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ABSTRACT: The use of supramolecular polymers to construct
functional biomaterials is gaining more attention due to the tunable
dynamic behavior and fibrous structures of supramolecular polymers,
which resemble those found in natural systems, such as the extracellular
matrix. Nevertheless, to obtain a biomaterial capable of mimicking
native systems, complex biomolecules should be incorporated, as they
allow one to achieve essential biological processes. In this study,
supramolecular polymers based on water-soluble benzene-1,3,5-
tricarboxamides (BTAs) were assembled in the presence of hyaluronic
acid (HA) both in solution and hydrogel states. The coassembly of
BTAs bearing tetra(ethylene glycol) at the periphery (BTA-OEG,) and HA at different ratios showed strong interactions between
the two components that led to the formation of short fibers and heterogeneous hydrogels. BT As were further covalently linked to
HA (HA-BTA), resulting in a polymer that was unable to assemble into fibers or form hydrogels due to the high hydrophilicity of
HA. However, coassembly of HA-BTA with BTA-OEG, resulted in the formation of long fibers, similar to those formed by BTA-
OEG, alone, and hydrogels were produced with tunable stiffness ranging from 250 to 700 Pa, which is 10-fold higher than that of
hydrogels assembled with only BTA-OEG,. Further coassembly of BTA-OEG, fibers with other polysaccharides showed that except
for dextran, all polysaccharides studied interacted with BTA-OEG, fibers. The possibility of incorporating polysaccharides into BTA-
based materials paves the way for the creation of dynamic complex biomaterials.

H INTRODUCTION materials that mimic living organisms.'”'® In addition,
ureidopyrimidinone-based supramolecular polymers have
been functionalized with peptides for growth factor stabiliza-
tion or, together with bis-urea, to provide cellular adhesion to
the biomaterials.''” DNA has also been incorporated into
supramolecular polymers as short nucleotides to improve
structural control and modularity."® Other supramolecular
scaffolds have been decorated with small carbohydrates.'’
Discotic supramolecular polymers bearing mannose moieties
have, for example, been used for bacterial sensing.”’ Never-
theless, these small biomolecules are not always sufficient to
fulfill essential biological duties. A smaller portion of
biofunctional supramolecular polymers contain more complex
biomolecules, such as proteins that allow for a better
biomimicry.>"**

The assembly of benzene-1,3,5-tricarboxamides (BT As) into
highly dynamic 1D supramolecular fibers in water through

Nature uses supramolecular interactions to construct complex
hierarchical systems from smaller building blocks such as
proteins, polysaccharides, nucleic acids, and lipids."”” Synthetic
supramolecular materials have emerged as modular biomimetic
platforms owing to their tunable dynamic behavior that
resembles that of native systems.’” A unique example is
provided by one-dimensional (1D) supramolecular polymers,
which additionally mimic the fibrous structure of natural
organizations such as the extracellular matrix (ECM)." A range
of scaffolds were found to assemble into 1D supramolecular
polymers in water through hydrophobic effects, hydrogen
bonding, hydrophilic and Coulomb interactions, and z—=x
stacking.”® Nevertheless, the simplicity of their biological
active groups compared to that of natural systems remains an
important challenge to address. Increasing the complexity in
supramolecular polymers requires extensive fundamental
studies on the assembly of multicomponent systems.”
Biofunctionalization of supramolecular polymers is usually Received: July 20, 2021

achieved by the incorporation of simple biomolecules. Peptide Revised:  October S, 2021
amphiphiles assemble into 1D supramolecular polymers,” "’ Published: October 18, 2021
and their intrinsic biofunctionality has been exploited for

angiogenesis promotion,11 bone regeneration,12 and athero-

sclerosis treatment,'® or they have been exploited as responsive
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Scheme 1. Synthesis of HA with Pendant BTAs (HA-BTA) with a Degree of Substitution of 10%
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threefold hydrogen bonding of amides when surrounded by the physical incorporation of four other polysaccharides
hydrophobic pockets has been thoroughly investigated in the (acetylated HA (10 kDa), HA (700 kDa), alginic acid (low
past years.” > At higher concentrations of BTAs, the viscosity), and dextran (10 kDa)) into BTA-OEG, stacks is
entanglement of fibers allowed one to obtain hydrogels.”® presented.

