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Abstract

Cell-laden cardiac patches have recently been emerging to renew cellular sources for myocardial infarction (MI, commonly
know as a heart attack) repair. However, the fabrication of cell-laden patches with porous structure remains challenging due
to the limitations of currently available hydrogels and existing processing techniques. The present study utilized a bioprinting
technique to fabricate hydrogel patches and characterize them in terms of printability, mechanical and biological properties.
Cell-laden hydrogel (or bio-ink) was formulated from alginate dialdehyde (ADA) and gelatin (GEL) to improve the print-
ability, degradability as well as bioactivity. Five groups of hydrogel compositions were designed to investigate the influence
of the oxidation degree of ADA and hydrogels concentration on the properties of printed scaffolds. ADA—GEL hydrogels
have generally shown favorable for living cells (EA.hy926 cells and hybrid human umbilical vein endothelial cell line). The
hydrogel with an oxidation degree of 10% and a concentration ratio of 70/30 (or 10%ADA70-GEL30) demonstrated the
best printability among the groups examined. Formulated hydrogels were also bioprinted with the living cells (EA.hy926),
and the scaffolds printed were then subject to the cell culture for 7 days. Our results illustrate that the scaffolds bioprinted
from 10%ADA70-GEL30 hydrogels had the best homogenous cell distribution and also the highest cell viability. Taken
together, in the present study we synthesized a newly formulated bio-ink from ADA and GEL and for the fist time, used them
to bioprint cardiac patches, which have the potential to be used in MI repair.
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Introduction Myocardium will cease to function properly due to the loss

of cardiomyocytes after MI, which has an extremely low

Myocardial infarction (MI), commonly know as heart attack,
results from interruption of the blood supply to a part of
the heart, which may lead to heart failure if left untreated.
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rate of proliferation (1% for adult mammals [1]) far insuf-
ficient to compensate for the loss. This is also accompa-
nied by a cardiac remodeling process due to the formation
of scar tissue and degradation of the extracellular matrix
(ECM), eventually leading to heart failure [2—6]. Various
therapies, including pharmaceutical interventions, have
been exploited to slow down the progression to heart fail-
ure. Unfortunately, these therapies were not able to restore
the function of affected myocardium [7, 8]. Currently, heart
transplantation is still the gold standard to treat congestive
heart failure, but it is a severely restricted option due to the
limited availability of donor organs.

Tissue engineering offers promising alternatives to the
above therapies. Currently available cardiac tissue engi-
neering (CTE) techniques mainly include cell-impregnated
hydrogel injection and cell-impregnated hydrogel patch
implantation, by which cells are delivered into the infarcted
heart, serving as renewable cellular sources for MI repair
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[9-12]. Although cell-impregnated hydrogel injection tech-
nique offers advantage like minimally invasive surgery, it
has also been reported that most incorporated cells tend to
leak from the injection site and drift out of the circulation
system. To overcome these issues, cell-impregnated hydro-
gel patch-based CTE strategies have been shown promising,
wherein patches are engineered to mimic the native ECM,
thus providing suitable support for the cell delivery to the
MI region as well as subsequent cell functions. The ideal
engineered patch should be of porous structures made from
biocompatible biomaterials (such as hydrogels commonly
used nowadays) with living cells and/or bioactive molecules
[13].

The present study aimed to employ the emerging extru-
sion-based bioprinting (EBB) technique to fabricate hydro-
gel patches for potential MI treatment. Bioprinting refers to
the technique that patterns and assembles living cells and
biologics in a layer-by-layer deposition process [14, 15]. It
allows for building constructs with complex structures with
integrity, as well as with mechanical and biological hetero-
geneity. EBB utilizes the mechanical force generated by air
pressure or piston motion to extrude bio-inks (or the mix-
tures of hydrogel and cells) through nozzles in a controlled
manner to fabricate scaffolds of a three-dimensional (3D)
structure [14]. EBB has been illustrated promising to fabri-
cate scaffolds with cells of high density and spatial distribu-
tion for various tissue engineering application [14, 16-18].
The raw materials to formulate the hydrogels employed
in the present study were the alginate (ALG) and gelatin
(GEL). ALG is one of the widely used natural biopolymer
for bio-inks formulation in EBB due to its fast gelation after
printing when exposing to divalent ions [14, 19-21]. How-
ever, being inherently non-degradable is the major issue to
limit its application in tissue engineering. Although ioni-
cally crosslinked ALG hydrogels can be dissolved following
the release of the divalent ions crosslinker, the molecular
weight of alginate is still higher than the renal clearance
threshold of the kidneys and likely, it is not completely being
removed out of body [22]. An improved approach to make
ALG degradable under physiological conditions is partial
oxidation of ALG chains [23], forming alginate dialdehyde
(ADA). The oxidization reaction involves cleavage of the
carbon—carbon bond and alters the chair conformation to an
open-chain adduct containing two aldehyde groups, which
enables degradation of the ADA backbone and leads to
a reduction in the average molecular weight. In addition,
it is also noted that ALG inherently lacks the bioactive
ligands necessary for cell adhesion [24]. Appropriate bio-
active ligands are essential to promote and regulate cellular
behavior and interactions, especially for cell culture and
tissue engineering applications [25, 26]. To overcome this
issue, modification of ALG with materials containing RGD

