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Simple Summary: Incorporating natural polymers along with semi-synthetic gelatin methacrylate
(GelMA) is known to improve the mechanical properties of developed hybrid hydrogels. Here, we
provide a novel comparison of bioprinted GeIMA hybrid hydrogel meshes with different concen-
trations of collagen extracted from bovine hide and ovine skin by assessing their physicochemical
characterizations. No previous work has reported the incorporation of ovine collagen with GelMA
to develop hybrid hydrogels. Furthermore, different parameters of extrusion-based bioprinting of
the inks, and their printing fidelity were investigated. The maximum percentage of collagen that
could be incorporated into the meshes was identified as 1%, as these meshes showed good shape
fidelity with stable degradation rates. The results indicate these hydrogel meshes may be suitable for
specific tissue engineering applications depending on the source of collagen used. Hybrid meshes
with ovine (water-soluble) were found to possess properties that could make them suitable for bone
tissue engineering applications. Similarly, results indicated that hybrid meshes with bovine collagen
could be used for corneal, cartilage, and various soft tissue engineering applications.

Abstract: Bioprinting is an emerging technology involved in the fabrication of three-dimensional
tissue constructs for the repair and regeneration of various tissues and organs. Collagen, a natural
protein found abundantly in the extracellular matrix of several tissues, can be extracted from collagen-
rich tissues of animals such as sheep, cows, rats, pigs, horses, birds, and marine animals. However,
due to the poor printability of collagen bioinks, biocompatible collagen scaffolds that mimic the
extracellular matrix (ECM) are difficult to fabricate using bioprinting techniques. Gelatin methacrylate
(GelMA), a semi-synthetic polymer with tunable physical and chemical properties, has been found to
be a promising biomaterial in various bioprinting applications. The printability of collagen can be
improved by combining it with semi-synthetic polymers such as GeIMA to develop hybrid hydrogels.
Such hybrid hydrogels printed have also been identified to have enhanced mechanical properties.
Hybrid GeIMA meshes have not previously been prepared with collagen from ovine sources. This
study provides a novel comparison between the properties of hybrid meshes with ovine skin and
bovine hide collagen. GeIMA (8% w/v) was integrated with three different concentrations (0.5%, 1%,
and 2%) of bovine and ovine collagen forming hybrid hydrogels inks that were printed into meshes
with enhanced properties. The maximum percentage of collagen suitable for integration with GeIlMA,
forming hybrid hydrogels with a stable degradation rate was 1%. The water-soluble nature of ovine
collagen promoted faster degradation of the hybrid meshes, although the structural crosslinking was
identified to be higher than bovine hybrid meshes. The 1% bovine collagen hybrid meshes stood out
in terms of their stable degradation rates.

Keywords: bioprinting; bovine collagen; gelatin methacrylate; hybrid hydrogels; ovine collagen;
tissue engineering; water-soluble collagen
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1. Introduction

Severe damage to the tissues/organs of our body requires the use of tissue engineering
to restore/replace damaged tissues by developing functional tissue constructs. Biomaterials,
which mimic the natural tissue components, are used for fabricating scaffolds that support
the growth and differentiation of cells to replace/restore damaged tissues [1]. Hydrogels,
which are made up of a network of crosslinked polymers that allow them to swell in water,
are one of these scaffolds. The properties of the polymer used, as well as the nature and
degree of crosslinking of these polymers, significantly influence the swelling characteristics
of the hydrogels [2,3]. Hydrogels lay out a soft tissue environment and provide ease for
the exchange of nutrients. The advantages of hydrogels include excellent biocompatibility,
tunable scaffold structure, and an easy-to-control structural framework due to its high-
water content that resembles the natural ECM [4,5]. Hydrogels provide excellent scaffolds
in cartilage, bone, nerve, and corneal tissue engineering [6-9].

Bioprinting is a 3D printing technique specific to printing biological tissues. It involves
the sequential deposition of polymeric materials, either alone or with cells incorporated, in
a layer-by-layer fashion to construct predefined three-dimensional structures. The cells can
also be seeded on the scaffold after it has been printed [10,11]. The most commonly used
bioprinting techniques include inkjet, extrusion-based printing, and laser-assisted printing.
Bioprinting techniques can print tissues with high speed and accuracy [12].

Extrusion-based printing is an extremely attractive 3D bioprinting technique, which
utilizes pressure to extrude the biomaterials from a nozzle. The advantages of this technique
include its ability to use various materials extruded via different nozzles at the same time
and to maintain a homogenous distribution of the printed material [13-15]. This bioprinting
technique is found to primarily depend on the structural and rheological properties of
the polymers used at the printing temperature [16]. The structure of the polymer and its
viscosity were found to be crucial properties dictating the printability of the polymers
used [17,18]. Polymers with long side chains and high viscosity were found to require
a higher printing pressure in order to be extruded from the printing nozzles [19,20].

To date, many biomaterials, including natural, synthetic, and even hybrid materials,
have been researched for use as scaffolds for various tissues. Although synthetic bioma-
terials such as polyacrylamide, polyethylene glycol, poly 2-hydroxyethyl methacrylate,
polyvinyl alcohol, polymethylmethacrylate, polyurethane, and polycaprolactone were
shown to have good mechanical strength, they failed to support cellular adhesions [21-23].
Such materials also lack intrinsic signals, which are essential for recognition by cells and
inducing cellular differentiation [24]. Furthermore, the degradation of synthetic materials
such as polyglycolic acid was found to release acidic products having the potential to
damage the cells [25]. Hence, natural materials including protein-based materials (e.g.,
collagen), polysaccharide-based materials (e.g., cellulose), and decellularized materials
(e.g., amniotic membranes), which resemble native human tissues are being researched [21].

Collagen, a protein secreted by fibroblasts and epithelial cells, is abundantly present
in the extracellular matrix of many soft and hard tissues of the human body. It accounts
for 25-30% of the human body’s dry weight and has been found to provide and maintain
support to a wide variety of tissues. Collagen is known to be a promising biomaterial
for tissue engineering applications, as it possesses low immunogenicity, has excellent
biocompatibility and biodegradability, and is found to promote cellular adhesion, migration,
and growth [26-28]. Tissue engineering applications were found to use collagen from
a wide range of sources including bovine, ovine, porcine, equine, avian marine, and
recombinant sources [27,29-33]. Collagen from bovine and ovine sources can be isolated
from collagen-rich tissues, such as the Achilles tendon, pericardium, bone, small intestine,
and skin [34,35].

Thermal stability, crosslinking density, viscosity, and other properties of collagen
scaffolds were found to depend on the age, type, and location of the tissue. Collagen
extracted from younger animal tissues was found to be water-soluble. The solubility of the
collagen in water was found to decrease with the increasing age of the animals [36]. Such
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soluble polymers have been found to have lower sol fraction (%) and higher degradation
rates [37,38]. A study by Ghodbane and Dunn (2016) showed that ovine (sheep) tendon
collagen scaffolds had better mechanical strength, excellent compressive properties, and
were highly resistant to enzymatic digestion when compared to porcine and bovine tendon
collagen scaffolds, both of which had comparable properties. The authors successfully
demonstrated that there are differences in the properties of collagen depending on their
sources [39]. Scaffolds fabricated using bovine hide collagen were found to have better
mechanical properties than porcine skin collagen scaffolds, which was attributed to the
different structural fiber organizations of the collagen [40]. These mechanical properties,
however, are not sufficient for the use of the developed collagen-only scaffolds in tissue
engineering applications. Furthermore, scaffolds comprising bovine collagen from the
Achilles tendon were found to have better stress-strain characteristics (i.e., it was more
durable), higher thermostability and crosslinking ability, and was stronger than equine
tendon collagen scaffolds [41]. To our knowledge, no previous study has compared the
properties of collagen scaffolds fabricated from bovine hide and ovine skin.

Depending on the source and type of tissue, the application of collagen in different
parts of the body varies. Collagen extracted from the skin of fetal bovine, Coryphaena
hippurus (marine source), and ovine tendons were found suitable for regenerating tendon
and skin, cartilage tissues, and deep skin wounds, respectively [42-44]. Collagen scaffolds
developed by bioprinting from various sources have been employed in several tissue
engineering applications, including nerve, bone, cartilage, vascular structures, skin, cornea,
and other soft and hard tissues [45-50].

One of the limitations identified in scaffolds solely made of collagen is their poor
mechanical properties; therefore, crosslinking techniques have been used to improve me-
chanical strength. However, excessive crosslinking has been found to impair collagen’s bio-
logical activities, which renders it unsuitable for the regeneration of soft tissues [51,52]. Fur-
thermore, collagen bioinks have low printability. Incorporating synthetic/semi-synthetic
materials along with collagen to form hybrid scaffolds has been shown to improve the print-
ability of collagen bioinks and enhance the mechanical properties of the scaffolds [16,53].

Gelatin, a product of collagen hydrolysis, is well known for its biodegradability, low
immunogenicity, and being a cost-effective polymer. It has been identified that gelatin main-
tains the arginine-glycine-aspartic acid (RGD) sequences present in collagen, which helps
cellular proliferation, adhesion, and differentiation [54]. Semi-synthetic gelatin methacry-
late (GelMA) hydrogel was formulated by Van Den Bulcke et al. (2000); adding methacrylic
anhydride (MA) to gelatin replaces the free amine groups in gelatin with methacrylic
groups producing GelMA. Due to the existence of these methacrylic groups, gelatin can
be crosslinked in the presence of a photoinitiator and light to form stable hydrogels [55].
Moreover, the produced GelMA is found to maintain the RGD motifs of gelatin; therefore,
it is suitable for bioengineering applications [56]. GeIMA has been identified as a desirable
biomaterial for various hard and soft tissue engineering applications [57].

Properties of GelMA have been found to be enhanced by combining it with natural
biopolymers such as silk fibroin, collagen, hyaluronic acid, and dextran [58]. 3D-printed
hybrid hydrogels comprising GelMA with acid-soluble bovine collagen were found to have
good crosslinking, improved mechanical properties, and cellular proliferation compared to
GelMA hydrogels [59,60]. Properties of ovine collagen-GelMA hybrid scaffolds in tissue
engineering applications have not been investigated yet.

