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Abstract
Methacryloyl gelatin (GelMA) is a versatile material for bioprinting because of its tunable physical
properties and inherent bioactivity. Bioprinting of GelMA is often met with challenges such as
lower viscosity of GelMA inks due to higher methacryloyl substitution and longer physical gelation
time at room temperature. In this study, a tunable interpenetrating polymer network (IPN)
hydrogel was prepared from gelatin-hyaluronan dialdehyde (Gel-HDA) Schiff ’s polymer, and
100% methacrylamide substituted GelMA for biofabrication through extrusion based bioprinting.
Temperature sweep rheology measurements show a higher sol-gel transition temperature for IPN
(30 ◦C) compared to gold standard GelMA (27 ◦C). Furthermore, to determine the tunability of
the IPN hydrogel, several IPN samples were prepared by combining different ratios of Gel-HDA
and GelMA achieving a compressive modulus ranging from 20.6± 2.48 KPa to 116.7± 14.80 KPa.
Our results showed that the mechanical properties and printability at room temperature could be
tuned by adjusting the ratios of GelMA and Gel-HDA. To evaluate cell response to the material,
MC3T3-E1 mouse pre-osteoblast cells were embedded in hydrogels and 3D-printed,
demonstrating excellent cell viability and proliferation after 10 d of 3D in vitro culture, making the
IPN an interesting bioink for the fabrication of 3D constructs for tissue engineering applications.

1. Introduction

3D bioprinting is an interesting biofabrication tech-
nology that enables the precise positioning of cells,
bioactive molecules and supporting matrix in 3D to
construct functional tissues/organ analogues for bio-
medical applications [1]. The process of bioprinting
often involves layer-by-layer deposition of a mixture
of supporting matrix with cells, called a ‘bioink’ [2].
Different bioprinting strategies have been developed
in the last decades including stereolithography, inkjet,
extrusion, and laser-assisted printing. Among these,
extrusion-based bioprinting is one of themost widely

used printing modalities due to its high affordabil-
ity, along with the versatility of the printing technique
with different cell types and biomaterials, allowing
fabrication of complex structures [3, 4].

Among differentmaterials used in bioinks, hydro-
gels are considered as a superior class of materials due
to their excellent biocompatibility and similarity to
the natural extracellular matrix (ECM)[5, 6]. Hydro-
gels derived fromnatural and synthetic polymers such
as collagen, gelatin, methacryloyl gelatin (GelMA),
and polyethylene glycol diacrylate have been used
widely in bioink formulations to engineer analogues
of different tissues [2]. Among these, GelMA is a
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widely used candidate for the development of novel
bioinks due to its high biocompatibility, presence
of cell supporting arginyl-glycyl-aspartic acid (RGD)
(Arg-Gly-Asp) peptides, tunable mechanical prop-
erties and the possibility of enzymatic degradation
caused by the presence of matrix metalloproteinase
sensitive moieties [7, 8]. However, the highly elastic
property of bioinks made of low methacryloyl sub-
stituted gelatin, along with the possibility of clog
formation inside the printing nozzles, make the
extrusion-based printing of GelMA at room temper-
ature challenging [9, 10]. Still, the direct printing of
GelMA can be achieved by adjusting the paramet-
ers [11] such as altering the concentration of GelMA
ink, using a lower methacryloyl substituted GelMA,
pre-condition the GelMA ink at lower temperat-
ure to obtain required viscosity for printing, using
a temperature-controlled nozzle/platform, enzyme-
induced controlled crosslinking of GelMA andmodi-
fying the rheological properties of GelMA by pre-
paring polymer blends or interpenetrating polymer
networks (IPNs) [7, 12–14]. IPN hydrogels are sys-
tems composed of two or more polymer networks,
in which the individual polymer networks are phys-
ically entangled with each other while being cross-
linked only with themselves, leading to exhibition
of both individual and synergistic properties of the
polymer components in the hydrogel [15]. A suit-
able IPN hydrogel for tissue engineering should
allow cell attachment and proliferation, should pos-
sess mechanical properties matching the target tissue
and should have an appropriate degradation profile.
While IPN hydrogels have been studied extensively
for tissue engineering and drug delivery applications
[16], reports of IPN use as bioinks are still limited.

