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Abstract. One of very demanded and actively developed areas of modern biomedicine is tissue engineering, investigating synthesis and
reparation of various kinds of tissues, including trauma treatment. Normally cells in tissue grow in the microenvironment provided by exttacellular matrix – a three-dimensional network of macromolecules, mostly peptides and proteins, that provide structural and biochemical support.
To substitute this matrix in medical applications and promote new cells growth and repair damaged tissue, various types of artificial scaffolds
are proposed. Morphology, as well as physical and chemical properties of scaffolds influence the fate of cells, including attachment, proliferation and differentiation, and strongly correlate with the type of target tissue. This review is aimed to provide a short insight in materials and
technologies for synthesis of tissue engineering scaffolds, with focus on polymeric electrospun nonwoven materials and ones with conductive
structures that can be potentially used to direct electrical signals to cells for the aims of electrostimulation, which was demonstrated to induce
functional repairmen of certain cell types such as myocytes and neurons.
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Аннотация. Одной из важных и активно развивающихся областей современной биомедицины является клеточная инженерия,
исследующая вопросы выращивания новых и восстановления поврежденных тканей и органов, включая лечение травматических
состояний. В природной среде клетки ткани находятся в микроокружении внеклеточного матрикса – трехмерной сети макромолеклу, в основном протеинов и пептидов, которая обеспечивает структурную и биохимическую поддержку. Для замены матрикса и
поддержки роста и восстановления клеток в медицинских приложениях предложены различные типы искусственных скафаолдов.
Морфология, а также физико-химические свойства скаффолдов влияют на все основные процессы в клетках, включая способность
присоединяться, пролиферировать и дифференцироваться. Этот обзор призван кратко охаракеризовать существующие материалы
и методы для создания скаффолдов, фокусируясь на структуры, получаемые методами электропрядения, а также скаффолды с
проводящими структурами, которые могут быть использованы для передачи электрических сигналов к клеткам для их электростимуляции, которая улучшает функциональное восстановление определенных типов клеток, включая мускульные и нервные.
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1. Introduction

Tissue engineering is currently a field of research
that attracts a huge interest worldwide. This interdisciplinary area combines cell biology, materials science
and engineering to develop novel technologies for
tissue and organs (re)generation [1]. The main challenge here is functional organization of individual
cells into a whole system. Naturally this is performed
by means of extracellular matrix which plays a
prominent role in establishing and maintaining an
ideal microenvironment for tissue regeneration. Here
scaffolds are proposed as an artificial substitute for
ECM as a feasible alternative to cellular and molecular therapy in the fields of tissue engineering.
Artificial scaffolds can be divided in 3 groups based
on dimensional organization and complexity, which is
presented in Figure 1. Starting from isotropic simple
structures (electrospun mats), scaffolds gradually
evolutionate through 2D-organized structures that
govern cell processes, including attachment, proSimple

liferation and differentiation, to the ultimate aim of
complex 3D structures to reproduce whole organs.
Two approaches of tissue engineering can be
distinguished. The first one is basically synthesis of a
new tissue – in vitro culturing of cells tissue for subsequent implantation to the desired (damaged) site of
a living organism. This method is quite complicated
due to high variability of cells. Furthermore, it is quite
expensive and holds a huge contamination risks upon
transfer of tissues. Another way is in situ regeneration, aimed to (re)create tissues and organs in a living
organism, which attracts yet growing interest for the
ability to effectively control the microenvironment and
localize cells to particular sites [2, 3]. This requires
the presence of porous media – scaffolds – which
can be easily accreted by tissue yet providing a good
trophism. Such scaffolds are characterized by several
properties, including porosity, pores size, mechanical
properties, etc., that govern the applicability of a particular structure to certain tissue types due to a broad
structural and functional variety of the latter [4, 5].
2D

