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Abstract

The design of bioactive scaffolding materials with favorable properties is para-
mount for successful application in biomedical engineering. Polymeric hydrogels
attract significant attention as leading candidates for scaffold engineering due to
their specific compositional and structural similarities to the natural extracellular
matrix. The ability to control porosity, surface morphology, and size of hydrogel
scaffolds has created new approaches to overcome various issues in tissue
engineering such as vascularization, tissue architecture, and simultaneous multi-
ple cells seeding. This review imparts an overview of hydrogel scaffolds based
on synthetic and natural polymeric components (alginate, gelatin, and
2-hydroxyethyl methacrylate). We made hydrogel scaffolds with unique
properties. Their in vitro and in vivo biological response, morphology, mechani-
cal properties, porosity, hydrophilicity, and degradability were tested to find
optimal patterns of tissue regeneration.
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6.1 Tissue Regeneration Engineering and Polymeric Scaffolds

Tissue regeneration and engineering received significant scientific interest (curios-
ity) in the last decades and they can improve the levels of classical treatments. A
biomaterial as a “temporary matrix that promotes a specific environment and archi-
tecture for tissue growth and development” is defined in the field of tissue engineer-
ing (Roseti et al. 2017).

The principal therapeutic platform for regenerative medicine is tissue engineer-
ing. The expansion of substitute products using biomaterials that can regenerate and
repair diseased tissues and organs is a significant issue of new technological
approaches. Therefore, these medical devices are fabricated to overcome the limited
regeneration capacities of human tissues and organs.

The regenerative medicine field is dedicated to the general goal of damaged
organs and tissues repairing and regenerating. Patient living cells isolation, their
in vitro spreading inside polymeric scaffold, and reimplantation of tissue-mimick
structures in the patient are the courses of the regenerative process (Langer and
Vacanti 1993). The versatile properties of polymeric biomaterials, especially
hydrogels, have found significant application in regenerative medicine as scaffolding
materials into which cell cultures are introduced and serve as devices for the delivery
of cells and genes (Slaughter et al. 2009). These biomaterials may be made biocom-
patible and exhibit adjustable mechanical properties and degradability. They are
incorporated with biological signs to be able to carry out the processes of adhesion,
migration, and proliferation of cells and growth factors, to enable the binding sites of
peptides or cytokines. The biomimetic polymeric biomaterial thus created can mimic
an extracellular matrix (ECM) environment.

Regenerative engineering aims to advance complex tissue revitalization pro-
cesses and biological systems and encompasses the fields of stem cell science,
advanced biomaterials, and developmental biology (Laurencin and Khan 2012).
Polymeric hydrogels can be fabricated into 3D mimetic scaffolding for cell growth
support thanks to their resemblance to a native extracellular matrix making them
attractive biomaterials for regenerative engineering. The application of nano- and
microtechnologies leads to the possibility of managing the properties and
functionalities of hydrogel materials. This contributes to the biomimetic production
of more refined patterns and architectures. Thus, our scientific perspectives expand
to the level of nanoscale cellular interactions.

Most human tissues have a limited capacity for regeneration. Severe tissue
damage due to trauma, degenerative diseases, or congenital abnormalities can lead
to irreversible disability or death. Therefore, patients with serious tissue damage, in
that case, depend on organ transplantation. Despite the increased volume of organ
transplants, there is a limitation in the possibilities of recipients and donors of
organs. Then tissue engineering and regenerative medicine take over the 00role00

(Amado et al. 2017; Vacanti and Langer 1999; Mason and Dunnill 2008).
The ideal scaffold should mimic a native extracellular matrix (ECM) and direct

stem cells to regenerate functional tissues. In that sense, hydrogel materials are one
of the most beneficial biomaterials with tunable water/fluid level, a high degree of
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biocompatibility, and simple adjustability to restore ECM (Slaughter et al. 2009).
Various kinds of hydrogels with favorable properties are created to fix different type
of tissues (Huebsch et al. 2010; Engler et al. 2006). Biophysical cues, like porosity,
elasticity, and degradability, can be introduced into hydrogel scaffolds in a specific
spatiotemporally manner to systematically regulate the cell’s behavior (Guvendiren
and Burdick 2012; Yang et al. 2016). Advanced chemical strategies are used to
improve biocompatibility and achieve hydrogel functionality (Amado et al. 2017;
Phelps et al. 2012).

Spatially patterned hydrogel scaffolds with nanoscale biophysical and biochemi-
cal cues are used to evaluate cell behavior (Yang et al. 2016; Wade et al. 2015).
Nanofiber-based hydrogel that mimics ECM with adaptable architecture and
mechanics is synthesized in the interaction of advanced polymer processing
technologies. In this way, the sensitivity of cells to mechanical stimuli as well as
subsequent responses can be tested (Baker et al. 2015).

The potential of regenerative medicine is based on the regeneration and replace-
ment ability of diseased tissues and organs (Atala 2008; Mendelson and Frenette
2014). Researches in the field of regenerative medicine have results that indicate that
can be reported successful regeneration and replacement of many tissues and organs,
including skin, heart, kidneys, and liver, as well as the potential to even improve
some birth defects (Amado et al. 2017; Bailey et al. 2014; Knoepfler 2015; Tang
et al. 2016).

Powerful biomaterials, mainly combinations of scaffolding, growth factors, and
stem cells, have the function of replacing damaged tissue and showing that they
function as original tissue or have the ability to stimulate native tissue regeneration
to establish successful regenerative medicine platforms (Amado et al. 2017; Gao and
Cui 2016; Guan et al. 2017). These platforms focus on tissue environmental changes
due to the incorporation of exogenous materials and biological factors with the sole
purpose of accelerating and promoting the body’s healing process. Extracellular
matrix materials and biomimetics have been used for more than a decade, more than
just providing physical support (Amado et al. 2017; Alves da Silva et al. 2017;
Goncalves et al. 2017; Pina et al. 2017). Materials and biomimetics can in their own
way stimulate the regeneration process, but they can also be biomolecules on their
own that affect cell growth (Guan et al. 2017). In addition to the necessary physical
support to the cells, it is advantageous for the scaffolding biomaterial to include
biological signs or signals that enhance or improve tissue regeneration and perfor-
mance (Dzobo et al. 2016; Evans et al. 2010; Sadtler et al. 2016). Different tissues
possess the different regenerative capacities. So, some do not need the addition of
cells, but only biomaterial and biological agents. Other tissues have limited regener-
ation capacities and need biomaterial, biomolecules, and cells for regeneration.
Cartilage and cornea are tissues and organs with limited or no regenerative capacity,
while the liver and lungs have a high regenerative capacity (Amado et al. 2017; Atala
2008; Atala 2012; Kotton and Morrisey 2014).

