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1. Introduction

Extracellular matrix mimetic supramolecular
hydrogels reinforced with covalent crosslinked
mesoporous silica nanoparticlest

Aygul Zengin,i Shahzad Hafeez,: Pamela Habibovic, ) Matthew Baker 2 and

Sabine van Rijt 2 *

The extracellular matrix (ECM) is a dynamic environment that is primarily built up from fibrous proteins
(e.g., elastins, fibronectins, collagens, and laminins) and plays a vital role in tissue regeneration processes.
Therefore, the development of supramolecular hydrogels that can mimic the ECM's dynamicity and fibrous
structure is of great interest in regenerative medicine. However, such hydrogels generally have weak
mechanical properties and poor structural stability, which significantly limits their potential applications.
To overcome this drawback, we developed a new type of hybrid network composed of supramolecular
assemblies with covalent nanoparticle-based crosslinkers. The ECM mimetic hydrogels were created
through UV-initiated thiol-ene crosslinking between norbornene functionalized benzene-1,3,5-tri
carboxamide (NBTA) macromonomers and thiol functionalized mesoporous silica nanoparticles (MSN).
We hypothesized that the MSN would improve the mechanical properties by crosslinking the NBTA
supramolecular fibrous hydrogels. Notably, the covalent incorporation of MSNs did not disrupt the
fibrous morphology of the resulting NBTA-MSN nanocomposites. Furthermore, these supramolecular
nanocomposites demonstrated higher structural stability and elasticity compared to pristine NBTA
hydrogels. Rheology studies showed that the mechanical properties of NBTA-MSN hydrogels could be
tuned by adjusting MSN wt%. Interestingly, NBTA-MSN nanocomposites exhibited self-healing and
injectability despite the covalent crosslinking of MSNs. In vitro studies confirmed that NBTA-MSN nano-
composites showed good cytocompatibility and maintained the viability of encapsulated MG63 cells.
As a proof of concept, we also demonstrated that MSNs could act as ion reservoirs for calcium and
phosphate within the hydrogel networks in addition to being covalent crosslinkers. Taken together, our
work offers a promising strategy to create hybrid, biomimetic supramolecular nanocomposite materials
for various applications such as injectable materials for bone tissue engineering, and reinforced bioinks
for 3D printing applications.

biomaterials is to develop synthetic ECMs that closely mimic
the 3D structure and dynamic behaviour of natural ECMs, as

In native tissues, the extracellular matrix (ECM) dynamically
supports tissue regeneration by providing biophysical and
biochemical cues that control stem cell fate." The ECM consists
of a fibrous three-dimensional (3D) supramolecular network
where reversible non-covalent interactions facilitate its hier-
archical assembly.> The ECM dynamic environment regulates
stem cell growth, differentiation, and enables communication
within living tissues.® Therefore, a key goal in the field of
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this is crucial for controlling stem cell behaviour and the
successful regeneration of complex living tissue. Supramolecu-
lar hydrogels are ideal materials since they allow the recreation
of self-assembled structures that can mimic the fibrous struc-
ture, dynamicity, bioactivity, and complexity of the ECM.
Supramolecular hydrogels are formed via the self-assembly of
building blocks via noncovalent interactions such as hydrogen
bonding, hydrophobic interactions, and n-m stacking. Reversi-
bility, specificity, and directionality of noncovalent interactions
enable tuning of structure, dynamicity, and mechanical and
biological properties of synthetic hydrogel. Various ECM
mimetic supramolecular hydrogelators have been developed
such as peptide amphiphile,” Ureido-pyrimidinone (UPy),° bis-
urea (BU),” and self-assembling peptide hydrogels (SAPHs).*°
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ECM mimetic hydrogels have been shown to significantly influ-
ence stem cell fate, tissue formation, and organoid culture.'®*2

Benzene-1,3,5-tricarboxamide (BTA) is a promising supra-
molecular building block because it can self-assemble into one-
dimensional (1D) nanofibres and has a tunable chemical
structure.”>'* At high BTA concentrations, these nanofibres
form mechanically tunable hydrogels. However, similar to
other types of supramolecular hydrogels, the poor mechanical
properties of BTA hydrogels significantly limit their applicabil-
ity in stiffer tissues and organs.'*™'® Therefore, strategies to
improve the mechanical properties such as incorporating both
non-covalent and covalent networks within supramolecular
hydrogels are actively being explored.*>'”™*°

For example, the incorporation of nanoparticles into supra-
molecular hydrogels is a powerful approach to improve mechan-
ical properties, and can also introduce additional functionalities
(e.g electrical and thermal conductivity, antibacterial properties,
drug delivery) to the resulting hybrid hydrogels.>*>* Most of
these studies incorporated diverse nanoparticles (carbon nano-
tubes, graphene oxide, cellulose, clay) as non-covalent cross-
linkers or nanofillers within supramolecular networks. Among
these, mesoporous silica nanoparticles (MSN) are promising
nanomaterials to create organic/inorganic hybrid matrices. They
can be easily functionalized to reinforce hydrogels, possess
inherent bioactivity, and serve as efficient drug delivery vehicles
through their uniform mesoporous structure.”® Previously, our
work demonstrated that surface modification of MSNs with
different chemical groups enables them to interact with polymer
backbones, going beyond their roles as nanofillers. Specifically,
employing MSNs as dynamic covalent crosslinkers within poly-
ethylene glycol (PEG) hydrogels led to a remarkable increase
in the storage modulus of PEG hydrogels up to 25-fold. The
resulting nanocomposite was injectable and self-healing. We
were also able to modulate the swelling, degradation, and drug
release behaviour by adjusting MSN concentration within the
network.?® In a separate study, we showed that MSNs as covalent
crosslinkers in photocrosslinkable hydrogels through UV-
initiated thiol-ene chemistry could also improve the mechanical
properties.”” Additionally, other studies in the literature have
indicated that MSNs can improve the mechanical properties of
hydrogels such as PEG diacrylate (PEGDA), gelatin methacryloyl
(GelMA), and chitosan.*®*° However, the impact of combining
MSNs and fibrous hydrogels remains unexplored.