Recently, BTA-based supramolecular polymers have success-
fully been functionalized with charges for siRNA delivery,” B EXPERIMENTAL SECTION
peptides,” and small carbohydrates.”' ~>* A higher complexity
was achieved by the introduction of DNA that was used for
protein recruitment showing the potential of using BTA

Materials. All chemicals and reagents were purchased from
commercial sources and used without further purification unless
stated otherwise. Sodium hyaluronate (10 and 700 kDa) was obtained

supramolecular polymers as modular biomaterials.”* from Lifecore Biomedical, and dextran (10 kDa) and alginic acid (low

Among the relevant complex native biomolecules, poly- viscosity) were obtained from Sigma. Solvents were dried using a
saccharides are widely found at the cellular surface and within MBRAUN solvent purification system (MB-SPS). Water was purified
the ECM, where they have both structural and functional roles. using an EMD Millipore Milli-Q Integral water purification system.
An important subclass of linear polysaccharides are glyco- Automated column chromatography was conducted with a Grace

Reveleris X2 flash chromatography system using Reveleris silica flash
cartridges. 1-Azido-3,6,9,12-tetraoxatetracosan-24-amine and BTA-
OEG, were synthesized according to previously published literature

saminoglycans (GAGs), as they are involved in key biological
processes ranging from cell adhesion, growth, and proliferation
to regulation of signaling pathways.35 In particular, hyaluronic

rocedures.”*”!
acid (HA) is a nonsulfated GAG consisting of alternating /- P Synthesis and Assembly. Synthesis of HA-BTA. Sodium
1,4-p-glucuronic acid and f-1,3-N-acetyl-p-glucosamine mono- hyaluronate was protonated with amberlite-IR120 (H*) resin and
saccharides. HA is found throughout the body, as it is present lyophilized to obtain HA as a white powder. To a stirring solution of
in the ECM of all tissues.>® HA is known to bind CD44, a HA (50.0 mg, 6.63 umol) in dimethyl sulfoxide (DMSO) (10 mL),
glycoprotein expressed on most cells that takes part in benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate

(PyBOP, 65.6 mg, 125.9 umol) and triethylamine (TEA, 17.6 uL,

inflammation processes and is also responsible for ECM
125.9 umol) were added followed by the addition of BTA-NH, (24.9

integrity and the HA-mediated motility receptors (RHAMM)

that regulate cellular migration and proliferation.””** Due to its glegt‘a .118'9 K mOI). (see the Supporting .Informanon for synthesis
; : o ] ils). The mixture was stirred overnight at room temperature
abundance in natural environments and key roles in biological (Scheme 1). The reaction mixture was further dialyzed (MWCO 6—8
processes, HA has been extensively incorporated into artificial kDa) overnight against DMSO and finally twice against water
biomaterials.””~* Nevertheless, most of these HA-containing overnight. The purified product HA-BTA was lyophilized (45.5 mg),
biomaterials are based on covalent chemistries and fail in and the degree of substitution was 10% as determined by proton
reproducing the dynamics of natural systems."”*’ Some nuclear magnetic resonance ("H-NMR) (Figure $4).
examples of dynamic HA-based supramolecular materials Assembly of BTA Materials. Homoassembly. BTA-OEG, and HA-

have been reported,"*~*° and most of them assembled through BTA s.amples. were Rrepared by x'/veig'hir}g the soli'd'material into a
host—guest interactions that have been applied in vivo; 50 glass vial equipped with a magnetic stirring bar. MilliQ (MQ) water

h th terials lack the fib tructure found in th was added to obtain the desired concentration, and the sample was
Owever, these materals lack the nbrous structure found n the stirred at 90 °C for 15 min and vortexed for 15 s immediately

ECM. afterward. All samples were left to equilibrate overnight at room

This study focusses on the incorporation of HA into temperature before being used for any measurements. Coassembly.
dynamic, fiber-forming BTA-based materials with special BTA-OEG, was coassembled with polysaccharides or HA-BTA by
emphasis on the mechanical properties of the materials weighing both solid materials into a glass vial and adding MQ water to
obtained. For this purpose, the coassembly of water-soluble obtain the desired concentration. The sample was stirred at 90 °C for
BTAs containing tetra(ethylene glycol) at the periphery (BTA- 15 min an4 .vortexed for.15 s immediately afterward. All samPles were
OEG,) and HA (10 kDa) was studied to assess the left to equilibrate overnight at room temperature before being used

for any measurements. Hydrogels. The same procedure as in the
assembly of the BTA materials was performed to prepare the
hydrogels, but an additional step of equilibration in an ice bath for 1 h

interference in the formation of 1D supramolecular fibers
and hydrogels by the addition of this polysaccharide. Next, HA

was functionalized with pendant BTAs (HA-BTA), and the was included after vortexing for 15 s. Hydrogels containing both HA-
coassembly with BTA-OEG, resulted in the formation of 1D BTA and BTA-OEG, did not require an equilibration step in ice, as
fibers, similar to those formed by BTA-OEG, alone. Finally, the hydrogel was formed within a few seconds after the vortexing step.

