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Biomimicking the mechanical properties of native tissues is one of the key requirements of engineering tissue
scaffolds, rendering a need for materials and manufacturing processes with a high level of control over the me-
chanical properties of such scaffolds. To address this need, we present a 3D printable, composite hydrogel con-

2‘0;?}: ol sisting of sodium alginate (SA), gelatin (GEL) and gum Arabic (GA), referred to herein as SA-GEL-GA hydrogel,
Ti}; suegengineering mechanical properties of which can be controlled through tuning its cross-linking process. Here, the aqueous
Rheology solution of the three constituents is used as the bioink to 3D print porous scaffolds in a temperature-controlled

extrusion-based printing process. 3D-printed scaffolds are then crosslinked through a multi-step approach, real-
izing the gelation of GEL, ionic crosslinking of SA and GA, and covalent cross-linking of all three components.
Here, we show that the inherent mechanical properties of SA-GEL-GA hydrogels can be controlled through the
duration of the covalent crosslinking step. SA-GEL-GA bioinks exhibit highly temperature-dependent rheology
with elastic solid-like behavior below room temperature and a viscoplastic, shear thinning nature above 28 ‘c.
Using a cooled build-plate and heated printhead, high resolution scaffolds were printed with filament diameter of
250 pm and extruded from a 100 pm diameter nozzle. The compressive elastic modulus of these scaffolds can be
tuned to the 50-250 kPa range through the combined effect of the scaffold pores size and covalent crosslinking
step duration. 3D printed and crosslinked scaffolds carry over 500% of their dry weight in water and can be dried
and reswollen to over 400% of their dry weight. Finally, our degradation analysis showed that increased covalent
cross-linking duration led to reduced long-term structural stability due to mechanical failure of the scaffolds.
These results indicate that SA-GEL-GA hydrogels offer exciting opportunities for manufacturing customizable
artificial tissue scaffolds with biomimicking mechanical properties, particularly for soft tissues.

1. Introduction

Bioprinting refers to additive manufacturing processes using bio-
materials such as biopolymers, cells, growth factors etc. To fabricate
living products including tissues and organs. Recently, these processes
have drawn significant attention and global investment since they are
considered one of the critical pieces for personalized medicine [1].
Among several bioprinting methods, extrusion-based approaches are the
most widely used due to their broad range of material capabilities, low
cost, and versatility. In extrusion-based bioprinting, “bioinks” consisting
of hydrogels or water-soluble polymers that carry various biomaterials
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are dispensed out of nozzles and deposited in a layer-by-layer fashion,
enabling fabrication of highly complex, multi-material structures [2].
These structures are often used as “scaffolds” that provide embedded
cells with the proper support and environment for proliferation, growth
and/or differentiation during cell culture, thereby constituting the initial
step of the tissue manufacturing process. The success of this method in
facilitating manufacturing of functional tissues relies heavily on how well
the fabricated structures mimic the native tissues in terms of biomaterial
organization and physical properties. As such, there is a significant need
for research on processes and materials to advance the capabilities of
extrusion-based bioprinting towards accurate and precise control of
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printed structure properties within ranges relevant to native tissues.

Mechanical properties are among the most critical aspects of the
native tissues that the biomanufacturing processes need to mimic effec-
tively. Tissues in the human body exhibit a broad range of mechanical
properties with elastic moduli ranging from hundreds of kPa for skin [3,
4] to tens of GPa for bones [5]. Furthermore, most tissues are hetero-
geneous and anisotropic, exhibiting spatially varying mechanical prop-
erties such as tensile and shear moduli [6]. Precise control of the
mechanical properties of the cell microenvironment is essential as this
strongly influences resulting cellular physiological functions, communi-
cation, differentiation and proliferation [7,8].

