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In the field of tissue engineering, there is a growing need for biomaterials with structural properties that replicate
the native characteristics of the extracellular matrix (ECM). It is important to include fibrous structures into ECM
mimics, especially when constructing scar models. Additionally, including a dynamic aspect to cell-laden bio-
materials is particularly interesting, since native ECM is constantly reshaped by cells. Composite hydrogels are
developed to bring different combinations of structures and properties to a scaffold by using different types and
sources of materials. In this work, we aimed to combine gelatin methacryloyl (GelMA) with biocompatible su-
pramolecular fibers made of a small self-assembling sugar-derived molecule (N-heptyl-D-galactonamide, GalC7).
The GalC7 fibers were directly grown in the GelMA through a thermal process, and it was shown that the
presence of the fibrous network increased the Young’s modulus of GeIMA. Due to the non-covalent interactions
that govern the self-assembly, these fibers were observed to dissolve over time, leading to a dynamic softening of
the composite gels. Cardiac fibroblast cells were successfully encapsulated into composite gels for 7 days,
showing excellent biocompatibility and fibroblasts extending in an elongated morphology, most likely in the
channels left by the fibers after their degradation. These novel composite hydrogels present unique properties
and could be used as tools to study biological processes such as fibrosis, vascularization and invasion.

synthetic polymers, and are usually composed of at least 90 % of water,
which makes them perfect for culturing cells in. [5] Gelatin meth-

1. Introduction

Tissue engineering promises to revolutionize medicine by replicating
artificial tissues for transplantation, and by offering robust tissue models
to study the mechanisms and behaviors of various cell types in different
environments, to better understand both healthy and disease states.
Providing an environment as similar as possible to native tissues is
crucial to ensure the accuracy of these in vitro models, and replicating
the extracellular matrix (ECM) surrounding living cells is one of tissue
engineering’s (TE) big challenges. [1-4] Hydrogels are a class of mate-
rials that reproduce several aspects of the properties of ECM in vitro,
especially providing a highly hydrated environment that can act as
support for cells to grow in or onto. Hydrogels can be made of natural or

acryloyl (GelMA) is a good example of such a material, which has been
used in a widespread range of TE applications. [6-8] GelMA is composed
of gelatin, which is a denatured version of collagen, itself a main
component of ECM. This renders GelMA biocompatible and provides
biological cues, such as the integrin-binding motifs that contribute to
cell attachment. [7] GelMA is easily synthesized and prepared in the
laboratory [9], and the hydrogels are usually photo-crosslinked using
photoinitiators sensitive to ultra-violet (UV) or visible light. The latter is
increasingly favored as it has been shown that UV light can be detri-
mental for cell survival in the case of cell encapsulation in 3D culture.
[10] Consequently, visible light crosslinking of GelMA using lithium
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acylphosphinate (LAP) [11], eosin Y [12,13], or ruthenium-based [14]
photoinitiators is increasingly employed for TE applications. By con-
trolling the crosslinking of GelMA, it is possible to precisely tune and
even pattern its mechanical properties to replicate those of biological
tissues. [12]

It is never possible to completely replicate the various structural and
mechanical properties of biological tissues with a single biomaterial. For
instance, an aspect that is more intricate to reproduce is the hierarchical
structure in native ECM, organized between different forms and types of
proteins, polysaccharides and glycoproteins. This type of organization is
quite relevant in the case of scar tissue, where the excessive deposition
of ECM proteins, in particular collagen, ends up forming bundles of
proteins that provide enhanced tissue stiffness as well as potential cell
guidance along aligned protein fibers. [15-17] This is why composite
biomaterials that combine complementary properties of different ma-
terials have emerged in the field of TE over the years. [18-20] Cardiac
scar tissue engineering, in particular, relies on composite materials to
provide scaffolds with a good biocompatibility while displaying relevant
mechanical properties, anisotropic structures, or electrically conductive
properties, which are key factors required to properly mimic cardiac
tissue. [4,21] In the case of scar tissue, a composite gel would ideally
present larger aligned fibrous structures — to mimic the collagen fiber
bundles onto which cells can attach and grow, as well as to enhance the
mechanical properties of the scaffold — encapsulated into a highly hy-
drated and porous hydrogel matrix to promote cell survival and prolif-
eration. Many studies have thus tried to provide such fibrillar structural
properties to cell culture biomaterials. Common ways of doing so are
with the use of electrospun fibers from different types of materials,
synthetic or natural. [22-25] These fibers can be easily incorporated
into hydrogel scaffolds, allowing relatively good control over their
structure, which can include anisotropy for cell alignment. Moreover,
the fibers provide support for the cells to attach and spread. However,
the electrospinning of fibers often involves the use of toxic solvents to
dissolve the primary materials, and some electrospun fibers require a
subsequent additional cell adhesion functionalization for the cells to
grow properly. Composite materials can also be produced by combining
different fibrous proteins such as collagen, fibrin or cellulose [26-28],
which allows the materials to only contain natural and biocompatible
components. However, achieving good control over the protein’s
structure, or obtaining larger fiber sizes is more complicated with nat-
ural proteins compared to synthetic materials. Supramolecular self-
assembling molecules are gaining more and more interest in TE,
where they are being used as pure materials or integrated into composite
scaffolds. [29-33] The self-assembly of supramolecular materials can be
controlled and tailored by changes in, for example, pH, temperature and
solubility. One of the main advantages of supramolecular materials is
their potential reversibility, which can create dynamic materials.
[34,35] For instance, self-assembling peptides such as fluo-
renylmethoxycarbonyl diphenylalanine (Fmoc-FF) are often used as a
supramolecular building block, and composite gels of gelatin and Fmoc-
FF have been demonstrated. [36] Another example of a supramolecular/
hydrogel composite is one where collagen hydrogels were combined
with gels from gluco-nucleo-lipids with fluorinated carbon chains
driving the self-assembly. The resulting gels were found to be biocom-
patible and to manifest improved mechanical properties suitable for
bone tissue engineering. [37]

In this work, we aim to combine GelMA with a low-molecular weight
gelator (LMWG), N-heptyl-galactonamide (GalC7), to integrate a fibrous
network inside the modified protein hydrogel.