Hyaluronic acid (HA) is a linear polysacchar-
ide consisting of D-glucuronic acid and N-acetyl-
D-glucosamine repeating units, which is ubiquitous
in the human body [17]. It is the major glyc-
osaminoglycan of the ECM and possesses excel-
lent biocompatibility, biodegradability, and non-
immunogenicity. Furthermore, HA can interact with
cell surface receptors, CD 44 and CD 168 to regu-
late tissue architectures, cell adhesion, migration, and
proliferation [18, 19]. Consequently, it is extensively
employed in tissue engineering applications [20].
However, the clinical tissue engineering application
of unmodified HA is limited due to its high water
solubility leading to poor mechanical integrity in
aqueous environments, a challenge that could pos-
sibly be addressed by using IPN hydrogels based on
modified gelatin and HA. In this regard, Pescosolido
et al, reported a bioprinted semi-IPN consisting of
hydroxyethyl-methacrylate-derivatized dextran and
HA [21]. However, the mere blending of HA with
hydroxyethyl-methacrylate-derivatized dextran may
compromise the residence time of HA because of its
higher hydrophilicity. Furthermore, Lou et al, repor-
ted a stress relaxing IPN hydrogel synthesized by

crosslinking HA with collagen I through dynamic
covalent bonds. Dynamic covalent crosslinking of
HA reportedly led to global stress relaxation of the
IPN hydrogel, promoting cell spreading [22]. Hence,
considering the advantages and limitations of nat-
ural polysaccharide HA and gelatin for clinical tis-
sue engineering applications, we hypothesized that
modification of HA by dynamic covalent linking to
gelatin, and further stabilization of the HA-gelatin
by intercalating with GelMA to form an IPN net-
work, can be an innovative approach for the devel-
opment of gelatin and hyaluronic acid-based bioinks,
aimed at the fabrication of 3D constructs for tissue
engineering.

Herein, we report the synthesis of a 100%methac-
rylamide substituted gelatin using a stepwise pH
adjustment method. We also report the synthesis and
bioprinting of a Gel-HDA/GelMA IPN bioink with
lower sol-gel transition time at room temperature and
tunablemechanical properties for diverse bioprinting
applications.

2. Experimental

2.1. Materials
Gelatin from porcine skin (type A, bloom 300),
methacrylic anhydride (MAA) (94%), HA sodium
salt (Mw 1.5–1.8 × 106), sodium (meta)periodate
(99%) and lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP) were purchased from Sigma Ald-
rich (St. Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM) and antibiotic-antimicotic
were obtained from Gibco, Life Technologies (USA).

MC3T3-E1 cells obtained from mouse calvaria
was purchased from Sigma Aldrich (Belgium), and
were cultured in DMEMwith 10% fetal bovine serum
(Gibco, USA) and 1% antibiotic-antimicotic at 37 ◦C
with a humidified 5% CO2 atmosphere. Live/deadTM

cell viability assay kit was purchased from Invitrogen,
ThermoFisher Scientific (USA). MTS CellTiter® 96
aqueous one solution cell proliferation assay kit was
purchased from Promega (Belgium).

2.2. The preparation of gelatin-hyaluronan
dialdehyde/methacryloyl gelatin
(Gel-HDA/GelMA) IPN hydrogel
2.2.1. Synthesis of hyaluronan dialdehyde (HDA)
HDA was prepared according to a previously repor-
ted procedure [23]. Briefly, HA (1 g, 2.5 mmol)
was dissolved in 100 ml deionized (DI) water by
stirring overnight at room temperature. Sodium
(meta)periodate (320 mg) was dissolved in 5 ml DI
water, added to the HA solution dropwise, and stirred
for 6 h at 25 ◦C in a dark environment. Next, the
unreacted sodium meta periodate was quenched by
adding a few drops of ethylene glycol. The mixture
was dialyzed in a 12 000 Da dialysis tubing (Sigma
Aldrich, USA) against water at 25 ◦C for 5 days to
remove traces of periodate and low molecular weight
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polymers. The solutionwas then lyophilized to obtain
an oxidized product as a white solid sponge. The
material was stored at−20 ◦C for further use.

2.2.2. Synthesis of gelatin-hyaluronan dialdehyde
(Gel-HDA) Schiff ’s polymer
Gelatin (10% (w/v), phosphate buffer saline (PBS),
pH 7.4) was mixed with HDA (10% (w/v), in PBS)
with a volume ratio of 4:1 and incubated at 37 ◦C for
12 h to obtain Gel-HDA Schiff ’s base gel.

2.2.3. Synthesis of methacryloyl gelatin (GelMA)
The synthesis of GelMA was performed by modify-
ing a procedure reported in the literature [24]. Briefly,
200 ml gelatin type A solution (10% (w/v)) was pre-
pared in a carbonate-bicarbonate buffer (0.25 M,
pH 9.5) by stirring at 40 ◦C for 12 h. To this solution,
MAA (3ml) was added slowly. The pH of the reaction
was maintained above 7 by adding drops of NaOH
(5 N). The reaction occurred immediately upon the
addition of MAA and was confirmed by a decrease in
pH due to the release of methacrylic acid by-product.
The stirring was continued for another 2 h to ensure
the maximum degree of methacryloyl substitution.
Next, the reaction mixture was cooled to room tem-
perature and was kept for dialysis (molecular weight
cut off 12 000 Da, Sigma Aldrich, USA) against DI
water for 5 days at room temperature. Eventually, the
mixture was lyophilized to obtain the product GelMA
as a white solid sponge. The material was stored at
−20 ◦C for further use.

