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Abstract: Injuries of the bone/cartilage and central nervous system are still a serious socio-economic
problem. They are an effect of diversified, difficult-to-access tissue structures as well as complex
regeneration mechanisms. Currently, commercially available materials partially solve this problem,
but they do not fulfill all of the bone/cartilage and neural tissue engineering requirements such as
mechanical properties, biochemical cues or adequate biodegradation. There are still many things to
do to provide complete restoration of injured tissues. Recent reports in bone/cartilage and neural
tissue engineering give high hopes in designing scaffolds for complete tissue regeneration. This
review thoroughly discusses the advantages and disadvantages of currently available commercial
scaffolds and sheds new light on the designing of novel polymeric scaffolds composed of hydrogels,
electrospun nanofibers, or hydrogels loaded with nano-additives.

Keywords: scaffolds; tissue engineering; polymers; electrospun nanofibers; hydrogels; nanoparticles;
composites; injectable materials

1. Introduction

Tissue engineering (TE), as an interdisciplinary field of science, is focused on employ-
ing modern technologies to design and develop particular biomaterials, i.e., implants or
scaffolds, to improve and maintain desired tissue and restore their functions. Biomaterials
play a key role in TE applications since they can support cell proliferation, differentiation,
attachment and neo-tissue genesis [1]. With the increasing knowledge concerning inter-
actions between cells and the surrounding local environment, attention is predominately
directed toward developing the biomaterials which can mimic the extracellular matrix
(ECM) components, including its properties and complex structure [2]. So far, an important
number of biomaterials, including hydrogels and electrospun porous scaffolds, have been
widely investigated and tested in tissue engineering applications [3].

Many publications report the general scaffold requirements defined by tissue engi-
neering [4–7]. The most prominent requirements include biocompatibility, non-toxicity,
controlled biodegradation rate, adequate porosity and swelling behavior stability in the
physiological environment, ability to vascularization, appropriate morphology that pro-
vides cell infiltration, adequate biochemical and mechanical properties providing appropri-
ate cell–material interaction (Figure 1).

More specific demands are rather individual depending on the dedicated tissues.
Bone/cartilage and neural tissue engineering are still highly demanding in regards to bio-
materials. Besides the above-mentioned prominent requirements, biomaterials dedicated
to bone/cartilage should resist various stresses, e.g., compressive stress, corresponding
to the magnitude characteristic of various cartilage areas, which are discussed in more
detail below. However, during biomaterial designing it must be considered that stress
values depend on sex, age, the individualistic nature of a gait, and biochemistry [8]. Both

Materials 2021, 14, 6899. https://doi.org/10.3390/ma14226899 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-5836-1015
https://orcid.org/0000-0003-3571-1438
https://orcid.org/0000-0003-4092-9853
https://doi.org/10.3390/ma14226899
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14226899
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14226899?type=check_update&version=2


Materials 2021, 14, 6899 2 of 23

bone/cartilage and neural tissue engineering require the plasticity of the material that will
precisely fill the cavity and be introduced into the body in a convenient, minimally invasive
way—for instance, by injection. Neural tissue engineering imposes another requirement
on biomaterials; they should be electrically conductive to mimic neurotransmission, thus
providing adequate communication between neuronal cells adhering to the material [9].

Figure 1. Engineering material, cell and tissue architecture techniques dedicated to the tissue
engineering applications.

Over half a million bone graft treatments are conducted yearly in the US, making it the
most transplanted tissue after blood [10]. Osteoporosis is one of the leading disease-related
causes of bone fracture for people above the age of 50. Based on a study conducted in
six European countries, fragility fractures are expected to increase by 23.3% between 2017
and 2030, with annual costs increasing by 27% [11]. Osteoarthritis affects 10.5% of the
US population, and in 2019 their treatment costs exceeded $300 billion [12]. In 2017 over
300 million people globally were diagnosed with osteoarthritis [13]. It is estimated that
over the next 20 years, this number will increase by 50% [14].

Regarding neurodegenerative diseases, they have a considerable impact on the social
and economic aspects of many people’s lives. It is stated that global medical and social care
costs caused by dementia in 2019 reached US $1.3 trillion [15]. It is estimated that the overall
number of people affected by dementia will be 75 million by 2030 and over 130 million
by 2050 [16]. Currently approved treatments focus on symptom suppression but often
show no beneficial effect on patients’ quality of life [17]. Moreover, traumatic spinal cord
injury and traumatic brain injury affect 13 and 369 people per 100,000 population every
year, respectively [18].

Diseases and injuries of bone/cartilage tissues and the central nervous system still
cause global socio-economic problems. It is clear that therapies providing tissue regenera-
tion are a real need, but designing biomaterials dedicated to those tissues is a tremendous
challenge. Thus, this comprehensive review thoroughly discusses the state-of-the-art of
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currently available materials as well as technological innovations of scaffolds for this com-
plicated tissue regeneration. Particular attention will be paid to injectable hydrogels loaded
with nano-additives, i.e., nanoparticles or electrospun fibrous scaffolds. In this regard, the
advantages, disadvantages and future perspectives of such materials dedicated to various
fields of tissue engineering are thoroughly discussed.

2. Requirements for Scaffolds for Tissue Engineering Applications

Biocompatibility is one of the most crucial properties; it refers to the ability of a bio-
material to perform its desired function without eliciting any undesirable local or systemic
response [19]. The human immune system can be divided into two subtypes: The innate
immune system, which includes polymorphonuclear cells, mononuclear phagocyte cells
and lymphocytes and is responsible for detection of intruding agents and triggering im-
mune responses, whereas the adaptive immune system consists of lymphocytes (B and
T cells), is activated by the innate immune system and is responsible for the elimination
of pathogens and immunological memory of the host [20,21]. However, while removal
through phagocytosis is unsuccessful, the mammalian organism answers with a foreign
body response (FBR), which according to the current knowledge happens in five phases:
Protein adsorption, acute inflammation, chronic inflammation, foreign body giant cell
formation and fibrous capsule formation [22]. Nonetheless, many immunomodulation
methods have been used to improve inflammatory response by modifying physical proper-
ties, surface chemistry, controlled release of active compounds and cell therapy [23–25],
some of which focus on deactivation or induction of M1 or M2 macrophages, respectively.

