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Extracellular matrix (ECM) elasticity remains a crucial parameter to determine cell-material interactions
(viz. adhesion, growth, and differentiation), cellular communication, and migration that are essential to
tissue repair and regeneration. Supramolecular peptide hydrogels with their 3-dimensional porous
network and tuneable mechanical properties have emerged as an excellent class of ECM-mimetic
biomaterials with relevant dynamic attributes and bioactivity. Here, we demonstrate the design of
minimalist amyloid-inspired peptide amphiphiles, C,PA (n = 6, 8, 10, 12) with tuneable peptide
nanostructures that are efficiently biomineralized and cross-linked using bioactive silicates. Such
hydrogel composites, C,BG exhibit excellent mechanical attributes and possess excellent self-healing
abilities and collagen-like strain-stiffening ability as desired for bone ECM mimetic scaffold. The
composites exhibited the formation of a hydroxyapatite mineral phase upon incubation in a simulated
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body fluid that rendered mechanical stiffness akin to the hydroxyapatite-bridged collagen fibers to
match the bone tissue elasticity eventually. In a nutshell, peptide nanostructure-guided temporal effects
and mechanical attributes demonstrate CgBG to be an optimal composite. Finally, such constructs
feature the potential for adhesion, proliferation of U20S cells, high alkaline phosphatase activity, and
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1. Introduction

Bone defects caused by fractures, diseases, or inherited anoma-
lies involve several clinical complexities in both tissue repair
to replacement and regeneration."”” Although regeneration
approaches avoid the risks associated with grafting, such as
immunogenicity, graft rejection, and slow and imperfect recon-
struction of critical bone, the defects associated with them
necessitate the development of reliable alternative biomate-
rials.®”® In that regard, designing smart biomaterial to perform
guided bone regeneration has led to the fabrication of promis-
ing bone substitutes, such as bioceramics, nanohydroxyapatite,
sintered TCP, B-wollastonite etc.®® The ideal bone cementing
materials must be injectable to fit into the irregular-sized
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defects and should possess load-bearing and adhesion abilities
to bind to the bones.® Recently, bioactive glass has emerged as
a viable third-generation scaffold for bone regeneration with
the basic requirements of being bioinert, biocompatible, and
most importantly providing active and responsive synthetic
hydroxyapatite for osteogenesis, osteoinduction, and osteo-
conduction.'®™*?> Moreover, compared to synthetic hydroxyapa-
tite, bioglass possessing a bioactivity index of >8 exhibits
superior properties, such as binding to both soft and hard
surfaces, bone regeneration, and unique genetic activation,"®
which leads to greater translation with over 25 clinically approved
products in bone, teeth, and wound healing domains.'*"
However, approaches of templating bioglass with ceramic or
biopolymeric nano/micro-architectures encounter several syn-
thetic and degradability issues, including loss of bone dynamics
upon covalent binding. This necessitates an alternative dynamic
template that can overcome the aforementioned challenges and
offer bone-matching mechanical strength with good in vitro and
in vivo activity.

Biomineralized collagen constitutes the majority of extra-
cellular matrix (ECM) proteins that surround and support bone
tissue and provide it tensile strength,’® while structural density,
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crosslinking, and porosity of collagen fibers help maintain the
dynamic nature of ECM and its homeostasis.'” In that regard,
due to their supramolecular polymerization, peptides can poten-
tially encode specific cues that are unique to natural biopolymeric
systems that mimic ECM for cell adhesion, migration, spreading,
proliferation, and direct cell lineage, and can participate in cell
signalling pathways as well.'**° Moreover, mechanotransduction
becomes a vital cue for cell cycle activation of the osteoprogenitor
cells for bone repair.>’>* Guler et al. demonstrated how the
chirality and morphology of ECM-mimicking peptide nano-
fibers can regulate the mechanosensory response of stem cells
towards varying osteogenic differentiation.>® Park, Stupp, Adler-
Abramovich et al. used peptides as templates for calcium phos-
phate biomineralization and reported interesting findings related
to the role of the nano/micro hierarchical architecture related
to osteogenic potential.>**° Mineralization of metals/inorganic
components on peptides thus represents an attractive functional
material approach.*** Recently, our group demonstrated an
elegant design of stimuli-responsive peptide nanostructures
with precision strategy®® that was exploited for achieving
ECM-mimicking hydrogels,***® antibacterial activity,>” and cat-
alytic amyloids.*®?° Thermal cue-mediated control over peptide
nanostructures exhibits a tuneable control over bioactive glass
formation.”® In another work, we showed an interpenetrating
network from a peptide-polymer dynamic composite to show
mechanical stiffness and load-bearing ability for chondrocyte
proliferation.*” Often, the non-linear mechanical properties
of such interpenetrating networks, such as strain-stiffening
characteristics, play a vital role in guiding cell adhesion and
migration by matching matrix elasticity and stiffness.*>™**
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However, mimicking such cues in a synthetic model capable
of matching optimal mechanics, surface chemistry and bio-
activity is quite a challenging task. To control the bioactivity of
hybrids derived from self-assembling peptides, it is essential to
have precise control over the peptide templates. The selection
of an ideal self-assembled peptide template capable of generat-
ing a biocompatible, biodegradable nano-micro hierarchical
hybrid network lies in determining its optimum parameters, such
as hydrophobicity, flexibility, and network-forming capability.***®
In this work, we attempt to design a peptide-templated bioglass
hybrid possessing strain-stiffening ability as a quintessential cue
in mechanotransduction to not only match bone mechanics but
also show active responsive surface chemistry and bioactivity.
What sets these systems apart from other bone biomaterials is
that they demonstrate superior mechanical attributes, in addition
to their capability to circumvent the limitations that are typically
associated with dynamic self-healing and brittleness in calcium
phosphate cement and conventional polymer-templated bio-
glasses. Moreover, the exceptional ability of surface chemistry
mediation by hydrophobicity to influence material properties
extends beyond mere self-assembly and significantly impacts
bioactivity, thereby offering promising insights into the function
of bone-mimicking biomaterials.