Additive manufacturing (AM) using multiple materials can be used to
fabricate composite structures with mechanical properties spatially
tuned through distribution and morphology of different materials [9].
This approach has been particularly used in tissue engineering applica-
tions and primarily involves printing of high modulus “reinforcements”,
in the form of a scaffold consisting of extruded filaments, supporting a
low modulus, cell-carrying hydrogel matrix [10,11]. The reinforcement
materials are usually selected from rigid thermoplastic polymers [10-13]
or polylactic acid (PLA) [14], which are significantly stiffer than
hydrogels in general, or nanocomposites combining hydrogels with stiff
additives to increase inherent stiffness along with printability [15-17].
Mechanical properties, specifically elastic modulus, are tuned through
the reinforcing filament diameter and distribution, i.e. filament spacing
and pattern [17,18]. These approaches combined with rational design
and computational mechanics tools provide the opportunity to tune
scaffold mechanical properties in a spatially varying fashion [19,20].
Despite these advances, several limitations still exist in bioprinting
technologies for mechanical property control of engineered tissue scaf-
folds. First, the stiff thermoplastic polymers used for structural scaffold
fabrication are generally printed in a completely molten phase at tem-
peratures above 70 C [12,17,21] using fused-deposition type printheads
or through electrospinning methods under the effect of large electrical
field [13,22]. This is unlike most cell-laden matrix hydrogels that are
printed near room temperature using time-pressure dispensing from
syringe-type printheads. Effectively printing these two types of materials
simultaneously within highly resolved layers becomes challenging [10,
21] due to thermally- and electrically-induced cell-viability concerns and
precision engineering challenges emanating from contrast between the
two types of printheads and multiple printing temperatures. This chal-
lenge, in turn, significantly limits scaffolds’ designs, preventing precise
control of not only the mechanical properties but also other critical as-
pects including cell-density and distribution within scaffolds. Secondly,
inherent mechanical properties of the commonly used structural scaffold
materials are limited to a narrow window that is significantly stiffer than
matrix hydrogels used in tissue engineering applications. Furthermore,
control of these properties is quite challenging as they depend on many
complex and difficult-to-control process parameters influencing micro-
structure such as material cooling rates. For these materials, the only
degrees of freedom to dictate the mechanical properties are the size and
distribution of the structural scaffold filaments, which are insufficient for
replicating the complex mechanical behavior of native tissues. To address
these limitations, there is a pervasive need for new materials with
inherently tunable properties and compatibility with cell-laden hydro-
gels as advances in bioprinting processes to realize additive
manufacturing with such materials.

Towards realizing this advancement, this paper introduces a new
composite hydrogel bioink formulation consisting of three natural
polymeric components, sodium alginate (SA), gelatin (GEL) and Gum
Arabic (GA), referred to here as SA-GEL-GA, as a promising structural
scaffold material. This approach synergistically combines three constit-
uents that are commonly used in tissue engineering and bioprinting ap-
plications. In that, it builds upon the previously reported results by Shi
et al. [23] and Li et al. [24] indicating that the properties of the SA-GEL
and SA-GA composites vary as a function of their crosslinking process,
respectively. We aim to combine these three components in SA-GEL-GA
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to amplify these variations and utilize them to tune the mechanical
properties of the 3D printed scaffolds.

SA-GEL-GA is printed using temperature-controlled extrusion-based
printheads and cross-linked through a three-step process starting with
physical crosslinking of GEL on chilled substrates, followed by duration-
controlled ionic cross-linking of SA and GA [24] and covalent
cross-linking of GEL [23] to obtain structures with desired final me-
chanical properties. The schematic representation of the chemical
structure of the SA-GEL-GA hydrogels as illustrated in Fig. 1. In this work,
we (1) report on the unique temperature-dependent hydrogel rheology,
and its implications on bioprinting process, (2) investigate the effects of
cross-linking durations and 3D printed scaffold geometry on the
compressive moduli of the printed structures and (3) evaluate the utility
of SA-GEL-GA for tissue engineering applications by studying its rehy-
dration kinetics, and degradation. SA-GEL-GA hydrogel offers a clear
advancement over conventional materials for bioprinting of structural
tissue scaffolds with desired mechanical properties: Its unique tempera-
ture dependent rheology promotes printability using nozzles with di-
ameters as small as 100 pm, thus improving resolution over the current
state of the art in extrusion based bioprinting, while its
cross-linking-dependent inherent mechanical properties offer an addi-
tional degree of freedom in mechanical property control towards
achieving biomimicking scaffolds.

2. Materials and methods
2.1. Materials

The following materials were purchased from Sigma Aldrich (St.
Louis, MO, USA): Gelatin from porcine skin, gel strength 300, type A
(cat#: G2500), Alginic Acid, Sodium Salt (Sodium Alginate) (cat#:
180947), Gum Arabic from Acacia Tree (cat#: G9752), N-Hydrox-
ysuccinimide (NHS) (cat#: 130672), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) (cat#: E7750), Calcium Chloride
Anhydrous (CaCly) (cat#: C1016), 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic
acid) (HEPES) (cat#: H4034), and Dulbecco’s Phosphate Buffered Saline
(PBS) (cat#: D8662), Antibiotic Antimycotic (cat#: A5955). Dulbecco’s
Modified Eagle’s Medium F12 4 Glutamax (DMEM/F12) (cat#:
11965167) was purchased from Life Technologies Corp (Waltham, MA,
USA).