Another property imposed by TE on biomaterials is biodegradation ability. Polymeric
materials can be classified based on their origin as synthetic or natural. In recent years
natural biomaterials have gained a lot of interest. They have unique properties such as
excellent biocompatibility, non-toxicity and adequate biodegradability [26]. However, their
complex molecular structure limits control over physicochemical properties. The isolation
of these materials from animals or plants provides difficulties in their purification and
total removal of pathogens and viruses [27]. Many natural polymers rapidly dissolve in
water, which limits their scope of applications in TE. To overcome this problem, many
of them are treated with crosslinking agents to provide adequate mechanical properties,
stability in physiological conditions and controlled degradation rate [28]. Nevertheless,
such commonly used crosslinkers as glutaraldehyde or formaldehyde are toxic in contact
with cells, whereas their complete removal after the process is often impossible [29]. Cur-
rently investigated alternatives are physical crosslinking methods, which induce physical
bonding under specific environmental changes (e.g., temperature, pH, UV) [30]. While
these methods have been proven to be viable for many materials used as scaffolds for
drug delivery systems, materials crosslinked this way have poor mechanical properties,
as an effect of non-covalent, relatively weak bonding between polymeric chains. Photo-
and enzymatic-crosslinking methods provide better strength than physical crosslinking.
However, there are still concerns regarding cytotoxicity of free radicals produced with pho-
toinitiators [31] and enzymes themselves [32]. On the other hand, synthetic polymers are
often insoluble in water and, for some processing methods, chemical solvents are required.
Similar to crosslinkers, their residual presence is undesired due to their cytotoxicity. It was
shown that polar solvents are less cytotoxic to L929 cells compared to nonpolar ones [33].
While many electrospinning processes reported in the literature are solvent based, there
are available alternatives like melt, supercritical CO2-assisted, anion-curing, UV-curing,
thermocuring electrospinning methods that do not need solvent [34].

Providing a 3D porous structure is crucial for nutrient and gas transportation and
effective cell infiltration inside the scaffold. Adenosine-5’-triphosphate (ATP) is the natural
energy storage of the cell, and the lack of it leads to cell necrosis. In hypoxic conditions,
cells produce ATP through lactic acid fermentation, which uses 15 times more glucose than
oxidative phosphorylation [35]. However, stem cells seem to be more resilient to hypoxia
than their progenies. MSCs in mild hypoxia show lower necrosis and cell injury, higher
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proliferation and preferential differentiation into osteocytes instead of adipocytes, but their
metabolism is slowed down, and migration capability is affected [36]. A hypoxic microen-
vironment influences specific stem cells in different ways, and studies show ambiguous
results but the majority agree that hypoxia plays a key role in maintaining stemness and
affects differentiation phenotype [37,38].

Mechanical properties that correspond to dedicated tissue might improve cell adhesion
and, at the same time, precisely fill the injured tissue. It is known that matrix stiffness
influences the differentiation of stem cells. Adequate biochemical properties occur by
specific protein sequences presented in native ECM and increase effective interactions
between scaffold and cells. In this respect, fibrous proteins like collagens, fibronectin,
elastin and fibrillin are the proteins that are common in native ECM. Their primary purpose
is to provide tensile strength and elasticity for the ECM [39]. Various proteoglycans
present in native ECM bind water molecules and create hydrated structures able to resist
compressive forces. Moreover, surface charge showed to modulate protein adsorption and
cell adhesion [40], and the type of charge a protein is attracted to depends on the protein’s
isoelectric point [41].

However, each tissue fulfills different functions and hence characterizes different
morphology, biochemistry, stiffness and physiology. Taking this into account, the actual
requirements placed on scaffolding are individual to the specific type of tissue.

2.1. Bone Tissue Engineering

Scaffolds dedicated to bone tissue engineering should be biocompatible, degrade
with the rate matching the formation of new tissue and possess porous, three-dimensional
structure [42]. Moreover, scaffolds should promote osseointegration, be osteoinductive,
provide osteogenic factors and anti-infectives and carry cells [43]. For tissue ingrowth, an
interconnected open porous structure with macropores (>100 µm) and micropores (<20 µm)
is required as optimal [44]. However, it is recommended that macropore sizes should be
greater than 300 µm to provide a larger surface area and promote cell infiltration [45].
The bone extracellular matrix is a very complex and complicated structure due to its
architectural and functional diversity [46]. The functional bone should include the fusion
of the native bone functions and healed bone with the addition of the host bone. This kind
of structure is significant for the high strength needed and load-bearing applications. In
both cases, mesenchymal cellular condensation occurs firstly that acts mainly as a platform
for osteogenesis. Cells can differentiate in osteoblasts. Moreover, endochondral bone
formation can form a substantial portion of bone. This method includes differentiation of
mesenchymal cells into the chondrocytes reliable for the deposition of cartilage regeneration
and can be later mineralized and substituted with bone [47–49]. However, the method
has been tested in the specified period without testing the long-term results of the bone
healing process. Bone tissue is a specific type of self-healing tissue after most of the
fractures. However, fractures with a more complex nature or some diseases can limit this
capacity [50]. Rachit et al. reported that after injury of the bones’ stromal site, near to the
cartilage area, chondrocytes mortality increases and those that managed to survive showed
a severe metabolic dysfunction. The healing process is additionally limited by the gender
and age of the patient. Introduction of natural materials, such as silk, chitosan, agarose
and many others [51], could be an interesting solution. More investigation is needed to
understand this process.

Mechanical properties of the scaffold should correspond to the target tissue to diminish
the chance of negative outcomes like stress shielding, osteopenia and bone refracture [52].
Osteoblasts on the scaffold with stiffness lower than 100 kPa (non-mineralized bone) show
no evidence of mineralization. Still, while seeded on stiffer substrates, the amount of
mineral deposits significantly increased with increasing Young’s modulus. The maxi-
mal differentiation of osteoblasts was reached when the scaffold modulus corresponded
to the mineralized bone tissue, which was c.a. 300 kPa or higher [53]. According to
Poumarat et al. [54] the stiffness of the scaffold dedicated to the bone, tendon and liga-
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ments tissue engineering should be higher than the biological structures occurring in our
body, even if it comes at the cost of less biocompatibility. However, then it might cause
an undefined inflammatory response and, in effect, implant rejection. Scientists are still
working on scaffolds that combine good biocompatibility and strong mechanical prop-
erties resulting in the successful replacement of damaged tissue. One of the methods is
incorporating growth factors like BMP-2, BMP-7, TGF-β2, etc., into the scaffolds, showing
adequate mechanical properties. Such factors are responsible for the stimulation of wound
healing and tissue repair; therefore, they should be easily accessible for the cells on the scaf-
fold’s surface and not placed inside the polymer core [55]. The main scaffold requirements
dedicated to the bone tissue engineering are presented in Figure 2.