GalC7 hydrogels are formed by cooling down an aqueous solution of
GalC7 from 100 °C to room temperature (RT). During cooling, the
molecules self-assemble through non-covalent interactions to form a
network of wide and long ribbon-like fibers, retaining water. The GalC7
molecule was introduced recently, for use as a biomaterial. [38] It was
demonstrated that this pure, synthetic molecule was suitable to create
hydrogels, and that the synthetic origin avoids the problem of batch
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reproducibility encountered in the case of polymers, due to the poly-
dispersity of the polymers, whether natural or synthetic. Thanks to the
non-covalent nature of the network and its very low density, better cell
penetration within the material was also noted. [38] In the previous
studies using GalC7, it has been shown that the GalC7 molecule forms
biocompatible hydrogels that could be used as scaffolds for neural cell
culture. Moreover, the material can be 3D-printed. [38-40] The pure
GalC7 hydrogels allowed the 3D culture of neural stem cells for up to 7
days in vitro, after which the cells showed signs of differentiation into
glial cells and neurons. [38] Neurites were found to grow very long in
straight directions, and it can be hypothesized that the ribbon-like
structure of the fibers provided support for the cells to grow along.
However, pure GalC7 hydrogels are very fragile and affected by syner-
esis, which is the irreversible expulsion of water from the fibrous
network upon a mechanical strain. [38] By integrating the supramo-
lecular GalC7 fibers into a GelMA matrix used for 3D cell culture, we aim
to add new properties to the composite hydrogels, in addition to the
excellent biocompatibility and control over mechanical properties that
GelMA provides. We aim for the fibers that can provide support and
guidance to proliferating cells, to enhance the overall scaffold’s stiffness
by reinforcing GelMA with a fibrous network, and to bring a dynamic
aspect to the composite by allowing the disintegration of the supramo-
lecular fibers over time.

This article describes methods to incorporate supramolecular GalC7
fibers into a GelMA matrix, thus creating a composite scaffold. This
novel biomaterial was then extensively characterized using various
techniques to confirm the incorporation of the fibers into the GelMA, to
study the dynamic nature of the constructs with fiber degradation over
time, and to measure their mechanical properties. Finally, 3D cell cul-
ture trials were performed using cardiac fibroblast cells encapsulated
into the composite gels.

2. Experimental section
2.1. Materials

All the solutions were prepared with Ultrapure/Type 1 water sourced
from a Milli-Q Direct 8 water purification system with a resistivity of
18.2 MQ cm. Gelatin, methacrylic anhydride, tris(2,2-bipyridyl)
dichlororuthenium(Il) hexahydrate (Ru), sodium persulfalte (SPS), (3-
aminopropyl) triethoxysilane, 50 % v/v glutaraldehyde solution,
dichlorodimethylsilane, and cellulose dialysis tubing were all purchased
from Sigma-Aldrich (Auckland, New Zealand). Sodium azide was from
Scharlau. Gibco phosphate buffer saline (PBS) tablets were purchased
from Life Technologies (Auckland, New Zealand). N-heptyl-gal-
actonamide (GalC7) was purchased from Innov’Orga (Reims, France).
Ethanol, acetone, and toluene (AR grade) were purchased from ECP Ltd.
(Auckland, New Zealand). Polypropylene centrifuge tubes, glass vials,
and crimp-top septum caps were purchased from Interlab Ltd.
(Wellington, New Zealand). Silicon (Si) wafers (100 orientation, P-type,
boron doped) were purchased from University Wafers (Boston, MA,
USA).

2.2. GelMA synthesis

GelMA was synthesized according to Loessner et al.’s protocol [9].
Briefly, gelatin (from porcine skin, gel strength 300, Type A) was dis-
solved at a concentration of 10 wt% in PBS and heated at 50 °C for 1 h.
Methacrylic anhydride (0.6 g per g of gelatin) was added dropwise to the
reaction mixture, which was then left to react under stirring for 3 h at
50 °C. The reaction mixture was centrifuged to remove the unreacted
methacrylic anhydride, and the supernatant was diluted in twice its
volume of warm PBS and transferred into dialysis tubing (cellulose
tubing, MWCO 12,400 kDa). The GelMA was then dialyzed against Type
1 water for 7 days at 40 °C. After purification, the resulting GelMA was
freeze-dried and stored at —20 °C.
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2.3. Determination of the degree of functionalization of GelMA

Following Zatorski et al.’s protocol [41], a ninhydrin assay was
performed to determine the degree of functionalization of the synthe-
sized GelMA. Briefly, a 10 mg/ml gelatin solution in PBS was prepared
and diluted at (90, 80, 70, 60, 50, 40, 30, 20 and 10) % in PBS. A GelMA
solution in PBS at a concentration (Cpon) of 10 g/1 was also prepared. A
ninhydrin solution in ethanol at 20 g/1 was prepared. The gelatin or
GelMA solutions were mixed with the ninhydrin solution (2.2 g/1 final)
at a 1:8 volume ratio (ninhydrin to gelatin/GelMA ratio) and heated at
70 °C (in the absence of stirring) for 12 min. The different solutions were
pipetted in triplicates into the wells of a 96-well plate, and their
absorbance at 570 nm was measured at room temperature (RT). A
calibration curve was plotted to represent the absorbance of the gelatin
against its concentration, and a linear fit was applied to concentrations
between 2 g/l and 8 g/1. The “apparent concentration”, Cqpp, of GelMA in
g/l was then calculated by reporting the average absorbance of the
GelMA solutions to the linear fit. The fraction of available amine func-

tions (f) in the GelMA can be calculated as f = %:. The degree of
functionalization was then calculated as: DoF (%) = 100 x (1 —f).

2.4. Preparation of hydrophobic glass coverslips

Coverslips were cleaned by sonication for 15 min in acetone and
exposure to UV ozone for 20 min on both sides. Around 20 pl of
dichlorodimethylsilane was then applied to each side of the clean glass
coverslips and left to react for approximately 2 min. The excess silane
was wiped with a paper, and the functionalized coverslips were rinsed
with Type 1 water.

2.5. Preparation of pure GelMA hydrogels

A 11 wt% GelMA solution in PBS was prepared by dissolving 110 mg
of freeze-dried GelMA in 1 ml of PBS at 42 °C, then vortexed until fully
homogenized and kept at 37 °C. A 8 mM Ru solution in PBS was pre-
pared by dissolving 6 mg of tris(2,2-bipyridyl)dichlororuthenium(II)
hexahydrate into 1 ml of PBS, and a 40 mM SPS solution in PBS was
prepared by dissolving 9.5 mg of sodium persulfate into 1 ml of PBS.

To prepare the pre-gel solution, the three previous solutions were
mixed together by adding together 180 pl of 11 wt% GelMA solution, 10
pl of the Ru solution, and 10 pl of the SPS solution. The final concen-
trations in GelMA, Ru and SPS are respectively 10 wt%, 0.4 mM and 2
mM.

To prepare a GelMA hydrogel, the different volumes of pre-gel so-
lution were pipetted into a mold covered by a hydrophobic coverslip and
crosslinked at room temperature (RT) under a white-light LED lamp
(76.9 W/m?2 over the wavelength range of (400-450) nm, Mitre10, New
Zealand) for the appropriate time: 4 min for the 10 pl, 70 pl circular
molds, and the 30 pl dog bone molds for tensile tests, or 10 min (5 min
on each side) for the 400 pl molds for compression tests samples.

2.6. Preparation of GalC7 solutions and hydrogels

To prepare GalC7 solutions or hydrogels at 0.45 wt% in Type 1 water
or PBS, 4.5 mg of N-heptyl-galactonamide were added to 1 ml of Type 1
water or PBS in a sealed glass vial and heated at 105 °C in a block heater
(Thermo Scientific Multi-Blok heater) until complete dissolution of the
powder (<10 min). The supramolecular hydrogel formed upon cooling
of the solution.