group to create cell-adhesive ALG has shown promising
[24]. In the present study, we used gelatin type A as another
component for the bio-ink formulation. Gelatin (GEL) is
a biodegradable protein derived from denatured collagen,
which transforms the triple helix structure of collagen into
arandom coil structure containing the cell-interactive RGD-
sequences [27, 28]. Meanwhile, it has been reported that
GEL and ADA, once mixed, undergo a self-crosslinking pro-
cess to form covalently crosslinked hydrogels. This forms
the basis of the present study to bioprint the mixture of GEL
and ADA. Notably, our previous studies [9, 10, 29] have
illustrated the self-crosslinked GEL and ADA are suitable
for the delivery of living cells and bioactive molecules, by
employing the injection technique, for MI treatment. In the
present study, we expanded our achievements to synthesize
the self-crosslinked GEL and ADA and for the first time, to
use them for bioprinting patches for potential cardiac appli-
cations, along with the in vitro characterization by examin-
ing their printability, mechanical and biological properties.

Materials and methods
Materials

Sodium alginate (from brown algae, medium viscosity, vis-
cosity > 2000 cps of 2% solution at 25 °C), gelatin (type A,
Bloom 300, porcine skin) and sodium metaperiodate were
obtained from Sigma-Aldrich, USA.

Oxidation of sodium alginate

ADA was synthesized according to a reported method [30].
Briefly, 4.0 g sodium alginate was dispersed into 20 mL eth-
anol (100%), while different amounts of sodium periodate
were solubilized in 20 mL distilled water to obtain periodate
solutions with different concentrations. The molar ratios of
sodium periodate to a monomeric unit of alginate were set at
5%, 10% and 30%, respectively. Then the sodium periodate
solution was slowly mixed into the sodium alginate disper-
sion, and the mixture was continuously stirred under dark
conditions at room temperature. The reaction times were
setas 1, 2,4, 6,12 and 24 h. Then the reaction was stopped
by adding equimolar ethylene glycol (Sigma-Aldrich, USA)
with ALG under continuous stirring for another 30 min.
The resultant suspension was dialyzed against ultrapure
water using a dialysis membrane (MWCO:12400, 99.99%,
Sigma-Aldrich, USA) with several changes of water until
the dialysate was periodate-free, which was confirmed by
the absence of precipitate when adding 0.5 mL of a 1%(w/v)
solution of silver nitrate (Fluka Analytical, Switzerland) to
0.5 mL aliquot of the dialysate.
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Determination of the oxidation degree

The oxidation degree of ADA was determined by measur-
ing the unconsumed sodium metaperiodate by UV spectro-
photometer (UV-1800A, Shimadzu, Japan) using a soluble
starch indicator solution [31]. The indicator solution was
prepared by mixing equal volumes of 20% (w/v) KI (Sigma,
USA) and 1% (w/v) soluble starch solutions (Sigma, USA),
using buffer phosphate (pH 7) as a solvent. At each time-
point, 100 pL of the reaction mixture was diluted to 5 mL
with deionized water prior to adding the quencher into the
reaction. Then 1 mL of the diluted reaction mixture was
mixed with 1 mL of indicator solution. The absorbance of
the triiodide—starch complex was instantly measured by the
UV spectrophotometer at 482 nm. The periodate concentra-
tion in the sample was obtained based on a calibration curve
calculated from the absorbance of the complex with a known
concentration of 10, (1.26-6.3 X 10~* M). The difference
between the initial and final amount of I0,~ was consumed
to react with sodium alginate and oxidized the hydroxyl
groups to aldehyde groups.