4634 https://doi.org/10.1021/acs.biomac.1c00927

Biomacromolecules 2021, 22, 4633—4641


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00927/suppl_file/bm1c00927_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00927/suppl_file/bm1c00927_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=sch1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

HO™Y
a) oqw!
0’
a(\o Oy NH
10 o HN.
0
BTA-OEG, H
+ o~
Lo
oon on ~"on
D/oé:\/ono o
HOA%on N
X
25
HA
C) 25
——BTA-OEG,
oy ——HABTA-OEG, 0.5:2
5 4 —— HA:BTA-OEG, 1:2
S HA:BTA-OEG, 1.5:2
g 1.54 HA:BTA-OEG, 2:2
o - HA:BTA-OEG, 3:2
©
£ 1.0,
o
8
<054/

0+— r T T T —— T
200 220 240 260 280 300 320 340
Wavelength (nm)

Q

(&}
L

- a NN
o o
L

Storage modulus (P
o

o o
L

=

oo g3 wite

Pt S oo Wl A

Figure 1. Coassembly of BTA-OEG, with HA in water. (a) Chemical structures of BTA-OEG, and HA and schematic representation of the
resulting assembly; (b) CryoTEM image of coassembled HA with BTA-OEG, (500 zM) at a 1:2 weight ratio showed the formation of short
polydisperse fibers (scale bar = S0 nm). The dark spherical objects are crystalline ice particles; (c) UV—vis spectra at 20 °C of the coassembly of
different weight ratios of HA with BTA-OEG, (500 uM) revealed that upon increasing the concentration of HA, the intensity of the typical bands
corresponding to BTA-OEG, (black) decreased; (d) rheology measurements of coassembled BTA-OEG, (2 wt % in water) with different amounts
of HA showed an increase in the storage modulus (G’) at 1 rad/s at an increasing concentration of HA and in the standard deviation between the

measurements (n = 3).

Analytical Techniques. Nuclear Magnetic Resonance (NMR).
NMR spectra were recorded on a Bruker 400 MHz Ultrashield
spectrometer (400 MHz for '"H NMR). Deuterated solvents used are
indicated in each case. Chemical shifts (5) are expressed in ppm and
are assigned to the residual peak of the solvent peak; multiplicity is
abbreviated as follows: s, singlet; d, doublet; t, triplet; dt, doublet of
triplets; ddt, doublet of doublets of triplets; td, triplet of doublets; tt,
triplet of triplets; q, quartet; qd, quartet of doublets; and m, multiplet.

Matrix-Assisted Laser Absorption/lonization-Time of Flight
(MALDI-TOF). Mass spectra were obtained with a Bruker Daltonic
Autoflex spectrometer using a-cyano-4-hydroxycinnamic acid or
trans-2-[ 3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononi-
trile as the matrix.

Liquid Chromatography-Mass Spectrometry (LCMS). LCMS was
performed using a system consisting of the following components:
Shimadzu SCL-10A VP system controller with Shimadzu LC-10 AD
VP liquid chromatography pumps with an Alltima C18 3 u (S0 X 2.1
mm) reversed-phase column and gradients of water—acetonitrile
supplemented with 0.1% formic acid, a Shimadzu DGU 20A3
prominence degasser, a Thermo Finnigan surveyor auto sampler, a
Thermo Finnigan surveyor PDA detector, and a Thermo Scientific
LCQ Fleet. Gradients were run from 5% MeCN to 100% MeCN over
a 15 min period.

Ultraviolet—Visible Spectroscopy (UV—vis). UV—vis absorbance
spectra were recorded on a Jasco V-650 UV—vis spectrometer with a
Jasco ETCT-762 temperature controller.