To control the fiber length of the GalC7 gels, the solution was slow
cooled by being placed in an oven (Thermo Scientific, HeraTherm
IMHG60-S incubator) set at 100 °C, left for 5 min at this temperature, and
then set at 37 °C and left to cool.
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2.7. Preparation of composite hydrogels

2.7.1. Via embedding

0.45 wt% GalC7 hydrogels in water were prepared as described
above by slow cooling in a 48-well culture plate covered with an
aluminum sealing foil. Upon reaching 37 °C, the plate was taken out of
the oven and the gels were rinsed 3 times overnight with 100 pl of PBS to
remove small fibers and permeabilize the hydrogels. After removing the
last rinse, 100 pl of pure GelMA pre-gel were added to the GalC7
hydrogels and left to penetrate the fibrous networks for 5 min at 37 °C.
The samples were then placed under the white-light LED lamp and
crosslinked for 4 min at RT.

2.7.2. Via direct mixing

A 0.45 wt% GalC7 solution was prepared in PBS as described above.
After complete dissolution of the GalC7 powder, the corresponding
amount of freeze-dried GelMA was added to the hot solution to make a
11 wt% solution of GelMA in the GalC7 solution and left at 105 °C in the
block heater for 3 min until complete dissolution of the GelMA. The glass
vial was then placed in the oven set at 100 °C, left for 5 min and then the
oven was set at 37 °C and left to cool.

After reaching 37 °C, 180 pl of the GalC7 + GelMA solution were
gently pipetted (with pipette tip cut at the end to enlarge the opening
and reduce shear) and mixed with 10 pl of 8 mM Ru solution in PBS and
10 pl of SPS solution in PBS. The solution was homogenized by gentle
aspiration with a cut pipette tip to minimize the coalescence of the su-
pramolecular fibers. The corresponding amount of composite pre-gel
was then placed in a mold and crosslinked under the white-light LED
lamp for a corresponding time at RT.

2.8. Microscopy observations of the scaffolds

2.8.1. Confocal microscopy

Large pure GelMA and composite gels were prepared according to
the protocol described above in molds with and internal diameter of 1
cm and a thickness of 1 mm (70 pl of pre-gel solution pipetted). The gels
were crosslinked for 4 min under the white-light LED lamp. The gels
were made right before the confocal observation and to prevent fiber
degradation were not kept in any solvent. They were observed at 4x and
10x magnification with an Olympus FV1000 confocal microscope using
laser reflection and light transmission techniques.

2.8.2. Cryo-SEM

Prior to the observation day, 70 pl composite and pure GelMA
samples for cryo-SEM were prepared as described above and crosslinked
for 4 min. All the gels were then soaked in 1 ml of PBS containing 0.02 %
sodium azide for 1 h, after which the liquid was replaced for some gels
while the others were kept without liquid until cryo-SEM sample
preparation.

For cryo-SEM observations, the samples were cut and secured to
sample holders using agar glue, prior to SEM imaging. They were then
frozen in liquid nitrogen and transferred into the cryo-transfer system
chamber (Gattan Alto 2500) under vacuum, where they were fractured
at —140 °C, sublimed for 30 min at —90 °C and sputter-coated for 2 min
with gold at —120 °C. Samples were subsequently imaged at —140 °C
using a Philips XL-30 scanning electron microscope, with an accelera-
tion voltage of 5 kV.

2.8.3. Fiber degradation study

Composite hydrogels were prepared in the 10 pl circular molds on a
glass coverslip following the method described above. Once crosslinked,
the gels were placed under the microscope in a 24-well plate containing
the different solutions used for this experiment: 1 ml or 0.5 ml of PBS
containing 0.02 wt% sodium azide, or 1 ml of solutions of GalC7 in PBS
(also containing 0.02 wt% of sodium azide) at concentrations of 0.010
wt%, 0.025 wt% or 0.050 wt%. To make these solutions, the GalC7
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powder was put with PBS in a vial and heated up to approximately
105 °C until full dissolution. The solution was then left to cool down on
the bench at RT. In the microscope software (NIS-Elements, Nikon In-
struments), time-lapse parameters were set to take images at intervals of
10, 20 or 30 min over 6 to 16 h depending on the conditions, and the
exposure was kept constant during each experiment. ImageJ (Fiji) was
then used to measure the fiber density over time on the microscopy
pictures. To do so, each picture was converted to an 8-bit image. Next, a
threshold was set and kept constant for all the images of a same
experiment, thereby converting them to binary images. The percentage
of black pixels was then measured on all images and normalized to the
percentage of the first image. These percentages were then plotted
against the time of acquisition.

2.9. Mechanical characterization of the hydrogels

2.9.1. Force indentation with Atomic Force Microscopy

The Young’s modulus measurements of the hydrogel samples were
performed on an MFP-3D Origin AFM (Asylum Research, Santa Barbara,
USA) in a liquid environment at RT. Pre-calibrated silicon nitride can-
tilevers with spring constants ranging between 0.07 N/m and 0.08 N/m
with a 5 pm glass bead at the tip (Novascan, USA) were used. The spring
constant of each cantilever was precisely calibrated by the manufacturer
beforehand, and its value was subsequently updated in the AFM soft-
ware. Before each set of measurements, force-indentation curves were
measured on a clean piece of silicon wafer in PBS to calibrate the
DeflInvols value. Each hydrogel sample was put on a glass slide on the
AFM stage, and a droplet of PBS was placed on top of the gel. The pa-
rameters used for measuring the elastic moduli of the hydrogels were
adapted from Schillers et al. [42]: 100 force indentation curves over an
area of 20 pm x 20 pm (= 1 force map) were recorded, typically with a
scan rate of 0.7 Hz, travel range of 2 pm to 4 pm, tip velocity of 3 pm/s to
6 pm/s and trigger force of 2.5 nN to 5.0 nN. At least four force maps
were recorded over the sample’s area for each hydrogel. The resulting
force maps were analyzed in the acquisition software, Asylum Research
Software AR16 (version 16.10.211), operating in Igor Pro (version 6.38,
WaveMetrics, USA), and the approach section of the curve was fitted
with the Hertz model. [43] The equation used to fit force curves to
approximate the Young’s modulus of the sample was:

4 E RY/2 §3/2

=3 14

with Fgp, the applied force in N, E; the Young’s modulus in Pa (N.m’z), 9
the sample’s Poisson’s ratio (dimensionless), R the radius of the bead in
m, and d the depth of indentation in m. [44] The value of the Poisson’s
ratio of the gels was assumed to be 0.33. [45] A fit between 10 % and 90
% of the maximum applied force was used to quantify the Young’s
modulus of the hydrogel samples from the force-indentation curves. A
histogram of the Young’s modulus values was generated for each force
map, and a Gaussian function fit to the data. This fit provided a mean
value of the Young’s modulus and the standard deviation (SD) for each
force map. If some force curves within the force maps displayed irreg-
ular shapes or values, these were excluded from the fit by applying a
mask that excluded force curves with a fit above or below a certain
threshold of Young’s modulus.