FTIR analysis

The FTIR spectra were scanned under room temperature
with the IlluminatIR II inVia Reflex (Smiths Detection)
equipped with an ATR objective (Renishaw). The scanning
range is from 650 to 4000 cm™! with a resolution of 4 cm™".
All samples were freeze-dried and ground into powder
before the examination.

Rheological analysis

For rheological analysis, the small-amplitude oscillatory
shear (SAOS), a main rheological technique to character-
ize hydrogels, was used [32]. Rheological properties of the
ADA-GEL mixture were characterized using a theometer
(AR G2 rheometer, TA Instruments, USA). A cone-plate
geometry with a cone diameter of 40 mm and a cone angle of
2° was used, and the measurement gap was fixed at 54 pm.
The gelation time at 37 °C was first determined by meas-
urements of the storage (G') and loss (G") moduli at a con-
stant frequency (1 Hz) and strain (5%) for all groups. Then
the hydrogel precursor solution of each group was allowed
to be fully crosslinked for an adequate amount of time as
determined by the preceding time sweep test in the absence
of monitoring. Strain sweep (strain sweeps from 0.01 to
100% at a constant frequency of 1 Hz) and frequency sweep
(frequency sweep from 0.01 to 100 Hz at a constant strain
of 5%) were performed to verify that all the measurements
were done within the viscoelastic region of hydrogels so that
the storage (G') and loss (G") moduli were independent of
strain and frequency. For groups that the previously chosen
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frequency (1 Hz) and strain (5%) were not within the vis-
coelastic region, a new frequency and strain would be used
to redo the time sweep test to determine the gelation time.
If the used frequency (1 Hz) and strain (5%) fall within the
viscoelastic region of the hydrogel, previous time sweep test
results would be unchanged. To investigate the influence of
mixture compositions and ADA oxidization on the physical
crosslinking of hydrogel solutions, G' and G" were recorded
as a function of the temperature (temperature (37 — 15 °C)
at a constant frequency (1 Hz) and strain (5%) for all groups
(see Supplementary Table S1).

Crosslinking degree determination

The crosslinking degree of synthesized ADA-GEL hydro-
gels was determined by ninhydrin assay [33]. One (1) g
ADA-GEL hydrogel of each group was heated with 2%
(w/v) ninhydrin solution at 100 °C for 20 min. The opti-
cal absorbance of the resulting solution was recorded at
570 nm using a UV spectrophotometer. The number of free
amino groups in the crosslinked hydrogels which reacted
with ninhydrin is proportional to the optical absorbance of
the solution. The concentration of free amino groups in the
crosslinked hydrogels was determined from a standard curve
from the optical absorbance of glycine solutions with differ-
ent concentrations. ALG-GEL mixture samples were used
as a control. The degree of crosslinking was calculated by
the following equation:

Degree of crosslinking (%) = [(NH,)nc — (NH, )c|
/(NH,)ne x 100%

where (NH,)nc and (NH,)c are the mole fractions of free
amino groups in non-crosslinked and crosslinked samples,
respectively.

Scaffold fabrication

The CAD model of the hydrogel construct was designed
using Magics Envisiontec (Materialize). The obtained CAD
model was then sliced into consecutive layers using bioplot-
ter RP (Envisiontec GmbH). The sliced CAD model was
introduced to the interface software (VisualMachine BP,
Envisiontec GmbH) controlling the 3D bioplotter system
(Envisiontec GmbH) to print scaffolds, which was carried
out in a biosafety cabinet.

Prior to fabrication, fresh GEL solution was slowly
added to a newly prepared ADA solution, followed by the
appropriate amount of stirring time which was determined
by preceding rheological analysis for each group to initiate
their self-crosslinking processes. Then the pre-crosslinked
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ADA-GEL hydrogel was loaded into the LTDH of 3D biop-
lotter, maintained at 37 °C through the printing process. A
plastic cone needle (EFD Nordson) with an internal diam-
eter of 250 pm was used to reach a high resolution. The
temperature of the printing surface was controlled at 10 °C
to solidify the uncrosslinked GEL in the printed bio-ink dur-
ing the printing process. 100 mM CaCl, was used to further
crosslink the printed structure for 10 min.