Native tissues have a wide range of physical characteristics, of which elasticity
and permeability stand out. For example, human tissue shows tissue-specific elastic-
ity in the range of about seven orders of magnitude, starting at only 167 Pa for breast
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tissue (Guan et al. 2017; Paszek et al. 2005), to as high as 54 GPa for hard tissue
(Choi et al. 1990). There are also various optimum pore sizes of implants for
inducing regeneration of different types of tissues: 5 μm in pore diameter for
vascularization (Brauker et al. 1995), 5–15 μm for fibroblast ingrowth (Klawitter
and Hulbert 1971), 20–125 μm for adult skin regeneration (Yannas et al. 1989), and
100–350 μm for bone regeneration (Annabi et al. 2010). Cells can recognize
mechanical signals and through mechanical transduction reach further processes
differentiated into different families (Guan et al. 2017; Huebsch et al. 2010; Engler
et al. 2006). Hydrogel materials can contain biophysical responsiveness in a con-
trolled way to control cellular manner, mimicking these physical characteristics on a
micro and nano scale. This approach gives an obvious understanding of the mecha-
nism of cell development and their reactions in various diseases (Guan et al. 2017).

One of the three most important elements in the basic concept of regenerative
medicine is scaffolding materials. They form the basis of regenerative medicine
engineering. Surgical procedures involving the use of scaffolds as medical devices
are performed daily to replace or repair tissue damaged by disease or trauma. Highly
porous scaffolding biomaterials combined with the body cells can form templates for
tissue regeneration, which lead to the growth of new tissue. The scaffold has a
prominent role in the design and fabrication of 2D and 3D models, including surface
ligands and molecular architecture, nanoparticle-cell interactions (Amado et al.
2017).

Scaffold modeling is a crucial part of tissue engineering and regenerative medi-
cine. A fundamental tool to guide tissue formation both in vitro and in vivo should be
an optimal designed 3D scaffold. Properties like high surface-area-to-volume ratio,
porosity, pore size, pore design, pore interconnectivity, permeability, and degrada-
tion should be taken under consideration when designing scaffold material for
various and tailored applications. These permit a desirable biological network for
cell migration, nutrient transportation, and therefore the mechanical stiffness, and
strength are therefore obtained (Budama-Kilinc et al. 2017; Parker et al. 2002; Fang
et al. 2005). Growth factors and drug release process should even be considered to
attain optimized tissue growth as scaffold degraded. Moreover, some researches
have shown the advantages for tissue regeneration of using curvature and concave
surfaces compared to convex and planar ones (Zadpoor 2015). Two scaffolding
design approaches may be used to fulfill the aforementioned demands. The first one
is predicated on the native tissue. The second relies on the unit’s digital cell model,
both addressing tailored scaffolding geometry. The geometry obtained can then be
applied to computer-aided engineering studies to optimize the performances of the
tailored bioengineering scaffold (Amado et al. 2017).

The artificial scaffold is made and its properties are optimized according to the
complex structure of the tissue. The scaffolding designed in this way should be
suitable for cell adhesion, proliferation, and ECM formation. This is how the ECM
recovers. Medical devices should be designed to create, induce or congest tissue
reactions (Amado et al. 2017; Haycock 2011). The perfect scaffolding should have
optimal and favorable biocompatibility, biodegradability, mechanics, interconnec-
tion of pores of appropriate sizes that will accommodate cells, as well as an optimal
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exchange of nutrients and waste products with its three-dimensional space for cell
growth in an organized manner (Amado et al. 2017; Seol et al. 2013). Tailoring
biomaterials for enhanced biofunctionality can be accomplished by employing a
kind of approaches that involve the introduction of chemical, topographical, or
mechanical cues via top-down or bottom-up approaches (Camarero-Espinosa and
Cooper-White 2016). It is very important to choose favorable biomaterials, as well as
techniques and methods of obtaining them. There is a whole range of natural and
synthetic components used for scaffold syntheses such as biometals, ceramics,
bioactive glass, phosphates, and polymers. Bioactive ceramic scaffolds are favorable
for bone tissue regeneration due to their biological functionality. However, ceramics
as scaffolding materials is restricted owing to difficult processability and inherent
brittleness (Seol et al. 2013). Rezwan’s group (Rezwan et al. 2006) showed that
conventional material processing methods are adapted and extended for the
incorporation of inorganic bioactive part into porous and interconnected 3D poly-
meric networks (Amado et al. 2017). Advanced biomaterials are hybrids with
adjustable bioactivity and biodegradability (Rezwan et al. 2006). Addressing these
issues, research has focused on the mechanical testing of polymer-bioglass
composites. Consequently, scaffolds of identical density are compared and it has
been confirmed that the addition of bioglass reduces the elastic gradient and relieves
tension. Therefore, the highest content of bioglass seems to have a beneficial effect
because it does not significantly impair the mechanics of the scaffold and improves
bioactivity (Fiedler et al. 2015). The creation of biodegradable, bioactive, “living”
composite biomaterials loaded with biomolecules, which is characterized by great
adaptability to the biological environment (Rezwan et al. 2006), is a promising
approach. Biomolecules are added to speed up the healing process, and they are
sensitive to elevated temperatures and extreme chemical conditions. Therefore, their
loading during scaffolding production is not easy. Another interesting approach is
the immobilization of proteins and growth factors by functionalizing the scaffold
surface in the postprocessing phase (Amado et al. 2017; Cosson et al. 2015).

“Soft” material routes like sol-gel processing may be a platform to include
biomolecules during scaffold fabrication. But, highly porous, interconnected pore
structures for bioactive organic/inorganic hybrids have not yet been achieved, which
is important for scaffolding application. Further, an important issue is a reason for
the local impact of growth factors on the cell and tissue systems, especially long-
term effects (Amado et al. 2017; Rezwan et al. 2006). The foremost, crucial
parameters that determine the performance of a designed implant are mechanical
characteristics which depend on the process and structural characteristics of the
biomaterials. In such a way, desired mechanical properties can accomplish by
modifying the structural characteristics of a biomaterial. Cell biological behavior
testing is required to check biocompatibility and bioactivity after surface
modifications (Amado et al. 2017; Haycock 2011). The study of the interactions of
biochemical and geometrical cues on stem cell differentiation and alignment should
be also considered. The potential to spatially control stem cell orientation and
differentiation toward multiple phenotypes simultaneously, i.e., myocyte, tenocyte,
and osteoblast allow in vitro cells grown to more closely mimic aspects of native
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structure organization (Amado et al. 2017;Ker et al. 2011). Although the precise
mechanism behind geometry-induced cell alignment is presently unknown, cells
alignment observed on fibers may likely be attributed to a mix of factors including
physical space constraint and relative stiffness of the underlying substrate; ultimately
effecting changes in both cell spreading and cell stiffness, cells could also be
predisposed toward a selected orientation through the modulation of
mechanotransduction pathways via cytoskeletal rearrangements (Amado et al.
2017; Sun et al. 2004).

A more robust choice to create graded structures that resemble the biological
interface is to form multilayer scaffolds as combinations of several biomaterials. The
newest technologies deal with the development of multilayer scaffolds and the
controlled release of bioactive agents to promote in situ regeneration of biological
tissues and aim to perfect the available traditional treatments. Long-term evaluation
is indispensable with a special focus on studying the biological and mechanical
properties of the designed tissues to verify the potential of those novel approaches
(Amado et al. 2017; López-Ruiz et al. 2016).

The scaffold design should enable the creation of a bioactive dynamic system,
which will be a favorable environment for cells. One of the types of scaffolds is
nanofibers that are obtained by the technique of surface modification, which con-
tribute to an improved understanding of in vitro and in vivo cellular behavior. This
approach implies the interconnection of knowledge of science and technology
(Amado et al. 2017; Cheung et al. 2015; Kariduraganavar 2016).