2.2.4. Preparation of Gel-HDA/GelMA IPN hydrogel
GelMA 10% (w/v) was prepared by dissolving
GelMA in PBS (pH 7.4). IPN was prepared by mix-
ing equal volumes of Gel-HDA Schiff ’s polymer
(10% (w/v)) and GelMA (10% (w/v)). LAP pho-
toinitiator (0.1 mg ml−1) was mixed and exposed
to 365 nm UV light for 1 min, after 3D printing/-
bioprinting to form the IPN hydrogels.

2.3. Structural characterization
1H nuclear magnetic resonance (NMR) spectra of
gelatin, GelMA, hyaluronic acid, HDA and Gel-HDA
were taken on a Bruker Avance III, 400 MHz spectro-
meter. The fourier-transform infrared spectroscopy
(FTIR)-attenuated total reflection (ATR) spectra of
gelatin, HDA and Gel-HDA Schiff ’s polymer were
recorded in the range of 4000–400 cm−1 using Bruker
Vertex 70 FTIR spectrometer with diamond ATR
accessory.

2.4. Evaluation of the degree of methacryloyl
substitution
The degree of methacryloyl substitution in gelatin
was calculated from 1H NMR spectra (by integrating
the peak 2.8 ppm).

2.5. Mechanical properties
To study the effect of Gel-HDA concentrations on
the mechanical properties of GelMA, five different

IPN samples consisting of different concentra-
tions of Gel-HDA and GelMA, with the total
polymer concentration fixed at 10% (w/v) were
prepared. The different IPN samples were IPN1
(Gel-HDA1% (w/v)+GelMA9% (w/v)), IPN2 (Gel-
HDA3% (w/v)+GelMA7% (w/v)), IPN3 (Gel-HDA
5% (w/v) + GelMA 5% (w/v)), IPN4 (Gel-HDA 7%
(w/v) + GelMA 3% (w/v)) and IPN5 (Gel-HDA 9%
(w/v) + GelMA 1% (w/v)). GelMA 10% (w/v) was
used as the reference sample. GelMA and IPN pre-
cursors containing 0.1 mg ml−1 LAP were pipetted
into a cylindrical hollowmould, placed on a glass slide
and exposed to 6.9 mW cm−2 UV light (365 nm) for
60 s. Samples (10 mm height, 5.4 mm diameter) were
detached from the mould and tested immediately
at a rate of 1 mm s−1 strain at room temperature
on an Instron 5542 mechanical tester equipped with
100N load cell. The stress–strain curve was calculated
from the load-displacement data by normalizing to
cross-sectional area and height of the sample. The
compressive moduli were calculated by taking the
slope of the linear region corresponding with 10%
strain. Each point represents the mean ± standard
deviation (n= 5).

2.6. Rheology
A stress-controlled shear rheometer (Anton Paar
MCR501) equipped with a parallel plate test geo-
metry of 50 mm and a solvent trap was used in small-
amplitude oscillatory shear mode. To ensure that
the physical structure of the hydrogels was formed
between the rheometer plate and test geometry, each
sample was loaded onto the rheometer plate in the
liquid state (40 ◦C) and the test geometry was lowered
to a measuring gap of 500 µm while still a liquid
sample. A waiting time of 200 s was applied to ensure
thermal equilibrium. Strain-amplitude sweep meas-
urements were performed in the range of 0.1%–
100% strain at 20 ◦C and an angular frequency of
10 rad s−1 to determine the linear viscoelastic envel-
ope. A strain of 1% was verified to be in the linear
regime. Time sweep tests at 1% strain and 10 rad s−1

over a period of 2 h were performed to determine
shear equilibrium modulus of the final hydrogels.
The angular frequency sweep test was performed in
the linear viscoelastic region at 1% strain, 20 ◦C,
and 0.1–100 rad s−1 to obtain the mechanical spec-
trum of the hydrogels. Temperature sweep measure-
ments at a heating rate of 1 ◦C min−1 from 10 ◦C
to 40 ◦C using 1% strain and 10 rad s−1 were per-
formed to find the sol-gel transition temperature of
the hydrogels (GelMA and IPN (IPN3, Gel-HDA 5%
(w/v)+ GelMA 5% (w/v))).

2.7. Swelling and degradation study
The swelling and degradation percentages of GelMA
and IPN (IPN3, Gel-HDA 5% (w/v) + GelMA
5% (w/v)) hydrogels were measured gravimetrically.
Briefly, cylindrical-shaped (5 mm height × 5.4 mm
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diameter) photocrosslinked (1 min, 365 nm) IPN
and GelMA hydrogel samples were immersed in PBS
(pH 7.4) at 37 ◦C under static conditions. At differ-
ent time points, the PBS-soaked samples were taken
out and reweighed. The swelling percentage was cal-
culated according to equation (1):

Swelling(%) =
Wt −W0

W0
× 100 (%) (1)

where W0 is the initial mass of the dried sample and
Wt mass of the swollen sample at a given time point t.