Young'’s modulus and GEL release of printed
hydrogel scaffolds

Young’s modulus of each scaffold was determined by apply-
ing unconfined compression with a biodynamic mechani-
cal testing machine (Bose) at a rate of 0.01 mm/s imme-
diately after printing. 3D-printed ADA—GEL scaffolds
were immersed in PBS at 37 °C and pH of 7.4. At selected
time points, the supernatant solution was removed and col-
lected for GEL release analysis. The GEL concentration in
the released buffer was determined by colorimetric protein
assay by the Lowry method [34], with bovine serum albu-
min (BSA) as a standard. The absorbance of each solution
at 750 nm was measured using a UV spectrophotometer.
The release (%) of GEL from the scaffolds was calculated
as follows:

Gelatinrelease (%) = [Gelatin] Gelatin],,, X 100%

supernatant / [

where [Gelatin],,, is the initial concentration of gelatin (in
printed scaffold) and [Gelatin] ,pernacan 1S the released gelatin
concentration in the buffer solution at different time points.

Cell culture

EA.hy926 cells (American Type Culture Collection, Rock-
ville, MD, USA) were kindly provided by Professor Lixin
Liu of College of Medicine, University of Saskatchewan.
EA.hy926 cells were cultured in DMEM medium (Corn-
ing) with L-glutamine, 4.5 g/L glucose and sodium pyruvate,
characterized 10% FBS (HyClone), and HAT supplement
[sodium hypoxanthine (0.1 mM), aminopterin (0.4 pM) and
thymidine (16 pM)] (Gibco), antibiotic—antimycotic (Gibco)
and the medium was changed every 2 days. Passage 3-8
EA.hy926 cells were used in the present study. To collect
attached EA.hy926 cells, culture flasks were rinsed with
PBS and incubated with 0.25% trypsin solution at 37 °C for
5 min. Following the incubation, the culture medium was
added to the flask to neutralize the trypsin. The medium was
gently pipetted up and down to disperse detached cell in the
medium, which was then centrifuged at 300g for 5 min to
pellet the cells. Collected cell number was determined using
a hemocytometer.

Bioprinting cell-laden hydrogel constructs

ADA and GEL solutions were prepared by stir-bar mixing
ADA and GEL in PBS under sterile condition, respectively.
For each material group, GEL solution was first mixed with
ADA solution and the resulted mixture was then mixed
with the cell suspension. The final EA.hy926 cells density
was 2.7 % 10° cells/mL. All mixing process was done by a
three-way stopcock to ensure a homogenous mixing process.
To investigate the influence of different hydrogel formula-
tions on cell viability and proliferation, hydrogel disks were
made from each hydrogel formulations. A 1-mL syringe
was used to inject 150 pL of cell/gel mixture to the well of
the culture plate, waited until the mixture evenly covered
the bottom of well (usually 15-20 min). 1 mL. DMEM was
added to each well, followed by 1 mL of autoclaved 100 mM
CaCl, solution for 10 min to further crosslink the hydrogel.
This crosslinking medium was then replaced with culture
medium, and then the culture plates were cultured in an
incubator at 37 °C.

Also, the cell-laden ADA-GEL was loaded into the
LTDH of the 3D bioplotter and kept at 37 °C. During bio-
printing, the temperature of the printing stage was main-
tained at 10 °C to accelerate the solidification of printed
material. The bioprinting procedure described above was
followed to fabricate cell-laden hydrogel constructs. Then
the printed cell-laden hydrogel was washed by DMEM for
5 min and cultured in the medium.

Cell viability, proliferation and morphology
assessments

The cell viability assay was performed on printed cell-
laden hydrogel using the LIVE/DEAD Kit and fluorescence
microscopy. At each time point, the culture medium was
removed from culture plate wells and the hydrogel was
washed with DMEM and stained in 2 mM calcein-AM
and 0.5 mM EthD-1 solution in DMEM for 30 min in a
37 °C, 5% CO, incubator. The constructs were washed with
DMEM twice and imaged using a fluorescence microscope
(Leica). To quantitatively determine the cell viability and
cell number in the cell-laden constructs, the stained cells
were released by incubating the constructs in 300 pL of
1 mg/mL gelatinase, 1 mg/mL alginate in 50 mM EDTA
(diluted in DMEM) at 37 °C. The released medium was
gently pipetted to obtain an even cell suspension. Samples
(n=3) were taken from the cell suspension of each construct
and imaged under a coverslip on a standard glass microscope
slide at random locations for counting live and dead cells.
Cell viability was calculated by the following equation, the
number of live cells/(number of live cells + number of dead
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cells) X 100%. A hemocytometer was used to count the total
cell number in cell suspensions. After 7 days of culture, the
EA.hy926 cell-laden hydrogel scaffolds were fixed in 4%
paraformaldehyde for 30 min at room temperature. The cell-
laden hydrogels were then washed with PBS and treated with
0.1% Triton X-100 for 15 min. 1% Bovine serum albumin
was used as the blocker agent for 20 min before the sam-
ples were treated with Alexa Fluor 488 phalloidin (1:40)
(Abcam) for 90 min. After three times of PBS wash, the
samples were then imaged using a confocal laser scanning
microscopy.