In this study, either bovine or ovine collagen was mixed with GeIMA to form hybrid
hydrogel inks, which were printed using an extrusion-based printer. The printing parame-
ters were optimized to identify the maximum percentage of bovine/ovine collagen that can
be integrated with GelMA. The printed meshes were also characterized, and their proper-
ties were compared. The present study would open avenues for research to determine the
suitability of these hybrid hydrogels to be used for various tissue engineering applications.
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2. Materials and Methods

Type A porcine skin gelatin (strength ~300 g Bloom), methacrylic anhydride
(MA), deuterium oxide (D,0O) of isotopic purity 99.9 atom % D containing 0.05 wt. %
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt, and phosphate buffered saline
(PBS) tablets pH 7.4 were purchased from Sigma-Aldrich, New Zealand. Collagen from
bovine hide and ovine skin were provided by New Zealand Leather and Shoe Research
Association (LASRA). Allevi 2 3D bioprinter with dual extruders, needles (25 G and 27 G)
used for printing, and lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) were
purchased from Allevi, Philadelphia, USA. All other chemicals were of analytical grade.

2.1. Preparation and Characterization of GeIMA
2.1.1. Preparation of GelMA

Gelatin methacrylate (GelMA) was prepared using a method reported by Van Den
Bulcke et al. (2000) [54]. Synthesis of GeIMA followed a direct reaction of gelatin with
Methacrylic anhydride (MA), wherein gelatin was first dissolved in PBS (1x, pH 7.4)
at 50 °C, after which 0.6 g MA per gram of gelatin was added dropwise at the rate of
0.5 mL/min. The mixture was left at 50 °C for 3 h with continuous stirring to allow for the
substitution reaction of the methacryloyl groups onto the amino acid residue’s amine and
hydroxyl groups [54,61]. Figure 1 shows the reaction synthesizing GelMA.

Methacrylic Methacrylic

acid

Gelatin-methacryloyl
(GelMA)

Figure 1. The reaction of gelatin with methacrylic anhydride [62] CC BY 4.0.

The mixture was then centrifuged at 100 g for 2 min to remove excess methacrylic
acid, obtained supernatant was diluted 1:1 with PBS, and the solution was dialyzed against
deionized water (DI) at 50 °C using a cellulose dialysis tubing for 1 week, as shown in
Figure 2. During this period, DI was changed twice every day to remove impurities such
as unreacted MA and byproducts. Finally, the pH of the solution was adjusted to 7.4, after
which it was freeze-dried. The GelMA obtained was stored at —80 °C until further use.

Figure 2. Dialysis of GeIMA against DI at 50 °C for 1 week; three dialysis bags are shown in this figure.
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2.1.2. Characterization of GelMA by NMR Spectroscopy

Using the 'H-NMR spectroscopy, the amount of methacrylate and methacrylamide
groups present in the synthesized GeIMA was determined. The NMR spectra were obtained
using a spectrometer, which was fitted with a 5 mm probe type: PA BBO 400S1 BBF-H-D-
05 Z, operating at the speed of 400.13 MHz and equipped with the TopSpin 3.5b.91.pl.7
software. NMR samples were prepared by dissolving 20 mg of the synthesized GeIMA
or gelatin from porcine skin in 1 mL of deuterium oxide (D,O) containing 0.05% (w/v) of
its internal reference, trimethylsilyl propanoic acid (TMSP). Measurements of the samples
were procured at 40 °C. Equation (1) was used to calculate the degree of methacrylation
(DM) [63].

Equation (1)

Degree of methacrylation (DM) = 100 x (1 _ Lysine methylene proton of GelMA > 1)

Lysine methylene proton of Gelatin

2.2. Preparation of the Inks

All inks prepared were comprised of 8% GelMA and 0.5% LAP (photoinitiator), ac-
cording to previous preliminary studies done. Table 1 shows the concentration of bovine or
ovine collagen incorporated within the GelMA hydrogel inks in the prepared formulations.

“_u

Table 1. Formulation of different inks prepared for printing (“-“ referring to Nil).

No Formulations Bovine Collagen Ovine Collagen
G - -
GB0.5 0.5% -
GB1 1% -
GB2 2% -
GS0.5 - 0.5%
GS1 - 1%
GS2 - 2%

N | |G| W[ N -

To prepare a 4% stock solution of bovine and ovine collagen, 200 mg of bovine or
ovine collagen were dissolved in 5 mL of 0.5 N acetic acid or distilled water, respectively.
Inks were prepared by dissolving the lithium acylphosphinate salt (LAP) in PBS at 50 °C
under stirring. After, GeIMA was added, mixed well, and left on the stirrer for 20 min
to completely dissolve. Bovine or ovine collagen was then added to the GeIMA mixture
according to the concentrations mentioned in Table 1 (pipetted from the prepared stock
solution). The prepared hydrogel inks were transferred into a 10 mL syringe. The syringe
was covered with aluminium foil and set by immersion in ice for 8 min and then stored
overnight at 4 °C.

2.3. 3D printing of Hydrogel Meshes

The design of the 3D-printed meshes was previously established using SolidWorks
Software, which was uploaded onto Slice3r software. This slicing software was used to
convert 3D computer-aided design (CAD) models (STL file format) into an instructional
format required for layer-by-layer printing (G-code). Repetier-Host software was utilized
for adjusting the printing parameters, such as the layer height, extrusion pressure, and
speed of printing in order to obtain continuous and smooth filaments of the different inks.
Once set, Slice3r software generates a sliced G-code file, which was used by the Allevi
3D bioprinter for fabricating the meshes of all formulations. All the meshes were printed
on individual glass slides covered with waterproof tape to help easy detachment of the
meshes. The meshes of size 1 cm x 1 cm were printed using two different needle sizes, 25 G
and 27 G. The printed meshes were cured by exposing them to light at the wavelength of



Biology 2022, 11, 1561

6 of 22

405 nm under SUNUV LED lamp for 3 min. The intensity of the light was set at 24 W. The
cured meshes were placed in a vacuum oven at room temperature for 24 h to dry.

2.4. Characterization of the Hydrogel Meshes
2.4.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the individual components and meshes were carried out on a Bruker
Vertex 70 FTIR spectrometer (Bruker Optics, New Zealand) in order to analyze the interac-
tions between the components. The samples were placed directly onto the ATR crystal, and
spectra were collected in transmittance mode. Each spectrum was the result of the average
of 32 scans performed at 4 cm~! resolution and the measurements were recorded between
4000 and 750 cm ! at 21 °C.

2.4.2. Crosslinking Test

Printed meshes were dried in a vacuum oven for 48 h, and initial dry weight (W0)
was measured using Sartorius semi-micro 5-digit balance (Mettler Toledo, New Zealand).
Three meshes from each formulation were individually immersed in PBS inside a plastic
tissue cassette and left for 24 h at 37 °C. After this, the meshes were removed from the
PBS solution and vacuum dried for 24 h. The final dry weight (W1) of the meshes was
individually measured. The degree of crosslinking of the hydrogel meshes was determined
by calculating the sol fraction given in Equation (2) [64]. The sol fraction represents the
percentage of the hydrogel meshes that failed to crosslink and, as a result, dissolved in the
PBS.

Equation (2)

W0 - w1 y

Sol fraction (%) = WO

100 @)

2.4.3. Optical Microscopic Examination

Three printed meshes of each formulation were visualized under an optical microscope
before and after vacuum drying. A digital microscope (Leica ICC50HD-DM750, New
Zealand) was used to capture the images. For each of the formulations, the pore sizes and
line diameters of meshes before and after drying were measured from five different places
in each mesh, using the Leica software connected to the digital microscope.

2.4.4. SEM

Three dried meshes from each formulation were visualized using scanning electron
microscopy (SEM). Before imaging, the meshes were coated with platinum metal using the
Hitachi E-1045 Sputter Coater for 20 s.

2.4.5. Swelling Ratio Test

Three meshes from each formulation were removed from the glass slide and placed
inside a plastic tissue cassette. Six cassettes were placed inside a square Petri dish, and
20 mL of PBS was added, as this volume was identified to be sufficient to completely
immerse the meshes in PBS and were left for 24 h at 37 °C. Sartorius semi-micro 5-digit
balance was used to measure the weights of the swollen meshes after gently blotting the
meshes using tissue paper. An increase in the fractional weight of the meshes due to the
absorption of PBS, also known as the swelling ratio, was calculated using Equation (3) [54,64].

Equation (3)

(Sollwen Weight — Dry Weight)

Equilibrium Swelling Ratio (ESR)% = Dry Weight x 100 (3)

2.4.6. Degradation Test

The initial dried weight (WO0) of the meshes was measured after drying the printed
meshes in a vacuum oven for 48 h. Twelve meshes from each formulation were placed
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inside a holder that was immersed in PBS and incubated at room temperature. At the
time intervals 1, 2, 3, and 4 days, three meshes from each formulation were removed, and
vacuum dried for 24 h, after which they were weighed again (W1). The degradation profile
of meshes from each formulation was determined by means of calculating the gel fraction
using Equation (4) [54,64].

Equation (4)

Gel fraction (%) = Wi x 100 4)
WO

The gel fraction represents the percentage weight of the hydrogel meshes that re-

mained.

2.4.7. Statistical Analysis

The results of the tests were analyzed statistically using R programming and GraphPad
Prism software (version 8). The data obtained from the characterization tests were subjected
to Shapiro Wilcox's test to check for normality. The statistical significance was calculated
using one-way ANOVA (parametric analysis, used when data follows normal distribution)/
Kruskal-Wallis analysis (non-parametric alternative) followed by the Tukey post hoc test.
The level of significance was set at p < 0.05.

3. Results and Discussion
3.1. Characterization of GelMA by NMR Spectroscopy

NMR analysis confirmed the substitution of methacryolyl groups in the crosslinked
GelMA meshes, as shown by the methyl proton peak of GelMA appearing at 1.9 ppm and
the acrylic proton peak emerging between 5.5 and 5.9 ppm in the spectra, represented in
Figure 3A. On the other hand, those peaks were absent in the gelatin spectra as represented
in Figure 3B. The peak at 2.7 ppm was used for normalization, as it was found to be closer
to the lysine peaks and thus was less affected by baseline and phasing errors. The degree
of methacrylation of GelMA, calculated using Equation (1), was found to be 62.7%.

(A)

||
[rel]

T
0.06

?
{5
(iff o

T
0.02

0.00

T T T T T | L L — — T T T LA R — T T T L e e

6 5 4 3 2 1 [ppm]

Figure 3. 1H-NMR spectra of (A) GelMA, compared with (B) porcine gelatine in 1 mL of D20
containing 0.05% (w/v) TMSP.