3D

Fig. 1. Artificial scaffolds evolution

In general, scaffolds are functionalized biocompatible polymeric matrices, thus development of
new materials and technologies for such structures
is crucial for further progress tissue engineering,
including transplantation applications. Biocompatibility and biodegradability together with good
affinity to cells are among key factors that allow
for the creation of a new tissue that structurally and
functionally resembles the native ones [6].
Recent progress in materials science and bioengineering made the synthesis of smart scaffolds
Биофизика и медицинская физика

feasible [7]. Such materials are capable to restore
not only the tissue defects but also the functionality
lost upon the damage [8].
A number of methods were developed for scaffolds preparation, including solvent casting/particulate
leaching [9], freeze-drying [10], gas foaming [11],
thermally induced phase separation [12], and electrospinning, which seems to be among the most popular
ones recently [13]. Further introduction of biomimetic
and bioactive properties can be achieved by functionalization. Combined with an appropriate choice of
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materials and synthesis technologies, which influence
the morphology and mechanical properties of the
resulting medium, this creates an advantageous approach for a variety of tissue engineering applications.
During recent decades, a perspective strategy of
scaffolds usage with seed cells (mostly chondrocytes)
for regeneration of damaged cartilage was reported.
Culturing of chondrocytes in 2D and 3D artificial
matrix and in vivo regeneration of cartilage tissue was
reported [14]. Sherwood et al. proved efficiency of a
composite scaffold obtained with TheriFormTM 3D
printing process for articular cartilage repair. Tissueengineered bone constructs have the potential to alleviate the demand arising from the shortage of suitable
autograft and allograft materials for augmenting bone
healing. Scaffolds play a key role in tissue engineering
research as these not only provide a structural support
for individual cells, but also serve as templates that
guide the growth and buildup of new tissues [15].
For some cell types, such as in neural tissue, a
successful scaffold should consist of aligned fibers
due to topological signals that are sensed by cells
and influence adhesion, proliferation and migration,
thus determining neurons growth from stem cells.
Scaffolds for Schwann cells [16] as well as spinal
ganglion [17] were reported. Promoted regeneration
of sciatic nerve gaps in rats using 3D porous tissue
scaffolds was demonstrated [18].
In electro sensitive cells such as neural, cardio
and muscular tissues, bioelectricity plays an important
role in cells vital functions. Here, conductive scaffolds
can be advantageous for rehabilitation of tissue functionality, neurites growth and proliferation enhancement, as well as neurons regeneration by stimulation
with externally applied cycled voltage [19].
Electric stimulation is a relatively simple flexible method of functional regeneration applicable to
2D and 3D cells structures in vitro and in vivo [20].
Electrical current between two externally applied
electrodes can influence the behavior of cells being
treated by membrane depolarization and subsequent
intracellular processes that rely on charged ions generation and movements [21]. The use of conductive
scaffolds for electrostimulation is a relatively new
promising approach to influence regeneration of
axons, cells migration and neural differentiation [22].
While numerous types of scaffolds are reported,
a successful formation of such structures with desired structural properties and biological functions
remains a problem which renders both materials
and technological challenges [23]. Here we aim to
present a short review of recently proposed designs
of polymeric scaffolds based on nonwoven fibrous
50

materials, including ones capable of transmitting
electrical impulses that can be used for functional
rehabilitation of electrosensitive tissues to overcome
limitations of current treatments methods.
2. Materials for scaffolds