Cryogenic Transmission Electron Microscopy (CryoTEM). Imag-
ing was performed on samples with a 500 uM concentration of BTAs
in water. Vitrified films were prepared using a “Vitrobot” instrument
(FEI Vitrobot Mark IV, FEI Company) at 22 °C and a humidity of
100%. In the preparation chamber of the “Vitrobot,” a 3 yL sample
was applied on a Quantifoil grid (R 2/2, Quantifoil Micro Tools
GmbH), which was surface plasma treated just prior to use
(Cressington 208 carbon coater operating at S mA for 40 s). The
excess sample was removed by blotting using filter paper for 3 s with a
blotting force of —1, and the thin film thus formed was shot
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(acceleration about 3 g) into liquid ethane just above its freezing
point. Vitrified films were transferred into the vacuum of a
CryoTITAN microscope equipped with a field emission gun that
was operated at 300 kV, a postcolumn Gatan energy filter, and a 2048
X 2048 Gatan CCD camera. Vitrified films were observed using the
CryoTITAN microscope at temperatures below —170 °C. Micro-
graphs were taken under low-dose conditions, starting at a
magnification of 6500 with a defocus setting of —40 ym and at a
magnification of 24,000 with a defocus setting of —10 ym.

Total Internal Reflection Fluorescence Microscopy (TIRF). TIRF
images were acquired with a Nikon N-STORM system. Cy3 was
excited using a 561 nm laser. Fluorescence was collected by means of
a Nikon X100, 1.4NA oil immersion objective and passed through a
quad-band pass dichroic filter (97335 Nikon). Images were recorded
with an EMCCD camera (ixon3, Andor, pixel size 0.17 pm). BTA
fibers were prepared at a total concentration of 20 uM containing
Cy3-labeled BTA-OEG, (Cy3-BTA-OEG,) and further diluted to 2.5
uM and flown in a chamber between a glass microscope coverslip
(Menzel-Glaser, no. 1.21 X 26 mm) and a glass slide, which were
separated by double-sided tape.

Rheology. Rheological measurements were performed using a TA
Instruments DHR-3 rheometer (TA Instruments). The hydrogels
were deposited onto the rheometer stage and incubated for 10 s
before all the measurements. A 20 mm aluminum cone with a 2.007°
cone angle was used, and the gap height was set to a truncation height
of 56 pm. The temperature was controlled strictly at 37 °C using a
Peltier system, and a water trap prevented sample evaporation. Each
measurement was repeated multiple times with different batches to
ensure data reliability. The storage modulus G’ and loss modulus G”
were monitored under an applied strain of 0.1 to 1000% at a
frequency of 1 rad s™" for the strain sweep and a frequency of 600 to
0.1 rad s™' at a strain of 1% for the frequency sweep. Alternating
strains (1 or 1000%) with a fixed frequency of 1 rad s™! were applied
toward the hydrogels for six circles to investigate the self-healing
behavior.

https://doi.org/10.1021/acs.biomac.1c00927
Biomacromolecules 2021, 22, 4633—4641


https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00927?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

C) 10
©
o
n 14
E
=]
3 N
E —a—G'
01 ¢ '
01 1 10 100 1000

Oscillation strain y (%)

2.5
——BTA-OEG,

—~ —— HA-BTA no heating-cooling
s 2.04 —— HA-BTA heating-cooling
© —— HA:BTA-OEG, covalent ratio
g
(0] 4
815
c
3
5 1.0
(2]
e}
< 0.5

o —
200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 2. Homoassembly of HA-BTA in water. (a) Chemical structure of HA-BTA and schematic representation of the resulting assembly; (b)
UV—vis spectra at 20 °C of HA-BTA in water before (blue line) and after (red line) the heating—cooling procedure, compared to BTA-OEG,
fibers (black line) and BTA-OEG, and HA at the same ratio as HA-BTA (green line) (BTA content was fixed to S00 uM in all cases), show no
complete assembly for HA-BTA; (c) strain sweep oscillatory rheology (fixed angular frequency of 1 rad/s) of HA-BTA in water (S wt %) reveals
that no hydrogel was obtained (G” > G’), and the inverted vial test shows the formation of a viscous material; (d) schematic representation of the
resulting mixture when coassembling HA and BTA-OEG, at the same ratio as HA-BTA (S wt %), and the inverted vial test shows the formation of

a whitish liquid.