2.9.2. Compression testing

Samples for compression testing were prepared by crosslinking pure
GelMA and composite pre-gel solutions in cylindrical black acrylamide
molds of 5 mm of diameter and 10 mm of height between two hydro-
phobic coverslips. Approximately 400 pl of pre-gel was pipetted into the
mold. The pre-gel was crosslinked for 5 min on each side under the
while-light LED lamp to ensure homogeneous crosslinking throughout
the height of the gels.

Fresh samples were directly tested on the machine, whereas swollen
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samples were kept in 2 ml of PBS overnight in the dark and at RT. The
samples were tested with an Instron 5543 tensile testing machine (Ins-
tron, Norwood, USA) using a 50 N load cell. A pre-load of 0.02 N was
applied to the samples, which were then compressed at a rate of 1 mm/
min, three times until 20 % of compressive strain, and then a fourth time
until failure. The compressive moduli of the samples were calculated by
fitting the linear part of the stress-strain curves between 0 % and 10 % of
compressive strain and extracting the slope of the fit.

2.9.3. Tensile testing

Composite and pure GelMA gel samples were prepared in PDMS dog
bone molds (dimensions of 7 mm long, 1.5 mm wide, and 1 mm thick for
the long axial portion, 30 pl of pre-gel solution inside) and crosslinked
for 4 min under the white light LED according to the protocol described
above.

Mechanical testing was performed on a custom-built device. The
device included a panel mount load cell (LPM 200, Futek) for force
measurement. This was paired with an amplifier (CSG110, Futek) to
increase the output of the sensor from 1 mV/V to 10 mV/V. Actuation
was provided by a worm screw motor with a 50 mm travel range and a
resolution of 3.6 nm (M-227.50X, Physik Instrumente (PI)). Custom
made attachments were constructed for the force sensor and motor to
allow easy attachment of dog bone structures. The device was con-
structed using precision mechanical components (Microbench, Qioptic)
allowing all the components of the system to be aligned with each other.

Code was implemented on an FPGA chip (PXI-7813R Virtex-II, NI)
using the LabVIEW (2017) environment to read data from the force
sensor and for control of the worm screw motor. The FPGA chip inter-
faced with the motor and force sensors via a R series CompactRIO
expansion chassis (NI-9151) with a motor module (NI-9505) and an
attached analogue input module (NI-9215). A custom-built LabVIEW
program was used to control the displacement and strain rate of the
sample during the tensile test and conduct cyclic tests of the constructs.
The force and motor position were displayed to the user.

Mechanical tensile testing was performed using the device described
above. The samples were placed in a bath of PBS to prevent drying
throughout the experiment. The samples were stretched at 0.01 mms ™!
to 20 % strain and the corresponding force measured at a sampling
frequency of 1 kHz. The elastic modulus was calculated in the strain
range of 0 % to 10 % on the stress-strain loading curve. The samples
were also loaded/unloaded 3 times at a strain rate of 0.01 mms ' to 20
% strain.

2.10. Culture of cardiac fibroblasts

Human ventricular cardiac fibroblasts (CF) (Lonza Bioscience) were
cultured in a six well-plate lined with Geltrex™ (Gibco, A1569601) with
media containing fibroblast basal media (FBM™), supplemented with
10 % fetal bovine serum (FBS), 0.1 % each of insulin, human fibroblast
growth factor, and gentamicin x-1000 (Lonza Bioscience, FGM™-3
Cardiac Fibroblast Growth Medium-3 BulletKit™), and kept in an
incubator at 37 °C and 5 % CO,. For each encapsulation experiment,
cells were prepared by washing with PBS and digested with trypsin for 5
min in an incubator. Digested CFs were added to 6 ml of media and spun
down for 5 min at 200 RCF. Cells were counted using trypan blue after
discarding the supernatant and replacing it with 1 ml of media. The
appropriate volume of cells plus media was spun down again to get a
final cell density of 1.25 million cells/ml when added to the pre-gel. The
supernatant was discarded and 180 pl of the GalC7 + GelMA solution in
PBS held at 37 °C, and 10 pl of 8 mM Ru solution in PBS and 10 pl of SPS
solution in PBS which was sterile-filtered using a 0.22 pm poly-
ethersulfone filter (Sigma-Aldrich), was gently mixed into the cells by
aspirating it up and down. The resulting cell suspension, in pre-gel so-
lution, was pipetted into the 10 pl mold on a glutaraldehyde-
functionalized glass coverslip, covered by a hydrophobic glass cover-
slip and crosslinked for 4 min under the white-light LED lamp. The
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coverslip and mold were then removed, and the crosslinked gel attached
to the coverslip was placed in a 12-well plate. 500 pl of fibroblast basal
media supplemented with 0.025 wt% GalC7 was added to each well. The
media was prepared by adding 200 pl 1.25 wt% GalC7 dissolved in PBS
then sterile filtered using a 0.22 pm polyethersulfone filter (Sigma-
Aldrich), into 10 ml of fibroblast basal media. The media was changed
24 hour post-encapsulation and every 48 h after that.

2.10.1. Cell viability

Live/dead assay containing green (Calcein, AM, cellpermeant dye,
ex/em 488 nm/515 nm) and red (BOBO-3 Iodide, ex/em 570 nm/602
nm) dyes (ThermoFisher Scientific) were thawed and mixed. Cell me-
dium was discarded from each well plate, and 300 pl of FBM as well as
100 pl of live/dead cell assay were added to each well and kept at 37 °C
for 15 min before imaging. Imaging was performed using an EVOS
M5000 microscope (ThermoFisher Scientific). Images of the cells were
taken at wavelengths of 600 nm (Texas Red-X) and 500 nm (GFP green),
and the images were merged using the EVOS software.

2.10.2. Immunostaining

After seven days in culture, the gels were washed twice with PBS and
fixed, using 4 % paraformaldehyde (Sigma Aldrich) for 15 min. After-
wards, gels were washed with PBS again and kept in PBS plus 0.25 %
sodium azide until staining. For staining, each gel was washed twice
with PBS followed by adding 1 ml of 0.25 % triton-X 100 (Sigma-
Aldrich) in PBS to each of the wells and left for 30 min on a rocker.
Triton-X 100 was removed and replaced with 0.25 % triton-X 100 with 4
% donkey serum (DS) (Merck Life Science Ltd. New Zealand, Sigma-
Aldrich, D9663) as a blocking agent, and left for 1 h on the rocker.
After the Triton-X 100, 5 pl of Alexa Fluor™ 568 Phalloidin (Thermo
Fisher New Zealand, A22282) in methanol was added to 195 pl of 0.25 %
triton-X 100, 4 % DS, to give a final phalloidin concentration of 1 unit/
ml or 33 nM. This was left in the fridge at 2 °C for 24 h, followed by

%nses
with PBS

A ./*’J.n == Water
Mo = -
Galactonamide
molecules Slow cooling (o )
R —_ !ggqsia
100°C 100 to 37 °C a;
Galactonamide gel

A

Composite hydrogel

4—-'-“\

Crosslinking

Biomaterials Advances 163 (2024) 213957

washing with 1 ml of PBS twice for 15 min each. PBS was replaced and
gels were stored in the fridge for another 24 h. To mount the gels, a drop
of DAPI containing mounting stain (Thermo Fisher Scientific New Zea-
land Ltd., Prolong Gold Antifade Reagent 5 x 2, P36935) was placed
onto a glass slide, and the gel attached to the glass coverslip was inverted
and placed onto the DAPI mounting stain. This was then sealed with nail
polish, incubated for a minimum of 30 min, and imaged using an EVOS
FV1000 microscope. Samples were imaged at 405 nm and 568 nm for
DAPI and phalloidin, respectively. Stacks of images were taken at
roughly 3 pm apart for the length of the gel and merged using ImageJ
(Fiji) to compile the final images.