Scaffolds for tissue engineering have to be
non-toxic to cells and surrounding tissues, provide
two-way diffusion for nutritional and metabolite
species and possess enough structural strength to
sustain mechanical stresses associated with in vivo
implantation [4].
A variety of natural and synthetic materials
is utilized for scaffolds generation. Synthetic ones
include poly(ethylene oxide), poly(vinyl alcohol)
(PVA), poly(acrylic acid), poly(propylene furmarateco-ethylene glycol) and polypeptides. Representative
naturally derived polymers include agarose, alginate,
chitosan, collagen, fibrin, gelatin, and hyaluronic
acid [24]. Biodegradable polymers such as polylactic (PLA) and polyglycolic acids (and copolymers
of those) are actively utilized for good mechanical
properties and control over degradation rate [25].
Recently, in vitro and in vivo testing of selective laser
melted porous Ti6Al4V extra low interstitials (ELI,
grade 23) alloy scaffolds for bone implantation was
performed, where tissue proliferation, differentiation
and bone regeneration were studied against scaffold
porosity [26]. A short summary of materials that are
used for scaffolds preparation is presented in Table 1.
Various inclusions into polymeric matrix provide
a powerful and convenient control over additional
functions and properties of resulting scaffolds, which
allows for fitting the structures to particular applications. Lee et al. proposed hybrid gelatin methacryloyl
hydrogels with various carbon particles (nanotubes,
graphene oxide and reduced graphene oxide) for
cardiac tissue. It was shown that amount of conductive particles drastically influences mechanical and
electrophysical properties of resulting structures [27].
Polymer-ceramics composites were utilized to
enhance mechanical properties of polymers and induce
cellular adhesion [28–30]. Natural materials such as
polysaccharides (starch, alginate, chitosan, hyaluronic
acid) and proteins (collagen, fibrin gels, silk) were
also reported to induce cells proliferation [31–36].
Hydrogels attract significant attention for their
ability to retain water which can be demanded for
cells delivery and encapsulation in scaffolds [33,
37]. For electrosensitive tissues, composite hydrogels
are developed, that consist of structural support and
conductive components [38].
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Table 1
Summary of materials used for scaffolds assembly
Materials

Natural

Collagen

Tendon/ligament tissue repair,
stimulates proliferation and
differentiation

Advantages
Biocompatible, implantable,
resorbable, supports new tissue
regeneration and protects the
chondral surfaces.

Gelatin

Tissue regemeration

Fibrin

Tissue regeneration, spinal
cord injury repairmen

High seeding efficiency
and uniform cell distribution,
good adhesion capabilities.

Wound healing, cartilage and
bone tissue regeneration, drug
delivery

Antimicrobial activity,
mucoadhesiveness, hemostatic
activity, biocompatibility,
and biodegradability

Alginate

Chitosan

Synthetic
fiberreinforced

Synthetic

Usage

Polyglycolic
acids
(PLGA)

Poly
(L-lactic
acid)

Coatings for a variety of
scaffolds for wound dressings
skin substitutes, tissue
engineering

Disadvantage
Scaffold shrinkage after
long-term culturing and poor
mechanical properties

Poor mechanical properties

Not stable (uncontrolled
dissolution may occur),
low mechanical resistance

Cartilage, vascular, skin,
bone, tendon, ligament tissues
repair

Biocompatibility, mechanical
stability and commercial
availability, efficient cell
proliferation and osteogenic
differentiation

Low fracture toughness
(i.e., brittleness), mechanical
properties might be poor

Tissue engineering

Adjustability of degradation
rates, good mechanical properties
especially toughness

Harsh organic solvents, higly
acidic degradation byproducts
which are hard to metabolize
rapidly

Biomedical applications,
such as sutures, scaffolds for
tissue engineering, and drug
delivery systems

Good solubility and blending
compatibility with other
biomaterials

Harsh organic solvents, low
cell adhesion and degradation
rate due to hydrophobicity,
biological inertness, and
possible inflammations die to
acidic degradation products

Collagen/PCL nanofibers were shown to have
better results in terms of glia attachment and axons
migration and growth as compared to just PCL materials for neurites growth [39] or PLA [40]. Proteins like
laminin (which is secreted upon nerve damage and
plays a key role in cells migration, differentiation and
growth) can be introduced to the system to control the
tissue reparation [41]. To perform electrostimulation,
conductive polymers such as polypyrrole (PPy) [42],
polythiophene [43], polyaniline (PANi), poly(3,4ethylenedioxythiophene) (PEDOT) and polycaprolactone fumarate [44] can be utilized [19]. While
conductive polymers lack degradability, which can
lead to inflammations and need surgical extraction,
these can be mixed with biodegradable ones, resulting
in an electroactive composite, such as low molecular
weight aniline pentamer/polylactide [45].
Биофизика и медицинская физика