In organ engineering, it is important to take care that the regeneration of func-
tional tissue takes place, whereby it is necessary to achieve cell viability and
differentiation, stimulate proliferation, the direction of modulation, and the rate of
cell migration and cell adhesion regulation (Amado et al. 2017). Cell viability is
determined through morphological changes or membrane permeability, as a physio-
logical condition based on cell culture staining. Cells are cultured on a three-
dimensional biocompatible scaffold. This is followed by a process of degradation
and resorption at a projected rate whereby soft and hard tissues are regenerated
in vitro or in vivo conditions (Amado et al. 2017; Hutmacher 2001).

The bioengineering approach in scaffolding design in vivo is guided by the
conditions of oxygen diffusion and the flow of nutrient components so that the
thickness of the scaffold is adjusted to several hundred microns (Amado et al. 2017;
Cosson et al. 2015). Great care must be taken with scaling in the transition to clinical
applications from in vivo testing. An important topic is the process of tissue
vascularization. Good blood circulation to the tissues leads to a favorable flow of
nutrients and other components and leads to the proper integration of cells and the
healing process. The latest biocreation techniques, especially when it comes to
bulkier medical devices scaffolds, lead to more advanced solutions to vasculariza-
tion issues (Amado et al. 2017;Lim et al. 2017).

The most widespread biomaterials used for the design of scaffolding and medical
devices in regenerative engineering are polymers (Budama-Kilinc et al. 2017; Piskin
1994; Ji et al. 2006). The properties of materials that recommend them to be used
toward biomaterials are composition, hydrophilicity, swelling, surface energy,
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adhesiveness, the possibility of degradation, and erosion mechanism. Polymeric
scaffolds have emerged as the biomaterials of choice due to their specific properties
that can be adjusted to different synthesis processes and techniques (the length of
polymeric chains is a key factor that further determines all properties relevant to
biomedical applications). Due to all the above, it is possible to very finely achieve
the most favorable bioactivity and biocompatibility of scaffolds. Research on the
development of artificial skin and cartilage has been conducted in that direction
(Eaglstein and Falanga 1998), bone and cartilage (Boyan et al. 1999), liver (Mayer
et al. 2000), heart valves and arteries (Mayer et al. 1997), bladder (Oberpenning et al.
1999), pancreas (Tziampazis and Sambanis 1995), nerves (Mohammad et al. 2000),
corneas (Germain et al. 1999), and various other soft tissues (Diedwardo et al. 1999).

One of the scaffolding polymeric materials classifications is synthetic, biologic,
degradable, or nondegradable concerning their application (Budama-Kilinc et al.
2017; Ramakrishna et al. 2001). The behavior of polymers results from their
properties-composition, structure, conformation, and arrangement of basic repeating
units.

Natural polymers are often reviewed as the first biodegradable biomaterials used
clinically (Nair and Laurencin 2007). Natural materials are considered to be bioac-
tive properties and thus lead to better interaction with cells. This leads to improved
cell performance in the biological system. They are included in natural polymers
proteins (silk, collagen, gelatin, fibrinogen, elastin, keratin, actin, and myosin),
polysaccharides (cellulose and derivatives, amylose, dextran, chitin, and
glycosaminoglycans), or polynucleotides (DNA, RNA) (Yannas 2004).

Synthetic polymeric materials have proven to be very favorable in the function of
restoring the structure and performance of damaged tissues. Their properties essen-
tial for this purpose such as porosity, degradation time, and mechanical properties
can be adjusted in various ways and adapted to specific applications. One of the
advantages of synthetic polymers is that they are often cheaper than biological. Their
production takes place in large uniform batches, and the shelf life is longer. Also, a
wide range of commercially available synthetic polymers possesses physicochemi-
cal and mechanical properties that mimic the properties of biological tissues. Syn-
thetic polymers represent the largest group of biodegradable polymers, and that they
can be produced under controlled conditions. Their properties are predictable and
repeatable, and they include strength to different types of loads, multiple module
types, and degree of degradation (Gunatillake et al. 2006). Polylactides and
polyglycolides (homo- and copolymers) are among the foremost commonly used
synthetic polymers in tissue engineering (Ma 2004). Polyhydroxyalkanoates belong
to a category of microbial polyesters and are widely investigated for tissue and
regenerative engineering applications (Chen and Wang 2002).

Bioactive ceramics and specified silicate and phosphate glasses (bioactive
glasses) and glass-ceramics (apatite-wollastonite) can react with physiological fluids
and through cellular activity form firm interconnections to hard and in some cases
soft tissue (Hench 1998). However, the biocompatibility and biodegradability of
these compositions are often insufficient, diminishing their potential use within the
clinical part. By combining synthetic and natural polymeric components in different
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ways or by using composite materials that improve the properties of scaffolds, such
phenomena are promoted and thus enable controlled degradation (Cascone et al.
2001) and improve biocompatibility in tissue engineering (Ciardelli et al. 2005).
Especially, degradable polymers and bioactive inorganics in synergy represent the
platform to achieve mechanical and biological performance in hard tissue (Roether
et al. 2002).

In the last 10 years, hydrogels as three-dimensional polymer networks that have
taken precedence as leading biomaterials in the field of tissue engineering, where
they are used as scaffolding to guide the growth of new tissues. The potential impact
of hydrogel materials in the biomedical field has been significantly increased based
on the possibilities of tailored design, especially those of biodegradability. This is
followed by a very important area of the system for the controlled release of active
agents (Budama-Kilinc et al. 2017; Cabodi et al. 2005). When considering properties
essential for tissue regeneration-biocompatibility, cell-controlled degradability, and
internal cell interactions, naturally occurring polymer-based hydrogels have an
advantage. As for obtaining this type of polymer, there is variation in batches, but
their structure and functional properties are precisely controlled. Hydrogels possess a
structural identity similar to the macromolecular based constituents within the body
and highly biocompatible behavior (Jhon and Andrade 1973). Hydrogels are made
of synthetic or natural polymers or combinations thereof, where covalent or
noncovalent bonds are established by the cross-linking agent(s) (Hoffman 2001).
For hydrogels to be used in tissue engineering, they must meet a whole range of
standards to perform their role and contribute to the formation of new tissues. These
criteria refer to the classical physical parameters (degradation and mechanics)
similarly to biological parameters (cell adhesion). It is commonly presumed that
the degradation rates of tissue scaffolds must be matched to the speed of varied
cellular processes to optimize tissue regeneration (Hubbell 1999; Lee and Mooney
2001). Therefore, the degradation behavior of biodegradable hydrogels should be
defined, reproducible, and tunable via hydrogel chemistry and structure. Biocom-
patible hydrogels are currently employed in cartilage healing, bone regeneration,
wound dressings, and as drug delivery systems (Peppas and Khare 1993). Hydrogel
loaded with growth factors can act to support the development and differentiation of
cells within the newly formed tissues (Tabata 2003). Hydrogels are often favorable
for promoting cell migration, angiogenesis, optimal water/fluid content, and rapid
nutrient flow (Bryant and Anseth 2001). Hydrogel scaffolds are the subject of
intensive research in the engineering of replacement connective tissues, primarily
because of their biochemical similarity with the highly hydrophilic glycosaminogly-
can components of connective tissues. Hydrogel-forming polymers of the natural
source are collagen (Wallace and Rosenblatt 2003), gelatin (Kim et al. 2004), fibrin
(Eyrich et al. 2007), hyaluronic acid (Solchaga et al. 2002), alginate (Kong et al.
2003), and chitosan (Francis Suh and Matthew 2000). Synthetic polymers are
polylactides (Schmedlen et al. 2002), polypropylene fumarate-derived copolymers
(Behravesh andMikos 2003), polyethylene glycol derivatives, and polyvinyl alcohol
(Bryant et al. 2004).
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Alginate is a naturally derived macromolecule; polysaccharide extracted from
brown algae, such as Macrocystis pyrifera, Laminaria hyperborea, Ascophyllum
nodosum. Naturally, it has an anionic character and consists of β-D-mannuronic acid
and α-L-guluronic acid repeating units (Das and Subuddhi 2020). It manifests vital
properties like biocompatibility, biodegradability, nontoxicity, nonimmunogenicity,
and transparency. Gelation is accomplished easily, which enables alginate to be
widely used in biomedical applications such as drug delivery, cell encapsulation,
wound healing, and tissue engineering (Das and Subuddhi 2020; Lee and Mooney
2012). A modified version of alginate is sodium alginate which is a salt of alginic
acid. Alginate is polymeric material with good scaffold-forming properties that can
be useful to treat the loss or failure of organs.

