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Abstract

Hydrogels are frequently used in tissue engineering and regenerative medicine, drug delivery,
and environmental remediation. Alginate and gelatin, which are frequently used natural
polymers to form hydrogels, were chosen in this study to form a core-shell structured hydrogel.
Cryogels and aerogels were obtained by drying hydrogels with different methods, freeze-
drying, and the continuous flow of supercritical CO», respectively. The potential use of
hydrogels, aerogels, and cryogels as a tissue scaffold was evaluated comparatively.
Characterizations of materials were determined morphologically by scanning electron
microscope and computed-micro tomography, chemically by energy dispersive spectroscopy,
and mechanically by the dynamic mechanical analyzer. In addition, the cytotoxic effect of all
structures was analyzed by the WST-1 method and the localization of the cells in these
structures was determined by microscopic methods. All scaffolds show non-cytotoxic effects.
Cryogels have the highest porosity (85.21 %) and mean pore size values (62.3+26.8 um).
Additionally, cryogels show high water retention capacity (782+53.5%) than aerogels
(389+2.5%) for 24 h. The elastic modulus values were <10 kPa, which is suitable for brain,
bone marrow, spleen, pancreas, fat, kidney, and skin tissue engineering, for all types of beads.
It has been determined that cryogel and hydrogel beads are more suitable for cell adhesion and
migration in this study.

Keywords: Tissue engineering, scaffold, sodium alginate, gelatin

1. INTRODUCTION

Hydrogels are materials that are composed
of hydrophilic polymers, are insoluble in
water, and have a high water-holding
capacity in their structures. Physical and/or
chemical crosslinking methods are used to
form hydrogels from polymers [1]. Weak
interactions  occur  between  polymer
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networks during physical gelation, and
strong chemical bonds are formed between
polymer chains during chemical gelation [2].
For this reason, polymers formed by
physical methods are easily degraded, while
polymers obtained by chemical methods are
not. Hydrogels can be classified as synthetic,
semi-synthetic, and natural. Synthetic
hydrogels are generally synthesized by
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polymerization of vinyl monomers, and
natural hydrogels are obtained from natural
polymers such as  polynucleotides,
polypeptides, and polysaccharides [3]. In
recent years, studies have been carried out
on the use of hydrogels in many different
areas such as drug delivery systems, drug
encapsulation, tissue engineering, and
environmental remediation [4-8]. The most
used polymers to obtain hydrogels are
natural polymers due to their high
biocompatibility.

Sodium alginate, natural water-soluble salt
of alginic acid, is an anionic polysaccharide
composed of (1-4) linked B-p-mannuronic
acid (M) and o-L-guluronic acid (G)
obtained from the cell wall of brown algae
[9]. It is a highly biocompatible,
biodegradable, and relatively  cheap
biopolymer. The ability to form hydrogels is
one of the main properties of alginate. This
property of sodium alginate is mainly due to
the replacement of Na* in the guluronic acid
residues with different divalent cations
(Ca?*, Sr?*, Ba?+, etc.) [10].

Gelatin is a cheap, easily obtainable
biopolymer with high biocompatibility,
which is the denatured collagen of animals
such as porcine, bovine, and fish. It is non-
immunogenic, biodegradable, and easily
soluble in water at 37°C [11]. Because of
that its mechanical and chemical properties
can be modified easily, cells can adhere
easily to gelatin, and it promotes cell
proliferation; it can be used as a tissue
engineering scaffold and drug delivery agent
for biomedical applications [12]. There are
many studies performed with alginate-
gelatin based 3D tissue scaffolds. In the most
of these studies, tissue scaffolds are obtained
by 3D printer. Chawla et al. used alginate-
gelatin based hydrogel and MG63 osteoblast
cells as bioink, and thus the entire hydrogel
and cell mixture was bioprinted [13]. In the
study of Pan et al., after the alginate-gelatin
based scaffold was 3D-printed, it was
lyophilized, and mouse bone mesenchymal
stem cells were seeded in both hydrogel and

Sakarya University Journal of Science 27(2), 335-348, 2023

cryogel form of the scaffolds, and the effects
of the physical and physicochemical
properties of the scaffolds on tissue
regeneration were investigated [14]. Baldino
et al., different from the other researchers,
obtained aerogels by mixing alginate and
gelatin in a container, and after supercritical
gel drying, their usability for tissue
engineering was evaluated [15].