2.2. Preparation of hydrogels

A known volume of deionized water (DIW) was pre-heated on a hot-
plate to a temperature of 50 °C. Sodium Alginate (SA), Gelatin (GEL), and
Gum Arabic (GA) were then dissolved at concentrations of 5%, 10%, and
5% w/w respectively through continuous mixing with a high-speed
mechanical stirrer (Cole-Parmer Compact Digital Mixer System), at a
speed of 1000 rpm for 30 min. The hydrogel was loaded into sealed 60 ml
syringes for long term storage, and transferred to 3 ml syringes for 3D
printing.

2.3. Rheological characterization of hydrogels

Rheology of the hydrogels was characterized at different tempera-
tures using a TA Instruments ARES-G2 rheometer (New Castle, DE, USA),
equipped with an Advanced Peltier System (APS) using a 50 mm diam-
eter cone and plate geometry. An oscillatory temperature sweep test was
performed to study the variation of elastic and loss moduli as a function
of temperature. The temperature was varied between 10 and 60 °C at an
increasing rate of 5 °C/min while the sample was oscillated at a fre-
quency of 1 rad/s with a strain amplitude of 1%. The moduli data were
acquired at a rate of 1 Hz during this test. To understand the yield
behavior of the hydrogels, oscillatory amplitude sweep tests were per-
formed at 5 °C, 9 °C, 35 °C and 55 °C where the strain amplitude was
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Fig. 1. Schematic representation of the chemical structure of the SA-GEL-GA hydrogel.
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Fig. 2. (a) The modified BioX 3D printer with pressure amplifier, temperature controlled printhead and (b) 3D printed and crosslinked SA-GEL-GA scaffolds with
varying porosities.



M. Amr et al.

varied logarithmically between 0.1 and 100% at a constant frequency of
1 rad/s. Finally, to study the shear rate dependent stress and viscosity
behavior of the hydrogels, flow ramp tests were performed at different
temperatures where the rotational strain rate was varied between 1 and
600 s~ ! in a logarithmically linear fashion over a 300 s period. Non-
volatile mineral oil was applied around the cone and plate geometry
for all the tests to prevent the hydrogels from drying during the
experiment.

2.4. Fabrication of the scaffolds

The scaffolds were fabricated using a customized commercial BioX 3D
Bioprinter (Cellink, Gothenburg, Sweden) as shown in Fig. 2(a). The 3D
printer was modified with a pressure amplifier (Nordson HP3cc, Nordson
Corp, Westlake, OH) that allows for a 7-fold pressure amplification to
achieve a maximum effective pressure of 1400 kPa. The pressure
amplifier head was combined with a cylindrical cartridge heater and a
thermistor that are commonly used in commercial 3D printers and
wrapped with insulating material. These devices were used in conjunc-
tion with a microcontroller system to control the printhead temperature
in closed-loop to realize printing temperatures up to 100 °C. Porous
scaffolds with a height of 2 mm in a 7.5 x 7.5 mm square pattern were
fabricated with three different grid sizes as shown in Fig. 2(b). These
geometries were obtained by slicing the rectangular prism-shaped part
designs using different porosities, between 94% and 85%, and without
any solid shell using the open source Slic3r slicing software. The porosity
of a given scaffold is given as the ratio of the void volume to the total
volume of the rectangular prism that encapsulates the scaffold.

Metal nozzles with a diameter of 100 pm (Part# 7018462, Nordson
Corp, Westlake, OH) were used to extrude the hydrogels at a dispensing
pressure of 630 kPa, printing speed of 7 mm/s. To study the effect of ink
temperature on the printed scaffold geometry, we performed experi-
ments with printhead temperatures of 35, 40 and 55 °C and printbed
temperatures of 9,13,17 and 21 °C. These temperature levels were
informed through the rheological characterization results given in Sec-
tion 3.1.