The degradation analysis was performed in
DMEM at 37 ◦C. At different time points, DMEM-
soaked samples were taken out, freeze dried and
reweighed. The percentage of degradation was cal-
culated following equation (2):

Degradation (%) =
W0 −Wtdry

W0
× 100 (%) (2)

where W0 is the initial mass of the dried sample and
Wtdry is the mass of the freeze dried sample at a given
time point t.

2.8. 3D printing and bioprinting
A 3D bioprinter (3DDiscovery™ Evolution,
RegenHU, Switzerland) equipped with a piston-
driven cartridge was used to print GelMA and IPN
(IPN3, Gel-HDA 5% (w/v) + GelMA 5% (w/v))
hydrogels. The hydrogel precursors were loaded into
a sterile cartridge. To print at room temperature IPN
polymer precursor along with LAP photoinitiator
with and without cells were incubated at room tem-
perature for 20 min. The GelMA polymer precursor
was incubated in the fridge at 4 ◦C for 20 min for
physical gelation. The printing was performed using
27 G nozzles at room temperature (∼21 ◦C).

The quantification of printability and optimum
printing parameters was performed based on a
previously reported method [25]. For this pur-
pose, square-shaped constructs (one-layer, dimen-
sion: 1 cm× 1 cm, three replicates) were printed. The
printability (Pr) was determined based on the nature
of the square-shaped prints. Ideally, the extruded fila-
ment would produce a smooth surface with constant
width resulting in square-shaped holes, otherwise, the
holes tend to form circular geometry. Calculation of
the printability was based on the circularity (C) of the
square-shaped holes:

ie., C = 4πAL−2 (3)

where L is the perimeter and A is the area.
In a perfect circle condition, C = 1. The circular-

ity (C) for square-shaped constructs is π/4, and hence
the printability parameter (Pr) value can be calculated
by using equation (4) [25]:

Pr=
π

4
.
1

C
=

L2

16A
. (4)

Therefore, for a perfect printability, the Pr value must
be 1.

To determine the printability value for each com-
bination of printing parameters, the microscopic
images of the printed constructs were analyzed
(www.sketchandcalc.com/) to measure the perimeter
and enclosed area of the printed constructs.

Based on the above evaluation of printability,
the printing parameters were determined for both
GelMA and IPN samples and 3D printed constructs
having different shapes (grid, stacked hollow cylinder,
and alphabets) were printed. Images of the 3Dprinted
constructs were taken for the qualitative evaluation of
the shape fidelity.

For bioprinting, a cell density of 1 million
cells ml−1 was prepared by gently mixing GelMA and
IPN (IPN3, Gel-HDA 5% (w/v)+ GelMA 5% (w/v))
samples incubated at 37 ◦Cwith the required amount
of MC3T3 cell pellets. The cell-laden bioinks were
loaded into a cartridge and kept at room temperature
for 20 min to attain physical gelation. The bioprin-
ted constructs were printed on a six-well plate, photo-
crosslinked (1 min) and immersed in DMEM (5 ml)
supplemented with 10% fetal bovine serum and 1%
antibiotic-antimicotic, and incubated at 37 ◦C in a
humidified CO2 (5%) incubator.

2.9. Surface morphology by scanning electron
microscopy (SEM)
The surface morphology of the 3D printed grid-
shaped samples (10× 10× 0.4 mm) was analyzed by
SEM (Philips XL30 FEG) after chemical crosslinking.
The 3D printed samples were frozen at −80 ◦C, lyo-
philized and dried samples were sputtered with plat-
inum at a thickness of 5 nm using Q 150 T S, Pt/Pd
sputter coater before imaging. SEM images were used
to analyse average pore size by measuring the pore
area of ten pores using FIJI software [26], and calcu-
lating the diameter by assuming circular pores.

2.10. In vitro cell viability
The viability of the MC3T3 cells encapsulated
(1× 106 cellsml−1) within the bioprinted IPNhydro-
gel (IPN3, Gel-HDA 5% (w/v) + GelMA 5% (w/v))
construct was evaluated using a LIVE/DEAD™ Viab-
ility/Cytotoxicity Kit (Invitrogen, Life Technologies,
USA) after 1, 3 and 10 days post-printing follow-
ing the manufacturers‘ protocol. Images were taken
using fluorescence microscopy (Olympus IX83 inver-
ted microscope, Belgium).

2.11. Cell proliferation study
MTS colorimetric assay was used to analyze the
proliferation of MC3T3 pre-osteoblasts encapsulated
within the bioprinted GelMA and IPN (IPN3, Gel-
HDA 5% (w/v) + GelMA 5% (w/v)) constructs.
To determine the cell viability, 60 µl of MTS dye
(CellTiter® 96Aqueous One Soltion Cell Proliferation
Assay kit) was added to 300µl MEM in a 48-well plate
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and incubated at 37 ◦C for 3 h. Next, 100 µl of the
solution from each well was transferred into a 96-
well plate and the absorbance at 490 nm was meas-
ured using a microplate reader. The optical density
(OD) values for cell-encapsulated bioprinted GelMA
and IPN hydrogels were recorded as ODsample and the
value of corresponding blank control group (3Dprin-
ted GelMA and IPN without cells) was measured as
ODblank. The actual OD value, which reflected the
metabolic activity of cells, was calculated by subtrac-
tion of the blank readings from the sample readings.