3. Scaffolds designs

One of most popular methods for scaffolds synthesis is electrospinning which is a well established
technique for single-stage relatively low cost (at lab
scale) nonwoven mats deposition [46]. Electrospun
mats can mimic natural extracellular matrix by variation of fibers diameters (and, therefore, pores size)
and high surface to volume ratio which helps adhesion
and nutrition transportation [47]. At the same time,
electrospinning process has its limitations induced by
use of high voltage and mostly toxic solvents [48].
Torricelli et al. demonstrated coaxial-needle electrospun gelatin-PLA material for in vitro chondrocytes
culturing [49]. Gelatin was cross-linked with genipin
for enhanced mechanical properties and primary human chondrocytes adhesion. Good proliferation and
increased values of the differentiation parameters
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together with cells infiltration through the material
were demonstrated. Successful mineralization of
scaffolds with a uniform layer of poorly crystalline
apatite onto the scaffolds suggested potential applications involving cartilage as well as cartilage-bone
interface tissue engineering.
PVA based nanofibers seem promising for
skin, cartilage and corneal tissue engineering [50].
Sadeghi et al. [51] reported biocompatible PVA/
gelatin/chondroitin sulfate electrospun. Concentration of 50% of acetic acid in water was found to
be the most appropriate for solvent, while polymer
concentration was varied in range of 8‒10%vol.
Gradual electrospinning process resulting in mats
without beads was achieved at solution flow rate of
1‒1.4 mL/h and voltage of 20‒26 kV. L929 murine
fibroblast cells were shown to have a good adhesion and proliferation to the substrate (Fig. 1) [51].
Migration of cells through the material requires a balance between cells and matrix dimensions and morphology. This was demonstrated on
Human umbilical cord mesenchymal stem cells
(hucMSC) and polycarbonate membrane with pores
size of 0.4, 3.0 and 8 μm (migrations of 0, 1.8
and 8 μm were observed, respectively). Migration
of polymorphonuclear neutrophils was restrained
by 90 and 99% using polycarbonate membrane
with pores of 1.49‒1.78 and 1.26‒1.38 μm,
respectively [52]. However, feasibility of stem
cells migration stimulation across 2D scaffold was
demonstrated. It was shown that hMSCs migration
through the membrane pores of 8 μm in diameter
was more efficient when the normal dermal fibroblasts were replaced by the keloid-derived ones

on the bottom of a dual-modified Boyden chamber. The hMSCs were able to migrate across the
membrane with 3 μm pores only when the same
keloid-derived fibroblasts were placed on the bottom of the plates [53].
Cells infiltration was found to increase with
pores size of PCL scaffold (governed by fibers
diameter, varied with concentration of polymer in
electrospinning solution) [54]. Maximum infiltration
was achieved when pores size was about the cells
dimensions. It is important, however, that overall
optimum scaffold performance in vivo cannot be
achieved in scaffolds with fibers diameter equal to
the cells dimensions [55]. For Ti6Al4V ELI alloy
scaffolds for bone implantation, best tissue proliferation, osteogenic differentiation and bone regeneration were achieved in scaffolds with pores size of
500 μm and porosity of 60% [26].
Soft tissue engineering is a regeneration strategy for damaged sites and organs that is promising to overcome limitations of existing treatment
approaches. Most of soft tissues are structurally
held with collagen fibers forming a spatial structure (extracellular matrix). Scaffolds are designed
as a substitute to this, providing space and ability
for regeneration and remodeling [56] and act as
a bridge to fill spaces and therefore connecting
damaged tissues, including peripheral nerve regeneration [57].
When functionalized with biomimetic coating, electrospun scaffolds are able to provide both
mechanical structure and an appropriate physicochemical environment, as it was demonstrated for
bone matrix [58] (Fig. 2).

