Biomaterials
Science

rsc.li/biomaterials-science

oo
-

ROYAL SOCIETY
OF CHEMISTRY

e

ISSN 2047-4849

PAPER

Matthew B. Baker et al.

Modular mixing of benzene-1,3,5-tricarboxamide
supramolecular hydrogelators allows tunable biomimetic
hydrogels for control of cell aggregation in 3D

Volume 10
Number 17

3

7 September 2022
Pages 4671-5020

European
Society for
Biomaterials




Open Access Article. Published on 21 jali 2022. Downloaded on 21.9.2024 18:55:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Biomater. Sci., 2022, 10,
4740

Received 1st March 2022,
Accepted 31st May 2022

DOI: 10.1039/d2bm00312k

rsc.li/biomaterials-science

1. Introduction

Modular mixing of benzene-1,3,5-tricarboxamide
supramolecular hydrogelators allows tunable
biomimetic hydrogels for control of cell
aggregation in 3D+

Shahzad Hafeez, ()@ Fiona R. Passanha,® Antonio J. Feliciano,? Floor A. A. Ruiter,®®
Afonso Malheiro,® René P. M. Lafleur, 2 © Nicholas M. Matsumoto,®

Clemens van Blitterswijk,® Lorenzo Moroni, (2 @ Paul Wieringa, (=@

Vanessa L. S. LaPointe (2 ® and Matthew B. Baker () *2

Few synthetic hydrogels can mimic both the viscoelasticity and supramolecular fibrous structure found in
the naturally occurring extracellular matrix (ECM). Furthermore, the ability to control the viscoelasticity of
fibrous supramolecular hydrogel networks to influence cell culture remains a challenge. Here, we show that
modular mixing of supramolecular architectures with slow and fast exchange dynamics can provide a suit-
able environment for multiple cell types and influence cellular aggregation. We employed modular mixing
of two synthetic benzene-1,3,5-tricarboxamide (BTA) architectures: a small molecule water-soluble BTA
with slow exchange dynamics and a telechelic polymeric BTA-PEG-BTA with fast exchange dynamics.
Copolymerisation of these two supramolecular architectures was observed, and all tested formulations
formed stable hydrogels in water and cell culture media. We found that rational tuning of mechanical and
viscoelastic properties is possible by mixing BTA with BTA-PEG-BTA. These hydrogels showed high viability
for both chondrocyte (ATDC5) and human dermal fibroblast (HDF) encapsulation (>80%) and supported
neuronal outgrowth (PC12 and dorsal root ganglion, DRG). Furthermore, ATDC5s and human mesenchymal
stem cells (hMSCs) were able to form spheroids within these viscoelastic hydrogels, with control over cell
aggregation modulated by the dynamic properties of the material. Overall, this study shows that modular
mixing of supramolecular architectures enables tunable fibrous hydrogels, creating a biomimetic environ-
ment for cell encapsulation. These materials are suitable for the formation and culture of spheroids in 3D,
critical for upscaling tissue engineering approaches towards cell densities relevant for physiological tissues.

tures do not mimic the dynamicity and fibrous morphology of
the ECM. Fibrous proteins in the ECM such as collagen, elastin,

Unlike traditional synthetic elastic hydrogels employed for
tissue regeneration, the extracellular matrix (ECM) is fibrous
and possesses a range of time-dependent viscoelastic
properties.””” Stiffness can be tuned in synthetic elastic hydro-
gels to mimic soft tissues and control cell behaviour;*®
however, static and uniform cross-links with mesh-like struc-
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fibronectin, and laminin self-assemble via physical interactions
to form highly organised superstructures.”® Furthermore, the
ECM structure is highly dynamic, interacting with cells to
control several functions such as growth, migration, prolifer-
ation, and differentiation,” while undergoing continuous remo-
delling.'® These physical interactions between proteins and this
remodelability are believed to be responsible for the dynamicity,
viscoelasticity, and stress relaxation behaviour of the native
ECM.” Engineering both viscoelasticity and fibrous assembly in
synthetic hydrogels remains a challenge.