In this study, we integrated MSNs as covalent crosslinkers
into ECM mimetic supramolecular hydrogels to enhance their
mechanical properties. These nanocomposites (NBTA-MSN)
were formed through thiol-ene crosslinking between norbor-
nene-functionalized BTA macromonomers (NBTA) and thiol-
functionalized MSNs upon UV exposure. To the best of our
knowledge, this is the first study that incorporates nano-
particles as covalent crosslinkers into supramolecular networks
through UV light-initiated thiol-ene chemistry. We systemati-
cally investigated the mechanical properties, self-healing beha-
viour, and injectability of the NBTA-MSN hydrogels. Moreover,
the cytocompatibility of these nanocomposites was analyzed by
encapsulating human osteoblasts-like cells (MG-63) within the
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hydrogel network. Finally, we evaluated the stability of designed
NBTA-MSN hydrogels in a modified version of body-stimulated
fluid (m-SBF).

2. Materials and methods
2.1 Materials

Tri-ethanolamine (TEA), tetraethyl orthosilicate (TEOS), 3-amino-
propyl triethoxysilane (APTES), cetyltrimethylammonium chloride
(CTAC), absolute ethanol, hydrochloric acid (HCl, 37%), ammo-
nium fluoride (AF), ammonium nitrate (NH,NO;), and ATTO
647N-maleimide, 12-mercaptododecylphosphonic, Dulbecco’s
phosphate buffered saline, di-isoprpylethyl amine (DIPEA),
dichloromethane (DCM), and diethyl ether was purchased from
Sigma Aldrich. Polyethylene glycol (PEG) 20000 g mol ', 1,1
carbonyldiimidazole, and 1,12-diaminododecane were bought
from Sigma Aldrich. Norbornene-2-methylamine (a mixture of
isomers) was bought from TCI Chemicals.

2.2 MSN synthesis and characterization

MSNs with thiol surface modifications (MSN-SH) were synthe-
sized according to previously published protocol with minor
modifications.?® First, a mixture of TEA (14.3 g, 95.6 mmol) and
TEOS (1.466 g, 7.37 mmol) was heated at 90 °C for 20 min under
static conditions (solution 1). A mixture of ammonium fluoride
(100 mg, 2.7 mmol) and CTAC (2.41 mL, 1.83 mmol) in 21.7 mL
Mili Q-water (solution 2) was heated at 60 °C for 20 min.
Solution 2 was quickly added to solution 1 at room temperature
(RT), and the mixture was left stirring at 700 rpm for 20 min to
cool down. Then, TEOS (138.2 mg, 0.922 mmol) was added to
the solution mixture in four equal increments every 3 min,
and the mixture was left stirring for another 30 min at RT.
To introduce free thiol groups on the MSN surface, TEOS
(19.3 mg, 92.5 umol) and MPTES (20.5 mg, 92.5 pmol) were
added to the mixture and left stirring overnight at RT. The
particles were collected by centrifugation at 7800 rpm for
20 min and washed with absolute ethanol. For organic template
removal, the particle solution was heated for 45 min under
reflux (90 °C) in an acidic ethanol solution (2 g NH,;NO; in
100 mL ethanol). MSNs were collected by centrifugation and
washed with absolute ethanol before the second template
extraction in 100 ml of a 3.7% hydrochloric acid solution in
ethanol for 45 min at 90 °C. After two washing steps with
absolute ethanol, the MSN suspension was stored at —20 °C in
absolute ethanol.

Dynamic light scattering (DLS) using a Malvern Zetasizer
Nano (Sysmex, NL) was used to analyze the hydrodynamic
diameter and zeta potential of synthesized MSNs (0.5 mg mL ™).
Scanning electron microscopy (SEM; Teneo, FEI, US) and trans-
mission electron microscopy (TEM; FEI Tecnai electron micro-
scope) were used to visualize the shape and porosity of the
nanoparticles. For SEM imaging, the samples were sputter-
coated with 4 nm iridium. For TEM imaging, MSN suspension
in ethanol was dropped on a TEM carbon grid and imaged after
air drying at RT. The successful thiol functionalization on the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00499j

Open Access Article. Published on 07 November 2024. Downloaded on 1/20/2026 8:37:36 PM.

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

(cc)

Journal of Materials Chemistry B

MSN surface was confirmed with ATTO 647N-maleimide labeling,
following the procedure described earlier.*®

2.3 MSN-CaP synthesis and characterization

For MSN-CaP particles, we first synthesized amine surface-
functionalized MSNs by following a previously reported proto-
col with minor changes.*' In our protocol, free amine groups
were introduced by the addition of APTES (20.5 mg, 92.5 pmol)
and TEOS (19.3 mg, 92.5 pmol) mixture followed by four
incremental TEOS additions. Later, the amine groups on the
MSN surface were converted to carboxylic acid groups. Briefly,
3 g of succinic anhydride was dissolved in 20 mL DMF solution
and left stirring for 30 min at RT (mixture 1). Next, 0.2 g of
MSNs were re-suspended in 20 mL DMF solution (mixture 2)
and it was added to mixture 1 and left stirring at 60 °C for 48 h.
The MSNs were collected via centrifugation and washed three
times with absolute ethanol. To form calcium phosphate coat-
ing on carboxyl functionalized MSN surface, 100 mg of MSNs
were re-suspended in first CaCl, (5 mM in Mili-Q water, pH 9)
solution and the mixture was stirred for 30 min. After the
nanoparticles were collected by centrifugation, they were washed
with Mili-Q water, pH 9. Later, MSNs were re-suspended in
Na,PO, solution (3 mM in Mili-Q water, pH 9) to introduce the
phosphate layer to the MSN surface and the mixture was left to
stir for 30 min. Alternating phosphate and calcium ion addition
was repeated two more times. After the last phosphate coating
step, MSNs were collected by centrifugation and washed with
Mili-Q water. In the last step, calcium phosphate-coated MSNs
were dispersed in a 12-mercaptodecylphosphonic acid solution
(1 mM in Mili-Q water, pH 9) to introduce free thiol groups on the
MSN surface.