B RESULTS AND DISCUSSION

Coassembly of BTA-OEG, Fibers with HA. In order to
investigate whether HA can disrupt BTA-OEG, stacks and
destabilize the fiber formation, BTA fibers were assembled in
MQ water in the presence of different concentrations of HA
(Figure 1a). The concentration of BTA-OEG, was fixed at 500
#M, and different amounts of HA were added prior to the
assembly. Since the polysaccharide is a large molecule
compared to the BTA-OEG, monomer, the ratios between
the two components were based on weight ranging from 0.5:2
to 3:2 (HA/BTA-OEG,). As previously reported, the signature
UV profile of micrometer-long BTA-OEG, fibers shows two
maxima at 211 and 226 nm (Figure lc, black line).” Upon
increasing the amount of HA, the intensity of the two maxima
decreased and the signal at higher wavelengths, indicating
scattering, increased (Figure 1c). This observation is explained
by disruption of the BTA fibers and formation of precipitates
due to destabilization and aggregation as a result of an
interaction between the fibers and the HA polysaccharide that
possibly acted as a chain stopper. CryoTEM images of samples
containing HA/BTA-OEG, (1:2) showed the formation of
both short and long fibers (Figure 1b and Figure SS) with a
diameter of around S nm. These coassemblies were
significantly shorter than BTA-OEG, analogues, as these
fibers are several micrometers long and their ends are usually
not visible by cryoTEM.”> The formation of shorter and
polydisperse fibers was confirmed by TIRF microscopy when
HA was coassembled with Cy3-labeled BTA-OEG, (Cy3-
BTA-OEG,) at a 2:2 ratio (Figure S6).

As shown in previous studies,” at increased concentrations
of BTA-OEG,, the entanglement of fibers creates a network
that results in a soft hydrogel by using the standard heating—
cooling procedure following an equilibration step in ice for 1 h

4636

to form a more transparent hydrogel as compared to
equilibration at room temperature.33 At 2 wt % in water, a
BTA-OEG, hydrogel has a storage modulus (G’) of 6 Pa
(Figure 1d; Figure S7). At the same concentration of BTA-
OEG,, addition of HA to the hydrogel resulted not only in an
increase in G’ values but also in an increase in the standard
deviation of the measurements. The latter was presumably due
to high sample-to-sample variation caused by the solid content
in the hydrogel state that led to heterogeneity in the rheology
measurements. This phenomenon corroborated the UV—vis
measurements and the microscopy imaging, as HA disrupted
the fiber formation and led to heterogeneous samples.
Assembly of HA-BTA. Since the coassembly of HA with
BTA-OEG, fibers led to shorter and polydisperse fibers, we
covalently functionalized HA with pendant BTAs. For this,
asymmetric BTA-NH, was synthesized, with an amine group
at the periphery of one arm and methoxy end-capped
tetra(ethylene glycol) units at the periphery of the other two
arms to avoid the formation of esters during functionalization.
BTA-NH, was conjugated to the carboxylate groups of HA,
yielding HA-BTA (Figure 2a) using PyBOP and triethylamine
with a degree of substitution of 10% as confirmed by 'H-NMR
(Figure S4), which corresponded to 2.5 BTAs per HA chain,
considering that each HA polysaccharide consisted of 25
dimers. The assembly of HA-BTA in water was followed by
UV—vis spectroscopy using a 500 yuM concentration of BTA
content and compared to that of BTA-OEG, fibers. Since HA-
BTA was soluble in water without following the heating—
cooling procedure, the HA-BTA spectrum in water was
recorded (Figure 2b, blue line), showing one maximum at 209
nm. This UV spectrum is usually observed in solvents such as
methanol, typical for molecularly dissolved BTAs.”> After
heating, cooling, and equilibrating the sample, HA-BTA

https://doi.org/10.1021/acs.biomac.1c00927
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showed a broader band at 210 nm and a second band with a
maximum at 226 nm (Figure 2b, red line). The latter probably
indicated the presence of some assembled BTAs. As a result,
after the equilibration, a mixture of both assembled and
molecularly dissolved states was obtained; apparently, the high
hydrophilicity of HA-BTA hampers the pendant BTAs from
being fully stacked. Moreover, the scattering signal at higher
wavelengths indicated that the samples contained large
aggregates. When compared to the assembly of BTA-OEG,
with noncovalently bound HA at the same ratio (Figure 2b,
green line), the two maxima at 211 and 226 nm showed a
much lower intensity, indicating reduced assembly for HA-
BTA.

The assembly of HA-BTA at 5 wt % formed a transparent
viscoelastic fluid as shown by both frequency sweep (Figure
S8) and strain sweep oscillatory rheology (Figure 2c), as the
loss modulus (G”) was higher than the storage modulus (G).
In agreement with UV—vis measurements, HA-BTA did not
completely assemble, and therefore, a hydrogel was not
formed. However, when BTA-OEG, and HA at the same
ratio were coassembled as HA-BTA, a white-colored
heterogeneous liquid was formed, as the BTA content was
much lower than in the previous BTA-OEG, and HA assembly
(Figure 2d).