A decrease in free lysine (NH,CH,CH,CH,CHj; -) signal occurred in the gelatin
sample, showed at the 3-ppm peak. The peaks at 5.9-5.5 ppm and the smaller peaks
at 6.1 and 5.7 ppm have been identified to indicate the presence of the acrylic protons
(CH,=C(CH3)COO-) in the methacrylamide groups and methacrylate groups, respectively.
Furthermore, the peak at 1.9 ppm indicates the methyl protons (CH,=C(CHj3)CO-) of the
methacryloyl groups [63,65].
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3.2. 3D printing of Hydrogel Meshes

The chosen printing parameters, represented in Table 2, such as speed and pressure,
were optimized to ensure that the inks were extruded as a continuous filament.

Table 2. Optimized printing parameters for each formulation.

Composition Nozzle (G) Speed (mm/s) Pressure (PSI)
25 5 9.8
G 27 3 10.5
25 6 6
GB0.5 o7 4 3
GB1 25 6 11
GB2 25 4 6.5
25 6 18
G505 27 6 22.3
GS1 25 4 16.2
GS2 25 4 6.5

3.2.1. Effect of Gauge Size on the Extrudability of Different inks

In this study, two plastic tapered needles of different gauge sizes, namely 25 G and
27 G, were used for printing. The larger the gauge size, the smaller the inner diameter;
therefore, the 27 G needles having smaller inner diameters compared to the 25 G were
found to be suitable to print low viscous materials.

The rheological properties of biomaterials, such as their viscosity, affect their print-
ability. Especially in the case of extrusion-based printing techniques, viscosity has been
shown to affect the shape of the printed meshes due to a phenomenon called spreading
and drooping, which controls the extrusion of inks from the needles as either continuous
filaments or as droplets [66]. Wiist et al. identified that highly viscous inks obtained upon
the incorporation of hydroxyapatite into gelatin-alginate composite hydrogels were not
extruded as continuous filaments but as droplets from the printing needles [67].

GelMA meshes with 1 and 2% bovine and ovine collagen were difficult to extrude
from the 27 G needles since increasing the concentration of the incorporated collagen
within the meshes might have resulted in an increase in viscosity due to the increase in
the molecular weight of the hydrogels. Polymers with a higher molecular weight and
viscosity were found to be difficult to extrude from printing needles [19,20]. G, GB0.5, and
GS0.5 hydrogel inks were smoothly extruded from the 27 G needles. Printing with the 27 G
needles helped obtain thin lines with well-defined pores since the inks were extruded as
continuous filaments from smaller-sized needles. All the meshes were successfully printed
using the 25 G needles, including the meshes containing higher concentrations of collagen.
To maintain uniformity and make appropriate comparisons, meshes printed using 25 G
needles for all the formulations were used in the characterization tests.

3.2.2. Effect of Printing Parameters on the Extrudability of the Inks

The meshes of all the formulations were printed at a temperature of 20 °C (£ 2 °C). The
pressure required for printing the meshes, to a great extent, depends on the temperature
during printing, rheological properties of the ink, and the needle size. These factors also
affect the extrudability and consistency of the filaments [68].

GelMA meshes with 0.5% bovine collagen (GB0.5) required lower pressure (6 PSI)
to print compared with GS0.5 (18 PSI), printed at the same speed of 6 mm/s using 25 G
needles. Similarly, GeIMA with 0.5% ovine collagen (GS1) required lower pressure of 11 PSI
and was printed at the speed of 6 mm /s when compared with higher pressure (16.2 PSI)
required by GB1 inks printed at the speed of 4 mm/s. The lower pressure required to
extrude the inks with 0.5% and 1% bovine collagen printed at a higher speed might be
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due to the presence of acetic acid used to dissolve the bovine collagen, which might have
lowered its viscosity when compared with the deionized water used to dissolve the ovine
collagen. The addition of acetic acid to collagen was found to decrease the viscosity of the
solution [69].

Increasing the concentration of bovine collagen to 1% increased its viscosity; thus,
when compared with GB0.5 meshes, higher pressure was required to print GB1 meshes
at the same speed of 6 mm/s. This higher printing pressure can be attributed to the
increased viscosity of the GB1 ink, associated with its higher molecular weight. This was
in compliance with the study by Naghieh et al., which showed that hydrogels with high
viscosity require higher pressure for printing and vice versa [20].

GB0.5 meshes printed using 27 G needles required lower pressure and speed com-
pared to GS0.5 meshes using the same needle size. Printing with smaller diameter (27 G)
needles resulted in smooth, consistent, and thin lines for inks incorporated with lower con-
centrations of collagen. Furthermore, both GB0.5 and GS0.5 inks printed with 27 G needles
required a higher pressure for printing than with 25 G needles; this is because printing with
a smaller needle diameter size requires higher pressure to allow for the extrusion of the ink
from the small orifice. Similarly, G inks printed with 25 G needles required a lower pressure
and were printed faster compared with 25 G needles. The primary drawback of GeIMA
meshes was identified to be its lower viscosity at room temperature, which affects the
printability of GeIMA hydrogels [70]. The addition of natural polymers, such as hyaluronic
acid, to form hybrid hydrogels has been found to increase the viscosity of inks compared to
hydrogels solely comprised of GeIMA [66].

Inks with higher concentrations, 2% of bovine and ovine collagen (25 G needle),
although requiring lower pressure for printing, were found to have a tendency to spread.
This could have been due to the high viscosity of inks with higher molecular weight, which
was found to increase with the concentration of collagen. The higher concentrations of
collagen incorporated in these inks resulted in the spreading of the printed hybrid inks
lines; thus, these meshes were found to have poor shape fidelity. Shape fidelity, described
as the ability of the hydrogel meshes to maintain their shape, is an important characteristic
expressing the printability of hydrogel inks. Hydrogel inks are said to have good or poor
fidelity depending on their ability to maintain the diameter of the extruded filament after
printing, stability of the pore shape and size of the printed meshes and the inability of the
printed structure to collapse [71].

3.3. Characterization of the Hydrogel Meshes
3.3.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the individual components and printed meshes are shown in Figure 4.
The FTIR spectra of GeIMA and collagen (bovine and ovine) showed the typical bands
of proteins: the broadband positioned at 3306 cm ! was associated with O-H and N-H
stretching; the bands at 2924 and 2850 cm ™! represented the C-H stretching; and the bands
at 1630, 1537/1547, and 1236 cm~! were related to the C=0 stretching (amide I), N-H
bending (amide II), and C-N stretching and N-H bending (amide III), respectively [72].

It is known that modified gelatin obtains the feature of photo-crosslinking due to the
presence of methacryloyl groups. Therefore, it was expected that GeIMA would crosslink
under UV light when in the presence of the photoinitiator LAP [73]. The photopolymer-
ization of GelMA (Figure 4(B)/(C)-G) resulted in some shifts in the main bands of the
protein spectra compared to the individual component (GelMA), which were related to the
photo-crosslinking of GelMA.
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Figure 4. FTIR spectra of (A) the individual components, (B) the GeIMA meshes containing 0.5%, 1%,
and 2% bovine collagen compared with GeIMA meshes, and (C) the GeIMA meshes containing 0.5%,
1%, and 2% ovine (sheep) collagen compared with GeIMA meshes.

The absence of methacryloyl groups in the collagen incorporated in GB0.5, GB1, GB2,
GS0.5, GS1, and GS2 formulations forewarned the non-participation of collagen (bovine
and ovine) in the photopolymerization reaction. Moreover, the addition of collagen to
GelMA might have hindered the photopolymerization reaction and/or could have led
to some physical interactions between the proteins. However, lower physical interac-
tions were observed with ovine collagen when compared with bovine collagen indicating
a better-crosslinked structure of ovine hybrid hydrogels. These interactions might explain
the shifting of the O-H, amide II, and amide III bands after the incorporation of collagen
into the formulation Those interactions and hindering of the photopolymerization reac-
tion might have an effect on the crosslinking and degradation properties of the printed
meshes [74].

3.3.2. Crosslinking Test

Photo-polymerization, a process responsible for the formation of crosslinks within
the polymer network, allows for the development of stable hydrogel meshes by control-
ling the gelation process. Polymerization of GelMA under the presence of UV light and
an aqueous soluble photo-initiator such as LAP can help stabilize the structure of the
printed meshes [61,75,76]. Studies have reported that LAP used for crosslinking GelMA
scaffolds promotes high cellular viability compared to other photo-initiators [77].

Increased strength of hydrogels is said to be associated with a higher degree of
crosslinking. However, this is only until the hydrogel reaches its optimum crosslink-
ing degree [52,78]. Increased strength and a higher degree of crosslinking were found to
be suitable for greater cellular interactions and proliferation within the hydrogels [79,80].
Crosslinking of the hydrogel meshes depends upon several factors, such as the amount of
photo-initiator added, the type used, and curing intensity and time [61].
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The sol fraction (%) was calculated using Equation (2). It represents the percentage
of polymer that did not crosslink during the photopolymerization reaction [81]. Thus, the
lower the sol fraction, the more the hydrogel meshes had crosslinked.

In this study, the sol fraction (%) of the different hydrogel formulations G, GB0.5,
GB1, GB2, GS0.5, G51, and GS2 were compared as shown in Figure 5. Incorporating
0.5% and 1% bovine and 0.5% ovine collagen resulted in decreased sol fractions (%) of
10.47 £ 0.04%, 10.67 £ 3.2%, and 16.14 £ 1.4%, respectively, when compared with the G
meshes (20.31 £ 4.7%), indicating a higher degree of crosslinking in GB0.5, GS0.5, and GB1
meshes. 0.6% collagen in GeIMA hybrid scaffolds and 1% concentration of collagen in
collagen- glycose aminoglycan scaffolds were found to be associated with a higher degree
of crosslinking, and increased cell metabolic activity [59,82]. Integrating polymers within
GelMA meshes was found to help increase the degree of crosslinking and form hybrid
scaffolds, which are suitable for bone tissue regeneration [76].
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Figure 5. Comparison of sol fraction (%) between the meshes of different formulations.
(**** p <0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05).

However, with a higher concentration of 2% bovine collagen, 1%, and 2% ovine colla-
gen, the hydrogel meshes were found to have an increased sol fraction (%) of
2526 £ 0.7%, 21.82 £ 1.7%, and 29.07 £ 2.6% respectively, indicating a lower degree
of crosslinking when compared with G meshes. The addition of collagen to form hybrid
hydrogels hindered the photo-crosslinking of the GeIMA, as seen confirmed by FTIR anal-
ysis, which might have decreased the degree of crosslinking in the meshes incorporated
with higher concentrations of collagen.