Alginate hydrogels are also being actively researched for their beneficial
properties to mediate the regeneration and engineering of various tissues and organs,
including skeletal muscle, nerve, pancreas, and liver (Lee and Mooney 2012).
Current strategies for skeletal muscle regeneration apply to cell transplantation,
growth factor delivery, or a fusion of both approaches (Saxena et al. 1999;
Levenberg et al. 2005), and alginate hydrogels have found potential in these
platforms. The combined delivery and release of vascular endothelial growth factor
and insulin-like growth factor-1 from alginate hydrogels were used to regulate both
angiogenesis and myogenesis (Lee and Mooney 2012). The localized and sustained
delivery of both growth factors led to significant muscle regeneration and functional
muscle formation, because of cell activation and proliferation, and cellular protection
from apoptosis by the released factors (Borselli et al. 2010). Long-term survival and
outward migration of primary myoblasts into damaged muscle tissue in vivo from
RGD-alginate hydrogels were significantly improved by the sustained delivery of
hepatocyte growth factor and fibroblast growth factor2 from the hydrogels (Hill et al.
2006a, b). This led to extensive repopulation of host muscle tissues and enhance-
ment of the regeneration of muscle fibers at the wound site (Hill et al. 2006a, b).

Alginate hydrogels have also been tested as biomaterials that can act to repair the
central and peripheral nervous system. Alginate-based highly anisotropic capillary
gels, introduced into acute cervical spinal cord lesions in adult rats, were integrated
into the spinal cord parenchyma without significant inflammatory responses and
directed axonal regrowth (Prang et al. 2006). Alginate gels, covalently cross-linked
with ethylenediamine, can be useful to restore a 50 mm gap in cat sciatic nerves (Lee
and Mooney 2012; Hashimoto et al. 2005) and promote the outgrowth of
regenerating axons and astrocyte reactions at the stump of transected spinal cords
in young rats (Kataoka et al. 2004). Alginate gels are also used as glue for the repair
of peripheral nerve gaps that could not be sutured (Suzuki et al. 2000).

Alginate has shown great use and potential as a biomaterial for several biomedical
applications, for wound healing, drug delivery systems, in vitro cell culture, and
tissue engineering (Lee and Mooney 2012). The foremost attractive features of
alginate for these applications include biocompatibility, mild gelation conditions,
and easy modifications to make alginate derivatives with new properties. There are
documents on the safe clinical use of alginate as a wound healing and dressing, as
well as pharmaceutical compositions. It can be safely implanted in a variety of
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applications, including islet transplantation for type 1 diabetes (Soon-Shiong and
Heintz 1994) and chondrocyte transplantation for urinary incontinence and
vesicoureteral (Diamond and Caldamone 1999; Kershen et al. 2000). A chemically
modified alginate can be also widely used as a carrier to advance periodontal
regeneration (Sculean et al. 2001). However, alginate gels have limited mechanical
stiffness and more general physical properties. An ongoing challenge is matching the
physical properties of alginate gels to the necessity in an exceedingly particular
application. Consideration of the range of various available cross-linking strategies,
using molecules with various chemical structures, molecular weights, and cross-
linking functionality will often yield gels suitable for every application. Determined
research concepts evaluate cell encapsulation strategies (Lee and Mooney 2012).
But, covalent cross-linking reactions can cause toxicity to the cells to be
encapsulated, and an appropriate choice of cell-compatible chemical reagents (initi-
ator, activator), and thorough removal of unreacted components and by-products
will likely be needed in those applications (Lee and Mooney 2012; Smeds and
Grinstaff 2001).

Dynamical control over delivery can potentially improve the drug’s safety and
effectiveness and assure new therapeutic platforms. On-demand drug release from
alginate gels in response to external cues like mechanical signals (Lee et al. 2000)
and magnetic fields (Lee and Mooney 2012; Zhao et al. 2011) can be exploited to
design active depots of the many drugs, including therapeutic cells. The introduction
of appropriate cell-interactive features to alginate is additionally crucial in many
tissue engineering applications. The kind of adhesion ligands and their spatial
organization in gels are key variables, as they can adjust cell phenotype and also
the resultant function of regenerated tissues. While RGD peptides are extensively
exploited thus far as a cell adhesion ligand, multiple ligands and/or a mix of ligands
and soluble factors could also be required to properly produce replacement tissues
and organs.

Gelatin is a natural polymer obtained by partial hydrolysis of collagen, which is
considered to be nonimmunogenic, biodegradable, easy to process, and biocompati-
ble for clinic use (Mohammadzadehmoghadam and Dong 2019; Lien et al. 2009;
Aldana and Abraham 2017; Babitha et al. 2017). Most ECM is made of gelatin and
carbohydrates. However, gelatin is rarely used as the sole constituent owing to its
high brittleness, and thus needs to be functionalized using cross-linking, grafting,
and blending methods (Mohammadzadehmoghadam and Dong 2019; Hersel et al.
2003; Zhang et al. 2006; Wongputtaraksa et al. 2012; Taddei et al. 2013; Poursamar
et al. 2016).

Gelatin is often made through thermal and chemical denaturation of collagen with
pronounced properties of nontoxic, nonirritant, and biodegradability, likewise nearly
as good living body compatibility (Bigi et al. 1998; Bajpai and Kankane 2007).
Gelatin contains an Arg-Gly-Asp (RGD) sequence which improved cell adhesion
and migration (Huang et al. 2005). It possesses a high degree of biological functional
groups and potential for tissue scaffolding applications. Gelatin can be used in
pharmaceuticals, wound dressings, and adhesives in clinics because of its good
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cell viability and lack of antigenicity. Improved formability and low costs allow
selection and mass production (Kim et al. 2005).