3. Results and discussion
3.1. Fabrication of the composite hydrogels

To design methods to create composite hydrogels, it is important to
note that GalC7 only dissolves in a hot aqueous solution and the su-
pramolecular fibers form through slow cooling, while GelMA gels
through the irradiation of light in the presence of photoinitiators. For
applications in 3D cell culture, cells can only be added to the solution at
37 °C. Considering these limitations, two approaches were explored to
create a composite supramolecular fiber-containing GeIMA gel in which
cells can also be embedded.

In the first method, a GalC7 hydrogel is first prepared, rinsed several
times to permeabilize the network by partial dissolution of GalC7 and/or
extraction of unbound small fibers. Then it is embedded into GelMA, as
described into Fig. 1A. The slow cooling step to form the galactonamide
gel is crucial as it has previously been reported that the slower the
cooling, the longer the fiber length. [38]

This method was efficient to obtain a dense supramolecular fibrous
network embedded inside the GelMA matrix, as can been seen on the
microscopy image on Fig. 1C. However, it is challenging to get a
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Fig. 1. A) Scheme describing the fabrication of GelMA-GalC7 composite gels through the embedding method. B) Picture of an embedded composite hydrogel (scale
bar: 2 mm). C) Optical microscopy image of the fibrous network inside the composite gel (scale bar: 500 pm).



A.E. Chalard et al.

homogenous distribution of the fibers in the GelMA gel. Fig. 1B high-
lights that the fibrous network does not distribute well within the
GelMA, but remains as a dense mat. Thus, this method is useful for ap-
plications where a high concentration of supramolecular fibers is desired
within GelMA. Suitable applications would be those that require very
fibrous, or layered, tissue models, such as cartilage or cortical/trabec-
ular bone. The limitation with this method is that the three washes with
PBS to permeate the fibrous network are done overnight, which requires
3 days just to permeate the network. In addition, while GelMA can
penetrate the fiber mesh, it may be challenging to seed cells into the
fibrous network, and the method is certainly not suitable as culture
environments for larger constructs, such as organoids.

In light of these challenges, a second method was developed to
directly grow the fibers of GalC7 inside the GelMA solution. Our hy-
pothesis was that this will allow for a sparser and better distributed
network of fibers. To achieve this, we prepared a 0.45 wt% solution of
GalC7 in PBS by dissolving the solid galactonamide at 100 °C in a sealed
vial, to prevent boiling. Once the GalC7 was fully dissolved, GelMA was
added and dissolved at 100 °C. The resulting solution (11 wt% GelMA,
0.45 wt% GalC7 (with respect to water)) was placed in an oven and
slowly cooled down from 100 °C to 37 °C for long supramolecular fibers
to form (Fig. 2A). After the cooling ramp was finished, the fiber-
containing GelMA solution was mixed with a solution of tris(2,2-
bipyridyl)dichlororuthenium(Il) hexahydrate (Ru) and sodium persul-
fate (SPS) photoinitiators to form the pre-gel solution. Cells can be
included at this step but were omitted for gel characterization. The so-
lution was pipetted into a mold and exposed to visible light for the
required amount of time to crosslink and form the final composite
hydrogel.

As can be seen on Fig. 2B and C, a network of GalC7 fibers was ob-
tained inside the GelMA matrix, showing that the supramolecular self-
assembly and fiber growth can still progress in the presence of GelMA.
Composite hydrogels with an excellent distribution of fibers can be
obtained with this method. The fibers do not appear as straight and long
as those in the embedded gels (Fig. 1C). This could be because pipetting
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is required to mix the solutions together, hence resulting in some fiber
breakage and disorganization inside the composite, or due to a disrup-
tion of the self-assembly process in presence of GelMA, when compared
to in pure water. However, compared to the method where pure GalC7
gels are embedded into the GelMA, the direct fiber growth method is
more straightforward and requires less preparation time, mainly due to
the absence of overnight washes. This method also has the potential to
create gels with different fiber concentrations to suit different tissue
engineering applications. While the fibers can only form from a rela-
tively high concentration of GalC7, they can be diluted further at the
step when photoinitiators are added. In this method, GelMA must be
heated up to 100 °C, and we have confirmed that this does not impact on
the resulting mechanical properties of the GelMA gel (Fig. S1). Consid-
ering the success of the direct fiber growth method, we decided to fully
characterize these composite hydrogels.

3.1.1. Characterization of the fiber growth into GelMA

To tailor the fiber length within GelMA, it is crucial to understand the
fabrication process. To understand what temperature needs to be
reached during the cooling ramp to obtain long fibers, we investigated
fiber development during that step. For this study, six samples of GelMA
-+ GalC7 solution (respectively 11 wt% and 0.45 wt%) were prepared
and put in the oven at 100 °C. The oven was then set to 37 °C and
allowed to cool, while the temperature was monitored. While cooling
down, a sample was taken out at each temperature point (90 °C, 80 °C,
70 °C, 60 °C, 50 °C and 40 °C, see Fig. S2 for temperature vs. time) and
directly placed at 37 °C. A sample of each solution was then observed in
bright field microscopy at RT (Fig. 3). If taken out of the ramp at the
early stages of cooling, 90 °C, 80 °C or 70 °C, only short and highly
branched fibers were formed. Several repeats were made for 60 °C and
50 °C showing different fiber aspects, i.e. short or long fibers. This shows
that this temperature zone is a transition stage, where the tipping point
between short and long fibers sits. This result is in accordance with
previous differential scanning calorimetry (DSC) results obtained for the
GalC7 molecule, which showed that the transition temperature from

Crosslinking

Fig. 2. A) Scheme describing the fabrication of GelMA-GalC7 composite gels through the direct growth of GalC7 fibers into the GelMA. B) Picture of a composite
hydrogel prepared with the direct fiber growth method (sample used for compression tests, scale bar: 5 mm). C) Optical microscopy image of the fibrous network

inside the composite hydrogel (scale bar: 200 pm).
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Fig. 3. Optical microscopy images showing the fiber aspect when the composite gels are taken out of the oven at different temperatures of the ramp (scale bar:

200 pm).

solution to gel (Tsol.gel) is 58 °C for GalC7. [38] This is the temperature at
which the fibrous network has grown enough to retain the water and
form the gel, which means that 58 °C is a critical temperature for fiber
formation and it needs to be reached during the ramp for the fibers to
have a significant length.