Bovine meshes of all three concentrations were found to be associated with a higher
degree of crosslinking indicated by their lower sol fraction (%) when compared with ovine
meshes. FTIR analysis showed better crosslinking of ovine hybrid meshes compared to
bovine hybrid meshes, which would indicate enhancement of the crosslinking of the printed
structure. However, the water-soluble nature of ovine collagen could have caused the
meshes to be more susceptible to degradation in PBS, resulting in a higher sol fraction (%).
This is supported by the associations of higher sol fraction (%) with the water-soluble nature
of collagens and decreased sol fraction (%) with acid-soluble collagens identified [35,37,83].
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3.3.3. Optical Microscopic Examination

GelMA hydrogels and GelMA hybrid hydrogels with different concentrations (0.5%,
1%, and 2%) of bovine and ovine collagen were visualized under the microscope using
4x magnification. Figure 6 highlights the meshes printed with both 25 G and 27 G needles,
which were visualized after printing (before drying), and after vacuum drying, for each
formulation.

Figure 6. Microscopic images of the meshes after printing (left for each group) and after vacuum
drying (right of each group) of the formulations, scale bar = 0.5 mm (A) G, (B) GB0.5, (C) GB1, (D)
GB2, (E) GS0.5, (F) GS1, and (G) GS2, where 1 refers to meshes printed with 25 G and 2 refers to those
printed with 27 G needles.
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Images obtained of the meshes printed with 27 G needles showed smoother printed
lines and well-defined pores when compared to the meshes printed using 25 G needles.
GelMA meshes printed with 25 G needles had poorly printed lines due to the increased
thickness of the extruded filament. The high viscosity of GS2 inks was difficult to extrude
resulting in an inconsistent filament, due to which the lines of these meshes were not
printed properly. Figure 7A,B highlights the pore size and line diameter of printed and
dried meshes of all the formulations. There was no significant difference in the pore size
and line diameter when comparing each formulation before and after drying. However,
there were statistically significant differences between both the pore size and line diameter
of different formulations when comparing each formulation with other formulations.
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Figure 7. Comparison of (A) pore size and (B) line diameter of all the meshes before and after vacuum
drying, printed using 25 G needles (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05).
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The line diameter was found to be inversely associated with the pore size of the
hydrogel meshes; this is because the space occupied by thicker printed lines reduces the
pore size of the printed mesh. Both printed and dried GB0.5 meshes were found to have
larger diameter lines and smaller pores than other formulations. Thicker lines of GB0.5
resulted due to lower viscosity of the ink. Acetic acid added to dissolve the bovine collagen
was found to reduce the viscosity of the inks [69]. However, viscosity is found to increase
by integrating GeIMA hydrogels with natural polymers [66]. An increase in the degree of
crosslinking has been found to be associated with smaller pore sizes due to the formation of
highly dense meshes [84]. Although the degree of crosslinking was identified to be similar
for GB0.5 and GB1 meshes, the incorporation of 1% bovine collagen increased the pore
size of the meshes. This is due to the higher molecular weight associated with increased
concentrations of collagen, thus increasing the viscosity of the inks. This allowed for higher
printing fidelity and thinner printed lines, which increased the pores size of GB1 meshes.
Research by Cooney et al. identified that concentration of the polymer does not influence
the pore size of the hydrogels; however, the fabrication technique including the designed
printed structure has a strong influence on the pore size [85].

GS0.5 meshes were found to have larger pore sizes and thinner line diameter when
compared to the GB0.5 meshes, which might be due to its higher viscosity associated with
the water-soluble nature of ovine collagen (as it is not dissolved in acetic acid). GS1 and
GB1 meshes were found to have similar line sizes and larger pore diameters. The pore
size of these meshes was found to be smaller than GeIMA meshes, and larger than GB0.5
meshes. GS2 and GB2 meshes were found to have either smaller pore size and larger lines
and complete absence of pores, respectively, when compared with the meshes with 1%
concentration of collagen. This could be due to the poor shape fidelity of meshes with
higher concentrations of collagen, as discussed above.

When compared with GelMA-only meshes (G), collagen-incorporated meshes were
found to have lower pore size and higher line diameter. It was found that the suitability
of the meshes in different applications depends on the size of the pores and the cells
involved. Smaller pore size is required by smaller cells for adhesion and migration, and
vice versa [86,87].

3.3.4. SEM

Phase-separation of polymers in hybrid hydrogels is found to have an influence on the
rheological properties of the hydrogels; the absence of which indicates uniformity in the
properties within each of the meshes [88]. SEM images of the meshes revealed the absence
of any phase-separation between the components of all the formulations, and homogeneity
of the inks, as highlighted in Figure 8. This goes in hand with the unique advantage of
extrusion-based bioprinting, which ensures the homogenous distribution of the material
being printed [13-15].

Meshes printed with 27 G needles had well-defined, consistent pores and lines when
compared with meshes printed with 25 G needles. However, this was only for inks of
lower viscosity, due to difficulties printing highly viscous inks with smaller diameter (27 G)
needles.

Incorporating collagen helped obtain hybrid hydrogel meshes with a smoother surface
when compared with GeMA meshes. The surface topology of meshes is required to
support the application of the meshes in various tissues of the human body. The smooth
surface of meshes has been identified to be associated with a low frictional coefficient.
The movement of different joins, eyelids, and other such functions require low friction
between the surfaces [89]. Such scaffolds have been developed for the regeneration of
temporomandibular joints, cartilage, and meniscus tissues [90-92]. Thus, the smooth
surface of collagen/GelMA hybrid hydrogels meshes obtained might be beneficial in these
applications.
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Figure 8. SEM images of the meshes printed with two needles of the formulations, scale bar = 1 mm
(A) G, (B) GB0.5, (C) GB1, (D) GB2, (E) GS0.5, (F) GS1, and (G) GS2, where 1 refers to meshes printed
with 25 G, and 2 refers to those printed with 27 G needles.

3.3.5. Swelling Ratio Test

Fractional weight gain of the hydrogels due to water absorption defines the swelling
ratio [81]. The swelling ratio is an important characteristic of hydrogels, as it has been
identified to help determine the diffusion of waste and nutrients in and out of any cells
cultured on the matrix [65]. The swelling ratio is dependent on the amount of photo-
initiator added, the degree of crosslinking, and also the architecture of the printed meshes.
A higher degree of crosslinking has been found to be associated with lower swelling ratios,
which has also been identified to increase the stiffness of the hydrogels [61,76,93]. The
swelling ratio (SR) (%) of the meshes was calculated using Equation (3) and is represented
in Figure 9. The results were found to be statistically significant.
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Figure 9. Comparison of the swelling ratio (%) calculated for meshes of different formulations
(**p <0.01, *p <0.05).
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The incorporation of 0.5% and 1% of bovine collagen resulted in increased swelling
ratios, 510.03 & 74.6% and 499.21 £ 56.7%, respectively, when compared with GB2 meshes
(337.89 + 42.6%) and G meshes (450.50 £ 50.8%). Higher swelling ratios are generally
associated with weaker physical interactions [94]. Decreased swelling ratios of meshes with
higher concentrations could have been due to the appearance of hydrogen bonds as identi-
fied by the shifts in FTIR spectra, which reduce the water uptake capacity of these meshes.
Water absorption kinetics of hydrogels are found to depend on the crosslinking reactions
and the physical interactions involved with the development of hydrogel structure [95].

Similar results were observed with 0.5% ovine collagen in hybrid meshes (541.66 & 19.9%)
when compared with GeIMA. GS1 meshes were found to have a lower swelling ratio of
407.17 4 55.4% than G and GB1 meshes. Higher crosslinked structure of GS1 meshes when
compared with GB1 meshes, as identified from FTIR analysis; thus, showing increased
swelling ratios of GS1 collagen. Tierney et al. (2009) showed that incorporating 1% collagen
in hybrid hydrogels helped to improve the crosslinking degree of the hybrid hydrogels [82].
However, higher swelling ratios were obtained with GB1, as the meshes incorporated
with bovine collagen were found to have higher physical interactions hindering their
structural crosslinking. Similarly, G52 meshes were found to have a lower swelling ratio
(332.76 £ 79.3) than GB2 meshes. The SR (%) decreased upon increasing the concentration
of both bovine and ovine collagen within the GelMA meshes. This could be further cor-
related with the loss of gel fraction (%), which was higher in GB2 and GS2 meshes, thus
meshes degraded faster, as identified from the degradation tests of the meshes, discussed
later.

The incorporation of collagen was found to improve the mechanical strength of the
hybrid hydrogels and was suitable in cartilage, bone, and corneal tissue engineering
applications [96-99]. Further studies testing the mechanical properties of meshes are
required to understand their potential in different applications.

3.3.6. Degradation Test

Degradable biomaterials, producing non-cytotoxic and biocompatible byproducts are
preferred for the regeneration of tissues, as this ensures no interference of the materials
with the growth of the new tissue. The desired degradation rates are said to depend on the
time taken for regeneration of the damaged tissue [100]. Degradation is found to enhance
the behavior of cells, such as better proliferation within its extracellular matrix, that is, the
tissue-engineered construct. The degree of crosslinking has been found to have an influence
on the degradation rates of hydrogel polymers [101]. The gel fraction (%), calculated using
Equation (4) gives the amount of polymer remaining after degradation. The higher the
crosslinking degree, the lower the gel fraction (%).

In this study, GB0.5 and GB1 hydrogel meshes incorporated with bovine collagen,
initially had higher gel fraction values compared to G hydrogel meshes on days 1 and 2, after
which the levels dropped on day 3. Increased concentrations of collagen in hydrogels were
found to have smaller fiber lengths, decreased fiber organization, and slower degradation
rates [102,103]. Faster degradation of G hydrogels on days 1 and 2 might be due to the
lower mechanical strength of these hydrogels [104]. Furthermore, the lower degradation of
the hybrid GB0.5 and GB1 hydrogel meshes goes in line with the results of another study
where hybrid meshes incorporated with 0.6% and 1% of bovine hide collagen were found
to have low degradation rates compared to non-hybrid hydrogel meshes [59,82]. However,
GB2 meshes degraded at a faster rate compared to G, GB0.5, and GB1 meshes. The faster
degradation of GB2 hybrid meshes was probably due to the high concentration of collagen
within the hydrogel matrix that might have hindered the ability of GeIMA to crosslink.
Figure 10A compares the GeIMA meshes with hybrid hydrogel meshes incorporating
different concentrations of bovine collagen.
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Figure 10. Degradation rates of hydrogel meshes in PBS (pH 7.4), (A) comparison of G with different
concentrations (0.5%, 1%, 2%) of bovine collagen/GelMA hybrid meshes, (B) comparison of G with
different concentrations (0.5%, 1%, 2%) of ovine collagen/GelMA hybrid meshes, (C-E) compare
0.5%, 1%, and 2% bovine and ovine collagen, respectively (**** p < 0.0001).