Results and discussion

Oxidation of ALG

Partial oxidation of ALG by periodate cleaves the vicinal
glycols in polysaccharides to form dialdehyde derivatives.
Each a-glycol group principally consumes one sodium peri-
odate molecule, and the reaction rate of this process mainly
depends on the stereochemistry of the a-glycol group under
certain conditions [30, 35]. During the oxidation process,
hydroxyl groups linked to the adjacent carbon atoms of the
repetitive units are oxidized to form two aldehyde groups in
each oxidized monomeric unit by cleaving the carbon—car-
bon bond. ADA with different oxidation degrees can be
obtained by varying the molar ratio of sodium metaperio-
date to ALG and in this way, ADA with final oxidization
degrees of 5%, 10% and 30% was synthesized. A calibra-
tion curve was first calculated from the absorbance of the
triiodide—starch complex with a known concentration of
104~ (1.26-6.3x 10~ M) (see Supplementary materials
Figure S1). Then the relationship between reaction time
and oxidization degree was investigated (see Supplementary
materials Table S2). The oxidization yields of 5%, 10% and
30% of groups reached at least 98% after 6 h of oxidization
reaction. After 24 h of oxidization reaction, the degree of
oxidization of all groups exceeded 99%. Therefore, the time
for subsequent oxidization processes of all groups was set
at 6 h.

FTIR analysis

ALG and ADA (5%, 10%, 30% oxidized) are characterized
by FTIR spectra (Fig. 1). The absorption bands of ALG
spectrum at around 1586 and 1385 cm™! are the asymmetric
and symmetric stretching peaks of carboxylate salt groups
[36]. Other absorption bands reflect the polysaccharide
structure of ALG, including 1293 cm™' (C-O stretching),
1016 cm™! (C-O—C stretching) and 1096 cm™! (C—C stretch-
ing) [37, 38]. The broad band at around 3278 cm™~! of ALG
spectrum indicates the presence of —OH groups. When being
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oxidized, —OH groups stretching vibration become weaker
with oxidation degree increases. This is also verified by the
intensity ratios of the —OH to the asymmetric —COO stretch-
ing vibration (intensity at 3278/1584), which decreases from
0.55 for alginate to 0.50 for 5% oxidized ADA, 0.47 for 10%
oxidized ADA and 0.40 for 30% oxidized ADA. However,
the symmetric vibration of aldehyde at around 1735 cm™"
is not observed in the FTIR spectrum, which could be due
to the hemiacetal formation of free aldehyde groups [39].

Rheological characterization of ADA-GEL hydrogel

When working with ADA-GEL hydrogels, the gelation time
is first measured by testing the storage (G') and loss (G")
moduli at a constant frequency (1 Hz) and strain (5%) at
37 °C for all groups. Actually, it is difficult to know what
SAOS settings (strain amplitude and the frequency) should
be used for initial characterization. 1 Hz frequency and 5%
strain are chosen here because they are referenced in the lit-
erature for similar hydrogels [32]. Gelation time is especially
critical since subsequent strain and frequency sweeps need
to be conducted on a fully formed or crosslinked hydrogel
to determine the linear viscoelastic region.

After obtaining the indicative gelation time for each
group, hydrogels are allowed to reach equilibrium for the
appropriate amount of time as determined by the preced-
ing time sweep test in the absence of rheological moni-
toring. A strain sweep from 0.1 to 100% strain is then
conducted at a frequency of 1 Hz on the fully formed
hydrogel. 5% ADAS50-GEL50 shows a long linear behavior
of G'and G" (see Supplementary materials, Figure S2.B);
10%ADA30-GEL70 has a linear strain region up to 10%
strain (Figure S3.B); 10%ADAS50-GELS50 exhibited a linear
region up to 9% strain (Figure S4.B); 10%ADA70-GEL30
has a linear region up to 7% strain (Figure S5.B); and
30%ADAS50-GELS50 had a liner strain region up to 50%
strain (Figure S6.B). Therefore, 5% strain is an appropriate
choice for subsequent sweeps of all groups.