Coassembly of HA-BTA with BTA-OEG,. Since HA-BTA
was not able to form a stiff network by itself, coassembly of
BTA-OEG, fibers and HA-BTA in water was explored, as the
latter could act as the crosslinker between BTA fibers (Figure
3a). The two components were assembled following the
previously described heating—cooling procedure at three
different ratios based on weight. The total content of BTA
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Figure 3. Coassembly of HA-BTA with BTA-OEG, in water. (a)
Chemical structure of BTA-OEG, and HA-BTA for the assembly and
scheme of the resulting network; (b) UV—vis spectra of coassembled
HA-BTA and BTA-OEG, at three different ratios (HA/BTA) based
on weight (BTA content adjusted to 500 uM in all cases); (c)
CryoTEM image of HA-BTA coassembled with BTA-OEG, (HA-
BTA/BTA-OEG,, 2:2 HA/BTA) shows fiber formation (scale bar =
50 nm).
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in all the samples was fixed at 500 #M. When the ratio of HA-
BTA/BTA-OEG, is 0.5:2, this equals a weight ratio between
the total amount of HA and BTA of 0.5 and 2, respectively. It
is worth noting that lower concentrations of HA corresponded
to lower concentrations of covalent HA-BTA in the samples.
UV—vis spectroscopy revealed that the three samples
assembled into 1D fibers as the two bands at 211 and 226
nm overlapped with the spectrum of BTA-OEG, fibers alone
(Figure 3b). This indicated that the three samples were able to
assemble into elongated structures, similar to BTA-OEG,. In
agreement with UV—vis, cryoTEM imaging of samples HA-
BTA/BTA-OEG, (0.5:2 = HA/BTA) and HA-BTA/BTA-
OEG, (2:2 = HA/BTA) confirmed the presence of long 1D
fibers with a diameter of around S nm (Figure S9 and Figure
3c). However, these coassemblies displayed slightly shorter
lengths compared to fibers formed with BTA-OEG, alone,
especially for sample (2:2) (Figure S9d—f). This is probably
due to the fact that HA-BTA can act as a chain stopper,
leading to shorter fibers.

The same three HA-BTA/BTA-OEG, ratios used for
spectroscopy measurements were selected at increased
concentrations to form hydrogels. In this case, HA-BTA/
BTA-OEG, (0.5:2 = HA/BTA) contained 0.5 wt % of HA and
2 wt % of BTA, which corresponded to 2.5 wt % of total
material, HA-BTA/BTA-OEG, (1:2 = HA/BTA) contained 1
wt % of HA and 2 wt % of BTA, which corresponded to 3 wt %
of total material, and HA-BTA/BTA-OEG, (2:2 = HA/BTA)
contained 2 wt % of HA and 2 wt % of BTA, which
corresponded to 4 wt % of total material. This means that the
three samples contained the same concentration of total BTA
(2 wt %) that acts as the hydrogelator. The three samples were
assembled following the heating—cooling procedure, but the
equilibration step in ice for 1 h was not necessary as the
hydrogels were formed within 1 min after removing the
samples from the heating source. Compared to previous
hydrogel mixtures of BTA-OEG, and HA, these three samples
showed a much faster crosslinking effect that did not require an
equilibration step. Frequency sweep rheology measurements
on the three samples showed an increase in stiffness in the
coassembled samples of around 10-fold compared to that of
BTA-OEG, alone at 2 wt % (Figure 4a; Figure S12).
Moreover, the stiffness could be tuned by changing the ratio
between HA-BTA and BTA-OEG,. Within the investigated
range of weight ratios, the lower the amount of HA-BTA, the
higher the stiffness that ranged from 230 Pa for the sample
containing a ratio 2:2 (HA/BTA, 4 wt % total material), 530
Pa for ratio 1:2 (HA/BTA, 3 wt % total material), and 700 Pa
for ratio 0.5:2 (HA/BTA, 2.5 wt % total material). This drastic
increase in storage moduli could be explained by the
noncovalent crosslinking of BTA-OEG, fibers by HA-BTA.
Remarkably, the highest storage modulus was found for the
hydrogel with the lowest wt % of HA-BTA, a phenomenon
that has been seen before in binary hydrogels based on BTAs
and ureidopyrimidinones.”® Strain sweep oscillatory rheol-
ogy showed that the transition from gel-to-sol happened upon
higher strain (y) percentages compared to BTA-OEG, alone,
as the coassemblies displayed this transition at 500% strain
(Figure S10) and BTA-OEG, at 300% strain (Figure S7b).
Thus, viscoelastic hydrogels formed by coassembly not only
formed networks with a higher stiffness but also with an
increased resilience compared to BTA-OEG, hydrogels. The
shear-thinning behavior of the three hydrogels was shown by a
decrease in complex viscosity, as the strain rate increased
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Figure 4. Rheological measurements of hydrogels from coassembled
HA-BTA and BTA-OEG, in water at three different weight HA/BTA
ratios (0.5:2, 1:2, and 2:2). (a) Frequency sweep rheology
measurements at 37 °C (1% fixed applied strain) reveal storage
moduli between 250 and 700 Pa and the image of the inverted vial of
the hydrogel (1:2). (b) Oscillatory rheology measurements
alternating between 1 and 1000% strain for 30 s periods at 37 °C
(1 rad/s fixed angular frequency) show self-healing properties for the
three hydrogels during 6 cycles.

