulting in improved mechanical and biological properties. The obtained
scaffolds exhibited high porosity, rapid water absorption, and stable mechanical properties. Moreover, scaffolds
with CS crosslinked fibers demonstrated enhanced cell seeding efficiency and chondroprotective effects compared
to non-crosslinked scaffolds. In vivo tests conducted on a rabbit articular cartilage defect model indicated that the
crosslinked scaffolds facilitated the formation of tissues resembling mature cartilage, leading to superior repair
outcomes in the articular cartilage defect model. Additionally, the expression levels of proinflammatory cytokines,

including interleukin (IL)-1 and tumor necrosis factor (TNF)-a, were reduced in the crosslinked scaffolds (Figure
8) (2411,
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Figure 8. Three-dimensional (3D) scaffold obtained by post-processing of PLCL/SF electrospun 2D meshes for

cartilage regeneration.

5.5. Tendon and Ligament Regeneration
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Tendons and ligaments are composed of densely packed collagen fibers, and their regeneration and treatment of
injuries, including inflammation, tears, and ruptures 2292421 pose a significant medical challenge. These injuries
often involve the regeneration of tissue—tissue interfaces or the regeneration of soft tissues adjacent to hard
tissues, such as tendon/ligament—bone, cartilage—bone, and muscle—tendon interfaces [243] These interfaces are
primarily located at the junctions between soft and hard matrices, exhibiting gradual variations in matrix

composition, architecture, mineral content, and significant differences in mechanical properties (2441,

Some common surgical treatments utilize autografts and allografts 245, However, prostheses are an excellent
alternative option due to their ability to promote favorable remodeling and lack of immune response [246],
Electrospun fiber-based scaffolds offer a promising alternative for the treatment and regeneration of damaged
tendons and ligaments. These scaffolds resemble meshes composed of uniaxially aligned nanofibers, which can
be easily manufactured using a rotary collector or parallel electrodes 2471, By designing specialized structures,
electrospun scaffolds can facilitate the transmission of structural and mechanical stress between two mechanically
distinct tissues. Scaffolds with randomly aligned nanofibers better mimic the graded structure at the tendon—bone
interface [2471 while aligned nanofibers emulate the structure of tendons. The random structure of the scaffolds
imitates the less ordered collagen fibers found in bone [248],

One effective approach to replicate the required biomechanical properties for tendon or ligament scaffolds is
through the hierarchical construction of electrospun scaffolds. For example, hierarchically constructed PLLA
scaffolds bundle various fibers together to mimic the structure of tendons and ligaments using multiple layers of
electrospun fibers. This method results in better replication of the epitenon membrane and the necessary
biomechanical properties for tendon or ligament scaffolds 2491,

Scaffolds have the ability to incorporate agents that stimulate tissue regeneration, such as tendon/ligament—bone
interfaces and even MSCs derived from adipose tissue or induced pluripotent stem cells (iPSCs). These cells can
undergo tenogenic differentiation when exposed to uniaxial nanofibers or when subjected to deforming stress
within the scaffold. Although most tendon and ligamentous tissues exhibit highly anisotropic structures, 3D
scaffolds with braided, woven, or knitted fiber networks are more favorable for regeneration and differentiation
compared to meshes 229 Furthermore, the inclusion of hydrogels in the nanofibrous matrix can benefit the
encapsulation of biomolecules and cells. For instance, chitosan/HA hydrogel-coated unidirectional PCL nanofibers
have been used for ligament regeneration (2311,

Some scaffolds developed specifically for this purpose have consisted of multiple layers comprising PCL fibers and
methacrylated gelatin. These layers were created through dual electrospinning and incorporated stem cells derived
from human adipose tissue that were treated with TGF-3 to promote differentiation into tenocytes. Subsequent
PCR studies revealed a notable upregulation of tendon markers and tenascin-C, indicating that the cells
encapsulated within the scaffold were still responsive to soluble tenogenic factors. Moreover, the construct allowed
for the diffusion of exogenous biochemical signals through the porosity of the structure 222, |n another study,

trichostatin A, a histone deacetylase inhibitor, was incorporated into PLLA fibers. Tests conducted on various
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tenocytes demonstrated that trichostatin A significantly regulated the expression of tendon markers, suggesting its

potential use in promoting the growth of tenocytes and repairing tendon defects 2331,