Figure 2. Scaffold requirements for the bone tissue engineering applications.

Besides the requirements above, scaffold dedicated bone/cartilage tissue engineering
should be focused on controlled biodegradation rate, adequate flexibility allowing fill and
match to the cavity, and minimally invasive way of introduction to the body.

2.2. Neural Tissue Engineering

Compared to all tissues discussed in this review, neural cells have the poorest regener-
ative ability. While peripheral nerves are able to regenerate injured axons in a short range,
the regeneration of central nervous systems (CNSs) is not that easy to recover [56]. This is
due to the complex structure, fulfilled advanced functions of cells and the occurrence of
reactive astrogliosis. Seconds after an injury of CNS, a cascade of events occurs, leading to
inflammation; over a span of 2 to 10 days, astroglial scar tissue forms, and the acute stage
ends with tissue remodeling in the vicinity of the lesion [57]. These cellular and architec-
tural changes create a microenvironment, which prevents axons from regenerating [58].
Properties of cell-laden scaffolds must be properly tuned to provide support in nervous
tissue regeneration. The scaffold’s stiffness affects cell adhesion, growth and differentiation,
and optimally should match the target tissue’s. For example, multipotent mesenchymal
stem cells (MSCs) differentiate into neurogenic, myogenic or osteogenic lineages based on
the affinity of the substrate’s elasticity to brain, muscle and bone tissue’s elastic modulus,
respectively [59]. Many studies point out that cells prefer microenvironments that have
closely related biomechanical properties to their native tissue. Neural stem cells (NSCs) on
extremely soft substrates (~10 Pa) do not adhere to the matrix and remain rounded, and
clustered [60]. NSCs and human neural progenitor cells (hNPCs) both show preferential
differentiation into elongated neuronal cells in the lower spectrum of the brain’s elasticity
(Ebrain ~ 0.1–1 kPa) and into star-shaped glial cells on more rigid matrices [59,61]. Different
surface topographies at micro and nanoscale prove to guide orientation and growth of
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neuronal and neuroglial cells along the axis of continuous (grooves, fibers) and discontin-
uous (pillars, posts, cones) structures [62]. The incorporation of peptide motifs provides
places for focal adhesions. The most commonly investigated integrin-binding peptide
sequences are fibronectin-derived tripeptide Arg-Gly-Asp (RGD) and laminin-derived
Tyr-Ile-Gly-Ser-Arg (YIGSR) and Ile-Lys-Val-Ala-Val (IKVAV) [63]. Moreover, YIGSR and
IKVAV sequences showed to support neurite outgrowth [64,65]. Different peptides are
also tested; for instance, neuroprotective short peptide (NAPVSIPQK) provided neuro-
protection and promoted neurite outgrowth, surprisingly without any growth factors [66].
Modification of scaffolds with different chemical functional groups affects differentiation
phenotype and migration. NSCs cultured on surfaces with -NH2 and -COOH groups
exhibit preferential differentiation into neurons and promote migration, whereas on -OH
surfaces, cells barely migrated and differentiated only into glial cells [67]. Naturally, electri-
cal signals play a crucial role in neuron functioning. It was proven that electrical stimulation
affects NSPC migration [68] and promotes peripheral nerve regeneration [69], thus con-
ductive (and piezoelectric) materials gained a lot of interest for nerve tissue engineering
applications [70,71]. Through incorporation into scaffold growth factors (i.e., insulin-like
growth factors (IGF), vascular endothelial growth factor (VEGF) and neurotrophic factors
like nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), neurotrophin-4/5 (NT-4/5)), the proliferation, differentiation and guidance of
neuronal and glial cells can be improved [72,73]. Lastly, due to the risks involved in CNS
tissue treatment, scaffolds should be designed so that the procedure is minimally invasive;
thus injectable hydrogels seem like the best option.

Electrical stimulation provided by the scaffold is another essential requirement that a
scaffold should fulfill. It is especially important from the point of view of nervous system
signal transductions between neurons [74]. In the human brain, electrical conductivity is in
the range of c.a 0.6–2.4 mS/cm, occurring with the signal transduction of c.a. 0.7 km/s [75].
By using electrically conductive scaffolds mimicking native neurotransmitters, not only
could neurons regenerate, but original neuronal functions could also be restored. Electrical
stimulation is still challenging due to the complexity of the neuronal transmission process,
providing an adequate time for such stimulation. Additionally, currently available materi-
als showing desired electrical properties usually are non-degradable, non-biocompatible,
non-compliant with neural tissues in terms of structure, biochemical or mechanical prop-
erties, and usually show inflammatory character [76,77]. The main scaffold requirements
dedicated to the neural tissue engineering are presented in Figure 3.

Figure 3. Scaffold requirements for the neural tissue engineering applications.
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3. Hydrogels Dedicated to the Tissue Engineering Applications

Hydrogels belong to very promising materials that might serve as scaffolds used
for cell culture studies. They are polymers that form 3D highly hydrated polymeric
networks [63,78]. Hydrogels are very attractive from the perspective of tissue engineering
due to their biocompatibility, easy processing ability and structural resemblance to native
ECM [63]. Various methods of hydrogel classifications might be distinguished. They might
be classified in terms of origin to natural, synthetic and hybrid hydrogels. The cellulose
and its derivatives, carrageenan, sodium alginate, agarose, chitosan, dextran, hyaluronic
acid (HA), fibrin, collagen and gelatin [79,80], are just a few important examples of natural
representatives of hydrogels, while poly(methyl methacrylate) (PMMA), polyethylene
glycol (PEG) and poly(2-hydroxyethyl methacrylate) (poly(HEMA))-based polymers [81]
belong to the synthetic sort. The examples of hybrid hydrogels are gelatin-PEG [82] and
chitosan/acrylamide [83]. Hydrogels also might be divided in terms of ionic charge to
cationic (e.g., chitosan) [84], anionic (e.g., HA) [85], amphiphilic (e.g., collagen) non-ionic
hydrogels (e.g., dextran) [86]. Another division assumes hydrogels’ biodegradation ability.
The polysaccharide-based or protein-based hydrogels are biodegradable, while acrylate-
based hydrogels belong to non-biodegradable hydrogels [87,88]. One of the most common
hydrogel classifications is crosslinking methods that might occur either chemically or
physically. The main hydrogel applications are presented in Figure 4.