To further characterize fiber morphology inside the composite
hydrogels, crosslinked samples were observed with confocal microscopy
with laser reflection technique (Fig. 4). Indeed, the supramolecular fi-
bers, and in particular the large ones, are not transparent to the laser,
which makes them visible in confocal microscopy without the need of
staining (Fig. 4A). The supramolecular fibers are thus clearly visible in
these images, both in laser reflection mode and in bright field, and they
reveal a dense network of long fibers. Surprisingly though, the fibers
that are observed in laser reflection mode and bright field are not the
same, as the fibers generally do not overlap on the merged image,
especially for the large and wide fibers (Fig. 4C). The orientation of the
ribbon-like fibers under the objective might be the reason for this result.
It is likely that only the wide fibers, that lay flat and parallel to the focal

plane might be reflecting the laser properly, whereas if tilted on the side,
they would appear as thin fibers, visible in bright field, but not reflect
the laser enough to appear in laser reflection mode. This highlights that
the fibers are formed from stacks of bilayers [38,46], creating ribbons
rather than round fibers. To understand the details of the GalC7 fibers
inside the GelMA matrix, cryo-scanning electron microscopy (cryo-SEM)
was employed.

The supramolecular fibers can be clearly visualized within the
GelMA using cryo-SEM (Figs. 4, 5A-E). The fibers display their typical
multilayer ribbon-like structures that were also observed in previous
work, with similar fiber dimensions that can reach several micrometers
in width and around 150 nm in thickness. [38] The characteristic hon-
eycomb structure of GelMA can also be observed surrounding the su-
pramolecular fibers (GelMA control in Fig. 5G-H), similar to what has
been reported for GelMA in literature [7,47].

When the gels were swollen in PBS prior to SEM imaging, no fibers
were observed (Fig. 5F). To confirm and understand this observation,
the stability of the fibers over time was investigated in more detail.
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Fig. 4. Confocal microscopy images of the composite gels. Laser reflection (A), bright field (B) and merged (C) images of a composite gel in confocal microscopy
(scale bar: 200 pm). All three images are projections of the stacks over a slice of 273 pm.

3.2. Stability of the fiber network in the GelMA matrix

The stability of the GalC7 fibers in the GelMA matrix was quantita-
tively assessed with brightfield microscopy by imaging composite sam-
ples soaking in liquid over time. Time-lapse pictures of a 10 pl composite
gel soaking in 1 ml of PBS (containing 0.02 wt% of sodium azide to avoid
bacterial degradation of GelMA) were recorded. Fig. 6A shows images of
a gel over 3 h. It is clear from the image that the contrast changes
markedly over time. We interpret the faint tracks of fibers that remain at
3 h as channels within the GelMA matrix, left after the fibers dissolved.

Image analysis was performed with ImageJ to quantify fiber density
over time, which is reported in Fig. 6B. Here, black pixels denote fibers,
and each image has been normalized so that we can follow the disap-
pearance of fibers over time (more details in the Experimental section).
For composite gels soaking in 1 ml of PBS, the disappearance of the fi-
bers occurs very quickly (Fig. 6B, green), and is indeed complete after 3
h. This result confirms the observation that was made in cryo-SEM,
where no remaining supramolecular fibers could be observed in the
swollen composite gels. Such dynamic materials may be interesting to
mimic tissue remodeling or matrix degradation [35], but it would be
ideal to achieve control over the rate of fiber dissolution.

As the fibers are self-assembled from amphiphilic molecules, they are
held together by non-covalent interactions. There is equilibrium be-
tween the molecules included within the self-assembled fibers and the
free molecules in solution. Both the kinetics and the thermodynamics of
this equilibrium depend on the molecular structure of the gelator and
the external conditions. [39,46] In some systems, this equilibrium is at
the origin of reorganization of the self-assembled structures. Also, if the
gel is soaked in an external solution, the thermodynamics will drive the
system until it reaches the solubility equilibrium.

It is therefore reasonable to assume that the fiber dissolution seen is
due to the fact that the system is progressively reaching the solubility
equilibrium of GalC7 in the solution used. Previous work has shown that
in gels prepared from GalC7 alone in water, the concentration of free
GalC7 was 0.03 wt%. [38] When we submerge our gels in PBS, the
concentration of free GalC7 will be reduced, a likely driving force for the
observed fiber dissolution. If the dissolution is indeed linked to the
solubility equilibrium, it should be possible to modulate it by adding free
GalC7 to the solution, or by reducing the volume of PBS around the gel.
A range of different conditions that alter the dissolution process can be
seen in Fig. 6B. In blue, the volume of liquid around the gel is halved. As
the fibers begin to dissolve, the GalC7 concentration in solution will
increase and act to slow down the dissolution, as evidenced in the
measurement. In this case, more than half of the fibers can still be seen
after 3 h of soaking, and it took 8 h for the fiber density to go down to 10

%. Similarly, directly dissolving a small amount of GalC7 into the PBS
slows down the dissolution. The preparation of the external GalC7/PBS
solution is made by dissolving the solid GalC7 into PBS at elevated
temperature, followed by cooling to RT. Three concentrations were
tested: (0.010; 0.025; and 0.050) wt%.

As can be seen in the graphs in Fig. 6B, the addition of GalC7 to the
PBS reduced the fiber degradation rate compared to using PBS only, in a
concentration dependent manner. For the highest GalC7 concentration
of 0.050 wt%, the fiber density is even seen to increase, as new clusters
of fibers formed in the PBS solution. 0.050 wt% is above the equilibrium
concentration of GalC7 in water (0.03 wt% [38]) and a fortiori in saline
conditions. Thus GalC7 is likely to aggregate in solution, an effect which
may have been exacerbated by any liquid evaporation over the time of
the experiment, increasing the GalC7 concentration further to initiate
self-assembly of the fibers. For lower concentrations of soluble GalC7,
below the 0.03 wt% equilibrium concentration, the supramolecular fi-
bers are seen to still degrade over time. 0.025 wt% GalC7 in PBS helped
to keep over half of the fibers in the composite gel at 16 h, whereas for
0.010 wt%, the fiber density reached 2 % after 5 h of soaking.

Adding soluble GalC7 to the solution in cell culture poses some
specific challenges. The dissolution of the GalC7 solid into liquid re-
quires heating over 100 °C in a sealed vial, which is not compatible with
serum containing cell culture media. To still include some GalC7 in the
cell culture medium with minimal effect on its composition, the media
can be diluted with 10 vol% of a 0.1 wt% solution of GalC7 in PBS and
combined with using a minimal volume of media around the gels to
extend the time that the fibers are present.