Figure 10B compares the degradation rates of hybrid hydrogel meshes incorporated
with 0.5, 1, and 2% ovine collagen with GelMA meshes. Initially, on day 1, GS0.5 meshes
had a higher gel fraction than GeIMA meshes. However, from day 2, the meshes degraded
at a faster rate as shown by their lower gel fraction values (%). All the meshes with ovine
collagen had lower rates of degradation than GeIMA meshes. Upon comparing the meshes
containing the same concentrations of ovine and bovine collagen as shown in Figure 10C-E,
ovine collagen meshes degraded much faster, except in the case of 2% bovine and ovine
collagen meshes, which had similar degradation rates. This higher degradation rate of
ovine collagen meshes could have been due to its higher water solubility when compared to
bovine collagen. Research showed that rapid degradation rates of water-soluble polymers
are found to be suitable for promoting the proliferation of fibroblasts, and beneficial in
bone tissue engineering applications [38,105]. However, very high degradation rates of
scaffolds are not preferred as such scaffolds fail to support the regenerating tissue. On
the other hand, scaffolds with very low degradation rates could interfere with the new
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tissue formation [106]. Hence, further proliferation studies of specific cells on these meshes
are advised to determine the suitability of bovine and ovine hybrid hydrogel scaffolds in
specific applications.

Almost all the meshes were degraded completely by day 4. Only G, GB0.5, and GB1
meshes had a gel fraction (%) of 6.6 £+ 6.2, 7.8 + 4.4, and 4.3 £ 1.1, respectively, on day 4.
Stable degradation rates were seen in GB1 meshes, which were found to be essential to
determining the functioning of the meshes in tissue engineering applications [101].

4. Conclusions

In this research, GeIMA hydrogel meshes and hybrid hydrogel meshes comprising of
GelMA with 0.5%, 1%, and 2% bovine/ovine collagen were printed upon optimizing the
printing parameters, and the characteristics of the meshes were determined by studying
their swelling ratio, degree of crosslinking, and degradation rates, by examining the
physical and chemical properties using optical microscopy, SEM, and FTIR. The research
successfully demonstrates the improved printability of collagen when combined with
semi-synthetic GeIMA. The maximum percentage of collagen that could be incorporated
into the GeIMA /Collagen hybrid scaffolds was determined as 1%, as these meshes showed
good printability, stable degradation rates, higher crosslinking, and lower swelling ratios.
Printing meshes incorporated with 2% collagen resulted in poor shape fidelity and a lower
degree of crosslinking.

Upon comparing the properties of the lower concentrations (0.5% and 1%) of bovine
hybrid scaffolds with ovine hybrid scaffolds, bovine hybrid scaffolds were found to have a
lower sol fraction (%) and slower degradation rates. Although FTIR analysis showed better
crosslinking in the structure of ovine meshes, the water-soluble nature of the ovine collagen
increased the susceptibility of these hydrogels to faster degradation in PBS. They could be
suitable in bone tissue engineering applications; however, this depends on the mechanical
properties of the meshes which need to be tested. Similar swelling ratio and consistency
of the extruded filament of lower concentrations of bovine and ovine hybrid hydrogels
were observed. All the meshes with collagen incorporated had a smooth surface which is
beneficial in temporomandibular joint, cartilage, and meniscal tissue engineering applications.

In conclusion, incorporating 1% bovine collagen helped obtain smooth meshes with a
high degree of crosslinking and consistent degradation rates, which ensures proper func-
tioning of meshes in various tissue engineering applications involving joint bone, cartilage,
cornea, and many soft tissues. Further studies determining the effect of cellular growth and
viability on these meshes are essential to identify their suitability in specific applications.

Author Contributions: Conceptualization, G.Z. and A.S.; data curation, A.N., G.Z. and A.S.; formal
analysis, A.N.; investigation, A.N. and G.Z.; methodology, G.Z. and A.N.; project administration,
A.S.and G.Z,; resources, RN., A.E.E. and G.Z; supervision, G.Z. and A.S,; validation, A.N., A.EE,,
G.Z.and ASS,; visualization, AN.,RN., A EE, G.Z. and A.S.; writing—original draft, A.N.; writing—
review and editing, A.E.E., G.Z. and A.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Pina, S.; Ribeiro, V.P.; Marques, C.F; Maia, ER,; Silva, T.H.; Reis, R.L.; Oliveira, ]. M. Scaffolding Strategies for Tissue Engineering
and Regenerative Medicine Applications. Materials 2019, 12, 1824. [CrossRef]
2. Ahmed, EM. Hydrogel: Preparation, characterization, and applications: A review. . Adv. Res. 2015, 6, 105-121. [CrossRef]

[PubMed]


http://doi.org/10.3390/ma12111824
http://doi.org/10.1016/j.jare.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25750745

Biology 2022, 11, 1561 19 of 22

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bahram, M.; Mohseni, N.; Moghtader, M. An introduction to hydrogels and some recent applications. In Emerging Concepts in
Analysis and Applications of Hydrogels; IntechOpen: London, UK, 2016.

Naahidi, S.; Jafari, M.; Logan, M.; Wang, Y.; Yuan, Y.; Bae, H.; Dixon, B.; Chen, P. Biocompatibility of hydrogel-based scaffolds for
tissue engineering applications. Biotechnol. Adv. 2017, 35, 530-544. [CrossRef] [PubMed]

Zhu, J.; Marchant, R.E. Design properties of hydrogel tissue-engineering scaffolds. Expert Rev. Med. Devices 2011, 8, 607-626.
[CrossRef] [PubMed]

Fenbo, M,; Sijing, L.; Ruiz-Ortega, L.; Yuanjun, Z.; Lei, X.; Kui, W.; Lijun, L.; Bin, T. Effects of alginate/chondroitin sulfate-based
hydrogels on bone defects healing. Mater. Sci. Eng. C 2020, 116, 111217. [CrossRef] [PubMed]

Goodarzi, H.; Jadidi, K.; Pourmotabed, S.; Sharifi, E.; Aghamollaei, H. Preparation and in vitro characterization of cross-linked
collagen—gelatin hydrogel using EDC/NHS for corneal tissue engineering applications. Int. ]. Biol. Macromol. 2019, 126, 620-632.
[CrossRef]

Gu, L; Li, T; Song, X,; Yang, X.; Li, S.; Chen, L.; Liu, P; Gong, X.; Chen, C.; Sun, L. Preparation and characterization of
methacrylated gelatin/bacterial cellulose composite hydrogels for cartilage tissue engineering. Regen. Biomater. 2020, 7, 195-202.
[CrossRef]

Samadian, H.; Vaez, A.; Ehterami, A.; Salehi, M.; Farzamfar, S.; Sahrapeyma, H.; Norouzi, P. Sciatic nerve regeneration by using
collagen type I hydrogel containing naringin. J. Mater. Sci. Mater. Med. 2019, 30, 107. [CrossRef]

Mason, J.; Visintini, S.; Quay, T. An Overview of Clinical Applications of 3-D Printing and Bioprinting. In CADTH Issues in
Emerging Health Technologies; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2019.

Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773-785. [CrossRef]

Eltom, A.; Zhong, G.; Muhammad, A. Scaffold Techniques and Designs in Tissue Engineering Functions and Purposes: A Review.
Adv. Mater. Sci. Eng. 2019, 2019, 3429527. [CrossRef]

Bishop, E.S.; Mostafa, S.; Pakvasa, M.; Luu, H.H.; Lee, M.].; Wolf, ] M.; Ameer, G.A.; He, T.-C.; Reid, R.R. 3-D bioprinting
technologies in tissue engineering and regenerative medicine: Current and future trends. Genes Dis. 2017, 4, 185-195. [CrossRef]
[PubMed]

Kacarevi¢, Z.P; Rider, PM.; Alkildani, S.; Retnasingh, S.; Smeets, R.; Jung, O.; Ivanisevi¢, Z.; Barbeck, M. An Introduction to 3D
Bioprinting: Possibilities, Challenges and Future Aspects. Materials 2018, 11, 2199. [CrossRef] [PubMed]

Li, J.; Chen, M.; Fan, X.; Zhou, H. Recent advances in bioprinting techniques: Approaches, applications and future prospects. J.
Transl. Med. 2016, 14, 271. [CrossRef] [PubMed]

Osidak, E.O.; Karalkin, P.A.; Osidak, M.S.; Parfenov, V.A.; Sivogrivov, D.E.; Pereira, ED.A.S.; Gryadunova, A.A.; Koudan, E.V,;
Khesuani, Y.D.; Kasyanov, V.A.; et al. Viscoll collagen solution as a novel bioink for direct 3D bioprinting. J. Mater. Sci. Mater.
Med. 2019, 30, 31. [CrossRef]

Duty, C.; Ajinjeru, C.; Kishore, V.; Compton, B.; Hmeidat, N.; Chen, X.; Hassen, A.A.; Lindahl, J.; Kunc, V. What makes a material
printable? A viscoelastic model for extrusion-based 3D printing of polymers. ]. Manuf. Process. 2018, 35, 526-537. [CrossRef]
Jain, T,; Clay, W.; Tseng, Y.-M.; Vishwakarma, A.; Narayanan, A.; Ortiz, D.; Liu, Q.; Joy, A. Role of pendant side-chain length in
determining polymer 3D printability. Polym. Chem. 2019, 10, 5543-5554. [CrossRef]

Jiang, Z.; Diggle, B.; Tan, M.L.; Viktorova, J.; Bennett, C.W.; Connal, L.A. Extrusion 3D Printing of Polymeric Materials with
Advanced Properties. Adv. Sci. 2020, 7, 2001379. [CrossRef]

Naghieh, S.; Sarker, M.; Sharma, N.K.; Barhoumi, Z.; Chen, X. Printability of 3D Printed Hydrogel Scaffolds: Influence of Hydrogel
Composition and Printing Parameters. Appl. Sci. 2020, 10, 292. [CrossRef]

Ha, T.L.B.; Quan, T.M.; Vu, D.N. Naturally derived biomaterials: Preparation and application. In Regenerative Medicine and Tissue
Engineering; IntechOpen: London, UK, 2013.