Figure 4. The main hydrogel applications.

Hydrogels might also be divided considering their applications. In tissue engineer-
ing, they might be used as drug, cell or growth factor delivery systems, biosensors as
well as scaffolds [63,80,85]. The last method of hydrogel classification includes their im-
plementation into the body: They might be non-injectable or injectable. Currently, many
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commercial injectable hydrogels serve as scaffolds for tissue engineering, e.g., EUFLEXXA®,
HyStem® [89], Corning® Matrigel® [90], Biogelx™ [91] and others. The details are pre-
sented in Table 1.

There exists a unique group of hydrogels that show changes in swelling behavior,
degradation rate, electrical conductivity or crosslinking under external stimulation. They
are so-called stimuli-responsive (smart) hydrogels [92,93]. In this context, the hydrogels
might be divided into conventional or stimuli-responsive ones—the response to external
stimuli, which might occur physically, chemically or biochemically. A great example of
such an approach is the synthetic commercially available Mebiol® gel. It consists of poly(N-
isopropyl acrylamide) and poly(ethylene glycol) (PNIPAAm-PEG), which belong to the
group of the thermo-reversible gelation polymers (TGP) [94]. While, with heating, such an
approach transforms sol to gel, this phenomenon reverses while temperature decreases.
Such TGP hydrogels might serve as scaffolds for in vivo cell regeneration [95,96]. Another
example of stimuli-responsive polymeric materials is shear-thinning hydrogels, such as
hyaluronic acid (HA) [97]. Their unique rheological properties result from long polymeric
chains that form random coils and gel due to molecular entanglements. Under sufficient
shear force, the polymer molecules undergo disentanglement and alignment, leading to a
large shear thinning effect when sufficient high molecular weight polymer is used. Such
innovative properties allow the injection of high-viscous hydrogels [4]. Such properties of
the biomaterial as thermal sensitivity or shear-thinning behaviour enjoy significant interest,
especially as injectable scaffolds for bone/cartilage and neural tissue engineering.

Since bone/cartilage tissue regeneration is a complex and multi-step process, the
requirements imposed on the potential scaffold are relatively high. On the one hand,
hydrogels are very attractive while considering cartilage regeneration, not only due to
the three-dimensionality of their structure and physical resemblance to the cartilage ECM.
Mainly, hydrogels, which might be introduced to the injured cartilage by injection, generate
minimal after-surgery scar. This feature makes them beneficial from the perspective of
economy, convalescence rate and diminished after-surgery complications. However, there
are still some crucial requirements that must be met before putting them into clinical
practice. One of the most important is to ensure cross-linking of sol after injection as
quickly as possible to avoid material leaking out of the lesion as well as to provide sufficient
mechanical stability of the scaffold. So far there are no commercial injectable scaffolds
approved for cartilage regeneration and intensive research is underway to introduce such
material to clinical practice. Some injectable hydrogels have recently undergone clinical
trials [98]

An additional problem is related to the shear stresses accompanied by moving which
may lead to the destruction of the hydrogel 3D structure through the shear thinning
mechanism [99]. Additionally, clinically used hydrogels, especially synthetic ones, are
biologically inert, resulting in reduced cell–scaffold interactions, unstable physiological
conditions and poor mechanical properties [100]. These features currently make existing
hydrogels (e.g., Pluronics) short-term solutions. Naturally derived hydrogels such as
hyaluronans show improved bioactivity; they effectively bind with chondrocytes through
CD44 and RHAMM receptors [4]. An interesting approach is the hydrogel system which
combines thermosensitivity of methylcellulose (MC) with shear-thinning behavior of HA.
Additionally, HA interacts effectively with chondrocytes through CD44 and RHAMM
receptors that provide stem cell migration participating in cartilage formation, see [4]. It
has also been reported that the presence of HA provides up to 80% of native cartilage ECM
formation as well as chondrocytes retention and infiltration after two weeks in the rabbit
osteochondral defect model [101].

Nevertheless, the high water solubility of hyaluronans leads to rapid dispersion after
being injected into fluid-filled cavities. The partial crosslinking of hyaluronans solves this
problem to some extent but does not overcome their poor mechanical properties regarding
cartilage requirements or rapid biodegradation profile [102]. Commercially used hyaluro-
nans only moisturize the damaged tissue and reduce the friction in articular cartilage for
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a while but do not provide adequate integrity with healthy areas of cartilage, and do not
supply the nutrients and gas exchange [103]. Consequently, current strategies using hydro-
gels for bone and cartilage tissue engineering need the use of additives that significantly
increase the mechanical properties of the hydrogel and biological factors that provide
effective regeneration of bone/cartilage tissues. Most of the current promising approaches
for such therapies involve hydrogels/nano-additive systems, which are described in the
next section.

The hydrogels seem to be excellent candidates for CNS injuries, especially in situ ther-
mosensitive gelling ones that can be injected [104]. The conventional scaffold implantation
by complex surgeries leads to blood–brain barrier damage, resulting in fluid and blood cell
infiltration into the ventricle and subsequent inflammation and immune response [105].

Hydrogel injection can be conducted efficiently to the spinal cord or brain cavities,
providing in situ gelations and filling the irregular lesion. At the same time, such hydrogel
might ensure adequate support for cell growth and deliver drugs, growth factors and cells
directly to the needed place without violating the blood–brain barrier.

Additionally, hydrogels mechanically resemble soft tissues, such as the brain, more
closely than stiff ones. Consequently, it is required to provide either mechanical properties
supporting cell adhesion without cytotoxic effect and relatively fast in situ gelations.
Usually, these properties do not correspond to each other. Thonhoff et al. [106] tested
various commercially available scaffolds for human neural stem cell (hNSC) differentiation
dedicated to an injured brain or spinal cord. In these studies, Pluronic, Martigel and Pura
Matrix were tested. The WST-1 cytotoxicity differentiation capacity results showed the
Pluronic at the concentrations providing adequate in situ gelation was simultaneously
toxic to hNSCs. Among others, Pura Matrix showed the lowest cytotoxicity to hNSCs,
satisfactory cell adhesion with sufficient gelation capacity and, most importantly, the best
cell survival, migration and differentiation. These studies show the importance of keeping
the balance between gelation rate and adequate hydrogel stiffness; these requirements will
vary depending on the dedicated part of tissue but are undoubtedly important, especially
from a practical point of view.