5.6. Vascular Regeneration

Tubular scaffolds, manufactured through multi-electrospinning using a rotating mandrel type collector as a
template, hold potential applications in vascular grafts with diameters up to approximately 6 mm. These scaffolds
exhibit favorable biomechanical properties and facilitate the orientation of fibers, promoting cell adhesion [22411255]
However, small diameter grafts present challenges compared to large diameter grafts, particularly in maintaining
lumen patency 2561, Occlusion, resulting from acute thrombosis and intimal hyperplasia, can significantly affect
their functionality 234257 Therefore, it is crucial to design grafts with non-thrombogenic surfaces and achieve

endothelialization within electrospun grafts to prevent thrombosis.

Significant research efforts have been dedicated to the development of grafts with surfaces that inhibit thrombus
formation and promote better integration and endothelialization. Several approaches have been employed to
enhance graft performance, including the combination of layers with varying porosity and the incorporation of
biomolecules into the nanofibers. For instance, heparin has been utilized as an anticoagulant agent 2581 while
vascular endothelial growth factors have been incorporated to stimulate vascularization 259 and miRNA delivery
has been explored to modulate the phenotype of endothelial cells 289, Additionally, other strategies involve the
direct seeding of endothelial cells or endothelial progenitor cells onto electrospun grafts 261, These approaches
aim to maintain a smooth muscle cell (SMC) contractile phenotype in order to minimize intimal hyperplasia and

promote favorable outcomes.

For example, tubular scaffolds composed of a double layer of polylactide fibers (outer layer) and silk fibroin gelatin
fibers (inner layer) were manufactured through multi-electrospinning 262, These scaffolds exhibited suitable
mechanical properties for developing blood vessel substitutes. Subsequent morphological studies demonstrated
enhanced migration, adherence, spread, and proliferation of 3T3 mouse fibroblasts and human umbilical vein
endothelial cells (HUVEC) on the 3D scaffolds. This can be attributed to their higher porosity and surface area-to-
volume ratio compared to culture plates. The cells formed a continuous monolayer of cellular tissue with a vascular
network, without the presence of macrophages or lymphocytes, indicating a low risk of inflammatory reactions in

subcutaneous implantations.

On the other hand, highly aligned tubular scaffolds made of PLLA/HA nanofibers exhibited anisotropic wetting,
hemocompatibility, and mechanical properties that are suitable for vascular scaffolding. These scaffolds promoted
a morphology aligned along the axis of the nanofibers, which is likely due to the coordinated mechanisms of
vascular scaffolding, nanotopographic guidance, and biochemical cues. Importantly, the aligned HA/PLLA
nanofibers were found to enhance cell proliferation and increase cell contractility compared to cells on the aligned
PLLA nanofibers. These findings highlight the promoting role of the HA coating on highly aligned PLLA nanofibers
in modulating smooth muscle cell (SMC) regeneration both in vitro and in vivo, as it facilitates the improved

expression of contractile genes in SMCs [263],
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Electrospun scaffolds can be enhanced with hydrogel properties by coating them with precursor solutions, as
demonstrated by Geng et al. They developed tubular scaffolds using heparin-modified poly(e-caprolactone)
(PCLH), followed by coating with 4-arm-PEG-acrylate and D,L-1,4-dithiothreitol as a gelling solution, which
solidified in situ. The gel not only strengthened the scaffold but also slowed down its degradation process. In an
abdominal aorta rat model, the scaffold with the hydrogel coating showed a notable decrease in the incidence rate
of aneurysms compared to scaffolds without the hydrogel coating. Furthermore, it exhibited excellent vascular
regeneration with reduced calcification in the implanted grafts during the initial month, outperforming scaffolds
without the hydrogel coating. Notably, the hydrogel encapsulated the fibers and enabled sustained release, leading
to the appearance of contractile SMCs in vivo. This hydrogel coating endowed the scaffold with anticoagulation and
anti-calcification properties as well as promoting the early onset of contractile SMCs. Therefore, hydrogel coatings
significantly enhance the in vivo regenerative properties of electrospun scaffolds by providing multiple beneficial
features (Figure 9) [264],

PCL/H \

PCL scaffold
+ 4-arm PEG Acrylate

& D.L-1 4-dithiothreitol -’%

In situ
Coating cross linking
—— ————————
Hydrogel precursor solution PCLH scaffold Hydrogel scaffold

Figure 9. Hydrogel-coated, heparin-modified poly(e-caprolactone) electrospun hybrid scaffold for vascular grafting.