2.4 Synthesis of bis-norbornyl amide mono-pentafluoroester
BTA precursor (perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2
ylmethyl)carbamoyl)benzoate)

The tris(perfluorophenyl) benzene-1,3,5-tricarboxylat, the
(perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2-ylmethyl)carb-
amoyl)benzoate), was synthesized in our previously reported
study™* and used in this study for synthesis of NBTA macro-
monomer. Prior to use for synthesis of the NBTA macromono-
mer, the '"H NMR spectrum was matched with the previously
reported characterization of this molecule."

2.5 Synthesis of NBTA macromonomers

A dry round-bottom flask was charged with the BTA precursor
(perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2-ylmethyl)carb-
amoyl)benzoate) (0.24 g, 0.40 mmol, 2.2 equiv.) and dissolved in
10 mL anhydrous DCM.' Subsequently, dry DIPEA (96 pL,
0.55 mmol, 3 equiv.) was added into the reaction flask. Then,
PEG bisaminododecane (3.75 g, 0.18 mmol, 1 equiv.) was dis-
solved in anhydrous DCM (10 ml) by vigorous stirring and was
added dropwise to the reaction flask.' The reaction mixture was
stirred for 40 hours at room temperature (~20 °C) under a
nitrogen atmosphere. Excess solvent was removed in a vacuum
and the crude reaction mixture was precipitated in excess cold
diethyl ether twice and NBTA macromolecule was obtained as a

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

white powder in 82% yield (3.2 g). "NMR of the compound was
matched to the previously synthesized compound to confirm
that the molecule is pure.**

2.6 Molecular weight measurements

Gel permeation chromatography (GPC) was performed using
N,N-dimethylformamide (DMF) containing 0.035 M LiCl as
eluent. The Alliance Waters e2695 separation module was
employed which comprised of a GRAM precolumn 10 pm
(8 x 50 mm), followed by a GRAM column 10 um 30 A (8 x
300 mm), and a GRAM column 10 pm 1000 A (8 x 300 mm). The
module has a 2414 refractive index detector and a 2489 UV/Vis
detector. The measurement was performed at a flow rate of
1 mL min~'. The sample was prepared in DMF at the final
concentration of 2 mg ml . The samples were filtered through
polytetrafluorethylene (PTFE) membranes with a pore size of
0.2 pm before injection.

2.7 Formation of NBTA-MSN supramolecular nanocomposite
hydrogels

The NBTA macromonomer solid powder was dispersed in a
clear glass vial containing either DPBS or alpha MEM medium.
NBTA (7% (w/v), initial concentration) was heated above the
lower critical solution temperature (LCST ~ 80 °C) of the
PEG20K until the solution became opaque and then cooled to
room temperature (RT) to form the hydrogel. After multiple
cycles of heating and cooling and overnight aging at RT, the
NBTA formed stable hydrogels. Next, an MSN suspension in
LAP photoinitiator solution was added to the NBTA hydrogels
and mixed using a spatula. The final NBTA polymer concen-
tration was adjusted to 4% w/v and the final LAP concentration
was 2 mM. Subsequently, the mixture was heated using a heat
gun and vortexed for uniform distribution of MSN nano-
particles within the hydrogel. The same procedure was repeated
twice and then the hydrogel solution was centrifuged at 2000 g
for around 5 minutes at room temperature to remove the
bubbles. Next, the hydrogel solution was aged for 3 hours
for equilibration to form an NBTA-MSN hydrogel at room
temperature. In situ covalent crosslinking was performed by
exposing the hydrogel to UV light (at 365 nm). The final
concentrations of MSNs in NBTA hydrogel networks were
adjusted to 0.5 wt%, 1 wt%, and 2 wt%. NBTA-MSN-CaP-SH
nanocomposites were prepared by mixing 1 wt% of MSN-CaP-
SH with the same concentration of NBTA (4% w/v).

2.8 In situ photorheometry measurements

The mechanical properties of the hydrogels were determined by
performing time and strain sweeps using oscillatory rheology
(TA instruments, Discovery HR-2). Gelation kinetics of the
hydrogels was observed by oscillatory time sweep test at a
constant angular frequency (w) of 1 Hz and a 1% strain
amplitude (y). The strain sweep was performed from 0.1% to
1000% strain at a constant angular frequency (1 Hz). The self-
healing behaviour was studied by a cyclic strain sweep. In these
measurements, the strain amplitude was shifted between 500%
and 1% for four cycles at a constant angular frequency of 1 Hz.

J. Mater. Chem. B, 2024, 12,12577-12588 | 12579
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All the measurements were done using a 20 mm (diameter),
2.002° cone geometry with a gap of 53 pm at 20 °C and analyzed
using TA Instruments TRIOS software. The hydrogels were
formed in situ on the rheometer stage by exposing them to
UV light (200 mA, at 365 nm).