30% ADA

10% ADA

[

<9

=

<

=

= | 5%ADA

o

»n
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ALG 1390
3600 3100 2600 2100 1600 1100 600
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Fig. 1 FTIR spectra of ALG and ADA (5%, 10%, 30% oxidized)
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1 Hz frequency was arbitrarily chosen to conduct the
initial time sweep test. The results of the frequency sweep
using the appropriate strain (as determined in the preceding
strain sweep test) allow us to choose a frequency to ensure
that the time sweep tests indicate the formation of the hydro-
gel network rather than some other structural change. Fre-
quency sweeps from 0.1 to 100 Hz were conducted at the
5% strain amplitude determined in the preceding test. For
all groups that have been tested, 1 Hz was within the vis-
coelastic region where storage (G') and loss (G"”) moduli are
independent of frequency.

Actually, the initial time sweep test conducted employed
values of strain (5%) and frequency (1 Hz) that were unveri-
fied at the very beginning. It was unclear that if the cho-
sen strain and frequency were suitable enough to be in the
viscoelastic region. The strain and frequency sweep per-
formed subsequently established the limits for the viscoe-
lastic region, which confirmed that the strain and frequency
chosen for all groups were suitable. The gelation time
obtained from the first time sweep reflected the real prop-
erty of hydrogel network formation. For ADA50-GELS50
groups, gelation time increased with the ADA oxidation
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degree (Fig. 2a). Higher oxidation degree of ADA normally
led to lower viscosity and more aldehyde groups available
for covalent crosslinking with amide groups of GEL, which
will take longer to form a covalently crosslinked hydrogel.
With the same oxidation degree of 10%, the gelation time
of ADA-GEL decreased with increasing the ratio of ADA
to GEL (Fig. 3b). The first possible reason could be due to
that higher concentration of 10% ADA offered more active
aldehyde groups than lower concentration groups. This may
accelerate the crosslinking efficiency between aldehyde
groups and amide groups, and also the hemiacetal forma-
tion could consume free aldehyde groups and result in a
crosslinking effect.

Last, the temperature sweep test was performed for all
groups to determine the physical gelation of hydrogel solu-
tions. The calculated gelation temperature will provide
important information for the bioprinting process. The tem-
perature of the bioplotter printing platform can be adjusted
to rapidly crosslink printed hydrogel solutions physically
according to the tested gelation temperature. It can be
observed that all groups showed a gelation temperature
above 25 °C. Therefore, the printing platform temperature
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Fig.2 Gelation time of each group at a constant frequency (1 Hz) and strain (5%): a the gelation time of ADA50-GEL50 increases with the
ADA oxidation degree, b the gelation time of 10% oxidized ADA decreases with the increase in the ratio of ADA/GEL
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of bioplotter was set at 10 °C for all groups throughout the
printing process.

Crosslinking degree

Crosslinking of ADA and GEL relies on the Schift’s base
formation between amino groups of GEL and the aldehyde
groups of ADA. The crosslinking degree of ADAS0-GELS50
hydrogels generally increases with the ADA oxidation
degree, although there was no statistical significance
between 10%ADAS50-GEL50 and 30%ADA50-GELS50
groups (Fig. 4a). Meanwhile, the crosslinking degrees of
10%ADA hydrogel groups increase with the increase in
the ratio of ADA/GEL (Fig. 4b). These results are under-
standable when considering that the crosslinking degree of
ADA-GEL hydrogels was calculated based on the changes
of moles of the reacted amino groups in this study. The more
aldehyde groups were provided by ADA, and the more GEL
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Fig.4 Crosslinking degrees of ADA-GEL expressed as a percentage
of consumed amino groups to total amino groups. a The crosslinking
degree of ADAS0-GELS50 increases with the ADA oxidation degree,

component was consumed in the ADA-GEL hydrogels,
which led to a higher calculated crosslinking degree.