Herein, we rationally designed a series of self-assembling
peptides C,PA (n = 6, 8, 10, 12) from the nucleating core of
AB (1-42) amyloid differing in the hydrophobicity at their
N-termini to furnish tuneable nanofiber templates for in situ
mineralization of bioactive glass C,BG (Scheme 1). Such
organic-inorganic hybrids constitute a strong calcium silicate
network with varied pore size, morphology, and mechanical
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Scheme 1 (A) Molecular structure of the amyloid AB42-inspired peptide amphiphiles, C,PA composed of hydrophobic chain (n = 6, 8, 10, 12), B-sheet
forming VFFA peptide segment and polar lysine segment. (B) Schematic representation of peptide-templated biomineralization of bioactive glass and
eventual hydroxyapatite formation upon immersion in simulated body fluid (SBF).
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strength as modulated by the spatio-temporal assembly of
the peptide templates. Interestingly, the composites exhibit
excellent self-healing behaviour and nonlinear mechanical
stiffening, as well as compression load bearing akin to collagen
biopolymers. These surface-responsive hydrogels generated
hydroxyapatite on dissolution in simulated biological fluids
that in turn facilitate matrix mineralization and cell prolifera-
tion of the osteoblast U20S cells. Taken together, all such
structural variations and functional implications among the
C,BG series revealed CgBG to be an ideal composite with
respect to the highest osteogenic response. Such artificially
designed ECM mimetic scaffolds capable of matching bone
microenvironment and mechanics are a step forward for devel-
oping implant coatings with broader relevance in bone tissue
engineering.

2. Materials and methods
2.1. Design of amphiphilic peptides and self-assembly

Inspired by the nucleating core of AB42 (16-22) amyloid, we
synthesized “VFFA® series of peptides with two lysine motifs
flanked at the C-terminal and aliphatic fatty acid spacers from
Ce-12 at the N-terminal (¢f. ESIT). Self-assembly of the amphi-
philic peptides was studied by incubating 1 mM peptide at
30 °C unagitated over two days in water and analysed for its
fiber formation capability. The effect of ionic strength on self-
assembly was assessed using sodium phosphate buffer (SPB) of
PH = 8 in sub-stoichiometric and buffering concentrations.

2.2. Mineralization of nanofibers to form bioactive glass

To the aqueous solution of peptide nanostructures, different
bioglass precursors, namely tetraethyl orthosilicate (TEOS)
(223 mM), triethyl phosphate (TEP) (27 mM), sodium sulphate
(112 mM), and calcium sulphate (115 mM), were added sequen-
tially at an interval of 30 min at room temperature. The hydrogel
composite was formed upon crosslinking the peptide-bioglass
fibers with 15 mM SPB (pH 8). The whole system was then
incubated for 48 h to complete the in situ mineralization process
as mediated by the cross-network formation.

2.3. Fourier transform infrared spectroscopy (FTIR)

Bruker Vertex 70 FTIR spectrophotometer was used to record
FTIR spectra in the range of 4000 to 400 cm ' as an attenuated
total reflectance (ATR) mode and analysed through Opus
Software. Lyophilized peptide/peptide-BG composites were
used for structural elucidation. FTIR measurements were car-
ried out with 128 scans while each sample was measured thrice
to ensure reproducibility.

2.4. Circular dichroism spectroscopy (CD)

CD spectra were recorded using JASCO J-1500 Circular Dichro-
ism Spectrometer, Easton, MD, USA. The wavelength ranged
from 190 nm to 350 nm with a scan speed of 200 nm min™".
Spectra were collected using a 2-mm path-length quartz cuvette

to record an average of three acquisitions. Secondary structure
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estimation was computed using Reed’s reference on the protein
secondary structure estimation using Spectra Manager software.