2.9 Cell culture

Human osteoblasts-like cells (MG-63) were purchased (Gibco)
and grown in an a-MEM growth medium supplemented with
10% fetal bovine serum (FBS) and 100 U mL™" penicillin +
100 mg mL ™" streptomycin (Gibco) and 0.2 mM of ascorbic acid
(ASAP). Cells were kept in 175 cm? culture flasks at 37 °C with a
controlled atmosphere of 5% CO, and grown until 80% con-
fluence. The cell medium was changed every 2-3 days.

2.10 MG-63 cell encapsulation and cytocompatibility of
NBTA-MSN hydrogels

The NBTA-MSN hydrogels were prepared at a final concen-
tration of 4% (w/v) NBTA and with 0.5, 1, and 2% (w/v) of MSNs
as described above in Section 2.7. In short, NBTA macro-
monomer powder was dissolved in alpha MEM medium with
a 1% (v/v) addition of Penicillin-Streptomycin (P/S) instead of
DPBS. MG-63 cells were encapsulated in NBTA-MSN hydrogels
with the final cell density of 3 million cells per mL of hydrogel.
Cells were encapsulated using the self-healing ability of
the NBTA-MSN hydrogels. Briefly, the hydrogel was gently
broken with a spatula which then turned into a highly viscous
slurry. Next, the cell suspension was added to the mixture and
the hydrogel was aged for 45 minutes to facilitate self-healing.
Then, cell-encapsulated hydrogels were cross-linked by UV
light at 365 nm for 2 minutes. Following this, cell culture
medium was added on top of the cell-laden hydrogels,
and they were placed in the incubator. Cell viability was
assessed on both day 1 and day 4 using a live/dead assay
and PrestoBlue®™.

For the live/dead assay, the hydrogel was washed twice
gently with PBS and then a freshly prepared solution of calcein
AM (1 uM) and ethidium homodimer (2 uM) in a cell culture
medium were added to cover the hydrogel. The hydrogel was
incubated in the dark incubator maintained at 37 °C with 5%
CO,. After 50 minutes of waiting time, the hydrogel was washed
with PBS solution and the fluorescent images were taken using
a live-cell microscope (Nikon Eclipse Ti-e) under the conditions
of 37 °C and 5% CO,. Live dead assay was performed in
duplicate and multiple areas of the hydrogel were probed for
investigation of cell viability.

PrestoBlue™ assay was done to determine metabolic activity
of cells on days 1 and 4. Cell culture media on top of the
hydrogels was removed and PrestoBlue® solution (1:10 dilution
in cell culture medium) was added to each well. After 2 hours of
incubation at 37 °C (in the dark), 100 pL of the medium was
removed and transferred to an opaque 96-well plate. The fluores-
cence was recorded using a spectrophotometer (Cary Eclipse
Fluorescence Spectrometer, Agilent) with excitation at 535 nm
and emission detection at 590 nm.
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2.11 SBF immersion of nanocomposite hydrogels

The modified version of stimulated body fluid buffer (m-SBF)
was prepared according to the previously published protocol.*
First, 9 g HEPES was dissolved in 50 mL of 0.2 M NaOH (buffer
1). Later, 2.7 g NaCl, 0.25 g NaHCO3, 0.21 g Na,COs3, 0.11 g KCI,
0.12 g K,HPO,-3H,0 and 0.16 g MgCl,-6H,0 were dissolved in
400 mL of Mili-Q water (buffer 2). Buffer 1 solution was added
to buffer 2, followed by the addition of 0.15 g CaCl, and 0.04 g
Na,SO,. The final volume of the solution was 500 mL and the
pH was adjusted to 7.4 by using NaOH (1 M).

NBTA-MSN hydrogels were prepared as described in Section
2.7 and incubated in a m-SBF for 1 and 3 days at 37 °C. Later,
hydrogels were washed with Mili-Q water and freeze-dried. The
microstructure and Ca and P content of the lyophilized hydro-
gels were characterized by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX, IT-200, Jeol).
SEM-EDX measurements were performed at an acceleration
voltage of 10 kV. Samples for SEM-EDX were fixed on carbon
tape without any coating.

2.12 Statistical analysis

The experimental data were compared by two-way ANOVA
followed by Turkey’s multiple comparison test using GraphPad
Prism software. Differences were considered statistically signif-
icant for values of p < 0.05.

3. Results and discussion

3.1 Synthesis and characterization of MSNs and NBTA
molecules

To fabricate photocrosslinkable NBTA-MSN nanocomposite
hydrogels (Fig. 1), we first synthesized thiol-functionalized
MSNs (MSN-SH) similar to what was reported previously.>®
The synthesized MSN-SH had an average hydrodynamic radius
of 313.1 £ 2.3 nm and their zeta potential was —16.6 & 0.3 mV
(Fig. 2(a) and (b)). Moreover, they showed uniform spherical
morphology and porous structure with an average size of
81.8 £+ 8.0 nm, as observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
(Fig. 2(c) and (d)).

Next, our aim was to use MSNs as ion reservoirs while also
serving as covalent crosslinkers within supramolecular nano-
composites. To achieve this, we synthesized calcium (Ca) and
phosphate (P) coated MSNs with free thiol groups on their
surface (MSN-CaP, Fig. 1). To obtain MSN-CaP particles, we first
synthesized amine functionalized MSNs (MSN-NH,) with a
positive zeta potential of 34.3 £ 1.2 mV and an average
hydrodynamic diameter of 192.3 + 0.1 nm (Fig. 2(a) and (b)).
Then, the free amines on the MSN-NH, surface were converted
to carboxylic acid groups (MSN-COOH). The surface charge of
MSN-NH, decreased significantly after carboxyl modification
(i.e. from 34.3 + 1.2 mV to —23.1 = 0.7 mV for MSN-COOH,
Fig. 2(b)). This significant decrease in the zeta potential
indicated that the free amine groups on the nanoparticle sur-
face were successfully converted into carboxylic acid groups.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Molecular structure of NBTA macromonomer and MSN-SH crosslinkers employed in the study. (a) Chemical structure of NBTA macromonomer
(left), cartoon representation (middle), and proposed stacking and fibre formation (right); (b) schematic representation of crosslinking of NBTA fibre with
MSN-SH thiol crosslinkers using thiol-ene chemistry for formation of NBTA-MSN nanocomposites.
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Fig. 2 Characterization of the synthesized MSNs. (a) Hydrodynamic size of synthesized MSNs; (b) zeta potential of MSNs; (c) SEM imaging of MSN-SH
(scale bar: 1 uM); (d) TEM imaging of MSN-SH; and (e) MSN-CaP (scale bar: 50 nm); (f) ATTO647N-maleimide labeling of control particles (MSN-OH),