2.12. Statistical analysis
Two-way ANOVA and multiple comparisons tests
were performed using GraphPad Prism (version
8.0.0 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com) for compar-
ing the experimental groups. All values provided are
expressed as the mean ± standard deviation of five
replicates. p value <0.05 was considered as statistic-
ally significant.

3. Results and discussion

3.1. Synthesis and structural characterization of
Gel-HDA/GelMA IPN hydrogel
The design of the material allows stabilization of the
construct by dual crosslinking chemistries, includ-
ing physical crosslinking and chemical crosslinking
through methacryloyl groups. By chemically linking
HA into gelatin, the less stable HA can be stabil-
ized in the network. This was achieved by dynamic
covalent linkage of free amino groups in Gel-HDA
through Schiff ’s base chemistry. For this purpose, HA
was oxidized to HDA by the sodium meta periodate
oxidationmethod [27]. The presence of sodiummeta
periodate opens the sugar ring of HA to form lin-
ear chains with dialdehydes, resulting in the pale yel-
low coloration of the oxidized product. The oxidized
product, HDA, was then mixed with gelatin to form
Gel-HDA Schiff ’s base polymer through imine link-
age. The Gel-HDA polymer network was selected as
the primary network for the preparation of the IPN.

GelMA with 100% methacrylamide substitution
was synthesized for the first time from gelatin type A
by stepwise pH adjustment through slight modifica-
tions on the method reported by [24] (scheme 1(A)).
The isoelectric point of type A gelatin is between 8
and 9,meaning that at this pH the lysine groups of the
protein remain neutral and primary amine groups on
lysine will be available for reaction with MAA. None
of the−OH groups were methacrylated, as the pH of
the reaction mixture was always kept above 7 using
NaOH (5 N) drops.

The Gel-HDA/GelMA IPN was synthesized by
intercalating GelMA polymer precursor into Gel-
HDA polymer network, followed by chemical cross-
linking of GelMA in the presence of LAP upon
UV exposure. The complete functionalization of free

amine groups, present on the lysine protein, by
methacryloyl group is important for preparation of
the IPN network, as these groups are the reaction site
for both MAA and hyaluronan dialdehyde. Hence,
introducing the need for 100% methacryloyl substi-
tuted gelatin to avoid a crosslinking reaction between
GelMA and HDA. Consequently, further tuning of
degradation and physical properties of the IPNwould
be possible only through adjusting the concentration
of primary and secondary networks. Moreover, 100%
methacryloyl functionalization decreases the elasti-
city by hindering hydrogen binding sites of GelMA,
which helps in reducing the clog formation inside the
nozzle while printing. A schematic representation for
the synthesis of Gel-HDA/GelMA IPN is shown in
scheme 1.

Additionally, in case of presence of any uncross-
linked HA and gelatin, they may be entangled in
GelMA, which would assist cell migration within the
construct via binding through the CD 44 receptor
of HA [28, 29] and RGD integrin-binding sites of
GelMA. Moreover, the IPN structure may provide
synergistic properties of individual polymer net-
works leading to a better control over the material
properties.

3.2. Characterization of Gel-HDA/GelMA IPN
Figure 1(A) shows the structural characterization of
GelMA and gelatin by recording 1H NMR spectro-
scopy. The disappearance of methylene lysine proton
at 2.8 ppm clearly indicates the conjugation of MAA
with the lysine moiety of gelatin. The acrylic proton
of the methacrylamide graft was observed at 5.5 ppm
(peak a + b) and methyl protons of methacrylam-
ide were observed at 1.9 ppm (peak c) indicating the
functionalization of MAA on gelatin [24]. Interest-
ingly, no methacrylate group (methacryloyl substitu-
tion on the−OH group) is formed due to this modi-
fication. The degree of methacryloyl substitution was
calculated from the 1H NMR spectrum (integrating
the peak at 2.8 ppm). The complete disappearance of
methylene lysine proton at 2.8 ppm indicated 100%
functionalization of methacryloyl groups on the
lysine moiety.