Qu, H.; Fu, H,; Han, Z.; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019, 9, 26252-26262.
[CrossRef]

Rimmer, S.; Johnson, C.; Zhao, B.; Collier, J.; Gilmore, L.; Sabnis, S.; Wyman, P.; Sammon, C.; Fullwood, N.J.; MacNeil, S.
Epithelialization of hydrogels achieved by amine functionalization and co-culture with stromal cells. Biomaterials 2007, 28,
5319-5331. [CrossRef]

Lin, L.; Jin, X. The development of tissue engineering corneal scaffold: Which one the history will choose? Ann. Eye Sci. 2018, 3, 6.
[CrossRef]

Hu, X.4.; Wang, M.; Chai, G.; Zhang, Y.; Li, W.-g.; Liu, W.; Cao, Y.-I. Reconstruction of rabbit corneal stroma using tissue
engineering technique. Zhonghua Yan Ke Za Zhi 2004, 40, 517-521. [PubMed]

Dong, C.; Lv, Y. Application of Collagen Scaffold in Tissue Engineering: Recent Advances and New Perspectives. Polymers 2016,
8, 42. [CrossRef] [PubMed]

Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-Based Biomaterials for Tissue Engineering Applications. Materials 2010, 3,
1863-1887. [CrossRef]

Radhakrishnan, S.; Nagarajan, S.; Bechelany, M.; Kalkura, S.N. Collagen Based Biomaterials for Tissue Engineering Applications: A
Review; Springer: Cham, Switzerland, 2020; pp. 3-22.

Fauzi, M.B.; Lokanathan, Y.; Aminuddin, B.S.; Ruszymah, B.H.I.; Chowdhury, S.R. Ovine tendon collagen: Extraction, characteri-
sation and fabrication of thin films for tissue engineering applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 68, 163-171.
[CrossRef]


http://doi.org/10.1016/j.biotechadv.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28558979
http://doi.org/10.1586/erd.11.27
http://www.ncbi.nlm.nih.gov/pubmed/22026626
http://doi.org/10.1016/j.msec.2020.111217
http://www.ncbi.nlm.nih.gov/pubmed/32806290
http://doi.org/10.1016/j.ijbiomac.2018.12.125
http://doi.org/10.1093/rb/rbz050
http://doi.org/10.1007/s10856-019-6309-8
http://doi.org/10.1038/nbt.2958
http://doi.org/10.1155/2019/3429527
http://doi.org/10.1016/j.gendis.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29911158
http://doi.org/10.3390/ma11112199
http://www.ncbi.nlm.nih.gov/pubmed/30404222
http://doi.org/10.1186/s12967-016-1028-0
http://www.ncbi.nlm.nih.gov/pubmed/27645770
http://doi.org/10.1007/s10856-019-6233-y
http://doi.org/10.1016/j.jmapro.2018.08.008
http://doi.org/10.1039/C9PY00879A
http://doi.org/10.1002/advs.202001379
http://doi.org/10.3390/app10010292
http://doi.org/10.1039/C9RA05214C
http://doi.org/10.1016/j.biomaterials.2007.08.028
http://doi.org/10.21037/aes.2018.01.01
http://www.ncbi.nlm.nih.gov/pubmed/15454038
http://doi.org/10.3390/polym8020042
http://www.ncbi.nlm.nih.gov/pubmed/30979136
http://doi.org/10.3390/ma3031863
http://doi.org/10.1016/j.msec.2016.05.109

Biology 2022, 11, 1561 20 of 22

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gallo, N.; Natali, M.L.; Sannino, A.; Salvatore, L. An Overview of the Use of Equine Collagen as Emerging Material for Biomedical
Applications. J. Funct. Biomater. 2020, 11, 79. [CrossRef]

Lim, Y.-S,; Ok, Y.-].; Hwang, S.-Y.; Kwak, J.-Y.; Yoon, S. Marine Collagen as A Promising Biomaterial for Biomedical Applications.
Mar. Drugs 2019, 17, 467. [CrossRef]

Rodrigues, C.; Serricella, P.; Linhares, A.B.R.; Guerdes, R.; Rossi, M.A.; Duarte, E.; Farina, M. Characterization of a bovine
collagen-hydroxyapatite composite scaffold for bone tissue engineering. Biomaterials 2004, 24, 4987-4997. [CrossRef]

Tytgat, L.; Markovic, M.; Qazi, T.H.; Vagenende, M.; Bray, F.; Martins, ].C.; Rolando, C.; Thienpont, H.; Ottevaere, H.; Ovsianikov,
A_; et al. Photo-crosslinkable recombinant collagen mimics for tissue engineering applications. J. Mater. Chem. B 2019, 7, 3100-3108.
[CrossRef]

Davison-Kotler, E.; Marshall, W.S.; Garcia-Gareta, E. Sources of Collagen for Biomaterials in Skin Wound Healing. Bioengineering
2019, 6, 56. [CrossRef]

Meyer, M. Processing of collagen based biomaterials and the resulting materials properties. BioMed. Eng. OnLine 2019, 18, 24.
[CrossRef] [PubMed]

Hill, F. The Solubility of Intramuscular Collagen in Meat Animals of Various Ages. J. Food Sci. 2006, 31, 161-166. [CrossRef]
Clark, C.C.; Veis, A. High-molecular-weight « chains in acid-soluble collagen and their role in fibrillogenesis. Biochemistry 1972,
11, 494-502. [CrossRef] [PubMed]

Shi, R.; Xue, J.; He, M.; Chen, D.; Zhang, L.; Tian, W. Structure, physical properties, biocompatibility and in vitro/vivo degradation
behavior of anti-infective polycaprolactone-based electrospun membranes for guided tissue/bone regeneration. Polym. Degrad.
Stab. 2014, 109, 293-306. [CrossRef]

Ghodbane, S.A.; Dunn, M.G. Physical and mechanical properties of cross-linked type I collagen scaffolds derived from bovine,
porcine, and ovine tendons. . Biomed. Mater. Res. A 2016, 104, 2685-2692. [CrossRef]

Wells, H.C.; Sizeland, K.H.; Kirby, N.; Hawley, A.; Mudie, S.; Haverkamp, R.G. Collagen Fibril Structure and Strength in Acellular
Dermal Matrix Materials of Bovine, Porcine, and Human Origin. ACS Biomater. Sci. Eng. 2015, 1, 1026-1038. [CrossRef]

Angele, P.; Abke, J.; Kujat, R.; Faltermeier, H.; Schumann, D.; Nerlich, M.; Kinner, B.; Englert, C.; Ruszczak, Z.; Mehrl, R.; et al.
Influence of different collagen species on physico-chemical properties of crosslinked collagen matrices. Biomaterials 2004, 25,
2831-2841. [CrossRef]

Silvipriya, K.; Kumar, K.K.; Bhat, A.; Kumar, B.D.; John, A.; Lakshmanan, P. Collagen: Animal sources and biomedical application.
J. Appl. Pharm. Sci. 2015, 5, 123-127. [CrossRef]

Elango, J.; Robinson, J.; Zhang, J.; Bao, B.; Ma, N.; de Val, ] EM.S.; Wu, W. Collagen Peptide Upregulates Osteoblastogenesis from
Bone Marrow Mesenchymal Stem Cells through MAPK- Runx2. Cells 2019, 8, 446. [CrossRef]

Mh Busra, F; Rajab, N.F,; Tabata, Y.; Saim, A.B.; Idrus, R.B.H.; Chowdhury, S.R. Rapid treatment of full-thickness skin loss using
ovine tendon collagen type I scaffold with skin cells. J. Tissue Eng. Regen. Med. 2019, 13, 874-891. [CrossRef]

Aydogdu, M.O.; Mutlu, B.; Kurt, M.; Inan, A.T.; Kuruca, S.E.; Erdemir, G.; Sahin, Y.M.; Ekren, N.; Oktar, EN.; Gunduz, O.
Developments of 3D polycaprolactone/beta-tricalcium phosphate/collagen scaffolds for hard tissue engineering. J. Aust. Ceram.
Soc. 2019, 55, 849-855. [CrossRef]

Jiang, ].P; Liu, X.Y,; Zhao, F; Zhu, X,; Li, X.Y,; Niu, X.G,; Yao, Z.T; Dai, C.; Xu, H.Y,; Ma, K,; et al. Three-dimensional bioprinting
collagen/silk fibroin scaffold combined with neural stem cells promotes nerve regeneration after spinal cord injury. Neural Regen.
Res. 2020, 15, 959-968. [CrossRef] [PubMed]

Kim, H,; Jang, J.; Park, J.; Lee, K.-P; Lee, S.; Lee, D.-M.; Kim, K.H.; Kim, H.K.; Cho, D.-W. Shear-induced alignment of collagen
fibrils using 3D cell printing for corneal stroma tissue engineering. Biofabrication 2019, 11, 035017. [CrossRef] [PubMed]

Kim, W.; Kim, G. Collagen/bioceramic-based composite bioink to fabricate a porous 3D hASCs-laden structure for bone tissue
regeneration. Biofabrication 2020, 12, 015007. [CrossRef]

Ng, W.L.; Qi,].T.Z.; Yeong, W.Y.; Naing, M.W. Proof-of-concept: 3D bioprinting of pigmented human skin constructs. Biofabrication
2018, 10, 025005. [CrossRef]

Yang, X.; Lu, Z.; Wu, H.; Li, W.; Zheng, L.; Zhao, ]J. Collagen-alginate as bioink for three-dimensional (3D) cell printing based
cartilage tissue engineering. Mater. Sci. Eng. C 2018, 83, 195-201. [CrossRef]

Davidenko, N.; Schuster, C.F,; Bax, D.V,; Raynal, N.; Farndale, R.W.; Best, S.M.; Cameron, R.E. Control of crosslinking for tailoring
collagen-based scaffolds stability and mechanics. Acta Biomater. 2015, 25, 131-142. [CrossRef]

Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929-958. [CrossRef]

Diamantides, N.; Wang, L.; Pruiksma, T.; Siemiatkoski, J.; Dugopolski, C.; Shortkroff, S.; Kennedy, S.; Bonassar, L.]. Correlating
rheological properties and printability of collagen bioinks: The effects of riboflavin photocrosslinking and pH. Biofabrication 2017,
9, 034102. [CrossRef]

Sun, M,; Sun, X.; Wang, Z.; Guo, S.; Yu, G.; Yang, H. Synthesis and properties of gelatin methacryloyl (GelMA) hydrogels and
their recent applications in load-bearing tissue. Polymers 2018, 10, 1290. [CrossRef]

Van Den Bulcke, A.L; Bogdanov, B.; De Rooze, N.; Schacht, E.H.; Cornelissen, M.; Berghmans, H. Structural and Rheological
Properties of Methacrylamide Modified Gelatin Hydrogels. Biomacromolecules 2000, 1, 31-38. [CrossRef] [PubMed]