MSN-SH and MSN-CaP.

The MSN-COOH with a hydrodynamic size of 239.1 &+ 2.5 nm
were then coated with a calcium and phosphate layer as we
reported previously.*! In the final step, a 12-mercaptodecylphos-
phonic linker was used to introduce free thiols on the CaP-coated

This journal is © The Royal Society of Chemistry 2024

MSN surface to create MSN-CaP. MSN-CaP exhibited a negative
zeta potential of —15.9 + 0.5 mV (Fig. 2(b)). The presence of a
calcium phosphate layer on the MSN surface increased the
hydrodynamic size to 2171.2 £ 71.1 nm, likely due to aggregation
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of the nanoparticles during the measurement (Fig. 2(a)). In
addition, MSN-CaP were spherical in morphology and showed a
porous structure with a slight change in size compared to MSN,
with 90.0 £ 2.1 nm (Fig. 2(e)). All synthesized nanoparticles
showed low polydispersity index (PDI) values (<0.15), indicat-
ing homogeneous size distribution. MSNs without additional
surface modifications (MSN) were also synthesized as a control
group (Fig. S1, ESIt). Thiol functionalization on the MSN sur-
face was further confirmed by performing fluorescent labeling
of MSN, MSN-SH, and MSN-CaP with a thiol-reactive dye
(ATTO647N-Maleimide). Only thiol functionalized MSNs and
MSN-CaPs showed high fluorescent intensity upon incubation
with the dye and no significant fluorescent signal was observed
for MSN-OH nanoparticles, confirming the presence of reactive
thiol groups on the surface of these particles (Fig. 2(f)).

Norbornene functionalized BTA macromonomers (NBTA)
were used as building blocks to create the fibrous supramole-
cular hydrogels. NBTA macromonomers were synthesized as pre-
viously described."> NBTA were obtained pure (‘"H NMR, Fig. S2,
ESI{) with an average molecular weight (M,,) of 247 000 g mol *
and D of 1.04 (gel permeation chromatography, Table S1 in ESIT).
These building blocks were specifically synthesized to feature
norbornene groups at both termini of a telechelic BTA poly-
ethylene glycol, Consequently, thiol-functionalized MSNs can
crosslink with the norbornene groups of NBTA fibres through
UV-initiated thiol-ene interactions (Fig. 1).

3.2 Formation of NBTA-MSN supramolecular nanocomposite
hydrogels and their structural and mechanical analysis

Supramolecular nanocomposite hydrogels were prepared using
0.5, 1, or 2 weight% (wt%) MSN-SHs mixed with NBTA (4 wt%)
to create NBTA-MSN, 5, NBTA-MSN;, and NBTA-MSN, hydro-
gels, respectively. The photocrosslinking was initiated using a
LAP initiator under ultraviolet (UV) radiation at 365 nm. The
color of the NBTA-MSN nanocomposites was milky white when
higher concentrations of the MSNs were incorporated into the
hydrogels, while NBTA hydrogels without thiol crosslinkers

NBTA-MSN, 5

NBTA-MSN,

# e
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were transparent (Fig. 3(a)). Similar color changes based
on nanoparticle incorporation have been observed in previous
studies.”®** Additionally, NBTA-MSN hydrogels exhibited improved
structural stability compared to bare NBTA hydrogels (Fig. 3(a)).
The morphology of the nanocomposite networks before and
after photocrosslinking was analyzed using cryo-SEM imaging
(Fig. 3(b)). Before UV exposure, both NBTA-MSN, ;5 and NBTA-
MSN; supramolecular nanocomposites showed a highly fibrous
microstructure. After covalent MSN crosslinking upon UV
exposure, NBTA-MSN, s preserved its fibre morphology. In
the case of NBTA-MSN;, we consistently observed a fracture
pattern where it appeared that the fibre bundles were perpendi-
cular to the surface.

The rheological properties of NBTA-MSN nanocomposites
were analyzed using dynamic in situ photorheometry at room
temperature (Fig. 4). To monitor the gelation kinetics of the
hydrogels, time sweep photorheometry was performed before
and during the UV light exposure at a constant frequency (1 Hz)
and strain value (1%) (Fig. 4(a)—(c) and Fig. S3, S4a, ESIt). Here
it is important to note that MSNs were not crosslinked and
thus served as nanofiller components within the supramolecu-
lar network before UV exposure (Fig. S3, ESIf). The storage
modulus of NBTA-MSN nanocomposites was 125.2 Pa for
NBTA-MSN, 5, 182.8 Pa for NBTA-MSN,, and 249.6 Pa for
NBTA-MSN,. During UV exposure, MSNs could crosslink with
the ancillary norbornene groups due to thiol-ene reactions
forming inter fibrillary crosslinks (Fig. 4 and Fig. S3, ESIT).
As a result, after UV light exposure, the storage modulus of
NBTA-MSN nanocomposites reached 383.8 Pa (212% increase)
for NBTA-MSNj 5, 371.1 Pa (103% increase) for NBTA-MSNy,
602.1 Pa (%141 increase) for NBTA-MSN, (Fig. S3, ESIf).
Additionally, similar to MSN-SH crosslinking, the addition of
MSN-CaP (1 wt%) also notably enhanced the storage modulus
of nanocomposites (NBTA-MSN-CaP;, 1100.2 Pa) upon UV
exposure (Fig. S4, ESIf). Importantly, the CaP coating on the
MSN surface did not hinder the nanoparticles’ ability to cross-
link the NBTA network.