Gelatin can be also used as a coating agent to enhance cell attachment as a
technique of vascular tissue regeneration (Nair and Thottappillil 2015). Gelatin
shows gel-forming, thickening, emulsifying, and foaming proprieties. The mechani-
cal ones depend on the supramolecular structure (Kozlov and Burdygina 1983).
Syntheses of anionic or cationic gelatin are based on extraction conditions and
fundamentally for filling molecules through electrostatic interaction. Since gelatin
stability at high temperatures and a wide range of pH allow synthetic polymers to be
grafted on the gelatin backbone. The methods are known as “grafting from”,
polymerization on the functional surface of the substrate, “grafting to,” grafting of
a fully functionalized polymer to the substrate, or “grafting through” (Sadeghi and
Heidari 2011).

Gelatin-based formulations are employed in biomedicine and therapeutic agent
controlled delivery (Sajkiewicz and Kołbuk 2014). Polyethyleneimine-
functionalized gelatin can increase transfection efficiency thanks to positive
nanoparticles that facilitate DNA loading (Kuo et al. 2011). It indicates the possibil-
ity to use hydrogel as vectors for gene controlled delivery.

Methacryloyl group-grafted gelatin, also known as gelatin methacrylate (GelMA)
had been used for the microfabricated blood vessel. Gelatin electrospun fibers loaded
with antibiotic drugs show a strong antibacterial activity but this gelatin has to be
reinforced with materials such as graphene oxide and boron nitride, to improve poor
mechanical proprieties (Bakhsheshi-Rad et al. 2017; Nagarajan et al. 2017;
Nagarajan et al. 2016a, b).

Gelatin copolymer acts as a natural cell surface that reacts under mechanical
stimulation when the electrospinning process is used to create tubular scaffolding
and allows obtaining a similar morphology as the native ECM structure (Thomas and
Nair 2012). Panzavolta’s group obtained electrospun gelatin nanofibers cross-linked
with genipin (low-toxicity agent) which reduces the extensibility of the electrospun
mats, producing appreciable improvements in elastic modulus and breaking stress
(Panzavolta et al. 2011). Long-term studies on cross-linked electrospun gelatin are
still in progress to confirm its efficacy as a biomaterial scaffold for blood vessel
tissue engineering.

2-Hydroxyethyl methacrylate (HEMA) is a famous monomer due to its versatility
for syntheses of polymeric biomaterials-hydrogels and hydrogel scaffolds. HEMA-
based polymeric materials show favorable biocompatibility and tunable hydrophi-
licity. Therefore, they have multiple applications in pharmaceutical and biomedical
fields such as coatings, intraocular lenses, scaffolds, and controlled drug release
systems. To tune the biocompatibility, swelling, and mechanical properties of
HEMA-based hydrogels, they can be combined with hydrophilic polymeric
components (Prasitsilp et al. 2003; Hejcl et al. 2008; Kubinova et al. 2015; Babić
and Tomić 2020; Tomić and Vuković 2020).
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6.2 Design and Properties of Alginate/Gelatin/2-Hydroxyethyl
Methacrylate Hydrogel Scaffolds

6.2.1 Alginate/Gelatin/2-Hydroxyethyl Methacrylate Polymeric
Hydrogel Scaffolds

Two series of novel, porous, and degradable hydrogel scaffolds were successfully
synthesized using a combination of natural polymers-alginate and gelatin, and
synthetic monomer 2-hydroxyethyl methacrylate (AGH), by cryogelation and
porogenation. The synthesis path is shown in Scheme 6.1.

Hydrogel scaffolds were made in three steps.In the first step, porous and the
mechanically strong polymeric network was obtained by free-radical cross-linking
polymerization of 2-hydroxyethyl methacrylate in the presence of an initiator,
activator, and cross-linking agent. In the second step, an additional polymeric
network was created by the cross-linking of gelatin. The third step is alginate chains
are loaded to intertwine in the networks.

6.2.1.1 Biocompatibility of AGH Hydrogel Scaffolds
The main focus during the design of the scaffolding polymeric biomaterials which
can be used in regenerative engineering and medicine is the first step related to
in vitro and in vivo biocompatibility testing of the hydrogel matrices. The biocom-
patibility of AGH hydrogel scaffolds was evaluated in a cytotoxicity test on normal
human fibroblasts (MRC5). The results of this assay for AGH samples are shown in
Fig. 6.1. A50G50Hcryo, A30G70Hcryo, AHcryo, A50G50Hpor, and A30G70Hpor

Scheme 6.1 Scheme hydrogel scaffolds formation by cryogelation and porogenation
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samples showed very favorable cellular viability in contact with cell culture. The
AHpor sample showed a lower level of cell survival (for higher extract concentra-
tion). It has been shown that all scaffolds, when delivered directly to cells, support
the accumulation of cells on their surface (Fig. 6.1). The obtained data confirm that
AGH hydrogel scaffolds demonstrate favorable level of cytocompatibility. There-
fore, these scaffolding materials are suitable for applications as biomaterials in tissue
regeneration.

To address whether the alginate/gelatin/methacrylate hydrogels could be used for
human use, we assessed their in vivo toxicity using the zebrafish model. The
zebrafish model was accepted as a valid alternative to mammalian models (rats
mice) for toxicity and biocompatibility evaluation of novel biomaterial sowing to
the high molecular, genetic, physiological, and immunological similarity to humans,
and good correlation in response to pharmaceuticals and bioactive agents (Lieschke
and Currie 2007; MacRae and Peterson 2015), simplifying thus the route to clinical
trials and reducing the failure at later stages of testing (Barros et al. 2008; MacRae
and Peterson 2015).

Given that the organisms at embryonic developmental stages are more sensitive
to the chemical insults than as an adult, we subjected zebrafish embryos at the 6 hpf
stage indirectly, to the material’s extracts (embryo water in which the ground
materials were extracted over 72 h at 37 �C and 180 rpm and applied as 100%,
50%, 25%, and 10% suspensions) and to the ground material (200 μg/mL) for
5 days. Obtained data showed that all AGHcryo and AGHpor scaffolding
biomaterials tested, regardless of the method was no toxic to the zebrafish embryos,
since there were no lethality, developmental malformation, cardiovascular disorders,
or signs of hepatotoxicity (the liver necrosis and the yolk retention) (Fig. 6.2),
indicating the safety of the tested materials. We showed the safety and biocompati-
bility (no inflammation and no immunosuppression) of 2-hydroxyethyl methacrylate
hydrogels using the zebrafish model (Tomić et al. 2020). In this study, we showed

Fig. 6.1 Cell viability of AGH hydrogel scaffolds and accumulation of cells on its surface
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that AGH hydrogel scaffolds present also nontoxic materials, indicating their favor-
able potential in biomedical applications. Otherwise, the alginate-based materials
have been applied as safe biomaterials for the food packing and oral delivery to
zebrafish larvae or adults (Onal and Langdon 2000; Lin et al. 2016) and more
recently as the carriers of drugs to improve their therapeutic outcome (controlled
release, reduced toxicity, increase in efficacy) (Tzankova et al. 2017; Gao et al.
2017).