Hydrogels can be dried by various methods
to obtain structures with different properties.
The pores usually collapse when the solvent
evaporates in the hydrogel, which is dried
under atmospheric conditions (xerogel).
Hydrogels dried with the freeze-drying
method and drying with a continuous flow of
supercritical CO. are called cryogel and
aerogel, respectively [16]. The pore
structures of hydrogels dried by these two
methods are preserved, and therefore their
use for biomedical and environmental
purposes is more common.

In recent researches, alginate-gelatin based
hydrogels, cryogels, and aerogels have been
studied by obtaining various methods;
however, the use of these structures
produced by the same technique as tissue
scaffolds has not been examined
comparatively. This study aims to compare
the physical, chemical, biological, and
mechanical properties of alginate-gelatin
hydrogel, cryogel, and aerogel beads and to
evaluate their suitability for tissue
engineering scaffold.

2. MATERIALS AND METHODS

2.1. Alginate-Gelatin Hydrogel, Cryogel
and Aerogel Bead Synthesis

Alginic acid sodium salt (71238, Sigma-
Aldrich, USA), type A gelatin (G2500,
Sigma-Aldrich, USA), and CaCl, (223506,
Sigma-Aldrich, USA) powders were used
for the synthesis of alginate-gelatin hydrogel
beads. Alginic acid sodium salt was stirred
in the ultra-pure water (UPW) at 1.25%
(w/v) concentration until dissolving and pH
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was adjusted to 7.4 with NaOH (S5881,
Sigma-Aldrich, USA). Gelatin (%10 (w/v))
was dissolved in UPW in another bottle at
50°C for overnight, and CaCl, (1.5% (w/v))
was added and stirred for 1 h. Since sodium
alginate cross-linked by divalent cations,
CaCl, was added into gelatin solution for
internal Ca*2 source for alginate coating.

Alginate solution was poured into the beaker
and stirred with a magnetic stirrer. The
syringe was filled with gelatin solution and
dripped into the alginate solution (Figure 1).
This production procedure was adapted from
Baruch and Machluf’s work [17]. Alginate-
gelatin beads were rinsed with UPW three
times. To produce cryogel and aerogel,
hydrogel beads were dried with two different
methods (freeze-drying and critical point

drying).

Gelatin 10% (w/v)
\ Cadl, 1.5% (wiv)
\
N

<

Calcium Alginate
- Gelatin

Alginic acid
v

1.25% (wiv)

S

Figure 1 Alginate-gelatin bead
production scheme.

Beads were frozen at -20°C before the
freeze-drying process and kept in the freeze-
dryer (1.2 D Alpha Plus, Martin Christ,
Germany) for 24 h. For supercritical CO-
drying method, hydrogel beads were placed
into the sample holder of the critical point
drier (CPD, Leica EM CPD300, Germany)
in absolute ethanol for 2 h.

Sakarya University Journal of Science 27(2), 335-348, 2023

2.2. Characterization of Beads

2.2.1. Morphological Observation and
Elemental Analysis

Cryogels and aerogels were analyzed with
the scanning electron microscopy (SEM)
technique for evaluating their morphology.
Before the observation, the beads were
cross-sectioned and, both beads and
sectioned parts were sputter-coated with 7
nm Au-Pd. The observations were
performed by Thermo Scientific Apreo S, at
5 kV accelerating voltage. Energy dispersive
X-rays detector (EDS) of SEM was used to
perform elemental analysis of the samples.
Both core and shell structures were
analyzed.

2.2.2. Mechanical Analysis

Compressing test was operated on a dynamic
mechanical analyzer (DMA, Q800, TA
Instruments) to determine the mechanical
properties of hydrogels, cryogels, and
aerogels. Samples were placed between
compression clamps. Tests were performed
at 0.5 N/min ramp force to 18 N and 37°C.
Hydrogels were analyzed with DMA in wet
form, while cryogels and aerogels were
analyzed in dry form.
2.2.3. Porosity and  Thickness
Distribution

The average pore size, porosity, and
thickness distribution of the beads were
analyzed with Micro Computed
Tomography (Micro-CT) device (nCT50,
Scanco Medical, Switzerland). Samples
were scanned at 70 kVp energy, 114 pA
intensity, 20 pm voxel size, and 300 ms
integration time. After the scanning process,
the samples were analyzed with an
evaluation program (Scanco Medical,
Switzerland). Porosity was calculated
according to the following formulae.