2.5. Crosslinking of scaffolds

Upon 3D printing, the scaffolds were crosslinked both physically and
chemically to achieve final mechanical properties and stability. Physical
crosslinking of GEL was achieved by keeping the scaffolds in the fridge
(nominally 4-8 °C as indicated by the fridge specifications) during the
two subsequent chemical crosslinking steps. For the ionic crosslinking
step, the scaffolds were immersed in an aqueous solution including 102
mM CaCly, and 5 mM HEPES at a pH of 7.4 to realize ionic cross-linking
between SA and GA [24]. The scaffolds were then washed with DIW and
immersed in a solution of 1 wt% EDC and 0.25 wt% NHS in the fridge to
realize covalent cross-linking of GEL, GA, and SA [23]. The durations of
the different chemical crosslinking steps were varied to understand their
influences on the mechanical properties and degradation behavior of the
scaffolds. Specifically, ionic cross-linking durations of 1, 4 and 7 h, and
covalent cross-linking durations of 1, 4, 7, 15, 24, 48 and 72 h were
tested. Following crosslinking, the scaffolds were washed with and stored
in DIW to prevent dehydration until use in further studies.

2.6. Mechanical testing

Scaffolds with 94, 91 and 85% porosities, subjected to varying cross-
linking durations as listed in Section 2.5 were tested to characterize their
compressive elastic moduli. Prior to mechanical testing, all scaffolds
were filled with 10% w/w GEL solution to mimic the cell-laden hydrogel
that the structural scaffold is intended to support. The 10% gelatin filling
was prepared by dissolving gelatin in DIW at 55 °C by continuous stirring
with the high-speed mixer following the same protocols given in Section
2.2. The gelatin-filled scaffolds were incubated in the fridge for 30 min to
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allow for the physical crosslinking of gelatin. All scaffolds were prepared
immediately prior to the mechanical testing to avoid any possible
degradation prior to the test. Unconfined compression of the samples was
achieved using an ARES G2 Rheometer (TA Instruments, New Castle, DE,
USA) equipped with a normal transducer that has a range of 0.001-20 N.
For the unconfined compression, two 25 mm diameter parallel flat
aluminum plates were used. Samples were immersed in PBS inside a 100
mm Petri dish and allowed to equilibrate for 1 min at room temperature
before testing.

The testing protocol began with measurement of the initial uncom-
pressed thickness of each sample for accurate calculation of compressive
strains and incorporating sample to sample variation in geometry. To this
end, prior to placement of the sample in the test setup, the moving top
plate was brought into contact with the bottom plate and the top plate
position was zeroed. Next, the sample was introduced to the setup and
the top plate was incrementally lowered towards the sample until a non-
zero force reading was obtained, indicating the contact between the top
plate and the sample. The vertical position of the top plate was then
recorded as the initial sample thickness. The strain during the compres-
sive test was then calculated by dividing the top plate displacement by
this initial thickness. At the beginning of the compressive test, a sample
preconditioning step was utilized to eliminate viscoelastic transient ef-
fects with a 3% compressive strain at a rate of 0.4% s~ .. Samples were
kept at this strain for 100 s to achieve equilibration of elastic stress,
monitored through the compressive force, and compressed with another
10% strain at a rate of 0.1% s~ .. The slope of the stress-strain data in this
last step was used to determine the compressive modulus of the scaffold.
To calculate the engineering stress, the force data obtained during this
process was divided by the initial cross-sectional area of the sample,
which was individually measured for each sample through microscopy
images to account for sample-to-sample variations.

2.7. Swelling ratio and rehydration kinetics

To assess the swelling ratio of the 3D printed scaffolds, the scaffolds
were weighed after crosslinking and dehydrated overnight in air under a
hood at RT then weighed after dehydration. The swelling ratio was
calculated according to

erW

Swelling Ratio = 4 % 100%

d

Where Wj is the swollen scaffold’s weight, and Wy is the dried scaffold’s
weight.

Rehydration kinetics were studied by rehydrating the dried scaffolds
in DIW at room temperature and measuring the weight every 10 min for a
total of 50 min a time at which no further swelling occurred based on
prior weight vs. time measurements. The rehydration ratio was then
calculated using the same formula and replacing the swollen weight with
the rehydrated weight.

2.8. Scaffold degradation

To study scaffolds’ degradation behavior, 3D printed and cross-linked
scaffolds were lyophilized using a Labconco (Labconco Inc, Kansas City,
MO) 2.5L, —55 °C freeze dryer where the vacuum was set to 0.033 mbar
until the temperature decreased to —50 °C. The freeze dryer has an end-
point detection system with an alert that compares the vacuum in the
sample to a reference vacuum on an empty vessel. All samples were
lyophilized for 24 h for consistency even after an end-point was detected.
All samples were weighed on day 0. Samples were then put in individual
15 ml centrifuge tubes and covered with 2 ml base medium consisting of
DMEM/F-12 supplemented with 10% FBS and 1% antibiotic antimycotic,
and incubated with gentle 175 rpm shaking at 37 °C in a Thermo Sci-
entific MaxQ 4450 shaker (Thermofisher Scientific, Waltham, MA).
Every other day, the samples were gently dried with a napkin to absorb
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the excess medium weighed, placed in fresh medium. At the end of the
study, final weights were determined.