(=3
S

NBTA-MSN, s

NBTA-MSN,

Fig. 3 Structural analysis of NBTA—-MSN nanocomposites. (a) Optical images of NBTA-MSN hydrogels with various concentrations of MSNs. (b) Cryo-
SEM images of NBTA—MSNg s (scale bar: 5 pm) and NBTA-MSN; (scale bar: 5 um before UV exposure, and 1 um for after UV exposure) before and after

MSN crosslinking upon UV exposure.
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Fig. 4

In situ photorheological characterization of NBTA-MSNg 5, NBTA-MSN4, and NBTA-MSN, supramolecular nanocomposites. Time sweep test of

(@) NBTA-MSNg s, (b) NBTA-MSN;, and (c) NBTA-MSN, hydrogels; frequency sweep test of (d) NBTA-MSNg s, () NBTA-MSN;, and (f) NBTA-MSN,

hydrogels; strain sweep test of (g) NBTA-MSNg s, (h) NBTA-MSNy, and (i)

Frequency sweep tests demonstrated that NBTA-MSN exhib-
ited viscoelastic properties before crosslinking, characterized
by a crossover between G’ and G” (as shown for NBTA-MSN 5
in Fig. S5, ESIt), which is similar to most supramolecular
hydrogels. After crosslinking, both NBTA-MSN and NBTA-
MSN-CaP nanocomposite hydrogels displayed a nearly constant
storage modulus across the frequency range of 0.1 Hz to 10 Hz
(Fig. 4 and Fig. S4b, ESIt), indicative of dominant elastic
behaviour. This enhanced elasticity after crosslinking is likely
attributed to the covalent bonding of supramolecular fibres
facilitated by MSNs.

Next, the strain sweep tests were performed between strain
ranges of 1% to 1000% at a constant angular frequency of 1 Hz
(Fig. 4(d)-(f) and S4c, ESIt). At low strain values, the storage
modulus (G') is greater than the loss modulus (G”), indicating
solid-like behaviour. At high strain values, the loss modulus (G")
was increased and exceeded the storage modulus which shows
solid-to-liquid transformation and network disruption. NBTA-
MSN 5, NBTA-MSN;, and NBTA-MSN, hydrogels were completely
broken when the applied strain values were 250%, 122%, and
113%, respectively (Fig. 4(g)—(i)). Interestingly, NBTA-MSN-CaP;

This journal is © The Royal Society of Chemistry 2024

NBTA-MSN, hydrogels.

nanocomposites were completely broken at a slightly higher strain
(268%) compared to NBTA-MSNs.

Overall, both MSN-SHs and MSN-CaPs could successfully
crosslink the supramolecular fibres through UV-initiated thiol-
ene interactions. Although our recent study demonstrated the
integration of MSNs as chemical crosslinkers into norbornene-
modified PEG hydrogels using thiol-ene chemistry,>” this par-
ticular mode of nanoparticle incorporation within supramole-
cular hydrogels has not been reported in the literature.

A recent study by Hafeez et al. demonstrated that NBTA
supramolecular assemblies could be crosslinked with small
thiol functionalized PEG molecules.'® They observed a 2-fold
increase in the storage modulus of NBTA hydrogels (containing
5 wt% NBTA macromonomer) upon crosslinking with short
PEG dithiol crosslinkers. The higher increase in storage modu-
lus observed in our system suggests that thiol-functionalized
MSNs create a larger number of effective crosslink junctions
compared to the PEG dithiol crosslinkers within these supra-
molecular hydrogels. Therefore, these findings emphasize that
employing MSNs as crosslinkers within supramolecular hydro-
gels represents a powerful strategy for notably enhancing their

J. Mater. Chem. B, 2024,12,12577-12588 | 12583
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mechanical properties compared to their use as nanofillers or
to the use of small molecule crosslinkers.

Specifically before UV-crosslinking, we observed a nearly
two-fold increase in the storage modulus as the MSN concen-
tration increased from 0.5 to 2 wt%. Upon UV exposure, the
covalent crosslinking of MSNs further enhanced the storage
modulus of these nanocomposites. However, no clear correla-
tion between nanoparticle concentration and storage modulus
was observed after UV crosslinking. Specifically, 0.5 wt% MSN
resulted in the highest percentage increase (212%) in the
storage modulus of NBTA-MSN hydrogels after UV exposure,
whereas 103% and 141% increase was observed when 1 and
2 wt% MSN were used, respectively. This observation suggests
that MSN crosslinking of supramolecular fibres is more effec-
tive at lower nanoparticle concentrations. It is likely that MSN
can serve as covalent crosslinkers up to a certain threshold
concentration after which they incorporate in the hydrogels as
nanofillers. This may interfere with the hydrogel network,
eventually leading to diminishing of the mechanical properties.
A similar observation was made in a related study, investigating
the effect of covalently grafted silica nanoparticles versus silica
nanoparticle fillers in poly(2-acrylamido-2-methylpropane
sulfonic acid)/polyacrylamide double network hydrogels.**
A significantly higher compressive strength was observed for
the silica-grafted hydrogels when the nanoparticle concen-
tration was lower than 3 wt% within the network. However,
increasing the nanoparticle concentration further resulted in
similar compressive strength for both silica-grafted and silica-
filled hydrogels. A negative impact of increasing nanoparticle
concentration on the mechanical properties of hydrogels has
also been reported in other studies.”**> For example, the
incorporation of hydroxyapatite nanoparticles (HA) at a concen-
tration of 50 wt% into peptide amphiphile hydrogels led to a
2-fold enhancement in the viscoelastic properties of pristine
hydrogels.>® However, increasing the nanoparticle concen-
tration to 66.7% resulted in a decrease in their mechanical
properties.