Stress relaxation is a measure of viscoelasticity, and indi-
cates the ability of the ECM to dissipate cell stresses by either
reorganisation of physical cross-links or remodelling by degra-
dation. Stress relaxation has been shown to directly influence
stem cell lineage and cell behaviour.m>'*™*® Faster stress relax-
ing hydrogels generally enhance cell spreading,'’ prolifer-

This journal is © The Royal Society of Chemistry 2022
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ation,'® and support the formation of actin stress fibres and
focal adhesions.'® By tuning the stress relaxation/viscoelasti-
city of a hydrogel, the differentiation of mesenchymal stem
cells (MSCs) can be controlled towards either the osteogenic or
adipogenic lineages.'®'® Furthermore, therapeutic cells like
primary chondrocytes have been shown to produce more carti-
lage-like ECM in fast relaxing hydrogels.”® Myoblasts (C2C12)
have also shown sensitivity to stress relaxation by increased
spreading and the formation of robust actin filaments in fast
relaxing hydrogels."* Such stark differences in cellular pheno-
type are observed largely due to the viscous component (visco-
elasticity) of these hydrogels, which is responsible for dissipating
stresses in the materials when a cell pulls or pushes against the
matrix."*'>* While the effect of network dynamics on cell
adhesion have been well documented,?* less is known about the
effect of these network dynamics on cellular aggregation.

On the molecular scale, the rate of stress relaxation in a
hydrogel is inherently dictated by the dynamics of the network
cross-links."*® An early example of tunable stress relaxation
involved grafting polyethylene glycol (PEG) on alginate to
preturb the binding of the Ca®** cross-linker."® More recent
approaches use knowledge from small molecules physical
organic studies including dynamic covalent and supramolecu-
lar chemistry."**° These strategies offer a more rational way
to tune the hydrogel properties by using the equilibrium con-
stant K., the ratio of the rate constants of the on and off rates
of binding. Exploiting dynamic covalent chemistry, the stress
relaxation in hydrogels has been tuned by utilizing differences
in k; and k_, of aliphatic (fast) versus aromatic (slow) aldehyde
to form a hydrazone bond.'* Other strategies include lever-
aging the differences in equilibria and kinetics of esterification
of boronate esters,’® mixing two different phenylboronic acid
derivatives with unique diol complexation rates,** and employ-
ing either distinctly different imine-type dynamic cross-links
(oxime versus hydrazone)*> or modular mixing of dynamic
cross-links (oxime and hydrazone).?” Host-guest chemistry has
also been applied to engineer stress relaxation by using guest
molecules with a range of affinity to host in both cucubiturils**
and cyclodextrins.® Despite these advances, the control of vis-
coelasticity in fibrous hydrogels based on self-assembly
remains elusive and is limited to a few examples.>*>®

Among hydrogels, one-dimensional (1D) synthetic supra-
molecular biomaterials stand out, thanks to their fibrous
structure, dynamicity, and ability to create a biomimetic
ECM.?”?% Similar to the self-assembly of ECM proteins via
physical interactions, the building blocks in a supramolecular
fibre self-assemble via non-covalent interactions such as
hydrogen bonding, hydrophobic interactions, and - stack-
ing. The monomers in supramolecular fibres can be dynamic
and can undergo exchange between fibres, which mimic the
association and disassociation of physical cross-links between
fibres in ECM proteins.>”*® Supramolecular polymerisation
enables the creation of fibril structures with similar length
scales to native ECM proteins, the tuning of dynamics on the
molecular scale, and the building of structure-property
relationships between molecular dynamics and bulk

This journal is © The Royal Society of Chemistry 2022
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properties.’’*>*® Molecular engineering of peptide amphi-
philes,”* short peptides,”* ureido-pyrimidinone (UPy)** and
BTAs*****> has been employed to achieve fibrous structures and
control the macroscale mechanical properties of hydrogels.
Several recent reports have shown the ability for nanofibrillar
hydrogels to support and facilitate cell aggregation;*®*” however,
the role of viscoelastic timescales (or network exchange) on the
speed or amount of cell aggregation has not been investigated.

Owing to the high specificity and directionality of supramo-
lecular interactions, modular mixing via a mix-and-match
approach with supramolecular monomers is a unique opportu-
nity to create new materials on the bench-top without having to
synthesise new molecules or polymers. This modular approach
opens up possibilities to build generalizable platforms for the
copolymerisation of supramolecular monomers for the tuning
of material composition, mechanical properties, and bioactivity.
Modular mixing has been used to create elastomeric scaffolds
for tuning the bioactivity in UPy polymer platforms,>***">° and
to carry different biological signals in peptide amphiphiles.**
Recent progress has shown that modular mixing also offers the
potential to tune the exchange dynamics in UPy’*> and BTA***>
based supramolecular materials, which can be utilized to
control hydrogel structure, dynamicity, and viscoelasticity.
While both the UPy and peptide amphiphile architectures have
a long history of use in hydrogel biomaterials, BTA systems have
only been sparingly investigated.>®