6.2.1.2 Structural Properties of AGH Hydrogel Scaffolds
Fourier transform infrared spectroscopy (FTIR) gives information about the struc-
tural characteristics of created scaffolds. FTIR spectra are tracked to find the most
important bands indicating the presence of functional groups originated from scaf-
fold components (alginate, gelatin, and 2-hydroxyethyl methacrylate). Peaks
indicating the presence of HEMA in the polymeric network are on the following
wavenumbers 3360 cm�1, 2940 cm�1, 1640 cm�1, and 1710 cm�1 and are assigned
to asymmetric and symmetric stretching vibrations (terminal hydroxyl group),
methylene stretching, and terminal vinyl, and a carbonyl group. The peak at
1640 cm�1 can be assigned to the asymmetric stretching of COO� of alginate
(Wang et al. 2016). Also, the FTIR spectra show characteristic bands for alginate
at 1027 cm�1 and 1086 cm�1 for its glucuronic (G) and manuronic (M) acid units.
The bands at 879 cm�1 and 822 cm�1 demonstrate β-glycosidic linkages between G
and M units of alginate. Besides these, characteristic bands of gelatin at 1620 cm�1

and 1536 cm�1 were observed, which correspond to amide I and amide II groups
(Sharma et al. 2016). The peak at about 1150 cm�1, related to C-O vibration,
indicates cross-linking of gelatin, and confirms its successful incorporation into the
polymeric structure. Also, the broad peak from 2900 cm�1 to 3600 cm�1 illustrates a

Fig. 6.2 Morphology of zebrafish embryos exposed to AGH hydrogel scaffolds (200 μg/mL) at
104 hpf
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strong -OH bond resulting from the interaction between alginate and gelatin (Wang
et al. 2016).

6.2.1.3 Water Uptake Capacity of AGH Hydrogel Scaffolds
AGH hydrogel scaffold water uptake capacity shows the hydration of dry scaffold.
The AGH matrices swell up to 90% within 10 min, reaching equilibrium within
30 min. Once the scaffold was water equilibrated, further, it remains at equilibrium
for a longer period. In that way shows their capacity for water uptake and the ability
to retain water over a long period. AGH hydrogel scaffolds show a time-favorable
hydration profile which is suitable for use in tissue regeneration.

6.2.2 Alginate/Gelatin/2-Hydroxyethyl Methacrylate Hydrogel
Scaffolds Made by Cryogelation

6.2.2.1 Morphology of AGHcryo Hydrogel Scaffolds
The demands that scaffolds need to meet for proper cell attachment are to easily
deliver oxygen, nutrients, water-soluble metabolites, and waste products between the
inside and outside of the hydrogel scaffold. To fulfill these demands, the scaffold
must exhibit a large number of interconnected pores. To examine the morphology of
created scaffolds based on alginate, gelatin, and 2-hydroxyethyl methacrylate,
prepared by cryogelation (AGHcryo), a scanning electron microscopy (SEM) was
performed. The obtained SEMmicrographs are displayed in Fig. 6.3. As can be seen,
the interior of the scaffolds is highly porous, with open, interconnected pores, with
spherical to elliptical shapes. The pore size was found to vary between 10 and
100 μm, which can provide efficient vascularization, proliferation, and differentia-
tion of cells.

The surface morphology of AGHcryo scaffolds can be described as rough and
porous, similar to the interior architecture of the tested scaffolds. When compared to
the scaffolding materials with smooth and nonporous walls, AGHcryo scaffolds are
expected to enhance the attachment of cells and their mutual interaction. The internal
and surface morphology of scaffolds with different gelatin content shows different
patterns that can be attributed to the more cross-links of gelatin. Obtained data for
morphological testing indicate that AGHcryo scaffolds are suitable for tissue regen-
eration and biomedical applications.

6.2.2.2 Mechanical Properties of AGHcryo Hydrogel Scaffolds
Mechanical properties are very valuable properties of the scaffolds for tissue engi-
neering. Therefore, the scaffold should possess good strength. To evaluate the
mechanical properties of hydrogel scaffolds based on alginate, gelatin, and
2-hydroxyethyl methacrylate, prepared by cryogelation (AGHcryo), Young’s mod-
ulus (E) was determined. The results revealed E values of AGHcryo samples in the
range of 1.251–9.755 MPa, thus clearly indicating that scaffold composition
determines their mechanical properties. The lowest E value exhibited the AHcryo
sample (1.251 MPa), while A50G50Hcryo showed the highest value (9.755 MPa).

6 Hydrogel Scaffolds Based on Alginate, Gelatin, and 2-Hydroxyethyl. . . 187



The presence of gelatin resulted in a more compact, mechanically stronger structure,
but with the further increase of gelatin content value of Young’s modulus was
decreased. Certainly, according to known data related to the mechanical
characteristics of native tissues, AGHcryo scaffolds possess great potential for tissue
regeneration application, especially for soft tissues and skin. The desired mechanical
strength can be adjusted by synthesis optimization and adjusting the component
ratios.

6.2.2.3 Porosity of AGHcryo Hydrogel Scaffolds
The porosity of hydrogel scaffolds based on alginate, gelatin, and 2-hydroxyethyl
methacrylate, prepared by cryogelation (AGHcryo) was evaluated by the bulk
density method. The porosity values of hydrogel scaffolds depend on the composi-
tion of scaffolds. The results obtained reveal a high level of porosity of all tested
samples, over 80%. The highest porosity showed the AHcryo sample (84.63%),

cross top

10µm 10µm

10µm 10µm

100µm 100µm
AH

cr
yo

A5
0G

50
Hc

ry
o

A3
0G

70
Hc

ry
o

Fig. 6.3 SEM micrographs of AGHcryo hydrogels
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while the lowest value has an A50G50Hcryo sample (82.26%). The presence of
gelatin slightly decreased the porosity, most probably due to the more cross-links of
gelatin. Results indicate that the porosity of the AGHcryo hydrogel scaffolds
obtained by cryogelation can be adjusted and adapted by modifications of scaffold
composition and variations of components ratio. Generally, there is no change in
porosity due to the increased surface area and hydrophilicity of gelatin and alginate.

6.2.2.4 Hydrophilicity of AGHcryo Hydrogel Scaffolds
The surface hydrophilicity of the alginate/gelatin/2-hydroxyethyl methacrylate
hydrogel scaffolds, prepared by cryogelation was assessed by the contact angle
measuring through droplet water spread on a surface. As it is well known, the
hydrophilicity of material is reflected in contact angle low values. The results
obtained from the static water contact angle are presented in Fig. 6.4. A50G50Hcryo
hydrogel scaffold was found to be fully hydrophilic, due to the completely wet
surface and disappearance of the water drop. The contact angle values for
A30G70Hcryo and AHcryo samples are 81.55 and 81.20. The surface hydrophilicity
of AGHcryo scaffolds certainly depends on the composition and ratio of natural
polymers used for the syntheses. Obtained data showed favorable hydrophilicity of
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Fig. 6.4 The water contact
angle of AGHcryo hydrogel
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AGHcryo hydrogel scaffolds. Thus the hydrophilic character of hydrogels based on
alginate, gelatin, and 2-hydroxyethyl methacrylate, prepared by cryogelation can
provide efficient attachment, proliferation, and further growth of the cells.

6.2.2.5 In Vitro Degradation Properties of AGHcryo Hydrogel Scaffolds
The in vitro degradation process was monitored in controlled, physiologically
conditions-simulated buffer fluid of pH 7.40 and at a temperature of 37 �C. The
weight loss, as an indicator of degradation of alginate/gelatin/2-hydroxyethyl meth-
acrylate hydrogel scaffolds, prepared using cryogelation was investigated for
3 months. The tested scaffolds degraded up to 11% after 3 months. The highest
weight loss was detected for the AHcryo scaffold (11.33%), while the lowest weight
loss exhibited A30G70Hpor (3.41%). The decrease of alginate content and the
increase of gelatin in scaffolds resulted in decreased biodegradability. As it is
assumed, the degree of cross-linking of gelatin has a prominent influence on the
scaffolds biodegradability.