2.5. Fluorescence spectroscopy

Fluorescence emission spectra were recorded using an FS5
spectrofluorometer from Edinburgh instruments. Spectra were
recorded with a scanning slit and offset slit of 2 nm each with a
dwell time of 0.1 s at 25 °C. Thioflavin-T binding assays were
performed to monitor the kinetics of self-assembly using
0.5 mM peptide and 0.025 mM ThT solution (lgx = 440 nm
and Agy, = 485 nm). Three replicates were included in the
experiment.

2.6. Raman scattering spectroscopy

Lyophilized powder samples were used to acquire Raman
spectra with a WiTEC alpha300R microscope in Raman mode
using a 532-nm (Ej,ser = 2.33 €V) Nd:YAG laser (power ~75 mW)
and 20x (numerical aperture 0.9). Raman data were collected
by the WIiTEC control software and analysed in the WiTEC
project software. Spectra were collected using an integration
time of 1 s. The spectra were replicated three times.

2.7. X-ray photoelectron spectroscopy (XPS)

XPS spectroscopy was performed on a KAlpha plus XPS system
by Thermo Fischer Scientific instruments in an ultrahigh
vacuum chamber (7 x 107° Torr) using Al-Ko radiation
(1.486.6 eV) to know the chemical states at the sample surface
and analysed through Advantage software. Samples were pre-
pared by drop casting 20 pL of lyophilized peptide-BG compo-
sites (0.1 w/v%). The data is an average of three replicates.

2.8. Atomic force microscopy (AFM)

AFM imaging was performed on a Bruker Multimode 8 scan-
ning probe microscope with a silicon cantilever (force constant
of 40 N m™%). First, 10 uL of 0.05 mM peptide solutions were
drop-cast on a silicon wafer and AFM height images were
recorded using tapping mode at scan rates of 0.5-0.7 Hz and
were analysed using Nanoscope Analysis 1.4 software. Imaging
was conducted on each sample in three different areas to
confirm the fiber morphology, while height profiles of 25
different fibers were averaged to confirm the height of fibers.

2.9. Transmission electron microscopy (TEM)

An aliquot (6 pL) of diluted peptide bioglass composite gel
(0.005 w/v%) was drop-cast on a 200-mesh carbon-coated
copper grid. After ~5 min, excess solution was blotted using
a Whatman filter paper from all edges of the grid carefully and
dried under vacuum. TEM images and selected area electron
diffraction (SAED) patterns were recorded using JEOL JEM 2100
with a tungsten filament at an accelerating voltage of 120 kv.
Imaging and measurements were conducted on each sample in
three different areas to confirm the uniformity of the sample.

2.10. Scanning electron microscopy (SEM)

SEM images were recorded on a JEOL JSM-IT300 attached to an
energy-dispersive X-ray spectroscope for elemental determination

This journal is © The Royal Society of Chemistry 2024
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and quantification. Ten microliters of 0.05 w/v% peptide bioglass
composite gel were drop-cast on double-sided carbon tape,
followed by platinum/gold coating in the sputtering machine.
Images were collected under vacuum using 5 kV accelerating
voltage and EDX under 15 KV accelerating voltage with an
optimum working distance adjusted for optimal image quality.
All EDX measurements were recorded in triplicates and aver-
aged to provide the % Ca: P ratio.

2.11. Brunauer-Emmett-Teller (BET) analysis

Autosorb IQ Quantachrome was used to assess the textural
parameters of the lyophilized bioglass composite by first degas-
sing the samples under vacuum for 6 h at 423.15 K. Analysis
was performed at 77 K by the adsorption-desorption of N,
(cross-sectional area 0.162 nm?) using the instrument. Sample
surface area and pore size distribution were calculated using
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) equation. Data were collected and averaged from three
replicates.

2.12. X-ray diffraction spectroscopy (XRD)

Powder X-ray diffraction (PXRD) studies were performed for the
phase determination on lyophilized powder samples using
Bruker D8 Advance X-ray diffractometer having Cu-Ka radiation
(Ni-filtered) with a wavelength of 1.54 A at a scan rate of
0.017 s~' and a step time of 0.30 s. The sample size was n = 3.