In other studies, a non-commercial hydrogel with interesting properties from the neu-
ral tissue engineering point of view was designed. Rinoldi et al. [107] synthesized a smart
conductive semi-interpenetrating polymer network (semi-IPN) poly(N-isopropylacrylamide-
co-N-isopropylmethacrylamide)(P(NIPAm-co-NIPMAm))/polythiophene-based hydrogel
for regeneration of neural tissues. Compared to pure (P(NIPAm-co-NIPMAm) hydro-
gel, the composite material showed three-fold decreased impedance, corresponding to
increased electrical properties. The Atomic Force Microscope (AFM) nanoindentation
analysis showed Young’s modulus of composite fell within the required range of neural
tissue and was c.a. 5 kPa. In vitro studies on mesenchymal stem cells and neural progenitor
cells also confirmed the great potential of such an approach. The fluorescent microscopy
showed that neural progenitors more efficiently differentiated into neural cells, with higher
amounts seeded on composite scaffolds than pure hydrogel.

To sum up, despite their many advantages, hydrogels might show various stability
and gelation times in vitro and in vivo [108]. Additionally, most hydrogels, especially
synthetic ones, characterize biological inertia due to a lack of sites that effectively bind cells
with material, resulting in decreased adhesion and proliferation [109]. The hydrogels are
also unstable in physiological conditions, resulting in faster than expected degradation
in vivo.

Considering the requirements of bone/tissue engineering, hydrogels occurring alone
cannot withstand mechanical stresses existing, i.e., in articular cartilage. These features
currently make clinically available hydrogel solutions a temporary treatment that only
mimics synovial fluid in the cartilage tissue, which decreases the friction in articular
cartilage for a very short time.

Based on CNS tissue engineering requirements, natural hydrogels hardly provide
electrical conductivity by themselves [110]. This problem might be overcome by the
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incorporation of nano-additives that provide electrical cues. Another method is designing
and synthesizing synthetic hydrogels, e.g., smart synthetic semi-IPN hydrogels [107].

Table 1. List of commercially used hydrogels for tissue engineering applications.

Trade Name Material Biomedical
Application Property Ref.

EUFLEXXA® HA Knee osteoarthritis Artificial knee
synovial fluid [111]

HyStem™ synthetic HA modified with functional
thiol-groups

Cartilage tissue
engineering

Scaffold for
cartilage

regeneration
[112]

Biogelx
di- or tri-peptides modified at the

N-terminus with the aromatic structure
(i.e., fluorenylmethoxycarbonyl, Fmoc)

Tissue engineering Scaffold for cell
culturing/regeneration [113]

Collagraft® Hydroxyapatite/Tricalcium
phosphate/Collagen

Bone tissue
engineering Bone graft [114]

INFUSE® Collagen Bone tissue
engineering Bone graft [98]

Hyalgan® HA Bone/cartilage tissue
engineering

support for the
knees/joints in
osteoarthritis

[115]

Hyalubrix® HA Bone/cartilage tissue
engineering

support for the
knees/joints in
osteoarthritis

[115]

Mebiol® PNIPAAm-PEG Neural tissue
engineering

Scaffold/drug
delivery to brain

tumors
[116]

Poloxamer
triblock copolymers of poly(propylene

oxide) and poly(ethylene oxide)
(PPO-PEO)

Articular cartilage/
Thermoresponsive

scaffold for cell
regeneration

[117]

Pluronics® block copolymers of PPO-PEO Bone/neural tissue
engineering

Scaffold for
cell regeneration [118,119]

Pura Matrix Neural tissue
engineering

Scaffold for cell
regeneration [106]

Corning® Matrigel®

laminin, collagen IV, entactin, nidogen
and heparan sulfate proteoglycans.

Growth factors such as TGF-β, basic
fibroblast growth factor, insulin-like

growth factor-1 and tissue plasminogen
activator

Neural tissue
engineering

Scaffold for cell
regeneration [106]

4. Electrospun Scaffolds Dedicated to Tissue Engineering

Electrospun nanofibers are formed using an inexpensive and simple method that
allows to process a wide spectrum of natural or synthetic polymers [120]. The proper-
ties of electrospun mats might be easily controlled by choosing adequate material and
processing parameters, i.e., flow rate, electric field, the distance between needle and col-
lector, etc. Electrospun nanofibers fit some of the requirements of TE application—due to
fibrous, architecture they are able to withstand the stresses occurring in various tissues,
i.e., compressive or tensile stresses in cartilage [121]. A high surface to volume ratio of
electrospun nanofibers and high porosity are other features that make them attractive for
TE. Such architecture faithfully reflects porous collagen fibers that are present in native
ECM. Additionally, electrospun nanofibrous scaffolds might be formed using a wide range
of biocompatible polymers, making this technique very attractive [122]. There are various
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types of commercially available electrospun scaffolds with specific directions of applica-
tions. The most commercially used scaffolds are, e.g., TissueMend R (USA), PolyTape R
(Japan), OrthAdapt (USA) and many others [122,123].

While designing adequate mechanical properties of the scaffolds, the material selec-
tion has to be done thoroughly. Since all medical implants, such as PGA and PLA, need
to be sterilized, e.g., via radiation, gas or steam, it can affect and decrease the mechanical
properties of the material [124]. Thus, the sterilization method should be selected indi-
vidually with respect to selected material. Moreover, implanted scaffolds are exposed
to various mechanical loadings, such as shear tension, torsion and compression. The
mechanical strength of cortical bone is around 100–230 N [125], tendons and ligaments
1978 ± 301 N [122]. Mechanical tests characterized that the load to failure is 76 N, 38 N
and 229 N for TissueMend, Restore and GraftJacket, respectively [126]. In this respect the
scaffolds with similar mechanical strength, that withstand the natively occurring mechani-
cal stages, to the GraftJacket should be formed. Another method to reinforce mechanical
properties of the synthetic scaffold, such as PLA, PGA, and their copolymers, is formation
of composite scaffolds by incorporation of other materials, i.e., ceramic materials, bioactive
glass or hydroxyapatite (HAp) into the polymer matrix.