Here, we explore a simple and versatile supramolecular
tuning strategy for cell culture applications. We build on the
recently published work where BTA and BTA-PEG-BTA (a teleche-
lic poly(ethylene glycol) (PEG) functionalized with BTA on both
ends) were mixed in different ratios to create 1D fibrous struc-
tures with competitive interactions.*® By tuning the formu-
lations at higher concentrations, we can achieve hydrogels with
mechanical and viscoelastic properties in the physiological
range for soft tissues. We investigated these BTA fibrous hydro-
gels for 3D cell culture with several different cell types. Since
these BTA hydrogels are composed of non-covalent interactions,
which are dynamic and can facilitate cell-cell contact and cell
aggregation, we were able to employ hydrogels with different
viscoelastic timescales to investigate the aggregation behaviour
of chondrocytes (ATDC5) and primary hMSCs. To our best
knowledge, this is the first report which studies the effect of
dynamic timescales on cell aggregation and spheroid formation
in viscoelastic hydrogels. BTA viscoelastic hydrogels offer
alternatives to typical two-dimensional (2D) plastics and micro-
wells for studying cell aggregation and spheroid formation, as
they provide an ECM mimicking 3D fibril structure with physio-
logical stiffness ranges and controlled viscoelasticity.

2. Results and discussion
2.1. Hydrogel formation and vial inversion

In this study, we used two BTA architectures (Fig. 1A and B): a
small molecule BTA (slow exchange dynamics) and a telecheli-
cally functionalized PEG BTA-PEG-BTA (fast exchange

Biomater. Sci, 2022,10, 4740-4755 | 4741
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Modular mixing for tuning viscoelasticity in fibrous hydrogel

Fig. 1 Chemical structures and schematic representations of BTA and BTA-PEG-BTA: (A) The BTA chemical structure has a benzene core with
dodecyl hydrophobic spacers and a tail of tetra-ethylene glycol units for solubilizing in water. The BTA-PEG-BTA chemical structure is formed by
two BTAs connected to poly(ethylene glycol) 20 kg mol™ (PEG20K) using copper-azide click chemistry. (B) Schematic representations of the supra-
molecular networks of BTA (100 : 0) and BTA-PEG-BTA (0:100) hydrogelators; the benzene core and hydrophobics are shown in yellow and gray,
and blue represents the tetra-ethylene glycol units. PEG20K is shown in light blue. (C) A schematic representation of BTA units stacking over each
other via 3-fold hydrogen bonding interactions, resulting in micron-length long fibres. The inset images are zoomed in areas, the top shows BTA
stacks in a single fibre and the bottom demonstrates the BTA fibres physical cross-links/entanglements between fibres. The image with the black
arrows shows the slow rate of molecular exchange dynamics. (D) A schematic representation of BTA-PEG-BTA forming micelles due to the steric
hindrance of poly(ethylene glycol). The BTA units are shown in yellow and the PEG polymer in blue. Red represents the bridges between micelles. A

faster rate of molecular exchange dynamics is shown in the image with black arrows for BTA-PEG-BTA.

dynamics). The BTA-PEG-BTA architecture was formed by con-
necting two BTA molecules with a bi-functional PEG20K using
copper-catalysed azide-alkyne click chemistry.>® To start with,
we investigated the ability of BTA and BTA-PEG-BTA to form
hydrogels via a simple heat-cool approach. Both BTA and
BTA-PEG-BTA formed hydrogels successfully at 10 wt% (Fig. 1C
and D). The BTA formed an optically opaque gel, while the
BTA-PEG-BTA formed an optically clear gel. During these
experiments, we also observed that BTA-PEG-BTA hydrogels
can also be made by mixing BTA-PEG-BTA powder with Milli-Q

4742 | Biomater. Sci, 2022,10, 4740-4755

water, Dulbecco’s phosphate-buffered saline (DPBS), and
media and then placing overnight at 37 °C. When subjected to
a vial inversion test, we noticed that the hydrogelators had
markedly different behaviour (Fig. S171). After 24 hours, the
BTA hydrogel stayed at the top of the vial while the
BTA-PEG-BTA hydrogel flowed to the bottom of the glass vial.
This flow behaviour of BTA-PEG-BTA suggested greater visco-
elasticity compared to BTA.

We then mixed the two hydrogelators in different ratios

with a final concentration of 10 wt% (Fig. S1t). For this study,

This journal is © The Royal Society of Chemistry 2022
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the different formulations of copolymerised hydrogels
explored were 90:10, 75:25, 50:50, 25:75, and 10:90; this
nomenclature indicates the % of BTA:BTA-PEG-BTA. For
example, 200 pL of a 100:0 hydrogel contains 20 mg of BTA
and zero mg of BTA-PEG-BTA, while a 75:25 gel contains
15 mg of BTA and 5 mg of BTA-PEG-BTA. All of the tested for-
mulations formed stable hydrogels in water and DMEM using
a simple heating-cooling procedure. We did observe that the
transparency of the hydrogel increased with an increasing %
of BTA-PEG-BTA (Fig. SIt). During a cursory vial inversion test,
only the 10: 90 hydrogel flowed to the bottom of the vial after
24 hours and all other tested copolymerised hydrogels stayed
at the top of the vial.