Total volume — Solid volume

Porosity (%) = Total volume

X 100
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2.2.4. Hydration Degree

Cryogel and aerogel beads were weighed
separately with three replicates. All beads
were weighed after keeping in UPW for 3 h
and 24 h at 37°C. Hydration degree was
calculated with formulae below.

Hydration degree (%)
_ Wet weight — Dry weight

Wet weight

x 100

2.3. Biological Analysis
2.3.1. Cell Culture

In order to examine the use of produced
alginate-gelatin hydrogels, cryogels, and
aerogels as tissue scaffolds, in vitro
cytotoxicity tests were performed on the
scaffolds within the scope of BS EN 1SO
10993-5-2009 standard [18], and cell images
were taken under an inverted fluorescence
microscope (Zeiss Axio Vert Al, Germany)
to determine the localization of the cells
seeded in the scaffolds. L929 mouse
fibroblast cell line (CCL-1, ATCC, USA),
recommended in the standard, was used for
the cytotoxicity test.

Cells were cultivated in Minimum Essential
Medium Alpha Modification (MEMA-
RXA, Capricorn Scientific, Germany)
supplemented with 10% (v/v) fetal bovine
serum (FBS, 10500-064, Gibco, Germany),
2 mM L-Glutamine (25030-024, Gibco,
Germany), 1 mM sodium pyruvate (S8636,
Sigma Aldrich, Germany), and 10 pg/mL
gentamicin (GEN-10B, Capricorn
Scientific, Germany). Cells were incubated
in 5% CO; and 95-98% humidified
atmosphere at 37°C. Cells were trypsinized
(25200-056, Gibco, Germany) and passaged
until reaching desired cell number.

2.3.2. Cytotoxicity
The cytotoxicity of scaffolds on L929 cells

was analyzed with the WST-1 assay
(05015944001, Cell Proliferation Reagent

Sakarya University Journal of Science 27(2), 335-348, 2023

WST-1, Merck, Germany). For this purpose,
a calibration chart was drawn first to
optimize the incubation time of cells with
WST-1 and to find the absorbance values
corresponding to certain cell numbers. Cells
were trypsinized and counted with a
Neubauer Hemocytometer and seeded into a
96-well plate at certain concentrations
between 1x10%® - 1x10° cells/well and
incubated for 4 h. At the end of the
incubation time, 10 pL of WST-1 was added
to the wells and analyzed in a 450 nm/630
nm microplate reader at different times in the
range of 0.5 -4 h.

To perform the cytotoxicity test, scaffolds
were sterilized overnight in 70% (v/v)
Ethanol. After the scaffolds were rinsed 3
times with PBS, scaffolds were extracted in
culture medium at a concentration of 0.2
g/mL for 24 h at 37°C. Extraction ratio (0.2
g/mL) was selected according to the
"Standard surface areas and extract liquid
volumes" table in 1SO 10993-12:2009
Biological evaluation of medical devices,
Sample preparation and  reference
materials. L929 cells were seeded at 1x10*
cells/well in a 96-well plate and incubated
for 24 h. At the end of the incubation period,
the medium on the cells was removed and
the extracted medium was added in a volume
of 100 pL (n=3). After the cells were
incubated for 24 h, 10 pL of WST-1 was
added to the cells and analyzed after 60 min
in a 450/630 nm microplate reader (ELx800,
BioTek, USA).

2.3.3. Monitoring Cell Localization in
the Scaffolds

Cells were counted and seeded in the
scaffolds at 1x108 cells/scaffold after the
scaffolds were conditioned in a culture
medium for 24 h. Cells were seeded with a 1
mL syringe in a volume of 100 uL. After 24
h incubation time, cell nuclei were stained
with 4'.6-Diamidino-2-phenylindole
dihydrochloride (DAPI, D9542, Sigma-
Aldrich, Germany). DAPI (0.1 pg/mL) was
diluted in PBS, and all scaffolds were
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incubated in DAPI solution in the dark after
the rinsing with PBS. The cells were
monitored under an inverted fluorescent
microscope [19].