The controlled scaffold degradation after implementation also plays an important
role. The ideal scaffolds after tendon or bone regeneration should ultimately degrade in
12 months, because this is approximately the longest time of these structures’ regeneration.
Based on the available literature, the degradation process differs dramatically. Synthetic
scaffolds such as commercially available anterior cruciate ligament (ACL) degrade slowly
or not at all [127]. Restore Patch was degraded in in vivo studies after 112 days after
implementation. TissueMend and GraftJacket degraded partially, while Zimmer Patch was
non-degradable. BioBlanket scaffold is expected to degrade in in vivo conditions for up to
one year [128]. Debnah et al. showed that synthetic scaffolds are current in host tissue even
after 15 years [129]. The tissue induction is not well defined: Zimmer Patch was surrounded
by tissue capsule; CuffPatch was partially replaced by host tissue. Acid products formed
during the degradation process can affect the reduced proliferation of the host tissue.
Researchers, such as Guidoin et al., [127] examined the ACL prosthesis healing process
and found that healing is poor, incomplete and unpredictable. The complex system used
today is the Ligament Advanced Reinforcement System (LARS) made from polyethylene
polyester fibers. Fibers are twisted at 90◦ and it gives higher mechanical properties. In vitro
tests on human fibroblasts showed cellular growth after six months culturing on LARS [130].
Clinical tests concluded that LARS can be used for ACL reconstruction [131].

Most clinical studies are case and retrospective studies. Additional research studies
are necessary to precisely prove the safety and efficiency of commercial scaffolds in respect
to long-term use. In existing studies, selected criteria are often limited by age, gender and
defect sizes. Selected examples of commercially used scaffolds are presented in Table 2.

Table 2. Selected examples of commercially used scaffolds for bone/cartilage and neural tissue
engineering applications from polymers.

Trade Name Polymer Biomedical
Application Property Ref.

Dexon PGA Biodegradable
synthetic suture

Tissue regeneration,
PLLA high-strength

fibers
[132]

Monacryl PDLLA-CL Monofilament suture Fibers less stiff [133]

Pins PDS Fixation screws in
small bones

Orthopaedic
applications [134]

Maxon PCLTMC Flexible suture
materials multiblock [135]
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Table 2. Cont.

Trade Name Polymer Biomedical
Application Property Ref.

Acufex PCLTMC and
PGCL Orthopaedic screws multiblock [136]

No trade
name PHBHV Bone pins, drug

delivery, plates piezoelectric properties [137]

Dacron PLLA vessel Fiber-based devices [138]

Synvisc,
Orthovisc HAP Relieve pain, improve

joint mobility Synovial fluid substitute [139]

Polynova LDI-based PU Orthopedic
applications

Injectable, high
mechanical properties [140]

NeuroMatrix™ Collagen Neural applications Tubular matrix [141]

Neuroflex™ Collagen Neural applications Protect axonal growth
across nerve gap [142]

Neuragen® Collagen Neural applications Nerve guide [143,144]

Neurolac™ PLA-PCL Recovery of sensory
nerve function Nerve conduit [145]

NeuroTube® PGA Peripheral nerve gaps Nerve conduit [146]

SaluTunnel Salubria, non-
biodegradable Peripheral nerve gaps Nerve conduit [147]

Using electrospun polymeric materials is more common in peripheral nervous sys-
tem regeneration than for central nervous system therapies. Numerous collagen type-I
scaffolds, dedicated neural tissue engineering, have FDA (Food and Drug Administration)
approval, such as NeuroMatrix™, Neuroflex™ [148], Neuragen® [149], Neurolac™ [150],
NeuroTube® [151,152], Salutunnel [153] and others [154–157]. They usually serve as nerve
conduits and are formed into tubular structures to effectively bridge nerve gaps, preserve
the injured nerve against scarring and guide the regeneration of axons by mechanical
stimulation. In these materials, such parameters as scaffold stiffness, permeability and
controlled degradation were well designed, and provided satisfactory efficiency without
compression neuropathy [150]. However, the main challenge that meets commercially
available materials dedicated to neural applications is the controlled degradation rate.
When the degradation rates are incorrect, cell proliferation and migration are decreased,
which causes a hindering regeneration of the scaffolds. Particular studies have shown
that providing different amounts of collagen might affect different properties of the scaf-
folds, including degradation rate [158]. An example of commercial collagen scaffolds
that show the controlled biodegradation is Neuragen. It dissolves after c.a. four years
after implantation. Another method that might improve degradation rate is blending
collagen with such synthetic polymers as PLA and PGA [159]. While improving the degra-
dation rate, according to some of the scientific reports, i.e., [150], many of the commercial
approaches are not able to provide full restoration of motor and sensory nerves in the
place of injury, do not supply enough nerve fibers to stimulate the target organ and do
not minimize muscle atrophy before nerve fibers grow into the organ [160]. This might
be caused by the bioelectrical inertia of implanted materials. One of the solutions that
might solve this problem is providing electrical stimulation by the scaffold. In this respect,
the materials must be selected thoroughly to provide adequate degradation, mechanical
properties and bioactivity and to avoid chronic inflammation, which are usually the results
of using such electroconductive materials as Polyaniline (PANI). An interesting, innovative
electroactive electrospun nanofiber that, by providing the adequate intensity of electrical
stimulation, promotes nerve regeneration was reported by Zhang et al. [161]. A great
example of such an approach is Antheraea pernyi silk fibroin (ApF)/(Poly(L-lactic acid-co-
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caprolactone)) (PLCL) electrospun nanofibers coated with reduced graphene oxide (RGO).
Such modification increased mechanical properties and bioactivity, but most importantly
provided long-term electrical conductivity comparable to that occurring in the human
nervous system [75], which was c.a. 0.41 mS/cm. Moreover, such modification provided
the steady interaction between neural cells/tissues and conductive scaffolds. The PC12
cells seeded on the AP/RGO nanofibers showed increased differentiation after RGO modi-
fication, while its in vivo implantation into rat sciatic nerve defects showed a comparable
capacity regeneration to autograft, which is the current gold standard in peripheral nerve
regeneration [162]. Such graphene-modified electroconductive electrospun nanofibers are
a promising approach for peripheral nerve repair and regeneration.

Electrospun nanofibers present plenty of favorable advantages from the bone/cartilage
or peripheral nerve tissue engineering point of view. Nevertheless, they offer a rather
two-dimensional structure, while their implantation into injured tissue might be carried out
by surgery only. This is a serious problem, especially while the injured site is challenging to
reach or the surrounding area is sensitive to damage. To overcome this problem, an appro-
priate modification method might be used e.g., electrospun nanofiber cutting. Such modifi-
cation might be conducted during the electrospinning process, or as a post-electrospinning
treatment [163]. The former assumes adjustment of electrospinning parameters [164,165],
use of electric spark [166] or core-shell electrospinning with subsequent leaching of the
shell [167]. The latter might occur chemically (i.e., by aminolysis, hydrolysis), where
polymeric chains are cleaved using diamines, acids or alkalisor physically by mechanical,
laser or ultrasonic cutting [168]. The length of the nanofibers obtained this way might
be in the range of 1–200 µm and by fiber dispersion in the adequate medium and then
thorough adjustment of needle size, nanofibers in such a way might be easily injected into
the lesion. The fiber modifications that make them injectable are the progressive steps
forward designing new biomaterials and increasing the scope of applications of electrospun
nanofibers. The details regarding such approaches are discussed below.