Figure 1(B) presents the FTIR spectra of gelatin,
HA, HDA, and Gel-HDA Schiffs̀hydrogel. HA has
a disaccharide structure composed of D-glucoronic
acid and N-acetyl glucosamine, resulting in the char-
acteristic stretching bands for the hydroxyl groups
at 3286 cm−1 and the −CH2 stretching vibration at
2900 cm−1 [30]. Compared to HA, a new peak that
appeared at 1733 cm−1 of HDA spectra corresponds
to the C=O stretching [31], confirming the intro-
duction of the aldehyde groups into HA by period-
ate oxidation method. The FTIR spectrum of gelatin
shows its characteristic bands at 1629 cm−1 (amide I,
C=O stretching), 1528 cm−1 (amide II, a combina-
tion of CN stretch and NH deformation), 1234 cm−1

(amide III, a combination of CN stretching, NH
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Scheme 1. Schematic representation of (A) the synthesis of methacryloyl gelatin (GelMA) (B) periodate oxidation of hyaluronic
acid to hyaluronan dialdehyde (C) preparation of gelatin-hyaluronan dialdehyde (Gel-HDA) Schiff ’s polymer and (D) synthesis
of a Gelatin-HDA/GelMA IPN hydrogel.

bending and CH2 wagging). The broad absorption
band at 3286 cm−1 is arising from −OH and NH
stretching [32]. The FTIR spectra of gelatin cross-
linked HDA (Gel-HDA) Schiff ’s base sample show a
decrease in the intensity of amide II band indicat-
ing that the amino groups are involved in the cross-
linking reaction to form Gel-HDA Schiff ’s base. Also,
the characteristic band of C=O stretching vibration
at 1733 cm−1 disappeared as a result of the consump-
tion of aldehyde groups through the crosslinking of
HDA and gelatin.

HDA was also characterized by 1HNMR spectro-
scopy (figure 1(C)). The multiplet peak at 1.9 ppm
corresponds to acetamide protons (NH–CO–CH3).
The peaks from 3.2 to 3.8 ppm is ascribed to the
proton of sugar unit (CH–O and CH2–O). The peak
(multiplet) centered at 4.4 ppm corresponds to the
anomeric proton (OCH–O) from the glucose unit.
The multiplet peak at 5.0 and 5.1 ppm corresponds

to the hemiacetal formation of aldehyde and adjacent
hydroxyl groups. In Gel-HDA, the disappearance of
hemiacetal proton (5.0 and 5.1 ppm) and decrease in
intensity of free amine group (2.9 ppm) confirm the
conjugation of HDA and gelatin.

3.3. Mechanical properties
GelMA-based hydrogels with tunable mechanical
properties and methacryloyl crosslinking densities
could be interesting for diverse tissue engineering
applications, due to the wide range of mechan-
ical requirements for different applications, and the
fact that the mechanical properties of the hydro-
gels and crosslinking density can regulate the beha-
viour of cells in terms of cell proliferation, migra-
tion and differentiation [10]. In order to investig-
ate the effect of Gel-HDA network in the mechan-
ical properties of GelMA, IPN samples with different
Gel-HDA and GelMA concentrations were prepared.
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Figure 1. (A) 1HNMR spectra of methacryloyl gelatin and gelatin in D2O (B) FTIR spectra of gelatin, hyaluronic acid, hyaluronan
dialdehyde and gelatin-hyaluronan dialdehyde Schiff ’s polymer (C) 1H NMR spectra of gelatin, hyaluronic acid (HA), HDA and
Gel-HDA in D2O.
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Figure 2.Mechanical properties of GelMA and IPN hydrogels containing 0.1 mg ml−1 LAP and photocrosslinked for 1 min.
(A) Stress–strain graphs of GelMA and different IPNs and (B) compressive modulus obtained by the linear curve fitting from
0%–10% strain region.

Figure 3. Determination of (A) the shear equilibrium modulus (at 20 ◦C, 10 rad s−1, and 1% strain) and (B) mechanical spectra
at 20 ◦C and 1% strain of GelMA 10 w/v% and Gel-HDA/GelMA IPN (gelatin 10% (w/v), HDA 5% (w/v) and GelMA 10%
(w/v)). (C) Temperature dependence of the dynamic mechanical moduli of GelMA 10% (w/v) and Gel-HDA/GelMA IPN
physical hydrogels.

Representative graphs of the stress–strain curve of dif-
ferent IPN samples are shown in figure 2(A). The
compressive modulus of GelMA was determined to
be 116.7 ± 14.80 KPa. This is significantly higher
than the reported values [33–35]. This could be due
tot he higher methacryloyl substitution resulting in
a higher crosslinking density. The Schiff̀ s base link-
age in Gel-HDA network is a dynamic covalent link-
age, and the incorporation of Gel-HDA network in
the IPN sample resulted in the decline of mechan-
ical properties. As the concentration of Gel-HDA net-
work increases, the compressive modulus decreases
and reaches a minimum value of 20.6 ± 2.48 KPa
(figure 2(B)). Gel-HDA alone is not able to maintain
its shape for mechanical testing.