5.7. Cardiac Regeneration

The walls of the heart consist of a multilayered structure with sufficient mechanical strength to facilitate
contractions and relaxations of the myocardium. This strength is attributed to the perimysial fibers that contribute to
the native interwoven structure of the myocardium 285, Therefore, in the fabrication of scaffolds intended for
myocardial regeneration, it is crucial to incorporate highly aligned fibers. These aligned fibers enable cell adhesion
and alignment along their surface, promoting the development of tissue morphology similar to the native
myocardium. Previous studies have primarily focused on 2D scaffolds for myocardial tissue regeneration, but their
effectiveness has been limited 288, However, a more efficient replication of the native cardiac tissue structure is
achievable through the use of multilayer 3D electrospun scaffolds. These scaffolds allow for the controlled

orientation and patterning of the layers, thereby improving the emulation of cardiac tissue structure and enhancing
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the restoration of myocardial functionality 287, Furthermore, they offer the opportunity to incorporate biochemical,

electrochemical, and topographic signals to further enhance the regenerative process 82,

Aligned and random electrospun PU scaffolds were evaluated in embryonic stem cell (ESC) differentiation 2681,
The findings revealed that cells exhibited a rod-shaped morphology and an organized sarcomere structure on the
aligned scaffolds, while the random fibers resulted in mixed cell shapes and a less organized sarcomere structure.
Following differentiation into cardiomyocytes, cells on the aligned scaffolds formed end-to-end cell—cell junctions,
whereas this was not observed on the random scaffolds. These results indicate that aligned scaffolds have a
greater potential to induce cardiac maturation. Similar responses have been observed for other cell types, including
MSCs [, myoblasts 289, and neurons 279, The alignment of cells on scaffolds can be enhanced by applying
tension to the scaffolds during tissue culture, leading to the improved cardiac differentiation of MSCs. These
findings suggest that a combination of scaffold design and mechanical properties can direct stem cell differentiation

without the need for cell differentiation media.

Additional properties that have been incorporated into scaffolds for cardiac regeneration focus on piezoelectric
characteristics, which can be achieved by using polymers such as PVDF, along with the incorporation of conductive
agents like graphene particles 82 and carbon nanotubes 271, For example, piezoelectric scaffolds were fabricated
through the hybrid electrospinning of PVDF and gelatin with graphene oxide nanoparticles (PVDF-GO-CG),
resulting in nanofibers with an average diameter of 379 £ 73 nm. The combination of the natural polymer and
nanoparticles effectively modified the hydrophobicity and piezoelectric properties of PVDF. Subsequently, the
scaffolds were evaluated using mouse embryonic cardiomyocytes. Cellular studies demonstrated that the
cardiomyocytes exhibited an elongated morphology, resembling native myocardial tissue, and exhibited high
viability without any toxic effects from the PVDF-GO-CG scaffold, as indicated by the average survival rate.
Furthermore, the expression of connexin43 and troponin T genes increased by 41% and 35%, respectively, in the
PVDF-GO-CG sample compared to the scaffolds without graphene oxide nanoparticles (Figure 10). This study
highlights the practical potential of transmitting electrical signals and inducing the differentiation of embryonic

cardiomyocytes into functional cardiac muscle using these piezoelectric scaffolds 2,

https://encyclopedia.pub/entry/47761 22/44



Electrospun Scaffolds for Tissue Engineering | Encyclopedia.pub

Hybrid electrospinning

PVDF-GO |, Gelatine

e\ — .

Piezoelectric properties Cellular adhesion properties

Figure 10. PVDF and gelatin hybrid piezoelectric electrospun scaffold with graphene oxide nanoparticles for

cardiac regeneration.
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