2.3.4. Statistical analysis

All  quantitative  experiments  were
performed in at least three replicates (n=3).
For statistical analysis, the Shapiro Wilk test
was used to determine whether the data fit
the normal distribution, and One-Way
Analysis of Variance (ANOVA) was applied
(95% confidence interval) for the data sets
that fit the normal distribution. Tukey was
chosen as the post-hoc method to determine
the different groups.

2. RESULTS AND DISCUSSION
3.1. Characterization of Beads

3.1.1. Morphological Observation and
Elemental Analysis

All three types of scaffolds are in the form of
ellipses, and the average dimensions of
hydrogels are 5.014+0.123 x 5.621+0.085
mm (WxL), cryogels are 2.7894+0.152 X
2.951+0.105 mm (WxL), and aerogels are
2.213+0.201 x 2.623+0.074 mm (WXxL).

Both cryogel and aerogel beads were
observed with SEM in order to analyze the
morphological difference. Hydrogel beads
were not observed with the SEM device
because of contained water. It is clearly seen
that the size of cryogel beads was larger, and
the core structure of the cryogel beads has
wider pores than aerogel beads (Figure 2).

Since the cryogels are frozen before the
drying process, the volume of the hydrogel
increases as the water freezes. Ice crystals
between the pores of the hydrogel also
expands the pores. For this reason, the
morphological structures of cryogel and
aerogel scaffolds are different from each
other, and this result is in line with previous
studies [20, 21].

Sakarya University Journal of Science 27(2), 335-348, 2023

AEROGEL CRYOGEL

CROSS-SECTION

Figure 2 SEM images of aerogel and cryogel
beads. A-B. Shell structure of aerogel and
cryogel beads, respectively. Scale bars
correspond to 1 mm. C-D. Cross-sections
of aerogel and cryogel beads, respectively.
Scale bars correspond to 1 mm. E-F. Core
structure of aerogel and cryogel beads,
respectively. Scale bars correspond
to 100 pm.

When the cross-section of aerogel beads is
observed in more detail, it can be seen the
beads have morphologically three different
layers (Figure 3). The elemental analysis of
outer layer (shell) results shows that the
outer wall of aerogels consists of C, H, O and
Ca. Na" in alginic acid sodium salt solution
was replaced by the Ca?* in the gelatin-
CaCl; solution in the core structure and
formed calcium alginate (CaC12H14012). The
EDS results of the core structure show that it
consists of C, H, O, and N elements in the
molecular formula of gelatin
(C102H151N31039). However, Ca?* was also
found in the intersection of core and shell
structures.
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Figure 3 SEM images and EDS results of
aerogel cross-section. The outer wall of the
aerogel is calcium alginate, and the
inner wall is gelatin structured. There
is an intersection area, and this part contains
both gelatin and calcium alginate properties.

fokv 7.0 152mm S

Element Weight % Aomics | | | COTC TR
cK 4582 5535 &

}f‘ S e
Figure 4 SEM images and EDS results of
cryogel cross-section. Contrary to the aerogel,
a sharp transition is observed between
the core-shell structure in the cryogel.
According to EDS results, the core

structure consists of gelatin, and the shell
structure consists of calcium alginate.
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EDS results of cryogel show that the core
consist of Na* and Ca** as well as the
elements in the molecular formula of gelatin
(Figure 4). It is thought that Na* originates
from alginic acid sodium salt (NaCeH7Og)
and CI" originates from CaCl. salt. The shell
structure consists of C, H, O, Cl and Ca, and
it indicates that calcium alginate is formed
similarly to aerogel beads.

3.1.2. Mechanical Analysis

The compression tests of scaffolds were
performed on DMA device and the stress-
strain graph obtained is given in Figure 5.
The elastic moduli of the beads were
calculated from the linear slope on the
stress/strain curves. The elastic moduli of
hydrogel, cryogel and aerogel were found
7.1 kPa, 4.2 kPa, and 3.8 kPa, respectively.

It is known that the elastic modulus of the
scaffolds affects the behavior of cells [22].
Therefore, researchers try to choose a
scaffold whose mechanical properties match
those of the tissue being formed. Since the
elastic modulus values of beads are <10 kPa,
the tissue scaffolds produced are suitable for
tissue engineering of brain, bone marrow,
spleen, pancreas, fat, kidney and skin [23,
24].