Rahali, K.; Ben Messaoud, G.; Kahn, C.J.E; Sanchez-Gonzalez, L.; Kaci, M.; Cleymand, F.; Fleutot, S.; Linder, M.; Desobry, S.;
Arab-Tehrany, E. Synthesis and Characterization of Nanofunctionalized Gelatin Methacrylate Hydrogels. Int. J. Mol. Sci. 2017, 18,
2675. [CrossRef] [PubMed]


http://doi.org/10.3390/jfb11040079
http://doi.org/10.3390/md17080467
http://doi.org/10.1016/S0142-9612(03)00410-1
http://doi.org/10.1039/C8TB03308K
http://doi.org/10.3390/bioengineering6030056
http://doi.org/10.1186/s12938-019-0647-0
http://www.ncbi.nlm.nih.gov/pubmed/30885217
http://doi.org/10.1111/j.1365-2621.1966.tb00472.x
http://doi.org/10.1021/bi00754a003
http://www.ncbi.nlm.nih.gov/pubmed/4551891
http://doi.org/10.1016/j.polymdegradstab.2014.07.017
http://doi.org/10.1002/jbm.a.35813
http://doi.org/10.1021/acsbiomaterials.5b00310
http://doi.org/10.1016/j.biomaterials.2003.09.066
http://doi.org/10.7324/JAPS.2015.50322
http://doi.org/10.3390/cells8050446
http://doi.org/10.1002/term.2842
http://doi.org/10.1007/s41779-018-00299-y
http://doi.org/10.4103/1673-5374.268974
http://www.ncbi.nlm.nih.gov/pubmed/31719263
http://doi.org/10.1088/1758-5090/ab1a8b
http://www.ncbi.nlm.nih.gov/pubmed/30995622
http://doi.org/10.1088/1758-5090/ab436d
http://doi.org/10.1088/1758-5090/aa9e1e
http://doi.org/10.1016/j.msec.2017.09.002
http://doi.org/10.1016/j.actbio.2015.07.034
http://doi.org/10.1146/annurev.biochem.77.032207.120833
http://doi.org/10.1088/1758-5090/aa780f
http://doi.org/10.3390/polym10111290
http://doi.org/10.1021/bm990017d
http://www.ncbi.nlm.nih.gov/pubmed/11709840
http://doi.org/10.3390/ijms18122675
http://www.ncbi.nlm.nih.gov/pubmed/29232870

Biology 2022, 11, 1561 21 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Choi, J.R.; Yong, K.W.; Choi, ].Y.; Cowie, A.C. Recent advances in photo-crosslinkable hydrogels for biomedical applications.
BioTechniques 2019, 66, 40-53. [CrossRef] [PubMed]

Basara, G.; Yue, X.; Zorlutuna, P. Dual Crosslinked Gelatin Methacryloyl Hydrogels for Photolithography and 3D Printing. Gels
2019, 5, 34. [CrossRef]

Lim, K.S.; Schon, B.S.; Mekhileri, N.V.; Brown, G.C.J.; Chia, C.M.; Prabakar, S.; Hooper, G.J.; Woodfield, T.B.F. New Visible-Light
Photoinitiating System for Improved Print Fidelity in Gelatin-Based Bioinks. ACS Biomater. Sci. Eng. 2016, 2, 1752-1762.
[CrossRef]

Stratesteffen, H.; Kopf, M.; Kreimendahl, F.; Blaeser, A.; Jockenhoevel, S.; Fischer, H. GeIMA-collagen blends enable drop-on-
demand 3D printablility and promote angiogenesis. Biofabrication 2017, 9, 045002. [CrossRef]

Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GeIMA) hydrogels. Biomaterials 2015, 73, 254-271. [CrossRef]

Shirahama, H.; Lee, B.H.; Tan, L.P.; Cho, N. Precise Tuning of Facile One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci. Rep.
2016, 6, 31036. [CrossRef]

Li, X;; Chen, S; Jingchao, L.; Wang, X.; Zhang, J.; Kawazoe, N.; Chen, G. 3D Culture of Chondrocytes in Gelatin Hydrogels with
Different Stiffness. Polymers 2016, 8, 269. [CrossRef]

Bukhari, S.M.H.; Khan, S.; Rehanullah, M.; Ranjha, N.M. Synthesis and characterization of chemically cross-linked acrylic
acid/gelatin hydrogels: Effect of pH and composition on swelling and drug release. Int. J. Polym. Sci. 2015, 2015, 187961.
[CrossRef]

Zhu, M.; Wang, Y.; Ferracci, G.; Zheng, J.; Cho, N.-].; Lee, B.H. Gelatin methacryloyl and its hydrogels with an exceptional degree
of controllability and batch-to-batch consistency. Sci. Rep. 2019, 9, 6863. [CrossRef] [PubMed]

Deo, K.A; Singh, K.A.; Peak, C.W.; Alge, D.L.; Gaharwar, A.K. Bioprinting 101: Design, Fabrication, and Evaluation of Cell-Laden
3D Bioprinted Scaffolds. Tissue Eng. Part A 2020, 26, 318-338. [CrossRef] [PubMed]

Wiist, S.; Godla, M.E.; Miiller, R.; Hofmann, S. Tunable hydrogel composite with two-step processing in combination with
innovative hardware upgrade for cell-based three-dimensional bioprinting. Acta Biomater 2014, 10, 630—-640. [CrossRef] [PubMed]
He, Y; Yang, F; Zhao, H.; Gao, Q.; Xia, B.; Fu, J. Research on the printability of hydrogels in 3D bioprinting. Sci. Rep. 2016, 6,
29977. [CrossRef]

Yang, H.; Duan, L.; Li, Q.; Tian, Z; Li, G. Experimental and modeling investigation on the rheological behavior of collagen
solution as a function of acetic acid concentration. J. Mech. Behav. Biomed. Mater. 2018, 77, 125-134. [CrossRef]

Holzl, K.; Lin, S.; Tytgat, L.; Van Vlierberghe, S.; Gu, L.; Ovsianikov, A. Bioink properties before, during and after 3D bioprinting.
Biofabrication 2016, 8, 032002. [CrossRef]

Gillispie, G.; Prim, P; Copus, J.; Fisher, J.; Mikos, A.G.; Yoo, ].].; Atala, A.; Lee, S.J. Assessment methodologies for extrusion-based
bioink printability. Biofabrication 2020, 12, 022003. [CrossRef]

Anirudhan, T.S.; Mohan, A.M. Novel pH sensitive dual drug loaded-gelatin methacrylate/methacrylic acid hydrogel for the
controlled release of antibiotics. Int. |. Biol. Macromol. 2018, 110, 167-178. [CrossRef]

Burke, G.; Cao, Z.; Devine, D.M.; Major, 1. Preparation of Biodegradable Polyethylene Glycol Dimethacrylate Hydrogels via
Thiol-ene Chemistry. Polymers 2019, 11, 1339. [CrossRef]

Kozlowska, J.; Stachowiak, N.; Sionkowska, A. Collagen/Gelatin/Hydroxyethyl Cellulose Composites Containing Microspheres
Based on Collagen and Gelatin: Design and Evaluation. Polymers 2018, 10, 456. [CrossRef]

Klotz, B.J.; Gawlitta, D.; Rosenberg, A.J.W.P; Malda, J.; Melchels, FP.W. Gelatin-Methacryloyl Hydrogels: Towards Biofabrication-
Based Tissue Repair. Trends Biotechnol. 2016, 34, 394-407. [CrossRef] [PubMed]

Wang, Y.; Ma, M.; Wang, J.; Zhang, W.; Lu, W.; Gao, Y.; Zhang, B.; Guo, Y. Development of a Photo-Crosslinking, Biodegradable
GelMA /PEGDA Hydrogel for Guided Bone Regeneration Materials. Materials 2018, 11, 1345. [CrossRef] [PubMed]

Monteiro, N.; Thrivikraman, G.; Athirasala, A.; Tahayeri, A.; Franca, C.M.; Ferracane, ].L.; Bertassoni, L.E. Photopolymerization
of cell-laden gelatin methacryloyl hydrogels using a dental curing light for regenerative dentistry. Dent. Mater. 2018, 34, 389-399.
[CrossRef] [PubMed]

Saini, K. Preparation method, Properties and Crosslinking of hydrogel: A review. PharmaTutor 2017, 5, 27-36.

Stratton, S.; Shelke, N.B.; Hoshino, K.; Rudraiah, S.; Kumbar, S.G. Bioactive polymeric scaffolds for tissue engineering. Bioact.
Mater. 2016, 1, 93-108. [CrossRef]

Vedadghavami, A.; Minooei, F.; Mohammadi, M.H.; Khetani, S.; Rezaei, A.; Mashayekhan, S.; Nezhad, A. Manufacturing of
hydrogel biomaterials with controlled mechanical properties for tissue engineering applications. Acta Biomater. 2017, 62, 42-63.
[CrossRef]

Park, H.; Guo, X.; Temenoff, ].S.; Tabata, Y.; Caplan, A.I; Kasper, EK.; Mikos, A.G. Effect of swelling ratio of injectable hydrogel
composites on chondrogenic differentiation of encapsulated rabbit marrow mesenchymal stem cells in vitro. Biomacromolecules
2009, 10, 541-546. [CrossRef]

Tierney, C.M.; Haugh, M.G; Lied]l, J.; Mulcahy, F.; Hayes, B.; O’Brien, EJ. The effects of collagen concentration and crosslink
density on the biological, structural and mechanical properties of collagen-GAG scaffolds for bone tissue engineering. J. Mech.
Behav. Biomed. Mater. 2009, 2, 202-209. [CrossRef]