2.9. Statistical analysis

Statistical significance was determined between groups using an in-
dependent Student’s t-test using GraphPad Prism (GraphPad Software,
San Diego, CA). Data are represented as mean + standard error of the
mean (SEM), and a P value of <0.05 was considered statistically
significant.

3. Results and discussion
3.1. Hydrogel rheology and 3D printing

Rheology of a given ink plays a critical role in determining its pro-
cessability through additive manufacturing operations. The results of the
rheological characterization are presented in Fig. 3. At temperatures
below ~28 °C, the inks exhibit the rheological nature of an elastic solid
rather than a viscous liquid (Elastic Modulus (G")»Viscous Modulus (G™))
as shown in Fig. 3(a) with no distinct yielding under about 1 kPa stress, as
indicated by a lack of a clear intersection of G’ and G” curves in Fig. 3(b).
At all temperatures above 28 °C, a nearly constant tan § (ratio of G*/G)
was observed. This behavior is reminiscent of the sol-gel transition re-
ported for GEL [25] and GEL-SA mixtures [26] that occur between 25 and
30 °C. However, unlike GEL or GEL-SA, the tan & value for the SA-GEL-GA
hydrogel does not exceed a value of 1 at high temperatures, indicating
elastic effects narrowly exceed the viscous effects in the ink behavior.
Inclusion of GA induces this behavior which is deemed favorable for
extrusion-based 3D printing applications in general [27]. Above 28 °C,
the hydrogel exhibits significantly lower yield stresses compared to those
observed at lower temperatures as shown in Fig. 3(b). The flow ramp data
in Fig. 3(c) shows that the hydrogel behavior at these temperatures can
be represented by the Herschel-Bulkley model [28], characterized by a
yield stress (rate independent constant stress at low shear rates) and
shear thinning nature (n < 1) at high strain rates. Even though the yield
stress does not show significant temperature dependence above 28 °C,
hydrogel viscosity decreases with increasing temperature as shown in
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Fig. 3(d).

These results provide critical insights regarding the temperature
control of the SA-GEL-GA hydrogel during the printing process. First, the
hydrogel needs to be heated above 28 °C prior to extrusion since below
this temperature, large yield stresses need to be overcome to shear the
hydrogel without initiating plug flow caused by the slip between the
material and the nozzle wall [29]. In fact, we observed that the hydrogel
can be extruded at pressures lower than those needed to induce yield
stresses, i.e. > 1 kPa, at the particular flow rates observed, which offers a
strong evidence of such undesired plug flow effects. As such, we utilize
the heated print head to increase hydrogel temperature to reduce
hydrogel viscosity and yield stress, and achieve shear thinning which is
critical for extrusion-based AM applications [30]. It should be noted that
the low yield stresses observed at higher temperatures do not necessarily
mean that low dispensing pressures commensurate with the yield stresses
will be sufficient for optimal printing. This is exemplified by the fact that
a pressure of 630 kPa was required in our experiments at high printhead
temperatures. This is due to the fact that the majority of the pressure
energy is needed to overcome (1) the internal friction due to material
viscosity that occurs during shear flow at a particular flow rate inside the
printing nozzle, and (2) energy losses at the sudden contraction at the
nozzle entry, both of which increase dramatically with increasing flow
speed [31].

Following the extrusion of the hydrogels, shape retention of the
deposited filaments requires low tan & value (i.e. Elastic Modulus
(G*)»Viscous Modulus (G”) thus elastic effects dominating the viscous
effects), to prevent spreading and loss of accuracy. Such behavior is
observed at lower temperatures, which is why the use of a cooled sub-
strate surface was deemed necessary. Printhead and substrate tempera-
tures for optimal printing should be selected such that the hydrogels are
heated to a high enough temperature to achieve sufficiently low viscosity
for extrusion, and the substrate should be cooled to a low enough tem-
perature to quickly “gelate” the hydrogel to retain proper shape after
printing. It should be noted that this is an optimization problem, since
higher printhead temperatures would necessitate lower substrate tem-
peratures, to cool down and “lock in” the shape of the printed filaments
prior to their spreading.