5. Composite Injectable Scaffolds
5.1. Hydrogels and Nanoadditives

Some hydrogel limitations could be overcome by appropriate modification. One of
them is adding some nano-additives, e.g., nanohydroxyapatite, nano-silicate, polymeric
micelles, liposomes and others [169,170]. In such systems, hydrogels provide a biocom-
patibility, biodegradation ability, three-dimensional structure with interconnected pores
that fairly mimic native ECM or such smart properties as thermal sensitivity. Additionally
they are the perfect medium for nano-additive dispersion. Nano-additives fulfill a support-
ive function by increasing bioactivity, mechanical stiffness, magnetoelectric properties or
providing controlled release of drugs or growth factors.

Shi et al. [171] modified gelatin-methacryloyl (GelMA) with nanohydroxyapatite
(HAP) and nonsilicate (SN) and enriched the composite with mesenchymal stem cells
(MSCs). Such modification improved osteoinductive properties and provided injectability
of the approach by introducing nano-additives. Incorporation of HAP and MSCs was
focused on providing biochemical and morphological resemblance to the natural bone
tissue. Such an approach was injectable to provide a convenient way of introduction to the
defected bone tissue.

A different approach was designed by Chen et al. [172], who developed a self-
assembled chitosan-based hydrogel loaded with MgO nanoparticles, which provided
sustained release of Mg2+ and strengthened hydrogel mechanically. Such a composite
was able to withstand the compressive stress similar to that occurring in the bone tissue
for 30 days and supported in vitro Ca3(PO4)2 deposition, and at the same time promoted
MC3T3-E1 cell proliferation and their differentiation into osteoblasts, and provided bone
reconstruction in rats after 12 weeks.

Besides the combination of highly tunable hydrogels with nanoadditives, tissue en-
gineering studies incline toward combined strategies. On the one hand, designed hy-
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drogel/nanoadditive systems serve as scaffolds containing bioactive agents; on the other
hand, they deliver drugs to the injured tissue in a controlled way. A great example of
such an injectable thermosensitive approach was reported by Taymouri et al. [169]. The
chitosan/silk fibroin hydrogel system was modified with dipyridamol/PCL nanoparticles.
After appropriate chemical modification, Chitosan provided thermal sensibility, resulting
in hydrogels crosslinking at physiological temperature, biochemical properties and osteo-
conductivity, which is decent from the perspective of bone tissue engineering. Besides
low immunogenicity and osteogenerative features, silk fibroin provided c.a 1.5–2.6-fold
decreased time of chitosan thermal crosslinking and influenced its mechanical properties.
Using dipirydamol provided osteogenesis by activation of A2AR receptors and locking of
adenosine escapement, the dipirydamol was loaded into biodegradable PCL nanoparticles
to provide better dispersion in the hydrogel matrix as well as to control the release. The
MTT test on MG-63 osteoblast-like cells showed increased cell viability and proliferation
on the composite material and satisfactory calcium deposition, proving its potential for
bone tissue regeneration. However, in vitro drug release tests were conducted for five
days only, while the average bone healing, despite using a scaffold, takes between 6 and
12 weeks [173]. In this respect more studies need to be done.

The injectable hydrogel scaffolds/delivery systems are also applied in therapies
dedicated to damaged brain and CNS diseases. One of the examples of such an approach
is hybrid alginate/chitosan hydrogel loaded with berberine encapsulated inside chitosan
(BerNChs) nanoparticles [174]. The hydrogel system provided similarity to the native
ECM environment to prevent glial scar formation and adequate mechanical support. Use
of nanoparticles provided sustained delivery of Berberine, which plays a crucial role in
inhibiting transcription factors responsible for inflammation and carcinogenesis. The
stiffness of the obtained hydrogel/nanoparticle system lay within the required CNS range
and was 4 kPa. MTT assay on endometrial stem cells (ESCs) showed good cell viability,
but most importantly in vivo studies on rats’ spinal cord showed effective delivery of
berberine, which provided progressive restoration of limb functions and neuroprotection
of injured neural tissue.

Another example of a hydrogel loaded with nanoparticles that combines supportive
and delivery functions is a semi-interpenetrating polymer network (semi-IPN) hydro-
gel consisting of collagen and HA. The hydrogel was additionally loaded with gelatin
nanoparticles and chaperone protein (Tat-Hsp70). Gelatin particles improved the viscoelas-
tic properties of the hydrogel system and encapsulated Tat-Hsp70 to ensure its controlled
release. The obtained composite provided increased delivery of Tat-Hsp70 compared to
delivery of protein alone, resulting in increased protection of neurons, followed by an
improved motor function of CD-1 mice [175].

In other studies, Zhang [76] et al. designed smart magnetoelectric HA/collagen
hydrogel loaded with core/shell Fe3O4(FO)/BaTiO3(BTO) nanoparticles for injured spinal
cord regeneration. Such smart material not only consists of biocompatible components
but also combines piezoelectricity and magnetic responsivity and provides a native neural
ECM environment. The HA/collagen mechanically corresponds to soft neural tissues; the
measured Young’s modulus was c.a. 0.4 kPa, due to homogenous nanoparticle dispersion,
which provides effective transfer of electric signals. The BTO provides piezoelectricity
and FO magnetic properties. The form of the core shell efficiently increases the contact
between two phases and hence improves magnetoelectric transduction capacity, T, which
corresponds to the native neural tissues. Applying an external magnetic field to cells
seeded on a scaffold stimulated PC12 cell transformation into neurons that showed highly
elongated morphology compared to cells untreated with a magnetic field. The external
magnetic treatment also provided superior expression of proteins specific for neurons (Tuj1,
NF and PSD95). Increased expression of PSD95 during electrical stimulation is critical here,
since it generates new synapsis formation, crucial from the perspective of effective neural
impulse transmission between neural cells. Generally, such an approach has huge potential
in enhancing electrical stimulation in vivo and electrical regulation of neurogenesis.
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5.2. Hydrogels and Electrospun Nanofibers

Another method of hydrogel modification is the addition of electrospun nanofibers.
Hydrogel provides the same functions as described in the previous subsection. While
electrospun nanofibers strengthen hydrogel mechanically, they offer ECM-mimicking
substrates to enhance cell adhesion and differentiation profile [176]. Since electrospun
nanofibers could withstand contractile forces, they are attractive support as adhesion sites
for cells [177,178]. Above all, the hydrogel/nanofiber composite material provides the
environment that entirely mimics the structure of proteoglycans and collagen fibers in the
native ECM [179].