6.2.3 Alginate/Gelatin/2-Hydroxyethyl Methacrylate Hydrogel
Scaffolds Made by Porogenation

6.2.3.1 Morphology of AGHpor Hydrogel Scaffolds
Hydrogel scaffolds designed for tissue regeneration must be highly porous with an
open interconnected pore, to permit a large surface area relative to the scaffold’s
volume. The porosity is directly coherent to the function of the scaffold. Pronounced
and interconnected porosity will promote cell growth, uniform cell distribution, and
assist the neovascularization of the matrix. According to the latest studies, scaffolds
should have a distribution of pores ranging from micrometers to 100 μm, improving
the capillarity of the scaffolds and enabling the ingrowth of cells (Kim et al. 2019).
Morphological properties of the alginate/gelatin/2-hydroxyethyl methacrylate
hydrogel scaffolds, prepared by porogenation (AGHpor) were tested using scanning
electron microscopy (SEM) (Fig. 6.5). SEM micrographs of the cross-sections
revealed a uniform porous structure with interconnected pores. No phase separation
and occurrence of crystalline regions phenomena were detected, which indicate the
compactness and compatibility between components of the resulting polymeric
network scaffolds. The addition and increase of gelatin content in the scaffolds
reflected in a more porous, almost like a honeycomb, structure with the smaller
pores finely distributed in larger pores. Scaffold’s architecture can be depicted as the
interior is porous, with open, interconnected pores, with spherical to elliptical
shapes, thus providing efficient nutrient flow and distribution, the proper vasculari-
zation, proliferation, and differentiation support for the cells.

Also, micrographs of the scaffold’s surfaces revealed a range of pore sizes from a
few microns to 200 μm, as well as their interconnections. The larger ones are filled
with small pores, which indicate that the surface porosity can contribute to the
interactions between these scaffolding materials and the cells, which implies their
faster attachment.
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6.2.3.2 Mechanical Properties of AGHpor Hydrogel Scaffolds
Mechanical properties are a very valuable parameter for scaffolding engineering
because scaffolding must withstand handling and should show initial load-bearing
capacity. To achieve this, the challenge is to combine hydrogel scaffolding of
natural/synthetic origin. Strength tests were performed to assess the mechanical
performance of the scaffolds. The focus of current researches in tissue engineering
is to make a porous scaffold that mimics the native extracellular matrix (ECM).
Among the demands, mechanical properties are essential factors to consider in
scaffolds production. Mechanical strength is defined by the impact resistance of
final products to maintain the integrity of the scaffold during implantation (Tran et al.
2018). The material application for tissue engineering requires the resemblance of
deformable characteristics between the biomaterial and the analog tissue. The cell
attachment, growth, and function in such a 3D structure depend on the scaffold
mechanical properties (Lim et al. 2019). Elastic modulus, as a representative of the
stiffness of the biomaterial, is an indicator of similarity between the biomaterial
aimed to replace or repair particular tissue.
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Young’s modulus (E) of hydrogel alginate/gelatin/2-hydroxyethyl methacrylate
scaffolds, prepared by porogenation was determined and the obtained values depend
on the composition of the scaffolds. As was expected, the reverse trend of calculated
E values was noticed compared to the determined porosity of the hydrogel scaffolds.
The lowest E value exhibited A50G50Hpor (0.988 MPa), the scaffold with the
highest level of porosity. The increase of gelatin content resulted in a more compact,
mechanically stronger structure, thus the A30G70Hpor sample showed the highest
value of Young’s modulus (4.056 MPa). AHpor scaffold has E value near the highest
calculated (3.102 MPa).

The obtained data indicate that the mechanical properties can be tuned through
control of the scaffold’s composition. According to known data, the native skin has
Young’s modulus in a range of 4.6–20.0 MPa, while the E value of cartilage is
12.0 MPa (Joodaki and Panzer 2018; Żak et al. 2011). Thus, alginate/gelatin/2-
hydroxyethyl methacrylate scaffolds, prepared by porogenation can realize the
requirements for the specific biomedical application. Additionally, by altering scaf-
fold composition and the ratio of components, favorable mechanical strength could
be reached.

6.2.3.3 Porosity of AGHpor hydrogel Scaffolds
The specifically defined porosity of the scaffolding materials is certainly one of the
crucial requests that must be fulfilled to create an adequate 3D matrix for cell
attachment, viability, and growth to successfully regenerate damaged tissue. The
level of porosity of a biomaterial can be evaluated by the bulk density method, as it
was performed in this study. The results obtained for AGHpor hydrogel scaffolds
show that AGHpor tested scaffolds exhibited values of porosity in the range of
28–70%, thus confirming the results of the morphological study. The presence of
gelatin increased the porosity of the hydrogels. The minimum value showed AHpor
(28.48%), due to the intertwined chains of alginate in the polymeric matrix which
decreases available free space. The highest porosity exhibited for the A50G50Hpor
sample (69.92%). Further increase of gelatin content slightly decreased the porosity
of the hydrogel scaffolds, probably due to the more cross-links of gelatin. Thus,
scaffold composition and component variations play a notable role in tailoring the
specific and targeted porosity of these biomaterials.

6.2.3.4 Hydrophilicity of AGHpor Hydrogel Scaffolds
The extracellular matrix hydrophilicity is a valuable parameter affecting cell adhe-
sion processes in tissue engineering. Low surface wettability influences the attach-
ment, colonization, and growth of cells (Cho et al. 2015). Focal adhesion represents
the interaction between cells and scaffold or the specific sites of their contacts. When
the scaffold surface has a hydrophobic character, it disables the focal adhesion.
Nowadays, the development of scaffolding materials is focused on surface
modifications to achieve desirable hydrophilicity (Chang and Wang 2011).

The surface hydrophilicity of hydrogel scaffolds is assessed by measuring the
contact angle through the water droplet spread on a surface. A lower contact angle
indicates higher surface hydrophilicity. Figure 6.6 shows the static water contact
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angle results obtained reveal the hydrophilic character of AGHpor hydrogel
scaffolds. As can be observed, A50G50Hpor and A30G70Hpor hydrogel scaffolds
are completely hydrophilic, where water has completely wetted their surface, with
the drop disappearing immediately after being placed on the surface of the hydrogel.
AHpor sample shows a slightly small wetting angle. The obtained results suggest
that the AGHpor hydrogel scaffolds are suitable as scaffolding biomaterials to
enable favorable adhesion, proliferation, and differentiation of various types of cells.