2.2. Storage moduli

To investigate the mechanical properties, we turned to oscil-
latory rheology. First, we investigated BTA and BTA-PEG-BTA
with a frequency sweep at 1% strain and with a final concen-
tration of 10 wt%. The BTA hydrogel (100:0, grey colour

A
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Fig. 2A) showed an equilibrium storage modulus around
300 Pa, which stayed constant over almost five decades of
angular frequency. This could be attributed to the very long
(several micrometres in length) and entangled fibres observed
under cryogenic transmission electron microscopy (cryo-
TEM),** which would result in a persistent network formation.
The BTA-PEG-BTA hydrogel (0:100, black colour in Fig. 2A)
showed a plateau storage modulus of 9000 Pa. This 0:100 for-
mulation displayed a classic viscoelastic response; we observed
a decreasing storage modulus with decreasing angular fre-
quency. The elastic plateau at a higher frequency is believed to
originate from the formation of elongated objects owing to the
bridging of micelles by a BTA-PEG-BTA molecules.>®

To explore if BTA copolymerisation would result in a library
of hydrogels with different mechanical properties, we mixed
BTA and BTA-PEG-BTA in different proportions and recorded a
frequency sweep. Starting with the pure BTA formulation, we
observed a storage modulus of 300 Pa. When 10%
BTA-PEG-BTA (90:10) was added, the storage modulus
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Fig. 2 BTA modular mixing allows for tuning of the viscoelastic properties of hydrogels: (A) BTA (100: O, in grey) and BTA-PEG-BTA (0: 100 in black)
storage moduli (filled symbol) and loss moduli (empty symbol) as a function of frequency. (B) The tuning of the storage moduli by copolymerisation
of BTA and BTA-PEG-BTA. (C) The tan$ (G"/G) as a function of frequency of the copolymerised hydrogels. (D) The stress relaxation profiles of the
hydrogels when subjected to constant 1% strain. Duplicates were performed for all the hydrogel formulations in A, B, and C. Similar trends in visco-
elasticity were found, and the tané (G"/G’) values are reported for all runs in the ESI Fig S3E.f Duplicates were performed for 25:75
(BTA: BTA-PEG-BTA) in D in order to confirm the outlier behaviour and are reported in Fig. S4C.+
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increased to ~20 kPa, indicating a surprising increase in
stiffness with a low amount of the telechelic architecture. The
storage moduli stayed constant upon increasing the
BTA-PEG-BTA to 25% (75:25) and then decreased to 15 kPa,
9 kPa, and 6 kPa (Fig. 2B) with increasing BTA-PEG-BTA (50 : 50,
25:75, and 10 : 90, respectively). These modularly mixed hydro-
gels have storage moduli in the range of soft tissues (shear
moduli), such as cardiac muscle (5-50 kPa), kidney (4-8 kPa),
spleen (15-20 kPa) and thyroid (1.3-1.9 kPa)." Conveniently,
these different stiffnesses can easily be tailored simply by
mixing different proportions of the two components.

Non-linear dependence of the storage moduli has also been
observed by Vereroudakis et al.>® of the BTA and BTA-PEG-BTA
copolymerised binary hydrogels at low concentration (5 wt%).
Here, they observed that the storage moduli gradually
increased upon addition of BTA-PEG-BTA to BTA and reached
a maximum of 10 kPa for the 50:50 formulation. A decrease
in the supramolecular fibre length with an increasing
BTA-PEG-BTA % and the resulting changes in the connectivity
of the network have been attributed to be responsible for this
observed non-monotonic dependence of the storage moduli.>®