3.2.1. Mechanical properties of the composite gels

We hypothesized that the incorporation of the fibrous network into
the GelMA matrix would lead to different mechanical properties of the
composite gels compared to pure GelMA. While gels from GalC7 alone
were found to be relatively soft in previous work (~15 kPa, measured by
compressive test [38]), the individual fibers have a high persistence
length and might be assumed to reinforce the gel. To verify this, the
mechanical properties of the composite hydrogels were measured with
different techniques.

First, force indentation with Atomic Force Microscopy (AFM) was
used to probe the gels at the nano-microscale. Several force indentation
maps (20 pm x 20 pm or 50 pm x 50 pm) were recorded at separate
locations of composite and GelMA gels and analyzed to extract the
average Young’s modulus of each sample. The results presented in
Fig. S3, showed that, overall, the composite hydrogels did not show any
difference in Young’s modulus compared to pure GelMA. This is likely
due to the small indentation depth in AFM (200 nm in our
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Fig. 6. Quantification of fiber degradation inside the composite gels when soaked in liquid. A) Time-lapse images of two composite hydrogels kept in either PBS or a
0.025 wt% solution of GalC7 in PBS, showing the degradation of the supramolecular fibers over time (scale bar: 500 pm). B) Graph showing the fiber degradation
over time by assessing the fiber density on time-lapse microscopy pictures of composite gels in different conditions.

measurements), probing the mechanical properties of the surrounding
GelMA, rather than the bulk mechanical properties of the composite gel.

Subsequently, compressive tests were performed on larger composite
gels and pure GelMA. Two conditions were tested, directly after cross-
linking the samples (referred to as “fresh gels”), and after being swollen
in 2 ml of PBS overnight (referred to as “swollen gels”) (Fig. 7E and F).
Since these gels have a larger volume compared to the ones used in
Fig. 6, the fibers are not completely dissolved after one night in PBS, as
can be seen in Fig. 7F. Many fibers are seen to remain in the center of the
gel. However, many of them have been removed at the outer edges of the
disk, which appear less dense. The strain-stress curves generated during
the compressive tests on each type of sample can be seen in Fig. 7A and
B, whereas Fig. 7C and D show a zoom over the (0—10) % strain range.
The Young’s modulus of each gel has been determined by applying a
linear fit to the (0-10) % strain range and extracting the slope. For both
conditions, fresh or swollen gels, the composite hydrogels showed a
higher Young’s modulus than the pure GelMA gels, with moduli of 81
kPa and 65 kPa for fresh composites compared to 31 kPa and 26 kPa for
fresh GelMA, and 40 kPa and 32 kPa for swollen composites against 26
kPa and 24 kPa for swollen GelMA. The partial degradation of the
fibrous network is thus confirmed by the approximately 50 % decrease
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in Young’s modulus after swelling the composite gels, whereas the
decrease for the swollen compared to fresh GelMA alone was only
approximately 12 %, which could be due to the loosened polymer
network after swelling. This is in agreement with previous literature on
GelMA of similar composition, and with the same photoinitiator system,
with the resulting modulus depending on polymer concentration, pho-
toinitiator concentration and light irradiation. [10,12]

Stress-strain curves also display differences between the gels in terms
of stress at failure. For instance, the fresh composite gels failed at a much
lower stress than the fresh GelMA gels (~150 kPa for composite
compared to ~420 kPa for GelMA, Fig. 7A). This could be explained by
the presence of the fibers inside the GelMA matrix that might act as
stress concentrators where fracture can nucleate, whereas the pure
GelMA gels have a more homogeneous structure and, evidently, can
sustain a higher stress. When the gels are swollen, and the fibers
partially degraded, (Fig. 7B), both composite and pure GelMA gels fail at
approximately 230 kPa.

To further investigate the macroscopic mechanical properties of the
composite hydrogels, tensile testing was also employed. This mode of
mechanical testing is particularly relevant in the case of materials used
for tissue engineering applications where the tissue needs to be
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5 mm).

mechanically loaded (either through external stimulus, or via cell con-
tractions, such as in cardiac tissue engineering). [48] Dog bone samples
of composite gels and controls of pure GelMA gels were prepared and
tested on a custom-built mechanical testing device that allowed samples
to be stretched and released at a controlled strain rate while measuring
the force exerted on the sample. [49] The results of these tests are pre-
sented in Fig. 8.

Tensile tests were performed while the samples were soaking in PBS
(thus in swollen state), and after a first stretch until 20 % strain, cyclic
tensile testing of the gels was performed at 0.1 mm/s until 20 % strain,
three times. The curves in Fig. 8A show the first cycle. The curves for the
composite hydrogels show a higher slope compared to the GelMA con-
trols, equating to a higher Young’s modulus. The difference seen in the
Young’s modulus between the composite replicates might be due to
differences in fiber density inside the gel, because of pre-gel solution
preparation and/or any difference in time that the gels have been in a
liquid environment, as that leads to fiber degradation.

Interestingly, the composite gels display a hysteresis in the tensile
load and unload curves, significantly larger than the pure GelMA, which
is characteristic of energy dissipation, probably due to the presence of
fibers. This may be due to slip between the fibers, or within the fibers
themselves, or due to slip or unbinding of hydrogen bonds between the
fibers and the GelMA. This energy dissipation tendency has been
quantified also by rheology in earlier work, giving a loss modulus G" of 1
kPa for a storage modulus G’ of 7 kPa in the pure GalC7 gels. [38] Many
different strategies have been employed in literature to design hydrogels
with large energy dissipation [50], including double network gels
[51-54] and nanocomposite gels [55,56].

To characterize the variation of elastic modulus with fiber degra-
dation (Fig. 8B), tensile tests were also performed over time for com-
posite gels and pure GelMA controls. Over the course of 2 h, the GelMA
control gels can be observed to have relatively stable tensile Young’s
modulus. Both controls display a moderate increase in the modulus, with
2 kPa higher modulus after 2 h. This is surprising, as gel swelling
generally is associated with a reduction of Young’s modulus. [57]
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However, the modulus of a polymer gel can be assumed to be propor-
tional to the chain number density and the elastic free energy per chain,
of which the elastic energy per chain increases during swelling, while
the chain number density decreases. [58] Therefore predictions of the
influence of hydrogel swelling on the modulus are challenging even in
simple gel systems [57], and even more so for composite gels such as the
ones presented in this work. The data suggest however, that there is a
significant increase in elastic energy in the system as swelling is initi-
ated, resulting in the observed increase in Young’s modulus.

As expected, there was no effect on the Young’s modulus by adding
GalC7 to the solution surrounding the GelMA control gel. For the com-
posite gels, an initial increase in the modulus during the first 30 min was
replaced by a decrease of the modulus, if there is no GalC7 in the so-
lution. This can be attributed to the dissolution of the fibers, with
Young’s modulus of the composite gel decreasing to be similar to GelMA
alone. As seen previously, the addition of GalC7 in solution prevented
the fiber dissolution within the timeframe tested here, manifesting as a
continued slight increase in the Young’s modulus, possibly due to
swelling, and potentially contributed to any initiation of new fiber
growth.