0.25

Compression Stress (MPa)

0 10 20 30 a0 50 60 70 80
Strain (%)

— —Hydrogel ——Aerogel «++ Cryogel

Figure 5 Compression Stress - Strain
graph of hydrogel, aerogel, and cryogel.

Mechanical  properties of hydrogels,
cryogels, and aerogels can be changed by
changing different parameters such as the
concentration of divalent cations that play a
role in the gelation of sodium alginate, the
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concentration of crosslinking agents such as
glutaraldehyde, treatment time, and
production methods [10]. For this reason, it
should not be considered that the tissue
engineering materials produced are limited
to their use only for the specified tissues
because mechanical properties of beads can
be easily changed for desired tissue.

3.1.3. Porosity and  Thickness
Distribution

The 2D images obtained after scanning the
scaffolds in the Micro-CT device were
transformed into 3D models with the
Evaluation Program. Figures 6, 7 and 8 show
hydrogel, cryogel and aerogel models,
respectively. 3D models of beads are given
in A and B, pore size distributions are given
in C and D, and thickness distributions are
given in E and F. The core-shell structure
can be seen in these models. The pore sizes
and the wall thickness of the scaffold are
colored according to the size. The smallest
pores are dark blue, and the largest pores are
red in the color scale (C-D). Similarly, in the
thickness distribution, the thinnest part
appears in dark blue and the thickest part in
red (E-F).

When the hydrogel and aerogel models are
examined, a distinctive shell structure can be
seen (Figure 6 and 8). In both models, the
porosity of the shell structure is quite low
compared to the core structure. The wall
thicknesses are higher in the calcium
alginate shell than in the gelatin core. For
this reason, the use of these structures for
drug delivery can also be considered.
However, unlike the other two models, a
distinct shell structure is not observed in the
cryogel. In addition, there are larger
diameter pores in the core structure
compared to other models (Figure 7).

Sakarya University Journal of Science 27(2), 335-348, 2023

Figure 6 3D models of hydrogel beads.

A. Overall 3D model, B. Cross-section of 3D
model, C. Overall pore size distribution model,
D. Cross-section of pore size distribution
model, E. Overall thickness distribution model,
F. Cross-section of thickness distribution
model of the bead. Scale bars correspond
to 1l mm.

The porosity results were determined as
5.18%, 57.46%, and 85.21% for hydrogel,
aerogel, and cryogel, respectively. Hydrogel
has a nanoporous structure as well as micro
and macroporous structures. Nanopores are
preserved while hydrogel is dried with
supercritical CO, and the same structures
observed in aerogels. Nanopores in the core
structure of aerogels can be observed in
SEM results. Since it is not possible to
determine the nanopores with Micro-CT,
porosity values were obtained as a result of
the evaluation of only the micro and
macropore structures as a result of the
Micro-CT analysis. It is thought that the
reason for obtaining low porosity of the
hydrogel is that almost all pores in its
structure are filled with water, and due to the
inability of the Micro-CT device to
distinguish well enough the radiopacity of
gel structure and water.
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When the pore size distribution graphs are
examined, it is seen that it is distributed in a
wide pore size range in cryogel (Figure 9).
The highest mean pore diameter (62.3+£26.8
um), and the lowest wall thickness (85 pm)
were seen in the cryogel (Table 1). It is an
expected result that the highest pore
diameter is in the cryogel due to the
expansion of water while freezing. In
addition, these results obtained from Micro-
CT support the SEM results.

J-llllllll--,,

Figure 7 3D models of cryogel beads.
A. Overall 3D model,
B. Cross-section of 3D model, I
C. Overall pore size distribution model, .
D. Cross-section of pore size distribution
model, E. Overall thickness distribution model,
F. Cross-section of thickness distribution .
model of the bead. Scale bars correspond I I
to 1 mm. L -

Figure 9 Pore smi;gdistribution of
hydrogel, cryogel, and aerogel beads.