2.3. Viscoelasticity

Previous work has shown that BTA forms largely elastic hydro-
gels, while BTA-PEG-BTA is largely viscoelastic.** We explored if
this trend still holds true at the higher concentrations used for
cell culture applications. The pure BTA largely showed fre-
quency-independent storage and loss moduli, which is typical
for a Hookean solid (see in Fig. 2A, grey colour). BTA-PEG-BTA
showed a complex viscoelastic behaviour, with G" crossing G’ at
around 5 rad s (see in Fig. 24, black colour), which is a typical
transition (rubbery plateau to terminal region, going from high
to low frequency) for viscoelastic materials (Fig. S2t). These
results were in agreement with previously reported studies**
and with our visual observations during the vial inversion test.
All modularly mixed hydrogel formulations showed charac-
teristic viscoelastic behaviour as shown in Fig. S3A.f In
general, we observed a shift towards a more viscoelastic char-
acter with higher weight fractions of BTA-PEG-BTA. The formu-
lation 90:10 showed that G’, and G", remained largely inde-
pendent of frequency (Fig. S3A).T The formulation 75 : 25 also
did not show a crossover point between G’ and G" within the
experimental window; however, the decreasing G’ as we moved
to a lower frequency forecasts a convergence (shown in
Fig. S3At). This effect was more pronounced when we
increased BTA-PEG-BTA to 50% (50 : 50) which showed the con-
vergence point of G” and G' around w = 0.1 rad s~*, which is
roughly 2 decades lower than the 0:100 crossover point.
Interestingly, the 25:75 gel did not show any convergence or
crossover point even though it has 25% more BTA-PEG-BTA
compared to the 50:50 formulation. Upon increasing
BTA-PEG-BTA to 90% (10:90), the crossover point reached 3
rad s~ which is close to the 0:100 formulation (5 rad s™%).
The shifting of crossover points to a higher frequency by
adding BTA-PEG-BTA indicated that modular mixing of supra-

4744 | Biomater. Sci,, 2022, 10, 4740-4755
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molecular BTA units allowed the tuning of viscoelasticity
across a relatively broad range.

Tan 8, the ratio of G"/G', also is able to provide information
on the viscous behaviour or stress dissipation characteristic of
a material. We investigated tan § of the different formulations
as shown in Fig. 2C. Tan § is highest for 0: 100 (BTA-PEG-BTA)
across all investigated frequencies, which indicated that it had
the highest viscous component in all the formulations. In
general, adding BTA in BTA-PEG-BTA led to a decrease in the
tan § indicating that the BTA added more elastic properties to
the mixture. For example, at 0.1 rad s™*, 0: 100 had a tan 6 of 10,
which decreased to 1 and 0.1 for 50:50 (50% BTA) and 90:10
(90% BTA). Interestingly, 90 : 10 had a lower tan § than 100: 0 (at
all angular frequencies), indicating that 90:10 has more visco-
elastic solid characteristics and less stress dissipation capacity
compared to 100: 0. Another exception to the general trend of
adding BTA and decreasing tan$ was again 25:75 (75%
BTA-PEG-BTA) which showed a tan§ value lower than 50:50.
Important to note, the differences in the tan é value increased
as we gradually moved to lower frequencies (from 10 to 1072
rad s™"); this observation indicated that the hydrogels behave
very different at low frequencies, which points to different
exchange dynamics of monomers in the BTA formulations.

Next, we investigated the stress relaxation behaviour of the
hydrogels for in-depth analysis of the stress relaxation modes.
BTA-PEG-BTA (0:100) relaxed fully in under just one second,
while BTA (100: 0) barely relaxed to 60% after 10 000 seconds
(Fig. 2D). As predicted by the viscoelastic frequency sweep, we
found that the stress relaxation time scales can be fine-tuned
by mixing BTA with BTA-PEG-BTA in different ratios. While the
average stress relaxation times are often calculated using the
Maxwell model (eqn (1)), this model only contains a single
characteristic relaxation mode in which a Hookean spring and
a Newtonian dashpot are connected in a series:

G(t) = Goe /™ (1)

where G(t) is storage modulus, G, is equilibrium storage
modulus, and 7 is the relaxation time. After the initial fitting,
we realized that our supramolecular systems exhibited a more
complex relaxation behaviour. Therefore, we used the
Maxwell-Weichert model for viscoelastic fluids (eqn (2)),
which consists of spring-dashpot Maxwell elements in parallel.
In this case, the total stress in the system would be the sum of
stress in each Maxwell spring-dashpot element.

G(t) = _Gie/" 2)

Using this approach, the average stress relaxation time can
be obtained by summation of stress in each Maxwell-dashpot
element over the time interval of the stress relaxation test.

<7T>= Z Citj (3)
i

Using eqn (3) for two Maxwell elements in parallel, the
average stress relaxation time <z> was calculated as shown in

This journal is © The Royal Society of Chemistry 2022
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Table 1 Average stress relaxation times for BTA formulations

Sample 100:0 90:10 75:25 50:50 25:75 10:90 0:100
7 average (seconds) 11000 18555 64 5 417 0.4 0.3
74/, (seconds) 524 N/A® 4 0.4 33 0.2 0.1

“Did not reach half value even after 10 000 seconds.