6.2.3.5 In Vitro Degradation Properties of AGHpor Hydrogel Scaffolds
Scaffold degradation and the matching rate between scaffold degradation and new
tissue growth are crucial factors for advanced tissue regeneration (Zhang et al. 2014).
Synthetic biodegradable polymers can be used extensively for scaffold fabrication
due to desirable mechanical support to the 3D matrix, and the possibility to control
the degradation (Sung et al. 2004). Natural polymers, biopolymers, e.g., alginate and
gelatin, are suitable candidates for porous ECM-mimicking scaffolds, owing to their
biodegradable and biocompatible nature (Bettinger et al. 2007).
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The weight loss, as an indicator of degradation, for alginate/gelatin/2-
hydroxyethyl methacrylate hydrogel scaffolds is investigated during 3 months, in
simulated buffer fluid of pH 7.40, at 37 �C. The scaffolds are degraded up to 3% after
3 months. The highest weight loss exhibited A30G70Hpor (3.07%), suggesting that
the increase of gelatin content contributed to the biodegradability of the hydrogels.
AHpor and A50G50Hpor degraded at a similar rate, with weight loss of around
1.60%.

From the obtained data for the rate of weight loss of AGHpor scaffolding
biomaterials, it can be said that the composition of the scaffolds affects the degrada-
tion process in such a way that the desired degradation rate can be achieved by
varying and fine adjustment of the component ratio.

6.3 Summary and Future Perspectives

In our researches, two series of scaffolding biomaterials, based on alginate/gelatin/
methacrylate, were synthesized by free-radical polymerization/cross-linking reaction
using special methods of cryogelation and porogenaion. All samples showed favor-
able properties thus suitable for tissue regeneration and engineering-
biocompatibility, water uptake, morphology, mechanical properties, porosity,
hydrophilicity, and degradation.

6.3.1 AGHcryo Hydrogel Scaffolds

We have successfully developed hydrogel scaffolds of alginate, gelatin, and
2-hydroxyethyl methacrylate by free-radical cross-linking polymerization using
cryogelation. Results obtained for cytotoxicity, it can see that AGHcryo hydrogel
scaffolds do not show significant changes in cell viability with the composition
scaffold, and are exceptionally cytocompatible, and therefore suitable as polymeric
biomaterials for tissue regeneration. The in vivo zebrafish embryos assay test
showed that the AGHcryo scaffolding materials tested were no toxic effects, since
there was no lethality, developmental malformation, cardiovascular disorders, or
signs of hepatotoxicity, which means they are safe to use in tissue regeneration. The
spectroscopic characteristics of the AGHcryo scaffolding materials demonstrated the
presence of bands indicating that the polymeric networks were constructed of
alginate, gelatin, and 2-hydroxyethyl methacrylate components. Water uptake
behavior for AGHcryo hydrogel scaffolds demonstrated a time-favorable hydration
profile which is suitable for use in tissue regeneration. The morphology of AGHcryo
hydrogel scaffolds is highly porous, with open, spherical to elliptical shapes,
interconnected pores, with pore size in the range of 10–100 μm, which can provide
efficient vascularization, proliferation, and differentiation of cells that meet the
requirements to be used for tissue regeneration. The mechanical properties of
AGHcryo scaffold samples, represented by the modulus of elasticity, are in the
range of 1.251–9.755 MPa, and depend on the composition of the scaffolds. These

194 S. L. Tomić et al.



values indicate the great potential of AGHcryo scaffolding materials for tissue
regeneration, especially for soft tissues and skin. The porosity data of AGHcryo
scaffold samples are in the range of 80–85%. This parameter can be adjusted and
adapted by modifications of scaffold composition and variations of components
ratio. A50G50Hcryo hydrogel scaffold was found to be fully hydrophilic. The
contact angle values for A30G70Hcryo and AHcryo samples are 81.55 and 81.20.
Obtained data showed favorable hydrophilicity of AGHcryo hydrogel scaffolds.
Thus the hydrophilic character of alginate/gelatin/2-hydroxyethyl methacrylate
hydrogels, prepared by cryogelation can provide efficient cell attachment, prolifera-
tion, and further growth. The in vitro degradation process was monitored for
3 months. The tested AGHcryo hydrogel scaffolds degraded up to 11% after
3 months. The highest weight loss was detected for the AHcryo scaffold, while the
lowest weight loss exhibited A30G70Hpor.

6.3.2 AGHpor Hydrogel Scaffolds

We have designed alginate/gelatin/2-hydroxyethyl methacrylate hydrogel scaffolds
by free-radical polymerization/cross-linking using porogenation. The cytotoxicity
assay for AGHpor hydrogel scaffolds shows satisfied cell viability (only AHpor for
higher extract concentration shows lower cell viability). In vivo zebrafish embryos
assay test showed that the AGHpor scaffolding materials were no toxic effects since
there was no lethality, developmental malformation, cardiovascular disorders, or
signs of hepatotoxicity. Therefore, AGHpor scaffolding materials are safe to use in
tissue regeneration applications as polymeric biomaterials. The spectroscopic
characteristics of the AGHpor scaffolding materials demonstrated the presence of
bands indicating that the polymeric networks were built of alginate, gelatin, and
2-hydroxyethyl methacrylate components. Water uptake behavior for AGHpor
hydrogel scaffolds displayed a time-favorable hydration profile which is suitable
for use in tissue regeneration. Morphology of AGHpor hydrogel scaffolds indicates
highly porous structures, with open, spherical to elliptical shapes, interconnected
pores. Pore size is in the range of 10–100 μm. This morphology pattern can provide
efficient vascularization, proliferation, and differentiation of cells, which are
prerequisites for tissue regeneration. The modulus of elasticity of AGHpor scaffolds
is in the range of 0.988–4.056 MPa and depends on the scaffold composition. These
values indicate the good potential of AGHpor hydrogel scaffolds for tissue regener-
ation, particularly for soft tissues. The porosity data of AGHpor scaffold samples is
in the range of 28–70%. This feature can be tuned and adapted by modifications of
scaffold composition and variations of components ratio. A50G50Hpor and
A30G70Hpor hydrogel scaffolds were found to be fully hydrophilic. AHpor sample
showed a slightly small wetting angle. The obtained results suggest that AGHpor
hydrogels are favorable scaffolding biomaterials for cell adhesion, proliferation, and
differentiation. The tested AGHpor hydrogel scaffolds degraded up to 3% after
3 months. The highest weight loss exhibited A30G70Hpor (3.07%), suggesting
that the increase of gelatin content contributed to the biodegradability of the
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hydrogels. AHpor and A50G50Hpor degraded at a similar rate, with weight loss of
around 1.60%.

As the most important achievements of these extensive researches, it can be stated
that AGH hydrogel scaffolds created by cryogelation showed slightly more favor-
able properties for tissue regeneration compared to AGH hydrogel scaffolds created
by porogenation. Another important fact is that more advantageous properties for
tissue regeneration are achieved when the polymeric chains of alginate are
intermingled into polymeric networks of gelatin and 2-hydroxyethyl methacrylate
than into a polymeric network of 2-hydroxyethyl methacrylate. Thanks to the
significant progress already made, along with others that will be made in the near
future. The safe and effective clinical application of alginate/gelatin/methacrylate
polymeric scaffolding systems is expected to accelerate and expand soon.

Hydrogel scaffolding materials have a significant role in regenerative medicine
and tissue engineering. The future advances and success of hydrogel scaffolds are
based on the new classes of polymers syntheses or the modification of natural
polymers to solve certain biological and medical obstacles. Most scientific research
shows that hydrogel scaffolding studies have a great future. New aspects to hydrogel
scaffold design are increased in the investigation of these biomaterials, with an
emphasis on rapid response, self-assembly, high and good mechanical properties,
and super-porosity.
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