Gelatin release

The gelatin release of ADA-GEL hydrogels in PBS at pH
7.4 at 37 °C was investigated (Fig. 5). Gelatin started to
release immediately after immersion in PBS, and a com-
paratively higher amount of gelatin was released from all
ADA-GEL hydrogel groups after 72 h. The gelatin release
rate was high in all hydrogel groups during the initial 12 h
and followed by a decreased release rate. When the oxida-
tion degree was 10%, the release of gelatin increased with
increasing gelatin concentration, which can be explained
by the increasing extent of physical crosslinking. For
50%ADA-50%GEL groups, the gelatin release decreased
with increasing the oxidation degree of ADA. This was prob-
ably because higher oxidation degree ADA provided more
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active aldehyde groups leading to the increasing extent of
chemical crosslinking between ADA and GEL. The GEL
component typically enhances cell-material interactions due
to the presence of the RGD sequence in gelatin [40, 41]. The
loss of gelatin during culture was expected but not desir-
able since this would lead to significant cell loss. It was also
observed that 30% ADAS50-GELS50 showed a higher gelatin
release percentage than 10%ADA70-GEL30 after 48 h of
culture. This is probably because 30% of oxidized ADA can-
not be efficiently crosslinked by Ca**, leading to a relative
loosely crosslinked structure and more gelatin to be released.

FTIR analysis

The spectrum of 10%ADAS0-GELS5O0 (this composition is
selected to represent all compositions as all spectra show
the same peaks) presents absorption bands at around 1586
and 1530 cm™! due to n(C=N) suggesting the formation

[ADA-GEL post Ca?* crosslinking
ADA-GEL pre Ca?* crosslinking

10% ADA

Absorbance

N~ —

%____/\’W

Alginate

3600 3100 2600 2100 1600 1100 600

Wavenumber (cm)

Fig.6 FTIR spectra of gelatin, alginate, 10% oxidized ADA and
ADA-GEL hydrogels

Fig. 7 Representative photo-
graphs showing the printed
two-layer structure (a) and
eight-layer construct (b)

from hydrogel groups such

as 5%ADAS50-GELS0,
10%ADA30-GEL70,
10%ADAS50-GELS50, 30%
ADAS50-GELS0, c top view of
printed ADA-GEL hydrogel
scaffolds with SO of 0°/90°,

d 15°/165°, e 0°/45°/135° and
f side view of printed hydro-
gel showing the height of the
printed structure. 10%ADAS50—
GELS50 hydrogel

of Schift’s base [42] (Fig. 6). The band of Schiff’s base at
1586 cm™! is broad probably due to its overlapping with the
band at 1617 cm™"! of amide I of uncrosslinked gelatin. There
was no significant difference between pre-Ca** crosslinking
ADA-GEL and post-Ca** crosslinking ADA-GEL hydro-
gels. Meanwhile, the amide II band at 1511 cm™! of gelatin
is missing in the ADA-GEL spectrum, demonstrating the
involvement of amide II groups in the covalent crosslinking
reaction.

Scaffold fabrication and mechanical properties

Each hydrogel group was loaded into the syringe of biop-
lotter and printed. Although each group showed print-
ability to some extent, it was found that the printed
structures of 5%ADA50-GEL50, 10%ADA30-GEL70,
10%ADAS50-GELS50 and 30% ADAS0-GELS50 were diffi-
cult to preserve. The adjacent printed strands tent to merge
with each other and pores disappeared (Fig. 7).

50

45 *#
40

35t
%
30 | #

25
20 f
15
10
5}
0

Elastic modulus (KPa)

0/90° 0/45/135° 15/165°

Fig. 8 Elastic modulus of 10%ADA70-GEL30 hydrogels with SO of
0°/90°, 0°/45°/135°, 15°/165° (*p <0.05, n=3)
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10%ADA70-GEL30 demonstrated the best printability
among all groups and were printed with different SO of
0°/90°, 15°/165° and 0°/45°/135° (Fig. 7c—e) with a height
of approximate 3 mm (Fig. 7). The influence of SO on the
elastic modulus of printed hydrogels was investigated by
testing the mechanical properties of 10%ADA70-GEL30
hydrogel group. 0°/90° pattern showed a significantly higher
elastic modulus than that of 0°/45°/135° and 15°/165° pat-
terns (Fig. 8).