Fig. 2. Scaffold morphology using SEM (A) 3DF scaffold prepared by rapid prototyping. (B) 3DF + ESP scaffold prepared by combining rapid prototyping and electrospinning. The scaffold has been “opened” to enable
visualization of the electrospun fiber meshes. Scale bar = 500 μm (image reproduced from Nandakumar et al.,
with permission Biomatter [58, e23705-3])
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4. Scaffolds for electrical stimulation

Electrical stimulation in the form of pulsed voltage applied to cells finds its applications in tissue
engineering and clinic, mostly for post-traumatic
neuronal rehabilitation, but including wound treatment, chronic and acute pain relief, and also treatment
of neurodegenerative conditions such as Parkinson’s
disease [21].
Importance of dielectric scaffolds and surfaces
as control elements in studies of electric signals
transport by ionic conductivity in neuronal cultures
for designing new culturing approaches including
conductive scaffolds was demonstrated. Particularly,
differentiation of PC12 cells was studied on microfibrous scaffolds immersed into culturing medium
and underwent exogenous electrostimulation. Two
types of scaffolds were used – dielectric and coated
with 200 nm layer of gold (resistivity of 13 Ω·cm-1).
Stimulation significantly induced growth and attachment of cells in dielectric scaffolds in contrast to conductive ones. Differentiation of cells enhanced upon
stimulation in both cases, while neurites development
and differentiation markers expression was higher in
dielectric scaffolds [59]. This suggests that electrical
potential difference may be the dominant driver of
the observed changes rather than current. However,
because the nature of the currents generated in the
two scaffold systems was not the same, the situation
is more equivocal. For the scaffolds with gold where
the scaffold and medium acted as two electrical
resistances in parallel, because the resistance of the
scaffold was much lower than that of the medium,
most of the current flowed as free electrons through
the metallic gold and only a very small proportion
was transmitted by ionic migration. In contrast, for
the nonconductive scaffolds without gold, ionic migration in the medium was responsible for all of the
8–9 μA of current observed. It is possible therefore
that electrical current is an important driver of cell
behaviour but was much more effective in the ionic
rather than electron form.
Conductive scaffolds can be applied to form a
desired morphology of cardiomyocytes and induce
expression of functional cardiac markers. Fibrous
membranes prepared by rotational electrospinning
from polyurethane and gelatin were studied recently
by Rodrigues et al. [60] to show good viability of
endothelial cells during 72 hours.
Three-dimensional scaffolds were also proposed
for reconstruction of skeletal muscles, which are electroactive tissue with complicated internal morphology that is tightly dependent on extracellular matrix
interactions. Polyurethane soft porous scaffold (86%
Биофизика и медицинская физика