Table 1. Increasing the BTA-PEG-BTA percentage led to a
decrease in stress relaxation time and via the modular mixing
of BTA and BTA-PEG-BTA the stress relaxation times could be
tuned from under a few seconds to several thousand seconds.
The average relaxation times ranged from several thousand to
a few seconds and half relaxation times are between several
hundred to a few seconds, shown in Table 1. Many of the BTA
formulations have stress relaxation half times between 0.1-100
seconds, which are in the range of soft tissues such as brain,
breast tumour, coagulated marrow, fracture hematoma, liver,
and muscle.> In addition, the stress relaxation half times
(below 100 seconds) of our hydrogels are in the range shown
to promote osteogenic differentiation'® and cartilage-like
matrix formation.*

A general trend was observed, where increasing
BTA-PEG-BTA resulted in faster-relaxing hydrogels (Fig. 2D).
This is likely due to the presence of the telechelic PEG20K in
BTA-PEG-BTA, which could result in less stable BTA aggregates
and faster exchange dynamics. In previous studies, hydrogen/
deuterium exchange (HDX) mass spectrometry (MS) experi-
ments showed that mixing BTA-PEG-BTA with BTA weakens the
association strength between BTA molecules within the assem-
bly leading to less stable aggregates and faster exchange
dynamics.?® In a similar study with a UPy supramolecular
polymer, a bivalent UPy (UPy molecules connected with tele-
chelic PEG20K) accelerated the exchange dynamics when
mixed with a small-molecule UPy.>” These studies support that
the faster exchange dynamics in the presence of telechelic PEG
architectures are mainly responsible for the fast relaxation
behaviour of BTA-PEG-BTA and that the different exchange
dynamics, in combination with the differences in hydrogel
morphology,*® are a likely source of the different relaxation
behaviour in these multi-component supramolecular systems.

2.4. Self-healing

Initially, self-healing was visualized in the lab by placing two
pieces of hydrogel, coloured with red and green food colouring
dye, side by side and compressing them. The hydrogels with
>75% of BTA-PEG-BTA self-healed after 24 hours, yet the
90:10 and 100:0 formulations did not (Fig. S5t). Next, the
self-healing behaviour was quantitatively investigated on rhe-
ometer using a cone-plate configuration. Initially, a strain
amplitude sweep was conducted to find the critical strain
needed to break the hydrogel structure. BTA (100:0) showed
strain at break around 100%, while strain at break sharply
decreased to ~2% for 90:10 (10% BTA-PEG-BTA), increased to
~20% for 75:25 (25% BTA-PEG-BTA), and then stayed almost

This journal is © The Royal Society of Chemistry 2022

constant for 50:50 and 25:75. When the % of BTA-PEG-BTA
increased to 90%, strain at break declined to 10% for 10:90
and ~2% for pure BTA-PEG-BTA (0: 100). The data showed that
modular mixing of BTA architectures allowed tuning the strain
at break; however, distinct trends are less clear.

We then investigated self-healing via a step strain shear
rupture cycles (1% to 400% strain) at a constant frequency (@ =
10 rad s™) for investigating the self-healing behaviour of the
hydrogels (Fig. S51). Hydrogel rupture was observed upon
applying a high strain (G’ > G") and the moduli quickly recov-
ered to original during the strain cycle.
Interestingly, 100: 0 and 90:10 also showed full self-healing
capacity, which we did not observe in the visual macroscopic
self-healing test. This shows that the shear rheology and visual
self-healing test can result in contradicting results; macro-
scopic visual self-healing tests should be conducted for investi-
gating the macroscopic self-healing capacity. The self-healing
behaviour within these BTA based hydrogels can be associated
with reversible and dynamic supramolecular interactions.

values low

2.5. Cell studies

2.5.1 BTA based gels are cytocompatible and allow cell
growth. Next, we moved to determine the biological compat-
ibility of these materials. BTAs have been used in the presence
of cells before in low concentrations,” but their cytocompat-
ibility as hydrogels is not well explored. To investigate the cyto-
compatibility, preliminary studies were carried out using fibro-
blasts with pure BTA-PEG-BTA. Fibroblasts were seeded on the
top (2D) and encapsulated within the hydrogel (3D) utilizing
the self-healing of the hydrogel. The BTA-PEG-BTA hydrogel
was broken into small pieces and mixed with the cells. The
amount of dead cells determined via a live/dead assay was
below 10% for both the 2D and 3D conditions, indicating a
low cytotoxicity of the hydrogel (Fig. 3A and Fig. S6t). This
experiment also showed that the self-healing of the hydrogel
could be used to encapsulate cells and that 3D encapsulation
did not have a negative influence on the cell viability.