Collins, M.; Birkinshaw, C. Investigation of the swelling behavior of crosslinked hyaluronic acid films and hydrogels produced
using homogeneous reactions. J. Appl. Polym. Sci. 2008, 109, 923-931. [CrossRef]


http://doi.org/10.2144/btn-2018-0083
http://www.ncbi.nlm.nih.gov/pubmed/30730212
http://doi.org/10.3390/gels5030034
http://doi.org/10.1021/acsbiomaterials.6b00149
http://doi.org/10.1088/1758-5090/aa857c
http://doi.org/10.1016/j.biomaterials.2015.08.045
http://doi.org/10.1038/srep31036
http://doi.org/10.3390/polym8080269
http://doi.org/10.1155/2015/187961
http://doi.org/10.1038/s41598-019-42186-x
http://www.ncbi.nlm.nih.gov/pubmed/31053756
http://doi.org/10.1089/ten.tea.2019.0298
http://www.ncbi.nlm.nih.gov/pubmed/32079490
http://doi.org/10.1016/j.actbio.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24157694
http://doi.org/10.1038/srep29977
http://doi.org/10.1016/j.jmbbm.2017.09.003
http://doi.org/10.1088/1758-5090/8/3/032002
http://doi.org/10.1088/1758-5090/ab6f0d
http://doi.org/10.1016/j.ijbiomac.2018.01.220
http://doi.org/10.3390/polym11081339
http://doi.org/10.3390/polym10040456
http://doi.org/10.1016/j.tibtech.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26867787
http://doi.org/10.3390/ma11081345
http://www.ncbi.nlm.nih.gov/pubmed/30081450
http://doi.org/10.1016/j.dental.2017.11.020
http://www.ncbi.nlm.nih.gov/pubmed/29199008
http://doi.org/10.1016/j.bioactmat.2016.11.001
http://doi.org/10.1016/j.actbio.2017.07.028
http://doi.org/10.1021/bm801197m
http://doi.org/10.1016/j.jmbbm.2008.08.007
http://doi.org/10.1002/app.27631

Biology 2022, 11, 1561 22 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Suvarnapathaki, S.; Nguyen, M.A.; Wu, X.; Nukavarapu, S.P.; Camci-Unal, G. Synthesis and characterization of photocrosslinkable
hydrogels from bovine skin gelatin. RSC Adv. 2019, 9, 13016-13025. [CrossRef]

Cooney, M.].; Lau, C.; Windmeisser, M.; Liaw, B.Y.; Klotzbach, T.; Minteer, S.D. Design of chitosan gel pore structure: Towards
enzyme catalyzed flow-through electrodes. J. Mater. Chem. 2008, 18, 667-674. [CrossRef]

Annabi, N.; Nichol, J.W.; Zhong, X.; Ji, C.; Koshy, S.; Khademhosseini, A.; Dehghani, F. Controlling the porosity and microarchi-
tecture of hydrogels for tissue engineering. Tissue Eng. Part B Rev. 2010, 16, 371-383. [CrossRef]

BruZauskaité, I.; Bironaité, D.; Bagdonas, E.; Bernotiené, E. Scaffolds and cells for tissue regeneration: Different scaffold pore
sizes-different cell effects. Cytotechnology 2016, 68, 355-369. [CrossRef] [PubMed]

Abbadessa, A.; Landin, M.; Oude Blenke, E.; Hennink, W.E.; Vermonden, T. Two-component thermosensitive hydrogels: Phase
separation affecting rheological behavior. Eur. Polym. ]. 2017, 92, 13-26. [CrossRef]

Yashima, S.; Takase, N.; Kurokawa, T.; Gong, J.P. Friction of hydrogels with controlled surface roughness on solid flat substrates.
Soft Matter 2014, 10, 3192-3199. [CrossRef]

Chen, D.; Wy, ].Y,; Kennedy, K.M.; Yeager, K.; Bernhard, J.C.; Ng, ].].; Zimmerman, B.K.; Robinson, S.; Durney, K.M.; Shaeffer, C.;
et al. Tissue engineered autologous cartilage-bone grafts for temporomandibular joint regeneration. Sci. Transl. Med. 2020, 12,
eabb6683. [CrossRef] [PubMed]

Warnecke, D.; Mefiemer, M.; de Roy, L.; Stein, S.; Gentilini, C.; Walker, R.; Skaer, N.; Ignatius, A.; Diirselen, L. Articular cartilage
and meniscus reveal higher friction in swing phase than in stance phase under dynamic gait conditions. Sci. Rep. 2019, 9, 5785.
[CrossRef]

Warnecke, D.; Schild, N.B.; Klose, S.; Joos, H.; Brenner, R.E.; Kessler, O.; Skaer, N.; Walker, R.; Freutel, M.; Ignatius, A.; et al.
Friction properties of a new silk fibroin scaffold for meniscal replacement. Tribol. Int. 2017, 109, 586-592. [CrossRef]

Wei, D.; Xiao, W.; Sun, J.; Zhong, M.; Guo, L.; Fan, H.; Zhang, X. A biocompatible hydrogel with improved stiffness and
hydrophilicity for modular tissue engineering assembly. J. Mater. Chem. B 2015, 3, 2753-2763. [CrossRef]

Wang, J.J.; Liu, F. UV-curing of simultaneous interpenetrating network silicone hydrogels with hydrophilic surface. Polym. Bull.
2012, 69, 685-697. [CrossRef]

Martins, V.G.; Costa, ].A.V,; Prentice, C. Water-uptake properties of a fish protein-based superabsorbent hydrogel chemically
modified with ethanol. Pollmeros 2018, 28, 196-204. [CrossRef]

Buitrago, J.O.; Patel, K.D.; El-Fiqi, A.; Lee, J.-H.; Kundu, B.; Lee, H.-H.; Kim, H.-W. Silk fibroin/collagen protein hybrid cell-
encapsulating hydrogels with tunable gelation and improved physical and biological properties. Acta Biomater. 2018, 69, 218-233.
[CrossRef] [PubMed]

Liu, W,; Deng, C.; McLaughlin, C.R.; Fagerholm, P.; Lagali, N.S.; Heyne, B.; Scaiano, J.C.; Watsky, M.A.; Kato, Y.; Munger,
R. Collagen—phosphorylcholine interpenetrating network hydrogels as corneal substitutes. Biomaterials 2009, 30, 1551-1559.
[CrossRef] [PubMed]

Ma, X.; He, Z.; Han, F,; Zhong, Z.; Chen, L.; Li, B. Preparation of collagen/hydroxyapatite/alendronate hybrid hydrogels as
potential scaffolds for bone regeneration. Colloids Surf. B Biointerfaces 2016, 143, 81-87. [CrossRef] [PubMed]

Maisani, M.; Ziane, S.; Ehret, C.; Levesque, L.; Siadous, R.; Le Meins, ].E; Chevallier, P.; Barthélémy, P.; De Oliveira, H.; Amédée, J.
A new composite hydrogel combining the biological properties of collagen with the mechanical properties of a supramolecular
scaffold for bone tissue engineering. J. Tissue Eng. Regen. Med. 2018, 12, e1489—-1500. [CrossRef]

Davison, N.L.; Barrere-de Groot, E; Grijpma, D.W. Chapter 6-Degradation of Biomaterials. In Tissue Engineering, 2nd ed.;
Blitterswijk, C.A.V., De Boer, ]., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp. 177-215.

Kharkar, PM.; Kiick, K.L.; Kloxin, A.M. Designing degradable hydrogels for orthogonal control of cell microenvironments. Chern.
Soc. Rev. 2013, 42, 7335-7372. [CrossRef]

Antoine, E.E.; Vlachos, P.P; Rylander, M.N. Review of collagen I hydrogels for bioengineered tissue microenvironments:
Characterization of mechanics, structure, and transport. Tissue Eng. Part B Rev. 2014, 20, 683-696. [CrossRef]

Lyu, S.; Untereker, D. Degradability of polymers for implantable biomedical devices. Int. ]J. Mol. Sci. 2009, 10, 4033-4065.
[CrossRef]

Camci-Unal, G.; Cuttica, D.; Annabi, N.; Demarchi, D.; Khademhosseini, A. Synthesis and characterization of hybrid hyaluronic
acid-gelatin hydrogels. Biomacromolecules 2013, 14, 1085-1092. [CrossRef]

Velasco, M.A; Narvaez-Tovar, C.A.; Garzon-Alvarado, D.A. Design, materials, and mechanobiology of biodegradable scaffolds
for bone tissue engineering. Biomed. Res. Int. 2015, 2015, 729076. [CrossRef]

Matsumoto, A.; Kajiya, H.; Yamamoto-M, N.; Yanagi, T.; Imamura, A.; Okabe, K.; Fukushima, T.; Kido, H.; Ohno, J. Degradation
rate of DNA scaffolds and bone regeneration. . Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 122-128. [CrossRef] [PubMed]


http://doi.org/10.1039/C9RA00655A
http://doi.org/10.1039/b710082e
http://doi.org/10.1089/ten.teb.2009.0639
http://doi.org/10.1007/s10616-015-9895-4
http://www.ncbi.nlm.nih.gov/pubmed/26091616
http://doi.org/10.1016/j.eurpolymj.2017.04.029
http://doi.org/10.1039/C3SM52883A
http://doi.org/10.1126/scitranslmed.abb6683
http://www.ncbi.nlm.nih.gov/pubmed/33055244
http://doi.org/10.1038/s41598-019-42254-2
http://doi.org/10.1016/j.triboint.2017.01.038
http://doi.org/10.1039/C5TB00129C
http://doi.org/10.1007/s00289-012-0757-3
http://doi.org/10.1590/0104-1428.0117
http://doi.org/10.1016/j.actbio.2017.12.026
http://www.ncbi.nlm.nih.gov/pubmed/29410166
http://doi.org/10.1016/j.biomaterials.2008.11.022
http://www.ncbi.nlm.nih.gov/pubmed/19097643
http://doi.org/10.1016/j.colsurfb.2016.03.025
http://www.ncbi.nlm.nih.gov/pubmed/26998869
http://doi.org/10.1002/term.2569
http://doi.org/10.1039/C3CS60040H
http://doi.org/10.1089/ten.teb.2014.0086
http://doi.org/10.3390/ijms10094033
http://doi.org/10.1021/bm3019856
http://doi.org/10.1155/2015/729076
http://doi.org/10.1002/jbm.b.34102
http://www.ncbi.nlm.nih.gov/pubmed/29521019

	Introduction 
	Materials and Methods 
	Preparation and Characterization of GelMA 
	Preparation of GelMA 
	Characterization of GelMA by NMR Spectroscopy 

	Preparation of the Inks 
	3D printing of Hydrogel Meshes 
	Characterization of the Hydrogel Meshes 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Crosslinking Test 
	Optical Microscopic Examination 
	SEM 
	Swelling Ratio Test 
	Degradation Test 
	Statistical Analysis 


	Results and Discussion 
	Characterization of GelMA by NMR Spectroscopy 
	3D printing of Hydrogel Meshes 
	Effect of Gauge Size on the Extrudability of Different inks 
	Effect of Printing Parameters on the Extrudability of the Inks 

	Characterization of the Hydrogel Meshes 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Crosslinking Test 
	Optical Microscopic Examination 
	SEM 
	Swelling Ratio Test 
	Degradation Test 


	Conclusions 
	References