In summary, here we demonstrated that the incorporation
of MSNs as crosslinkers into supramolecular fibrous hydrogels
significantly enhanced their mechanical properties.

3.3 Self-healing behaviour and injectability of NBTA-MSN
nanocomposites

Next, we investigated the self-healing properties and inject-
ability of our supramolecular nanocomposites. The self-healing
behaviour of these hydrogels was determined by a macroscopic
self-healing test and rheological recovery tests. For the macro-
scopic self-healing test, disk-shaped hydrogels were cut into
equal halves by a scalpel and put into direct contact with each
other at the side of the cut. After 24 h of incubation at RT in a
closed environment, the two different pieces appeared to
reconnect and were able to hold their weight (Fig. 5(a)-(d)).
This behaviour might be attributed to enhanced interactions
between the polymers and MSN surface, as well as likely the
reformation of hydrogen bonds between the NBTA units at the
interface upon bringing together the two hydrogel pieces.*
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Moreover, the supramolecular nanocomposites seemed to exhi-
bit enhanced stretchability after healing compared to bare
NBTA hydrogels (Fig. 5(a)-(d)). Similarly, the increased stretch-
ability upon nanoparticle incorporation has also been observed
in other types of hydrogels.>*® Furthermore, a cyclic strain
sweep test was performed to confirm the self-healing capability
of the different formulations of NBTA-MSN hydrogels, shifting
between 1% (non-deformative) to 500% (highly deformative)
strain amplitude (Fig. 5(e)-(g)). When high strain (500%) was
applied, the hydrogels exhibited a liquid-like behaviour (G’ <
G"). Upon removal of the destructive strain, NBTA-MSN hydro-
gels recovered spontaneously and showed solid-like behaviour
(G' > G"). Importantly, rheological measurements confirmed
an almost complete recovery of G’ within a few seconds after
applying and removing the high strain amplitude (500%) and
this process was reversible (Fig. 5(e)-(g)). We also observed that
higher MSN concentrations (2 wt%) did not significantly influ-
ence the self-healing behaviour of supramolecular nanocompo-
site hydrogels. Moreover, the composite hydrogels were
injectable through 20-gauge syringe needles (Fig. S6, ESIT).

The presence of thiol-ene bonds in the supramolecular
network did not significantly disrupt the self-healing behaviour
of the hydrogels. This can be mainly attributed to the dom-
inance of reversible, non-covalent interactions in these supra-
molecular nanocomposite hydrogels. Additionally, we anticipate
that adhesive forces between nanoparticles and polymers can
further contribute to the dynamic environment. It is known that
silica surfaces exhibit high adhesion towards polymer chains and
have been utilized as glue between hydrogel pieces.>> Our obser-
vation on the self-healing properties of NBTA-MSN hydrogels also
aligns with a previously published study where norbornene-
modified BTAs were crosslinked with thiol-functionalized PEG
molecules.'® Their rheological self-healing tests demonstrated a
rapid recovery of the covalent crosslinked NBTA hydrogels. How-
ever, in macroscopic self-healing studies, they observed that
hydrogels with both the lowest (0.5 molar equivalent) and highest
amount of thiol crosslinkers (2 molar equivalent) exhibited better
self-healing properties. This was attributed to reduced covalent
crosslinking, which provided more flexibility to the supramolecu-
lar macromonomers.

3.4 Cytocompatibility of NBTA-MSN nanocomposite
hydrogels

After characterizing the mechanical properties and self-healing
behaviour of NBTA-MSN hydrogels, we investigated the cyto-
compatibility of the NBTA-MSN nanocomposites (Fig. 6 and
Fig. S7, S8, ESIT). Here, we selected MG-63 cells since they show
the osteoblast-like phenotype and are widely used in in vitro
studies for evaluating 3D scaffolds for bone tissue engineer-
ing.**"*! The viability of encapsulated MG-63 cells was assessed
on both day 1 and 4 using a live/dead assay; cells were stained
with calcein AM (green; live cell indicator) and ethidium
homodimer-1 (red; dead cells indicator). Notably, the majority
of the cells remained alive after 4 days of incubation in
cell culture as fewer red-stained cells were observed. MG-63
cells were mostly visible as single cells on day 1 but formed

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Self-healing behaviour of NBTA-MSN hydrogels. Macroscopic self-healing test of (a) NBTA hydrogels, (b) NBTA-MSNgs, (c) NBTA-MSN;,
(d) NBTA-MSN,. Rheological self-healing test of (e) NBTA-MSNg 5 gels, (f) NBTA-MSN; gels, (g) NBTA-MSN, gels.

multicellular aggregates on day 4, likely attributed to the
dynamic properties of the supramolecular composite hydrogels
as seen in the self-healing and injection tests. Similar cellular
aggregation behaviour was also observed in a recently pub-
lished study where chondrocytes (ATDC5) and human mesen-
chymal stem cells (hMSCs) formed multicellular aggregates
upon incorporation within similar BTA hydrogels.'* Other
studies also highlighted that the viscoelastic properties of
self-healing hydrogels can tune the fusion behaviour of
spheroids.***

Furthermore, we studied the metabolic activity of encapsulated
MG-63 cells on day 1 and day 4 using the Presto Blue assay (Fig. S9,
ESIt). The results revealed a significant increase in cellular meta-
bolic activity after 4 days of incubation, demonstrating the excel-
lent cytocompatibility of the NBTA-MSN nanocomposites.