porosity) with Young’s modulus value close to that of
natural tissue (~9 kPa) were reported by Iberite et al.
[61]. To study the influence of external stimuli on muscular cells, functionalized scaffolds with natural extracellular matrix proteins (laminin and fibronectin) were
used to observe enhanced proliferation of myoblasts,
additional stimulation of tissue on a laminine-coated
scaffold resulted in more spread and thicker myotubes
compared to non-stimulated samples and samples receiving the single (non-combined) inputs [61].
Composite conductive scaffolds of poly(lacticco-glycolic acid) modified with multiwall carbon
nanotubes were demonstrated to direct the growth
of PC12 cells and DRG neurons along the fibers.
Neuronal differentiation was also shown to be higher
with exogenous electrical stimulation [62]. Human
endometrial stem cells were shown to attach, proliferate, and differentiate into neural cells on electrospun PAN-derived carbon nanofibers obtained by
carbonization. Proliferation and markers expression
was found to be dependent on alignment of the fibers
[63]. Fibers were electrospun from polyacrylonitrile
solution in N,N-dimethylfromamide and terephthalic
acid at voltage 10 kV over distance of 10 cm. For
alignment, fibers were collected on the spinning rotor. After carbonization, scaffolds had good electrical
properties while sustaining great flexibility. Electrical
stimulation allowed for further enhancement of control over proliferation and differentiation of neuronal
stem cells using this new scaffolds [64].
Neuronal differentiation of conjunctiva derived
mesenchymal stem cells was studied recently on
conductive 3D electrospun scaffolds prepared of silk
fibroin and reduced graphene oxide. Graphene oxide
(3.5 wt%) was dispersed in 10% polymer solution
in formic acid. Cells were cultured on scaffold and
stimulated at electric field of 115 V/m in two pulse
regimes of 0.1 and 100 Hz during 7 days. It was
found that pulse frequency plays a significant role in
cellular fate [65].
Scaffolds utilizing conductive polymers are
also intensively developed. Laforgue et al. reported
successful ultrathin coating of PPy and PEDOT onto
electrospun PANi nanofibers using vapor-phase polymerization [66]. Coating thickness was 5‒12 nm
which provided conductivity of 1‒26 Sm·cm-1.
Ling Wang et al. demonstrated conductive electrospun scaffolds of PLA/PANi with fibers thickness
allowing for maintaining conductive biocompatible
microenvironment for proliferation, development and
synchronized triggering of cardiomyocytes which
shows a great potential of conductive nanofibrous
scaffolds for cardio-related tissue engineering [67].
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Laleh Ghasemi-Mobarakeh et al. utilized DC
power supply to stimulate neournal stem cells on scaffold prepared by mixing 10 and 15 wt% doped PANi
with poly (ɛ-caprolactone)/gelatin (70:30) solution
by electrospinning.
In vitro studies with neuronal stem cells on
these scaffolds with applied voltage of 1.5 V for up
to 60 minutes starting from 24 hours since seeding
[68]. This time frame was used as previous studies shown efficiency of electrostimulation during
first 24 hours of growth, while stimulation beyond
this time interval had no sufficient effect on cells
proliferation and differentiation as compared to
control samples [69]. The voltage difference per
unit distance on 15 mm scaffolds was equivalent
to 100 mV/mm which should be sufficient for successful stimulation [68, 70]. Control experiments
were performed where neuronal stem cells were
seeded to PANI-PG scaffolds without stimulation.
No significant difference was found in neurites
length between samples for stimulation duration up
to 30 minutes. After 1 h long stimulation, neurites
length was 30 and 22 μm for stimulated and control
samples, respectively [68].
However, the main challenging problem with
using conductive polymers for scaffolds is the toxicity of residual dopants. Hardly feasible, complete
removal of these will inevitably drastically compromise physical-chemical and electrical properties of
resulting structures.

Overall, tissue scaffolds originated from the need
to replace rigid simple culturing chambers and slides
to biomimetic surfaces that can be potentially applied for in vivo connected manipulations. With huge
variability and functionalization capacity, polymeric
materials are an obvious choice for such structures,
with electrospinning technology providing a good
structural design that can be tailor-fitted towards
particular needs. Scaffolds inevitably evolve in functions and complexity together with new materials and
technological approaches. From materials point of
view, combination of biochemical and mechanical
properties in one structure remains the biggest challenge for scaffolds to substitute natural extracellular
matrix that can provide tissue with everything it
needs for development, including structural support,
nutrition and varios biological factors for attachment,
migration, differentiation, etc. Despite a wide choice
of polymers and other chemicals, combination of
desired properties in a cocktail of species which is
biofriendly at all stages is still quite complicatied if
possible. Introduction of physical functions such as
electrostimulation which is benefitial for certain tissues, brings in even more technological and chemical
problems to be solved for successful broad applications of artificial scaffolds in real-life regenerative
medical treatment. With ultimate aim of organ-like
structures, scaffolding also needs technologies to
create porous structures that can be settled by cells to
become viable 3D-organized tissues, so there is still
a long and fascinating road ahead.

5. Conclusions

With development of new treatment methods of
modern medicine and biochemistry that provide better understanding of intra- and extracellular processes
more various kinds of implants will be proposed.
Scaffolds for tissue engineering are essentially
such type of implants that can be fitted to particular
application, depending on target tissue type and allocation. For soft tissues scaffolds, polymers are a
natural material provided by affinity of mechanical
properties. Besides, a wide set of methods exists to
functionalize polymeric structures with a variety of
objects from small and large molecules to nanoparticles and coatings, and it seems the main direction
for development in this area.
Combined methods are also developed for cell
types which are able to receive other stimuli besides
scaffold morphology and chemistry, such as electrosensitive cells, which demands designing of special
structures that comply with the application and define
the directions for further technological development
in this area.
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