3.4. Rheology
To analyze the rheological properties of the Gel-
HDA/GelMA IPN hydrogel precursor, small-
amplitude shear rheometry was used to perform time
sweep, frequency sweep and temperature sweep tests.
In the time sweep test, the storage and the loss mod-
ulus (G′ and G′′) were recorded for 2 h at 20 ◦C
and an angular frequency of 10 rad s−1 to determine
the equilibrium modulus of the hydrogels. The Gel-
HDA/GelMA IPNhydrogel was found to be a stronger
hydrogel than GelMA, with the values of 1000 and
600 Pa respectively (figure 3(A)). Moreover, the Gel-
HDA/GelMA IPN hydrogel showed faster physical
gelation kinetics, which in turn, can reduce the resid-
ence time of encapsulated cells prior to printing. The
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Figure 4. Assessment of printability. (A) GelMA and IPN samples were extruded through 27 G nozzle to form a square-shaped
construct by applying different plunger velocity and feed rates. Pr values showed as an average of three replicates. (B) Printability
of GelMA and Gel-HDA/GelMA IPN hydrogels printed at room temperature. The GelMA ink was incubated in the fridge at 4 ◦C
for 20 min to attain required viscosity for printing. Images showing CAD designs on the top and the corresponding 3D printed
shapes such as grid, stacked hollow cylinder and alphabets ‘S’, ‘B’ and ‘E’ (10× 10 mm, the distance between two strands 2 mm,
layer height 0.2 mm) as five layers constructs at the bottom. Scale bar is 5 mm.

frequency sweep test (figure 3(B)) showed constant
values of G′ at low angular frequencies, indicating
the existence of a sample-spanning network struc-
ture. The predominance of G′ over G′′ over the entire
angular frequency range is a characteristic signature
of a solid-like gel behavior. The sol-gel transition
temperature of the hydrogels was measured via tem-
perature sweep measurements (10 ◦C–40 ◦C and
40 ◦C–10 ◦C) in the linear regime at a low heating
rate of 1 ◦Cmin−1 (figure 3(C)). The results demon-
strated that the proposed IPN-hydrogel has a higher
gelation temperature (30 ◦C) than GelMA (27 ◦C).

3.5. 3D printing of Gel-HDA/GelMA IPN
constructs
A semi-quantitative evaluation of the printability of
GelMA and IPN biomaterial inks was performed by
calculating the printability parameter (Pr) for each
feed rate-plunger velocity combination (figure 4(A)).
According to the literature, the Pr value in the range
of 0.9–1.1 is considered as a good filament mor-
phology [25]. Before printing, GelMA ink had to
be pre-conditioned at 4 ◦C to attain required vis-
cosity for printing, while the IPN ink attained the
required viscosity by pre-conditioning at room tem-
perature for the same time. Based on the analysis,
for GelMA, a feed rate of 10 mm s−1 and plunger
velocity of 0.1 mm s−1 and for IPN, a feed rate of

5mm s−1 and plunger velocity of 0.05mm s−1 are the
optimum parameters for printing at room temperat-
ure (∼21 ◦C). Furthermore, considering resolution as
the minimum distance of two distinguishable prin-
ted strands, the width of the printed lines was calcu-
lated to determine the optimumparameters for print-
ing. Among GelMA samples, the best resolution was
obtained for the samples printed with a feed rate of
15 mm s−1, and a plunger velocity of 0.05 mm s−1,
resulting in an average width of 0.26 mm and the
best resolution for the IPN sample was obtained with
the same parameters resulting in an average width
of 0.32 mm. The calculations show the line width
for GelMA to be narrower at these conditions. How-
ever, the GelMA squares printed with these condi-
tions were broken, while IPN samples resulted in near
perfect squares.

Different shapes (grid, stacked hollow cylinder,
and alphabets) were patterned using 3D printing
at room temperature. The physical crosslinking of
the IPN precursors enabled shape fidelity of the
constructs while printing, and the UV crosslinking
ensured their long-term stability. The images of the
constructs (figure 4(B)) were taken immediately after
printing. BothGelMA (pre-conditioned ink) and IPN
inks were printable at room temperature by apply-
ing respective printing parameters. The advantage of
IPN ink over GelMA (DS ∼100%) is the possibility
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Figure 4. (Continued.)

of relatively rapid sol-gel transition at room
temperature.

3.6. Surface morphology of the 3D printed
construct
SEM images of GelMA and IPN 3D printed grid con-
struct showed a porous morphology with an aver-
age pore size of approximately 54 µm and 131 µm
respectively. However, the purpose of this measure-
ment is to compare the difference among GelMA
and IPN and not the exact values, as the exact
value also depends on preparation procedure which
includes freeze drying. The higher magnification of
figures 5(A) and (C) are shown in figures 5(B) and
(D), respectively. The large pores (∼500 µm) present

in figures 5(A)–(D) are the pores resulting from the
designed grid construct. The pore size of GelMA con-
struct is significantly lower than the reported values
[34, 36]. This can be attributed to the 100% methac-
ryloyl functionalization of gelatin resulting in a higher
degree of crosslinking, which is known to have a sig-
nificant effect on hydrogel pore size [37]. It is anticip-
ated that the microporous network of the IPN hydro-
gel and the grid construct design may enhance cell
growth and cell proliferation as it can easily transport
nutrients and other metabolites into the construct.