To study the influence of substrate temperature on the printing
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process, we kept the printhead temperature at 55 °C and varied the
substrate temperature. As shown in Fig. 4, printability reduces with
increasing substrate temperature. An average deposited filament diam-
eter of 250 pm is achieved at substrate temperatures below 13 °C, but this
diameter almost doubled at 21 °C at constant printing speed and
dispensing pressure due to excessive spreading of the filament. The prints
consistently failed under ambient conditions (no substrate cooling).
Fig. 5 shows the results of the study on the influence of printhead
temperature on the printing process. During these experiments, the
printhead temperature was varied between 35 and 55 °C while keeping
the substrate temperature at 9 °C and the dispensing pressure at 630 kPa.
To evaluate the repeatability of scaffold quality, three replicates for each
case are presented. As shown, the occurrence of printing defects increases
with decreasing temperatures and consistency of the prints is reduced. In
the remainder of the experiments presented in this work, to maximize the
scaffold quality for further studies, we used 55 °C and 9 °C as printhead
and substrate temperatures, respectively. Using these parameters, we
were able to extrude SA-GEL-GA from 100 pm diameter nozzles and
obtain high fidelity scaffolds with printed filament diameter as small as
250 pm through high temperature extrusion onto cooled substrates as
shown in Figs. 2, 4 and 5. These dimensions constitute an improvement
in bioprinting resolution over GEL and SA type gels, without using sup-
port gels [32] or nanoparticle based rheological modifiers [15,33] which
limit the use of small nozzles due to excessive clogging. It should be noted
that for applications involving living cells in the printed constructs, such
high printhead temperatures are likely to be detrimental. In such appli-
cations, printing near or below physiological temperatures is required.
The results presented here indicate that, despite this sub-optimal quality,
the SA-GEL-GA hydrogel can be printed at physiological temperatures,
highlighting its potential for cell-laden printing applications.

3.2. Mechanical properties of SA-GEL-GA scaffolds

We studied the influence of three factors on the compressive me-
chanical properties of the scaffolds printed using the SA-GEL-GA
hydrogels, porosity, crosslinking duration in NHS-EDC and crosslinking
duration in CaCly. The compressive elastic moduli of the scaffolds with
three porosities of 94%, 91%, and 85% are presented in Fig. 6(a). These
samples were crosslinked for 1 h each in CaCl, and NHS-EDC prior to
filling, and three replicates for each sample were created. As shown in
Fig. 6(a), the moduli increased as the porosity decreased, the individual
values were 48.4 + 6.9 kPa, 109.1 + 4.7 kPa, and 169.5 + 3.8 kPa
corresponding to porosities of 94%, 91%, and 85%, respectively. These
values are substantially higher by 3-10 times over those estimated for the
pure gelatin sample with the same geometry but without any SA-GEL-GA
scaffold which yielded an elastic modulus of a mere 17.8 + 1.0 kPa. This
result shows that SA-GEL-GA can be used to fabricate structural scaffolds
providing mechanical support to artificial tissues, the degree to which
can be controlled through the scaffold design, particularly the porosity,
i.e., the grid spacing or size. It should be noted that variation of the grid
size of the acellular scaffolds has other implications besides the impact on

9°C

13°C  17°C
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mechanical properties. Most importantly, reduction in grid size means
lower cell density as the cell-containing portions of the scaffolds will
occupy a lower proportion of the overall construct. As such, methods for
controlling mechanical properties without varying the scaffold design
should be explored.

Fig. 6(b) shows the variation of the compressive modulus with
crosslinking duration in NHS-EDC. These samples have a porosity of 91%
and were crosslinked in CaCl; for 1 h prior to NHS-EDC crosslinking and
GEL filling. As shown, the compressive moduli increased with increasing
NHS-EDC crosslinking duration up to 24 h. No significant change was
observed between 24 and 48 h, whereas a more than 50% decrease in the
compressive modulus was observed when the cross-linking duration was
extended to 72 h. The individual values of the data points given in
Fig. 6(b) were: 109.1 + 4.7 kPa, 152.5 + 4.7 kPa, 173 + 9.4 kPa, 237.6 +
22 kPa, 238.5 + 4.4 kPa, and 123.6 + 41.3 kPa, corresponding to 1 h, 4 h,
7 h, 24 h, 48 h, and 72 h NHS-EDC crosslinking duration, respectively.
These results indicate that the mechanical properties of the crosslinked
SA-GEL-GA scaffolds can be controlled by tuning the covalent bond
density between the amine groups in GEL and the carboxylic groups in
SA, GA, and GEL through NHS-EDC immersion duration within 24 h. The
modulus not changing between 24 and 48 h of crosslinking might be
attributed to multiple reasons. The maximum allowable covalent cross-
link density may have been achieved within the first day. Alternatively, it
is known that the stability of the NHS-EDC solution is reduced one day
after preparation [34]. The significant reduction in modulus on the third
day indicates degradation of the scaffolds within the unstable NHS-EDC
solution. Further analysis of this effect is beyond the scope of this paper.