Electrospun fibers can be incorporated into the hydrogels using two alternative meth-
ods. The first one is stacking layers of nanofibers and hydrogel by lamination and by
creating a sandwich model. The method allows to obtain the composite in a precisely con-
trolled and repeatable manner but does not provide injectability of such an approach. The
lamination method was used by Zare et al. [180] to form alginate-based hydrogel/gelatin
electrospun fibers/Kartogenin-PLGA nanoparticle (KGN-NP) composite. Such a composite
served as a scaffold/drug delivery system. Compared to the pure hydrogel, the composite
showed c.a. 2.4-fold increased elastic modulus determined from unconfined compressive
tests. The in vitro tests on adipocyte mesenchymal stem cells (ADMSCs) assessed using
Resazurin assay and Live/Dead staining indicated beneficial cell morphology and viability
for composite hydrogel.

The second method of hydrogel functionalization with electrospun fibers is simpler
and more common than the former one. The combination of short electrospun fibers
and hydrogel occurs by fibers dispersion in the non-injectable and injectable hydrogel
solutions [181]. Maharian et al. functionalized chitosan hydrogel with regenerated cellulose
nanofibers (rCLs). The rCLs were obtained by deacetylation of electrospun cellulose
acetate fibers. They significantly increased mechanical properties of the injectable hydrogel,
provided fibrous structure mimicking collagen fiber network, which is natively present in
ECM, and ensured more anchorage site for the mouse calvaria pre-osteoblasts (MC3T3-E1).
The incorporation of rCLs to the chitosan not only 1.5-fold increased the Young’s Modulus
of chitosan and provided increased nucleation sites for hydroxyapatite, but also CCK-8
assay and confocal laser scanning microscopy (CLSM) imaging showed increased viability,
attachment and proliferation of MC3T3-E1 cells [182].

In other studies [176], the non-injectable alginate/hyaluronic acid (Alg-g-HA) hydro-
gel system was modified with poly(lactic acid) (PLA) short electrospun fibers using the
same dispersion method. Such an approach served as a scaffold/chondrocyte delivery
system for damaged cartilage regeneration. The compression tests on pure hydrogel and
hydrogel/fiber systems showed 1.5–1.9-fold increased Young’s modulus after incorpo-
ration of PLA fibers. The hydrogel stiffness increased with the higher weight ratio of
nanofibers in the composite. The MTT assay confirmed chondrocyte viability after seven
days on scaffolds and the non-toxic character of the hydrogel systems. It was also observed
that gases and mass transportation occurred adequately throughout the constructs.

The formation of injectable approaches for tissue engineering through dispersion of
nanofibers inside the hydrogel matrix has recently gathered a lot of interest. In this scenario,
incorporated electrospun fibers should be fragmented to enable effective injection of the
hydrogel system. The aminolysis [162], or motor-driven blade cutting at −80 ◦C [183], are
just a few examples of electrospun nanofiber fragmentation. Injectable hydrogels are espe-
cially important while material should be introduced into inaccessible areas in the tissue in
a short time. The great example of such an area is neural tissue. Hsieh et al. [184] formed a
smart thermosensitive/shear-thinning hyaluronic acid/methylcellulose (HAMC) hydrogel,
which was subsequently loaded alternatively with collagen and poly(ε-caprolactone-co-
D,L-lactide (P(CL:DLLA))). Such an approach served as a scaffold/cell delivery system
for regeneration of spinal cord. The CellTiter-Glo® Luminescent Cell Viability assay and
Live/Dead assay showed the best survival of neural stem/progenitor cells (NSPCs) and
was visible for the HAMC/P(CL:DLLA system. Additionally, on this material NSPCs
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evidently differentiated into neural cells and oligodendrocytes, which are responsible for
myelin formation, and inhibit the degeneration of axons.

Similar research was conducted by Ghaderinejad et al. [185]. The injectable alginate
hydrogel system was loaded with magnetic short PCL/superparamagnetic iron oxide
nanoparticle (SPION) electrospun fibers. Such an approach served as a non-invasive scaf-
fold for neural regeneration. Besides mechanical support and providing fibrous structure,
concerning the presence of magnetic particles, the fibers were aligned without aggregation
within the hydrogel system after in situ crosslinking. The unique architecture of hydro-
gel/short fiber systems promoted extended and flattened olfactory ecto-mesenchymal
stem cell (OE-MSC) morphology, provided their increased proliferation and showed great
potential concerning their differentiation into dopaminergic neurons

6. Conclusions and Future Perspectives

There is continuing dynamic development in tissue engineering toward new scientific
trends for curing, diagnosing and preventing diseases at the nano- and micro-levels.
Innovations in these materials concerning fabrication processes allow them to produce
implants with good performance.

The newest trend in designing scaffolds for bone/cartilage and CNS tissue engineering
is combining at least two different materials, e.g., injectable smart hydrogels with nano-
additives. Such modifications overcome the limitations of materials occurring alone, might
increase stiffness of hydrogels or provide biocompatibility to biologically inert materials.
Additionally, they might provide yet undescribed properties such as magnetoelectricity or
injection ability of electrospun nanofibers.

An attractive solution is also combining at least two fields of tissue engineering, i.e.,
drug and cell delivery system/scaffold, to make a synergic effect which is very promising
from the perspective of tissue engineering, particularly for bone/cartilage and neural
regeneration. Such an attitude allows overcoming fundamental limitations of currently
used clinical materials dedicated to bone/cartilage and neural treatments.

Besides primary characterization, future studies should focus on designing multi-
component materials that will not only mimic ECM, deliver drugs and growth factors or
provide electrical stimulation, but will also fit the in vivo mechanisms and mechanobiology
of bone/cartilage and neural regeneration [186]. It is also crucial to monitor the use of
scaffolds in clinical conditions for a long time after implantation. Such studies will evaluate
the safety and effectiveness of the used material, evaluating its real relevance as a scaffold
for bone/cartilage and neural tissue engineering application.
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