(Figure S11). The self-healing behavior of the three samples
was tested by alternating large amplitude and small amplitude
oscillatory shear measurements revealing that the hydrogels
were able to completely recover for at least 6 cycles (Figure
4b), similar to other BTA hydrogels.””

Incorporation of Other Polysaccharides into BTA
Materials. Since HA shows a strong effect on the assembly of
BTA-OEG, fibers, other polysaccharides were selected to
further study their influence on BTA fiber formation. Four
polysaccharides were chosen that contained different func-
tional groups and/or molecular weights (Scheme 2). The
hydroxyl groups of HA (10 kDa) were acetylated (Acetyl-HA)
in order to see whether these groups influence the assembly.
HA with a molecular weight of 700 kDa (HA-700 k) rather
than the originally used 10 kDa was in addition chosen to
investigate the influence of the polysaccharide length during
the assembly. Alginic acid (AA, low molecular weight) was

selected as a linear polysaccharide composed of monomers of
mannuronate and guluronate, both bearing carboxylate groups.
Finally, in order to have a better understanding of the role of
hydroxyl groups of polysaccharides in the BTA assembly,
dextran was chosen as a polyglucose that does not contain
carboxylates nor amide groups.

The BTA-OEG, coassembly in water with the different
polysaccharides was monitored by UV—vis spectroscopy,
following the same procedure as that for HA (10 kDa). Two
weight ratios of polysaccharide/BTA-OEG, (500 uM) were
selected (1:2 and 2:2) for the coassembly (Figure S13a and
Figure Sa, respectively). Acetyl-HA showed a very strong effect
on the BTA-OEG, assembly, indicating that the acetylation of
the hydroxyl groups did not reduce the interaction with BTA-
OEG, during the fiber formation. In contrast, coassembly of
the fibers with a longer HA polymer (HA-700 k) seemed to
have a lower effect compared to the low molecular weight
analogue, as the absorbance of the bands for the assembled
BTAs was higher. However, the scattering at higher wave-
lengths showed that the fibers were probably not well
dispersed, and the samples were not homogeneous, as in HA
10 kDa. Interestingly, the UV-—vis spectrum of AA
coassembled with BTA-OEG, showed a lower effect on the
bands as compared to HA, which could also be observed by the
lower scattering signal. Remarkably, dextran at these two ratios
did not show any effect on the UV—vis spectra of BTA-OEG,,
indicating that this glucose-based polysaccharide did not
interfere in the BTA-OEG, fiber formation at all. The lack
of carboxylates and amides in its structure reduces the
interaction of the polysaccharide with the fibers, suggesting
that the hydroxyl groups did not affect fiber formation.

To further evaluate the possibility of incorporating
polysaccharides into BTA materials, hydrogels in the presence
of these polysaccharides were formed (Figure Sb). In order to
maintain the same weight ratio as in UV—vis measurements,
the BTA-OEG, content in the hydrogels was 2 wt % and the
polysaccharide concentration was 1 wt % in all cases. Strain
sweep oscillatory rheology (Figure Sb) and frequency sweep
rtheology measurements (Figure S13b) showed that the
hydrogel containing Acetyl-HA had similar mechanical proper-
ties to the hydrogel formed with HA (10 kDa), as it had a
higher storage modulus (G’) compared to BTA-OEG, alone
(22 + 4 Pa vs 6.0 + 0.2 Pa, respectively). Hence, acetylation of
the hydroxyl groups in the polysaccharide did not reduce the
interaction with the fibers. In the presence of HA-700 k, the G’
value was higher compared to BTA-OEG, (12 + 1 Pavs 6.0 +
0.2 Pa, respectively), but also the loss modulus (G”) was
higher (9 + 1 Pa vs 1.0 + 0.1 Pa, respectively). Furthermore,
the gel-to-sol transition occurred at 400% strain instead of
300%, as in the other polysaccharide coassembled hydrogels
(Figure Sb). This indicates that having a longer HA
polysaccharide during the assembly resulted in the formation