3.3. Culture of cardiac fibroblasts

While the dissolution of the fibers occurred faster than we had ex-
pected, we were interested to culture cells inside the composite hydro-
gels to confirm that they are suitable for cell culture, and to see if cells
were able to interact with the channels left in the gel after the supra-
molecular fibers dissolve. To this end, we embedded cardiac fibroblasts
in the composite and GelMA control gels and evaluated the experiment
after 6 h or 7 days in culture. The conditions of the cell culture were
tailored to reduce the fiber dissolution, but were limited by the inability
to heat the cell culture media to 100 °C. Consequently, 0.01 wt% of
GalC7 was added to the media that surrounded the gels, and the volume
of media was kept at 0.5 ml. With these conditions, at least some fibers
should remain at 6 h, our early time point. At 7 days, all fibers are
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Fig. 8. A) Tensile test results on composite and control (pure GelMA) gels. Four
replicates of the composite have been measured. For each sample, the graph
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surements were all performed in PBS. The Young’s moduli were calculated by
applying a linear fit to the (load) stress-strain curve and extracting the slope. B)
Young’s moduli of composite and pure GelMA gels over time when soaking in
either PBS or a solution of 0.05 wt% of GalC7 in PBS.

anticipated to have dissolved, and been replaced by cavities in the
GelMA. Representative images from the cell culture can be seen in Fig. 9,
with more images available in supporting information Fig. S4 (6 h) and
Fig. S5 (7 days).

Live/dead staining after 7 days in culture (Fig. 9A-C) showed
excellent viability, with very few dead (red) cells seen. The morphology
of the cells is more easily visualized by immunostaining of the actin
cytoskeleton using phalloidin (and the nucleus is stained blue using
DAPI). After 6 h of culture, most cells remain round in both the GelMIA
control and the composite gels. Some cells, however, are seen to extend
in an elongated morphology in the composite gels. As the fibers are
expected to have been present over this initial period, we interpret this
as the cells being able to interact with and extend along the fibers. This is
in agreement with previous work where neural stem cells, grown in pure
GalC7 gels for 7 days, displayed long and straight neurite extensions
when they differentiated as neurons. [38] Cells are also known to extend
along fibers in the ECM in vivo as well as in vitro. For example, cells have
been demonstrated to extend along topographical cues in 2D, when
ridges/grooves [59,60] or protein patterns [61,62] are presented on the
micrometer or nanometer scale [63]. Such topographical guidance has
also been demonstrated in 3D, in several composite hydrogel systems.
[4,24,64,65] Other interesting composite gels, that have demonstrated
cell guidance through alignment, include those with freezing-induced
aligned porosity, such as in work on GelMA/Silk fibroin scaffolds by
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Asuncion et al. [66] With a strategy close to our, the culture of fibro-
blasts in a GelMA hydrogel with embedded sacrificial polyvinylalcohol
(PVA) fibers led to a directional growth of the cells. In this case, the
microchannels (around 50 pm) are larger than the channels formed in
our work (3-4 pm, measured from the width of the cell extensions) and
smaller than those made by microfabrication techniques (=500 pm).
[67] These small diameters are interesting for mimicking
microvascularization.

After 7 days in culture, cells can be seen to extend more within the
GelMA controls, and this can be attributed to degradation of GelMA by
the cells creating space for the cells to extend. Cells can be seen to both
extend in several directions, or in some cases to create elongated cells
similar to those in the composite gels. In the composite gels, more cells
are elongated and of very high aspect ratio. These elongated cells are
remarkably narrow, and cells do not appear to spread in all directions as
seen in the GelMA. Also, examples of chains of single cells can be seen,
demonstrated by several nuclei observed along them. We interpret this
as the cells interacting with the cavities left in the gel after the fibers
have dissolved, most likely squeezing through the narrow channels, and
following, it seems, the path of least resistance. The fact that the
degraded fibers leave space in the hydrogel is interesting for several
reasons. This outcome will increase porosity and thus permeation of
oxygen and nutrients into the scaffold over time as cells proliferate.
[68,69] In the PVA-GelMA composites by Sun et al., the channels were
larger and accommodated the growth of several cells in their width. [67]
Many challenges remain to fully understand how cells interact with their
surroundings in 3D. A particular challenge is that several factors are
generally coupled in hydrogel systems, such as porosity and modulus,
and these gels offer an unprecedented opportunity to independently
tailor porosity and gel modulus. For this reason, we believe that these
gels will be of interest to study many biological processes, and in
particular vascularization [70,71], and cancer metastasis and invasion.
[20] In addition, these gels present dynamic mechanical properties,
which we believe can be further tailored to suit various applications
using GalC7 in solution, or perhaps by tuning the fiber composition
using mixes of other N-alkyl-galactonamide molecules. [38,72]

4. Conclusion

In summary, we developed a novel composite hydrogel comprising
supramolecular fibers from small self-assembling synthetic molecules
inside a modified gelatin matrix. By directly mixing GelMA and GalC7 in
PBS at high temperature followed by a slow cooling, we managed to
incorporate a homogeneous fibrous network of GalC7 fibers inside a
GelMA hydrogel, as characterized through several microscopy tech-
niques. Our results showed that the fibers inside the GelMA disappear
over time due to the non-covalent nature of the interactions governing
the GalC7 fibers, which ultimately results in their dissolution. However,
the rate of this degradation can be tuned by using smaller liquid volumes
and/or a small concentration of GalC7 dissolved in the surrounding
liquid in which the composite gels are kept. Our results also showed that
the presence of the supramolecular fibers inside the GelMA matrix in-
creases the constructs’ stiffness compared to GelMA alone. As a result of
fiber dissolution, narrow channels develop in the Ge]MA matrix, along
with a gradual softening of the gel. Finally, we successfully encapsulated
and cultured cardiac fibroblast cells for 7 days inside the composite gels.
Our results showed that the composite gels enabled remarkable elon-
gation of fibroblasts in 3D, which was not observed inside pure GelMA
gels. This novel composite material thus brings particularly interesting
properties to the resulting scaffolds for their use in tissue engineering
applications. The presence of the supramolecular fibers as well as their
degradation over time provides a dynamic environment for cell culture
with evolving mechanical properties and enhanced porosity. We believe
that there is potential for the use of such materials in scar tissue or
vascularization studies where changes in cell microenvironment are key
factors for understanding such mechanisms.
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E - Control - 6 hours

G - Control - 7 days

Fig. 9. Biocompatibility assay on the composite gels showing the live (green)/dead (red) staining of cardiac fibroblasts after 7 days of culture encapsulated in
composite gels (A-C, scale bar: 200 pm).Immunostaining of cardiac fibroblasts encapsulated in composite hydrogels (D,F) and GelMA controls (E, G) after 6 h and 7

days in culture (blue: DAPI, red: phalloidin, scale bar: 100 pm).
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