Table 1 Mean and maximum pore size and
thickness values of hydrogel, cryogel, and

aerogel.
Pore Size | Thickness (um)
(pm)
Mean Max | Mean Max
(£SD) (£SD)
Hydrogel | 18+6.3 170 191.1 550
+132.5
Cryogel 62.3 230 | 24.9+15 85
+26.8 A
Aerogel 31.5 70 59.6+4. 165
+7.9 1

3.1.4. Hydration Degree

Hydration degree measurement was carried
out in cryogels and aerogels in 3 hours and
24 hours. There was no statistical difference
in the water holding capacity of aerogels for
3 and 24 hours, but a significant difference

Figure 8 3D models of aerogel beads.

A. Overall 3D model, B. Cross-section of 3D
model, C. Overall pore size distribution model,
D. Cross-section of pore size distribution
model, E. Overall thickness distribution model,

F. Cross-section of thickness distribution was observed in the water holding capacity
model of the bead. Scale bars correspond of cryogels in 24 hours compared to 3 hours.
to 100 pm. In addition, in the results obtained in both

Sakarya University Journal of Science 27(2), 335-348, 2023
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time zones, it was determined that the water
holding capacity of cryogels was statistically
higher than aerogels (p<0.05). While the
acrogels held 334+19% water in 3 h, this
value was determined as 389+2.5% in 24 h.
On the other hand, the cryogels hold
563+55% in 3 h and 782+53.5% in 24 h
(Figure 10). Since cryogels are characterized
by their high water retention abilities, they
are suitable candidates for use in soft tissue
engineering and regenerative medicine, and
the data obtained in this study also support
these results [25].

N |

E: 500
L

Time (Hour)

Figure 10 Hydration degree graph of aerogel
and cryogel in 3 h and 24 h. The water
holding capacity of cryogel is statistically
higher than aerogel in both times.
Also, the significant difference is
observed in the water holding capacity
of cryogels in 24 h compared
to 3 h (p<0.05).

3.2. Biological Analysis
3.2.1. Cytotoxicity

It is necessary to determine the optimum
incubation time to be applied on different
cells to get the best results in the WST-1 cell
proliferation test method. A calibration
graph was obtained both to determine the
optimum incubation time of WST-1 for
L929 cells and to convert the absorbance
data obtained as a result of the cytotoxicity
test to the number of cells (Figure 11). After
the cells were seeded in different
concentrations between 1x10% - 1x10°
cells/well, they were incubated for 4 h for
their attachment and four different
incubation times of 30 min, 1 h, 2h and 4 h
were tested for WST-1 analysis. The
trendline R? value obtained was obtained in

Sakarya University Journal of Science 27(2), 335-348, 2023

the highest on 1 h results (unpublished data).
For this reason, a calibration chart for 1 h
was used to determine the number of cells
corresponding to absorbance.

Figure 11 Calibration graph of WST-1
test on L929 cell line and cytotoxicity
results of aerogel, cryogel, and hydrogel.

There is no significant difference between all
groups for cell viability (p<0.05).

The cytotoxic effects of aerogel, cryogel,
and hydrogel beads on L929 cells were
examined with the WST-1 analysis, and
there was no statistically significant
difference between viability of control and
experimental groups at the end of the 24 h
(p<0.05). According to the BS EN ISO
10993-5-2009 standard, the material has a
cytotoxic effect when the cell viability is
below 70% [18]. In this case, all potential
scaffolds show non-cytotoxic effects. It has
also been shown in previous studies that
alginate and gelatin, which are natural
polymers, do not have a cytotoxic effect [26,
27].

3.2.2. Monitoring cell localization in the
scaffolds

In order to determine the localization of the
cells in the scaffold, which were conditioned
overnight in culture medium, after 24 h
incubation time, the cells were monitored
both under an inverted microscope and
under a fluorescence microscope after
staining with DAPI. It was observed that the
cells were best distributed on the cryogel
scaffold, and the number of cells was highest
in these scaffolds. It was determined that the
least number of cells and the worst
distribution in the scaffold were in the
aerogel. Although the number of cells in
hydrogels is higher than in aerogel, the
distribution of cells is not homogeneous as
in cryogel (Figure 12-14).
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Flgure 12 CeII localization in hydrogel tlssue
scaffolds. The first column shows inverted
microscopy images of cells on 5X, 10X,
and 20X magnifications, respectively. The
second column shows DAPI stained cells on
5X, 10X, and
20X magnifications, respectively. The third
column shows merged images of inverted
microscopy images and fluorescent
microscopy
images on 5X, 10X, and 20X
magnifications, respectively.
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Flgure 13 Cell localization in aerogel tlssue
scaffolds. The first column shows inverted
microscopy images of cells on 5X, 10X, and
20X magnifications, respectively. The second
column shows DAPI stained cells on 5X, 10X,
and 20X magnifications, respectively. The third
column shows merged images of inverted
microscopy images and fluorescent microscopy
images on 5X, 10X, and 20X magnifications,
respectively.