Fig. 6(c) shows the variation of the compressive modulus with
crosslinking duration in the CaCl; solution. These samples had a porosity
of 91% and were crosslinked in NHS-EDC for 1 h following the CaCly
crosslinking. As shown in Fig. 6 (c), increasing the CaCly cross-linking
duration led to a slight decrease in the mechanical properties. Their in-
dividual values were 109.1 + 4.7 kPa, 95.7 + 4.5 kPa, and 95.1 + 0.7
kPa, corresponding to 1 h, 4 h, and 7 h CaCl, crosslinking duration,
respectively. This result indicates that optimal ionic crosslinking is ach-
ieved within the first hour. Further CaCl, immersion acts adversely, due
to saturation of the carboxylic groups in Gelatin with Ca®* ions which in
turn impedes the ability of the NHS-EDC to activate these for improved
covalent bonding with amine groups [35].

The demonstrated capability of controlling the compressive modulus
through the cross-linking process introduces a new degree of freedom in
bio-printed scaffold design and mechanical property control, specifically
enabling varying mechanical properties without varying the scaffold grid
size or filament diameter. The demonstrated compressive modulus range
of 50-250 kPa is well suited for biomimicking of skin properties [4]. It
should be noted that a large parameter space including different nozzle
sizes and crosslinking duration-porosity combinations remain unex-
plored and such information can serve to broaden the property range and
application domains. It is evident from the results that a compressive
modulus of over 250 kPa is achievable with a porosity 85% and a
cross-linking duration of 24 h.

Fig. 4. Scaffolds printed at varying substrate temperatures indicating the decrease in printability with increasing substrate temperature.
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Fig. 5. Scaffolds printed using different printhead temperatures. Three repetitions for each temperature are shown. Several defects are highlighted with dashed red
ellipses. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Swelling ratio and rehydration kinetics

For tissue scaffolding hydrogels, the capability of retaining water is
critical, as it has many implications on hydrogel performance, such as
allowing nutrient diffusion to the cells as well as waste exudation [36].
Moreover, most native tissues exhibit viscoelastic behavior critical to
their functionality, primarily owing to their water content. For instance,
for articular cartilage as well as biomimicking hydrogels, increasing

amounts of water imbibed into the tissues have been shown to increase
load-bearing capability [37]. To determine how much water the scaffolds
carry right after printing and crosslinking, the swelling ratio for the
crosslinked 3D printed scaffolds was determined through the ratio of
mass in freshly crosslinked (and saturated with water) and dried states, as
detailed in the methods section, and summarized in Fig. 7(a) as a func-
tion of porosity. As shown, no significant differences were detected for
porosities in the 85% — 91% range, with an average swelling ratio of
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523%, indicating that the SA-GEL-GA hydrogels can carry over 5 times
their dry weight in water. This result demonstrates the potential of
SA-GEL-GA hydrogel use for fabricating scaffolds that can carry and
support living cells and other biomaterials.

We also studied the rehydration kinetics of SA-GEL-GA to assess the
capability of rehydrating to a swollen state from a completely dried state,
a quality needed for long-term storage and transportation. In these ex-
periments, we studied the influence of porosity on the rehydration rate
and the total amount of water that can be reintroduced to the scaffolds,
with the results given in Fig. 7(b). All scaffolds were fully rehydrated
after 10 min, with no significant differences in average rehydration rate
between the different porosities. The scaffolds rehydrated to about 400%
or more of their dry weight which is consistently around 25% less than
their swelling ratio for all porosities. It was observed that the scaffolds
with lower porosities were able to regain up to 25% more water.
Considering the main mechanism of reswelling is diffusion, this result is
likely due to the increased total surface area to volume ratio in the
scaffolds with lower porosities, particularly at layer-to-layer interfaces
between the printed filaments. In general, the high level of reswelling
capability of SA-GEL-GA reduces or eliminates the need for acellular
scaffolds to be kept hydrated prior to infusion with cells, during trans-
portation or long-term storage.