In the initial trials, we observed aggregation of fibroblasts
(Fig. S6C and Video 1}) within the BTA-PEG-BTA hydrogels
likely due to fast exchange dynamics. The aggregation of cells
is required for many cell types, and multicellular aggregates
are beneficial en route to tissue formation; however, the cell
aggregation is usually prevented by covalently cross-linked
hydrogels due to their static mesh network. For example, the
aggregation of chondrocytes is desired to produce cartilage-
like ECM for the creation of cartilage tissue. Correspondingly,
we were interested to see if these different hydrogels could
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Fig. 3 High cell viability in BTA formulations: (A) fibroblasts showed high cell viability using a live/dead assay after 24 hours. Green represents live
cells and red represents dead cells. (B) Dorsal root ganglion (DRG) cells showed outgrowth in BTA-PEG-BTA (0 : 100) gels after 48 hours. (C) ATDC5
chondrocytes were around 80% viable (green) using a live/dead assay and the cell viability was comparable to alginate hydrogels cross-linked using
calcium ions. (D) ATDC5 chondrocytes viability in BTA formulations after 7 days. Green represents live cells and red represents dead cells. (E) % area
of live cells calculated using the analyze particle function in Image J software for BTA formulations; the cell area for three images (top, middle and
bottom of an aggregate) was calculated. Minimum two biological replicates were used for each experiment.

control the cell aggregation of chondrocytes in a 3D culture.
First, we compared the viability of chondrocytes (ATDC5) in
alginate, a standard tissue engineering hydrogel,'*>*>" to our
BTA-PEG-BTA hydrogels (Fig. S71). We determined the live/
dead cell area since accurate single-cell counting was mislead-
ing owing to the cell aggregation. Chondrocytes cultured in
both the BTA-PEG-BTA and the alginate showed similar live/
dead results; the total area for live cells was ~3x times greater
than dead cells, suggesting (15-20%) cytotoxicity
(Fig. S7Bf). Cytotoxicity was also monitored using lactate
dehydrogenase (LDH) release assay and both the BTA-PEG-BTA
and the alginate showed lower (8x) LDH release compared to a
cell pellet control, suggesting again greater than 80% viability
(Fig. S7CY).

Next, in order to investigate cell viability for the complete
BTA series, we attempted cell encapsulation using a chemically
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dissolved freeze-drying method. The self-healing method for
cell encapsulation was not the best choice since 100:0 and
90 : 10 showed poor cell encapsulation due to the macroscopic
non-self-healing (Fig. S5A1). We chemically dissolved the solid
polymer in dichloromethane and methanol, dried in a vacuum
oven, and then DPBS was added to make a hydrogel. Then the
hydrogels were frozen and freeze-dried, where we noticed that
the BTA hydrogels have a porous structure after freeze-drying.
The cell suspension was added on the top of the freeze-dried
BTA hydrogels and incubated for ~1 hour at 37 °C for hydrogel
formation. Though we were able to encapsulate cells within
the freeze-dried hydrogels, not all formulations made stable
hydrogels, especially those which have a larger percentage of
BTA. This might be due to the fact that BTA requires heating
for dissolving in water/media for self-assembly. Also, 100:0
formed a foamy lightweight structure, which was soft and
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most of the cells sedimented at the bottom, resulting in poor
cell encapsulation. This procedure of cell encapsulation was
not robust; it needed 4-5 days of gel preparation before cell
encapsulation and involved toxic chemicals such as dichloro-
methane and methanol.

Using the chemically dissolved freeze-drying method, we
observed greater than 80% viability (% of live cell area) in all
the formulations besides 100:0 and 90:10, which showed
around 40% dead cells (by cell area) relative to other formu-
lations (Fig. S8A and S8Bt). We hypothesized that 100 : 0 could
retain methanol because of the BTA hydrogen bonding inter-
actions with methanol, which likely compromised the cell
membrane. In a control experiment, we prepared the 100:
0 hydrogel in cell culture media and encapsulated ATDC5s
using the self-healing method. While this formulation did not
self-heal rapidly enough for efficient cell encapsulations, the
live/dead staining showed almost no dead cells for both cells
in the hydrogel and on the tissue culture plastic (Fig. S8C and
D¥). This indicated that the hydrogel, itself, was not toxic, but
likely toxicity came from the residual solvent or one of the pro-
cessing steps during the freeze-drying method.

Lastly, we also explored the quicker heating method for cell
encapsulation for 90:10 and 0:100 BTA formulations, where
we heated BTA hydrogels until they turned into liquid so that the
hydrogel was pipetteable to mix with the cell suspension; however,
high temperatures (minimum 60 °C) were required (Fig. S97).
Transferring the hydrogel from a glass vial to a cell culture well
plate, gelation in the pipette tip, and rapid gelation (<30 s) upon
mixing cell suspension prevented effective cell encapsulation.
Compared to the self-healing method, relatively more dead cells
were seen (Fig. S101) and no advantages were found.