Scheme 2. Polysaccharides Used for the Coassembly with BTA-OEG,
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Figure S. Coassembly of BTA-OEG, with different polysaccharides in water. (a) UV—vis spectra of BTA-OEG, in water (500 M) coassembled
with Acetyl- HA, HA 700 kDa, AA, dextran, and HA 10 kDa at a 2:2 weight ratio. (b) Strain sweep oscillatory rheology at 37 °C (fixed angular
frequency of 1 rad/s) of BTA-OEG, in water (2 wt %) alone or coassembled with Acetyl-HA, HA-700 k, and dextran (1 wt %).

of a different network compared to all other BTA-based
hydrogels. Interestingly, BTA-OEG, coassembled with AA did
not lead to a hydrogel even if the typical BTA-OEG, bands
were observed by UV—vis spectroscopy. This result probably
reflects an interaction of AA with BTA-OEG, that was strong
enough to affect the gelation probably because AA hampers
fiber entanglement. Finally, BTA-OEG, coassembled with
dextran showed similar rheological properties to BTA-OEG,
alone (5.9 + 0.5 Pa vs 6.0 = 0.2 Pa, respectively), which agrees
with the UV—vis experiments. This confirms that the
interaction with polyglucose is lower than that with the
other polysaccharides studied.

B CONCLUSIONS

In summary, the incorporation of HA (10 kDa) into BTA-
based supramolecular polymers and hydrogels was investigated
by using three different approaches. First, BTAs bearing
tetra(ethylene glycol) at the periphery (BTA-OEG,) were
coassembled with HA in water. UV—vis spectroscopy and
microscopy imaging revealed that the fibers assembled in the
presence of this polysaccharide were shorter in length but
formed insoluble aggregates. The mechanical properties of
hydrogels formed in the presence of HA confirmed these
results: these materials were very polydisperse with a high
sample-to-sample variability. In the second approach, HA was
covalently functionalized with BTAs (HA-BTA), and the
homoassembly in water of this polymer was analyzed. UV—vis
spectroscopy showed that HA-BTA was too hydrophilic to
enable fiber formation. At 5 wt % of HA-BTA in water, a
viscous material was obtained instead of a hydrogel. In order to
improve the assembly of HA-containing supramolecular
polymers and hydrogels, a third approach was performed
that used the coassembly of HA-BTA and BTA-OEG,. UV—
vis spectroscopy and cryoTEM imaging showed long 1D
supramolecular fibers when these two components were
coassembled in different ratios. The formation of hydrogels
showed an overall increase in the storage modulus that could
be tuned between 250 Pa (4 wt %) and 700 Pa (2.5 wt %),
compared to the storage modulus of BTA-OEG, that at the
same concentration has a value of 6 Pa. Moreover, these HA-
containing hydrogels were more resilient than BTA-OEG,
analogues, as the transition from gel-to-sol happened at 500%
oscillatory strain instead of 300% (BTA-OEG,). Furthermore,
the self-healing properties of these materials showed the
potential of using them as biomaterials.
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To understand the nature of the interactions of poly-
saccharides during the BTA-fiber formation, other polysac-
charides containing different functional groups and having
different lengths were selected for coassembly with BTA-
OEG,. While acetylated HA (10 kDa), HA (700 kDa), and
alginic acid (AA, low molecular weight) interfered with the
fiber formation, dextran showed no interaction with the fibers,
indicating that hydroxyl groups of polysaccharides do not likely
affect the supramolecular polymerization. In correlation with
the fiber assembly, hydrogels formed in the presence of these
polysaccharides showed that only dextran produced materials
with the exact same mechanical properties as BTA-OEG,
alone. It would therefore be interesting to analyze, in the
future, the effect of having covalently attached BTAs on
dextran for fiber and hydrogel formation. The possibility of
introducing polysaccharides into BTA supramolecular poly-
mers and hydrogels provides new insights into the design of
dynamic and fibrous biomaterials bearing complex biofunc-
tionalities that resemble native systems and can be used for a
range of applications, such as regenerative medicine.
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