Live/dead assay

To investigate the influence of different hydrogel formula-
tions on cell survival, cell viability and proliferation assays
were conducted on the cell-laden ADA-GEL hydrogel
disks. Cell-laden 5%ALG hydrogel disks were used as a
control. Embedded cells were homogenously distributed in
the hydrogel disks, and live cells are predominant in these
disks (Figure S7). 5%ALG hydrogel disks showed the lowest
cell viability at both day 1 and 7 probably due to the high
viscosity of 5% ALG hydrogel-forming solution. The cell
viabilities of five experimental groups do not show a signifi-
cant difference (Figure S8). There was a significant increase
in cell number from day 1 to 7 for each group. At day 7, 5%
ALG hydrogel group had a significantly lowest cell number,
possibly because of the high viscosity of 5% ALG limited
the cell proliferation.

10%ADA70-GEL30 showed the best printability
among all groups. Meanwhile, the cell viability test
conducted on hydrogel disks demonstrated there were
not statistical difference among all ADA-GEL hydrogel
groups. 10%ADA70-GEL30 hydrogel scaffolds showed
the least cumulative gelatin release after 72 h culture in

5% ALG

Day 1

Day 7

PBS and thus minimum cell loss was expected. There-
fore, 10%ADA70-GEL30 hydrogel formulation was used
to formulate bio-ink for bioprinting (Fig. 9). At day 1,
embedded cells were evenly distributed, and most cells
were alive. The shape of printed strands can be clearly
recognized as demonstrating acceptable printability
for both groups. At day 7, the width of printed 5%ALG
hydrogel strands was still comparable to that of day 1
while the width of printed strands of 10%ADA70-GEL30
appeared larger and the boundaries between strands and
background seemed not as clear as day 1, which was prob-
ably due to the relatively lower viscosity and gelation
release of 10%ADA70-GEL30 leading to the dissolution
of hydrogel during culture period. Cell viabilities of both
5%ALG and 10%ADA70-GEL30 maintained at a high
level from around 70 to 90% through the culture period,
with 10%ADA70-GEL30 showing statistically higher
cell viability at day 7. Meanwhile, the cell number of
10%ADA70-GEL30 was significantly higher than 5%ALG
group (Fig. 10). This suggested that 10%ADA70-GEL30
hydrogel scaffold provided a more favorable microenviron-
ment for embedded cells, which could be due to its relative
lower viscosity and the addition of bioactive GEL.

The addition of GEL promoted the bioactivity and pro-
vided cell adhesion sites for the formulated bio-inks, and
this was verified by the phalloidin staining of EA.hy926 cell-
laden hydrogel scaffolds (Fig. 11). After 7 days of culture,
phalloidin F-actin stained cells indicated the cellular mor-
phology difference between two groups. Some EA.hy926
cells seemed attached and elongated in 10% ADA70-GEL30
hydrogel matrix (Fig. 11a, b), while the cells were still round
and unattached in the 5%ALG matrices (Fig. 11c). It has
been also found that the printed scaffold has been losing

1

0%ADA70-GEL30

Fig.9 Fluorescent images of the bioprinted EA.hy926 cell-laden hydrogel scaffolds showing live (green) and dead (red) cells at day 1 (a—d) and

7 (e-h) for 5%ALG (a, b, e, f) and 10%ADA70-GEL30 (¢, d, g, h)
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Fig. 11 Confocal laser scanning microscopy of phalloidin-stained EA.hy926 cell-laden hydrogel scaffolds after 7 days of culture: a 10%ADA70—

GEL30, b enlarged photograph of the box area in (a), ¢ 5% ALG

its mechanical stability during culture, which is probably
because the crosslinked printed structure lost crosslinking
agents and partial uncrosslinked GEL component during
regular culture medium changes.

Conclusions

Engineering cell-laden cardiac patches to renew the loss
of cells caused by MI has attracted much attention for MI
treatment, but fabrication of porous cell-laden patches
remains challenging owing to the limitations of currently
available hydrogels and their processing techniques. In the
present study, a bio-ink from ADA and GEL was formu-
lated and characterized in terms of printability, mechani-
cal and biological properties. Specifically, by varying ADA
oxidation degree and ADA-to-GEL ratio, various bio-inks
were formulated and among them, one of the ADA with an

oxidation degree of 10% and a concentration ratio of 70/30
(or 10%ADA70-GEL30) demonstrated the best printability
among the groups examined. Furthermore, the biocompat-
ibility of the bio-ink formulation and bioprinting process
was examined and characterized by bioprinting EA.hy926
cell-laden ADA-GEL hydrogel scaffolds, with the results
illustrating their potential applications in MI repair.
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