3.5 Stability and mineralization of NBTA-MSN
nanocomposite hydrogels in m-SBF

Several studies have reported that mimicking the composition
of natural bone tissue in synthetic bone graft hydrogels is a

This journal is © The Royal Society of Chemistry 2024

powerful strategy to accelerate bone tissue regeneration.** The
bone is a natural organic-inorganic composite network
composed of mostly calcium phosphate (CaP) in the form of
nanocrystalline hydroxyapatite (HA) embedded within collagen
fibrils.*” To promote in situ mineralization of BTA fibres for
bone tissue engineering applications, we synthesized MSN-
CaPs to allow sustained and local calcium and phosphate
release, as these ions are known to promote bone formation.*®
We then evaluated the stability and bioactive nature of the
synthesized hybrid hydrogels containing MSN-CaP and MSN-
SHs in a modified simulated body fluid (m-SBF) buffer which
closely mimics the ionic concentration of blood plasma during 3
days of incubation (Fig. S10, ESIT).

SEM images showed that both freeze-dried NBTA-MSN-CaP;
and NBTA-MSN; hydrogels had similar, randomly distributed
pores (Fig. S10, ESIt). After 3 days of incubation in m-SBF
solution, the pores became larger (Fig. S10a and b, ESIt). This
might be attributed to the degradation of these hydrogels in the
solution (Fig. S11, ESIt). Indeed, we observed complete degra-
dation after 5 days of incubation in m-SBF. Most likely, the
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Fig. 6 Viability of encapsulated MG63 cells inside NBTA-MSNg s, NBTA-MSN; and NBTA-MSN; hydrogels. The representative images of encapsulated
cells stained with calcein AM (green = live cells) and ethidium homodimer (EthD-1, red = dead cells) at day 1 and day 4. Scale bar: 200 pm.

ionic strength of the SBF solution plays an important role in
accelerating the degradation of the supramolecular matrix.
In the literature, SBF solution has been widely used to evaluate
the bioactivity of materials in terms of their ability to form
apatite.®**® Only a few studies reported degradation of
materials when they are incubated in SBF buffer. For example,
Tan et al. reported faster degradation of alginate hydrogels
containing nano-hydroxyapatite/collagen particles in SBF
solution than in deionized water at 37 °C. However, their
in vivo results did not exhibit any significant degradation even
after 8 weeks.*’

The presence of Ca and P ions in the hydrogels was
examined using EDX analysis of different areas on the samples
(n = 7, Fig. S10c, ESIf). Our results showed that NBTA-MSN-
CaP; hydrogels exhibited higher Ca and P content for both day
1 and day 3 compared to NBTA-MSN;. This might be due to the
very short incubation period (3 days) within the SBF solution
compared to previously reported studies in the literature which
were up to 2 weeks.?”**> Nevertheless, the proposed supra-
molecular nanocomposites might be beneficial for localized
delivery of Ca and P ions within the hydrogels as bioactive
bone substitutes. Our group also recently showed that similar
CaP modification of MSN surface could induce osteogenic
differentiation of human mesenchymal stem cells.*" Moreover,
several studies reported that the incorporation of CaP

12586 | J Mater. Chem. B, 2024, 12,12577-12588

nanoparticles into polymer networks could increase osteo-
genic differentiation of stem cells and in vivo new bone
formation.>® > Similar to our approach, Zhai et al. incorpo-
rated laponites into supramolecular poly (N-acryloyl glycina-
mide) (PNAGA) hydrogels to release essential ions such as
Mg”" and Si** to increase the bioactivity of PNAGA hydrogels
for bone regeneration applications.>* Their results revealed
that the controlled release of intrinsic Mg>* and Si** from the
PNAGA-LAPONITE®™ scaffolds effectively promoted the osteo-
genic differentiation of primary rat osteoblasts. These stu-
dies support that our strategy for localized ion delivery
within the supramolecular hydrogels holds promise for bone
tissue engineering applications. An additional benefit of our
material is that it can be locally applied. This in combination
with sustained ion release from MSNs may minimize the risk
of ectopic calcification in other tissues.

4. Conclusions

In this study, we developed injectable, supramolecular nano-
composite hydrogels, combining non-covalent and covalent
interactions. First, we created a supramolecular network based
on hydrogen bonds between NBTA macromonomers. By the
addition of thiol-functionalized MSNs into this supramolecular

This journal is © The Royal Society of Chemistry 2024
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network, we were able to create secondary crosslinking based
on thiol-ene reactions upon UV exposure. To the best of our
knowledge, this is the first report that demonstrates the cova-
lent crosslinking of supramolecular fibres with nanoparticles
through UV light-initiated thiol-ene chemistry. We also demon-
strated that the mechanical properties of the resulting supra-
molecular nanocomposites could be tailored by adjusting MSN
concentrations. Furthermore, these hybrid hydrogels preserved
their self-healing properties and autonomously restored
their mechanical properties after deformation. In vitro studies
further confirmed that NBTA-MSN hydrogels exhibit good
cytocompatibility and effectively support MG-63 cell viability
over the 4-day incubation period. As a proof of concept, we also
showed that MSNs could function as ion reservoirs for calcium
and phosphate within the nanocomposite network in addition
to their role as covalent crosslinkers. Consequently, our strategy
of integrating MSNs within a fibrillary supramolecular hydrogel
is expected to be broadly applicable as an injectable, biomi-
metic filling material for bone tissue engineering, bioinks for
3D printing applications, and drug/ion delivery vehicles.
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