We found the self-healing method to be more reliable,
applicable and reproducible compared to the other cell encap-
sulation methods we tested, since the hydrogel could be
broken into small pieces and mixed with the cell suspension.
Formulations that could not effectively self-heal and encapsu-
late cells were left out and not studied further. We then
investigated the cytotoxicity of the different formulations
within our small library of BTA-PEG-BTA and BTA hydrogels.
Chondrocytes were encapsulated within the different hydrogels
for 7 days and a live/dead assay was performed. All hydrogels
showed greater than 80% of live cell area, indicating high cell
viability within the modularly mixed BTA hydrogels (Fig. 3D, E
and Fig. S117).

Next, we set out to investigate the capabilty of neural cells
to exhibit neurite outgrowth in the BTA based hydrogels using
the PC12 cell line. Neuronal cells require a dynamic and cell
remodellable microenvironment.>®>” We encapsulated PC12s
as dissociated cells in the most dynamic BTA-PEG-BTA hydro-
gel and observed that the PC12 cells aggregated in the first
48 hours; the neurites showed neurite outgrowth in the
dynamic BTA-PEG-BTA hydrogel over 4 days (Fig. S121). Then
we mixed a small amount of either laminin or fibrinogen into
the BTA-PEG-BTA hydrogel and observed that the PC12 cells
exhibited more neurite projections; from a few in
BTA-PEG-BTA to tens of neurites per cell aggregate in the

This journal is © The Royal Society of Chemistry 2022
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BTA-PEG-BTA hydrogel with either laminin or fibrinogen
(Fig. S12%). Next, dorsal root ganglia (DRGs) were embedded
within the hydrogel, and they exhibited branching neurite out-
growth when cultured in pure BTA-PEG-BTA hydrogel in just
two days (Fig. 3B and Fig. S127). This showed that both PC12s
and DRGs can stay healthy and grow neurite projections in the
dynamic BTA-PEG-BTA hydrogels. To further understand the
role of materials dynamics, exploration of the complete BTA
series to study neurite outgrowth or neuronal sphere formation
is of particular interest.

2.5.2. BTA dynamic and stress relaxing hydrogels facilitate
cell-dependent aggregation (ATDC5 versus hMSCs). In the cell
viability experiments, we observed that cells tended to form
aggregates within the hydrogels, presumably due to the remo-
delability of the hydrogels. Further investigating this in a pre-
liminary experiment, we observed that the material compo-
sition appeared to influence the cellular aggregation behaviour
(Fig. S1371). Slower aggregation and smaller aggregates of
ATDC5 were observed in the formulations with higher
amounts of BTA (slow stress relaxation) compared to faster
aggregation and larger aggregates with higher amounts of
BTA-PEG-BTA (faster stress relaxation). While all formulations
supported ATDCS5 cell aggregation, we saw the best aggregation
and encapsulation performance (based on the self-healing
method) in the compositions from 75: 25 to 0: 100 and moved
forward to characterize the aggregate behaviour in these hydro-
gels in more detail (Fig. 4).

While several previous studies have shown spheroid
culture,***® the formation of spheroids in supramolecular
nanofibrillar hydrogels,*®*” and pre-made spheroid fusion in
supramolecular hydrogels with a vicosus component,®>® the
influence of hydrogel viscoelasticity on cell aggregation/spher-
oid formation in 3D remains unknown. We further hypo-
thesized that changes in the viscoelasticity/stress relaxation of
the matrix could lead to control over cell aggretation — more
simply, is this phenomena a viscoelastic timescale dependent
phenomena? We chose 75:25, 50:50, 25:75 and 0:100 to
study the cell aggregation and compactness of aggregates
formed when ATDC5s were encapsulated within the hydrogels
(Fig. 4B). An agarose microwell mould was used as a positive
control for aggregation, which is a 2.5D cell aggregation model
on a well plate. In this microwell mould, the cells are confined
by non-adherent agarose but the 3D environment is simply
cell media. These agarose microwells allow free self-assembly
of cells and are the current standard for the formation of cell
aggregates, but is limited to 2D culture platforms.®

We immediately observed that the cells started to aggregate
in the BTA hydrogels after 6 hours and formed larger, more
compact aggregates in 0: 100 compared to the other BTA formu-
lations. The ATDC5s did not form uniform aggregates in the
BTA hydrogels over 24 hours, yet aggregates in the 0: 100 formu-
lation were more compact and dense when compared to other
BTA formulations. In the other BTA formulations, single-cell
boundaries could still be identified in the cell aggregates,
indicative of less compactness.> When compared to the BTA
formulations, the ATDC5 aggregates were more round and
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