It is thought that the reason for this situation
is that the pore sizes in the cryogel are larger
than the other scaffolds and cells can
distribute more homogeneously. In this way,
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cells can migrate more easily within the
scaffold, and thanks to the increased mass
transfer due to the porous structure, they can
reach the nutrient medium and oxygen more
easily [28].

3 8

Figure 14. Cell localization in cryogel tissue
scaffolds. The first column shows inverted
microscopy images of cells on 5X, 10X, and
20X magnifications, respectively. The second
column shows DAPI stained cells on 5X, 10X,
and 20X magnifications, respectively. The third
column shows merged images of inverted
microscopy images and fluorescent microscopy
images on 5X, 10X, and 20X magnifications,
respectively.

Different methods can be used for cell
seeding into the scaffold. It has been shown
that the seeding of cells during the formation
phase of hydrogels gives more successful
results for cell distribution in the scaffold
[29]. In addition, cell and scaffold materials
can be mixed and used as bioink in
bioprinters [13], in this method the cells are
also distributed homogenously within the
scaffold. Apart from these methods, cells
can be directly seeded on the scaffold after
the scaffold is formed. When this method is
used, the porosity of the scaffold should be
high, and the pore diameters should be
suitable for cell migration. Thus, even if
cells are seeded on the surface of the
scaffold, they can migrate into the scaffold.
In this study, a different cell seeding strategy
was chosen from all these techniques. Thisis
because if cells are mixed with hydrogel
during scaffold fabrication, cells would die
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during aerogel and cryogel formation. In
order to do a comparative evaluation of
hydrogel, cryogel, and aerogel scaffolds in
terms of cell distribution, the same cell
seeding procedure should be used for all
scaffolds. For this reason, it was preferred to
use post-production cell seeding methods
instead of mixing the cells directly into the
alginate-gelatin hydrogel. However, it was
decided that direct cell seeding on the
scaffold, which is a classical method, is not
a correct strategy within the scope of this
study. Because, especially in aerogels and
hydrogels, the pore diameters of the shell are
considerably lower than the core of the
scaffolds. Since cells were not thought to
migrate to the core of the scaffold when they
were seeded on the scaffold surface, the cells
were seeded by injecting them directly into
the core with a syringe.

As a result of this study, it was decided that
cryogel is the most suitable structure to be
used as tissue scaffold among these three
forms since it has higher pore diameters,
higher porosities, and therefore the cell
distribution within the scaffold is more
homogeneous compared to other scaffold
types. Although it seems more appropriate to
use cryogels as tissue scaffolds in terms of
cell distribution and adhesion, the use of
hydrogels is also quite suitable. As
mentioned above, more successful results
can be obtained when cells are seeded during
hydrogel formation. Aerogels, on the other
hand, do not seem appropriate for 3D tissue
culture inside of the bead due to the nano-
sized pores in their structure, low hydration
degree, and low cell adhesion. However, by
attaching cells to the surface of aerogels,
these scaffolds can be used as micro/macro
carriers in bioreactors.

4. CONCLUSION

In this study, cryogels and aerogels were
obtained by drying alginate-gelatin hydrogel
beads with different methods (freeze-drying
and critical point drying). The physical,
chemical, biological, and mechanical
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properties of hydrogels, cryogels, and
aerogels for their use as a tissue scaffold
were comparatively investigated. According
to the results obtained, all potential scaffolds
are non-cytotoxic and their mechanical
properties are suitable for soft tissue
engineering. It was seen that cryogels with
the highest pore diameter gave the most
suitable results for cell adhesion and
distribution. However, it is known that
different cell seeding methods also give
successful results for hydrogels. On the other
hand, aerogel beads are not satisfactory for
cultivating cells inside the bead due to their
nanoporous structure. It can be used as a
micro/macro carrier in bioreactors by cell
adhesion to the surface of these structures or
as a drug delivery agent because of the thick
shell structure.
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