3.4. Degradation and long-term stability

The degradation or stability of the 3D printed scaffolds under cell
culture conditions is a critical parameter for determining capability in

supporting cell culture in vitro. Here, we studied the degradation char-
acteristics of the SA-GEL-GA hydrogels in culture medium. We particu-
larly focused on the influence of NHS-EDC crosslinking duration, as it has
been shown to significantly affect the mechanical properties of the
scaffolds. Specifically, three durations (1 h, 12 h, and 24 h) were studied.
The results of the analyses are shown in Fig. 8. Scaffolds crosslinked for 1
h in NHS-EDC maintained their mass for 23 days without significant
weight loss. The 12 h crosslinked scaffolds showed rapid degradation
after 21 days (Fig. 8(a)) with an average and statistically significant
weight loss between Day 2 and 23 of 10%. The 24 h crosslinked scaffolds
lost a substantial 22% mass loss with a marked decrease beginning at Day
16 continuing through Day 23. We observed that these scaffolds began to
mechanically fail by separating at several layer interfaces after day 16.
We recovered the separated layers and weighed them together to pro-
duce the data given in Fig. 8 (a). As such, it is likely that at least a part of
the mass loss can be attributed to the loss of small segments of material
that cannot be recovered from the medium. This result indicates that
highly covalently cross-linked scaffolds exhibit brittle behavior leading
to reduced long-term stability, as a trade-off with their increased
compressive modulus. This finding should be taken in context since the
presented degradation tests were performed using a bare porous scaffold
without a supporting matrix, likely inducing a more rapid degradation
behavior compared to practical application cases.

4. Conclusions

Our results show that the SA-GEL-GA hydrogels present promising

@, (b),
&) ’ S  |™1 hr =12 hr =24 hr
) )
E E ns * %% * %% %
.% 1.04 % 1.04 m
= =
8 o
g (0]
= 054 - 1hrNHS-EDC N 0.54
£ = 12 hr NHS-EDC o
S - 24 hr NHS-EDC S
Z
0.0 1 1 1 1 1 1 1 1 1 1 O_O“
P XA DN >0 N D O P O Pp OP
P PP PP R SR SRR NN P Py P

Fig. 8. Long term degradation and stability analysis of hydrogels as a function of varying cross-linking durations in NHS-EDC: (a) Variation of scaffold mass during the
testing normalized with respect to Day 2, and (b) Variation of lyophilized scaffold weight in 23 days, normalized with respect to Day 0. (Mean + SEM, n = 3, ns P >

0.05, ***P < 0.001, ****P < 0.0001).
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potential for 3D printed scaffolds, by offering improved printing resolu-
tion and a higher level of control of mechanical properties, thus enabling
more accurate mimicking of native tissue properties compared to many
conventional hydrogels used in bioprinting applications. These advan-
tages are complimented by SA-GEL-GA’s capability of carrying over 5
times its gel weight in water and reswell to over 4 times its weight,
providing promise for effective utilization in tissue engineering appli-
cations. It should be noted that the parameter space explored in this
work, particularly the extrusion temperature, nozzle diameter and cross-
linking times, is tailored for an acellular application of the hydrogels. In
such an application, the cells would be seeded onto or encapsulated in
another hydrogel and combined with SA-GEL-GA scaffolds. Our pre-
liminary results on compatibility of the SA-GEL-GA with bovine chon-
drocytes for such an application are provided in the Supporting
Information section S1. For an application where the cells are encapsu-
lated in SA-GEL-GA and printed, larger nozzles and lower dispensing
pressures thereby inducing lower shear stresses on the cells, along with
printing temperatures at or below physiological levels will be required.
Finally, cytotoxicity of the cross-linking process, particularly for the long
duration covalent cross-linking cases should be studied. Our results
indicate that SA-GEL-GA can be printed at physiological temperatures.
Furthermore, our preliminary studies showed that a crosslinking process
with 1 h immersion in NHS-EDC did not lead to any noticeable cell-
viability issues (see Supporting Information Section S2). A more
detailed analysis of cell-laden printing of SA-GEL-GA will be performed
as a part of our future work.

In addition to the cell-laden application of SA-GEL-GA, our future
plans also involve investigating various means of increasing the achiev-
able mechanical property range by studying how hydrogel composition,
particularly the relative concentrations of SA, GA and GEL, influences the
final mechanical properties, swelling and rehydration behavior and,
long-term stability. Finally, we will study the influence of several printing
parameters such as printing speed, dispensing pressure, and printhead
and substrate temperatures on the final properties of printed scaffolds.
Such parameters have been shown to influence microstructure, particu-
larly of multi-component bioinks [38], which can in turn affect functional
properties.
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