3.7. Swelling and degradation behaviour
Swelling behaviour of GelMA and IPN samples were
analyzed by measuring the difference in weight of the
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Figure 5. Scanning electron microscopy images of 3D printed (A) and (B) GelMA and (C) and (D) Gel-HDA/GelMA IPN
hydrogels (two layer construct, the distance between the strands= 1 mm), presenting the effect of the interpenetrated network
structure on the pore size and surface morphology of GelMA. The scale bars of (A) and (C) are 500 µm and (B) and (D) are
200 µm respectively.

Figure 6. (A) Swelling and (B) degradation behaviors of methacryloyl gelatin and IPN hydrogel at 37 ◦C. The swelling studies
were performed in phosphate buffer (pH 7.4) and the degradation studies were performed in DMEM.

samples at different incubation periods in PBS (pH 7)
at 37 ◦C under static conditions. The swelling beha-
viour shown in figure 6(A) demonstrated a higher
swelling rate for GelMA than IPN due to the pres-
ence of higher crosslinking and interpenetrated net-
work structure in the IPN [38]. Both GelMA and IPN
samples reached an equillibrium swelling state after
5 h and after that, a slight decrease in the percentage
of swelling was observed for IPN. This could be due
to the faster degradation of IPN samples caused by
the weaker 3D network structure of Gel-HDA com-
ponent. The biodegradability of the hydrogel has a

significant role in the tissue regeneration as it can
provide sufficient room for tissue ingrowth when
implanted into the body. Figure 6(B) demonstrated
that GelMA (10%) could maintain its network sta-
bility in DMEM during the 5 days study whereas
the incorporation of Gel-HDA network and a lower
GelMA concentration in the IPN hydrogel has highly
increased the degradation rate of the IPN hydrogel.
This can be attributed to a combination of the hydro-
lytic degradation of the gelMA, exacerbated by poly-
mermass loss caused by the relatively weaker dynamic
covalent links of the Gel-HDA network.
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Figure 7. (A) Fluorescence imaging of MC3T3 cells encapsulated in GelMA (A, B and C are 4×magnification (scale bar 2 mm)
and D, E and F are corresponding 10×magnification (scale bar 200 µm)) and IPN (G, H and I are 4×magnification (scale bar
2 mm), J, K and L are corresponding 10×magnification (scale bar 200 µm)) hydrogel, bioprinted and visualized after 1, 3 and
10 days in vitro culture. Live cells were visualized by staining with calcein-green and dead cells with ethidium homo dimer-red.
(B) Quantification of cell proliferation in GelMA and IPN hydrogel until 10 days by MTS assay (∗∗ p⩽ 0.01).

3.8. In vitro cell viability and cell proliferation
The in vitro viability of MC3T3 cells encapsulated
in the bioprinted GelMA and IPN constructs was
evaluated by using a live/dead assay after 1, 3 and
10 days (figure 7(A)). The high viability ofMC3T3-E1
cells in the bioprinted construct after day 1 indicated
a high cell survival after printing. Similar to GelMA,

the cells were able to proliferate and attach well inside
the bioprinted Gel-HDA/GelMA IPN construct due
to the favorable material properties. Only a few dead
cells were observed (visible in red in the enlarged
image). As shown in figure 7(A), MC3T3-E1 cells
encapsulated in both constructs displayed cell prolif-
eration. The metabolic activity of the cells in GelMA
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and IPN constructs increased significantly within
10 days of in vitro culture (P ⩽ 0.0001), demonstrat-
ing proliferationwithin this time period (figure 7(B)).
However, no noticeable differences were observed
among the GelMA and IPN samples analyzed at the
beginning and end of the study due to the same
number of encapsulated cells in the beginning and
complete infilteration of the constructs by the cells at
the end. However, during the study (day 3) the cell
proliferation seemed to be faster in IPN constructs
which could be attributed to global stress relaxation
of IPN hydrogels caused by the presence of dynamic
covalent linkage between gelatin andHDA facilitating
cell migration within the construct.

4. Conclusion

The present study reports the design of an IPN hydro-
gel combining the beneficial properties of gelatin
and a natural polysaccharide, hyaluronic acid, for
its potential application as a bioink for tissue regen-
eration. The less stable HA was covalently cross-
linked with gelatin and interpenetrated into a GelMA
polymer network enhancing the retention of the
HA in the IPN network. Furthermore, the higher
sol-gel transition temperature and faster gelation
of Gel-HDA/GelMA IPN hydrogel, allowed for 3D
bioprinting at room temperature. An in vitro assess-
ment of the cell viability and cell metabolic activity
of the cells encapsulated in the bioprinted constructs
demonstrated that the hydrogel constructs provided a
suitable environment for the cell survival and prolif-
eration over 10 days. These results along with the tun-
able mechanical behavior enabled the preparation of
novel cell-laden bioinks for diverse tissue engineering
applications.
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