2.13. Rheology

Rheological investigations were performed on Anton Paar
Rheometer MCR 302 equipped with Rheocompass software
using parallel plate (PP-25) geometry at a measuring distance
of 0.2 mm at 37 °C.*”*® For all measurements, the measuring
plate area was covered with a solvent trap to avoid evapora-
tion of the solvent during a longer experiment time. Each
experiment was conducted thrice for reproducible results.
Frequency sweep oscillatory rheology was performed from
0.01 to 100 rad s~ ' at a constant 1% strain in the linear
viscoelastic region. Amplitude sweep studies were performed
from 0.01% to 200% strain at 10 rad s~ to find the cross-over
point, critical strain, and yield stress. The self-healing ability of
the hydrogels was evaluated by dynamic thixotropic studies
upon subjecting the gel network to three consecutive cycles
of high (100%) and low strain (1%) at a constant angular
frequency of 10 rad s™'. The load-bearing ability of the compo-
sites was then quantitatively evaluated through stress vs. strain
analysis. For nonlinear rheological studies, a parallel super-
position of steady pre-stress (o) along with 10% of oscillatory
stress at a constant angular frequency of 6.28 rad s~ ' gave the
corresponding oscillatory strain (Ay). The average linear G’
readings obtained from the corresponding flow curve impart
a differential moduli, K’ (36/8y), which was plotted against
stress, o. values to estimate the strain-stiffening behaviour.

2.14. Nanoindentation

Nanoindentation measurements were performed in duplicates
on a calibrated TI 950 Triboindenter by Bruker using a flat

This journal is © The Royal Society of Chemistry 2024
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punch nanoindenter (diameter = 490 um). Samples were pre-
pared by drop casting 50 pL of 1 w/v% sample (native peptide/
biomineralized sample/SBF treated sample) on fresh silicon
wafer and air drying to minimize any crack formation (dried
film thickness ~3 pm). To alleviate surface roughness, the
samples were subjected to increasing load from 25-175 pN at
intervals of 25 uN. Load displacement curves were measured at a
maximum load of 175 pN (maximum displacement <10% of
sample thickness to avoid any substrate effects) and a load profile
of 5 s-2 s-5 s with the sequence of load-hold-unload. The hardness
(H) and reduced modulus (E;) were then computed using Triboscan
software from the unloading contact stiffness and the indenter
contact area (A.) based on the Oliver-Pharr theory.*’

2.15. Bioactivity test

As a bone cementing material, the primary bioactivity of the
bioglass scaffold was evaluated by its ability to generate bone-
mimicking surfaces in contact with body fluids. Hydroxyapatite
formation was applied at the surface of bioglass in the presence
of simulated body fluid (SBF) as a marker to evaluate in vitro
bone-forming activity. To check the bioactivity of the C,BG,
hydrogels were immersed in Hanks’ Balanced Salt solution that
matches the ionic composition of human blood plasma for 7,
15, and 25 days on a shaker at 37 °C under sterile conditions.
The formation of hydroxyapatite was monitored on the samples
of the surface through TEM, SEM-EDX, XRD, and FTIR, to
evaluate the bone-forming activity of the samples. Data repre-
sented were the mean of triplicate experiments with less than
0.005% standard deviation.

2.16. Cell culture studies

MTT assay was carried out to evaluate the biocompatibility of
the bare peptides and bioglass composites. Cell viability and
cell proliferation were examined by taking the gels in 96-well
plates under sterile conditions at 37 °C, followed by incubation
in DMEM with 10% FBS for 24 h in a 5% CO, incubator to
optimize the conditions for growth. The following day, media
were replaced with fresh FBS medium containing pre-counted
5000 U20S cells. The images of the cells were recorded using an
Invitrogen bright-field microscope. A quantitative assessment
of cellular proliferation within the hydrogel matrix was con-
ducted using the Alamar Blue assay. Live/dead staining was
performed using fluorescein diacetate (FDA) and propidium
iodide (PI), and the images were captured using confocal laser
scanning microscopy (CLSM).

Alizarin red-S (ARS) staining was used to study the osteo-
genic differentiation of U20S cells by growing U20S cells with
up to 80% confluency on the bioglass matrix for 14 days. Media
were changed every 3 days, and the cell monolayer was stained
with ARS solution in ddH20, washed with cold phosphate
buffer saline, and ethanolic destaining was performed to finally
visualize the calcium deposits.

For the alkaline phosphatase (ALP) assay, U20S cells were
seeded on each scaffold for 7 days followed by staining accord-
ing to the manufacturer’s instruction (alkaline phosphatase
assay kit, Immunotag). The scaffolds were washed with phos-
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phate-buffered saline thrice and lysed in 1 mL of assay buffer,
sonicated, and centrifuged at 8000 rpm at 4 °C for 10 min. The
supernatant was kept on ice, with the sequential addition of
40 pL of the reaction buffer and substrate followed by 90 pL of
reagent 1 and 20 pL of reagent 2 as instructed for the kit. The
solution was incubated for 15 min at 37 °C, and the absorbance
was recorded at 510 nm. Statistical analyses were conducted on
datasets derived from a sample size of three, and results are
presented as mean + standard deviation (SD). Data analysis
was performed using GraphPad Prism 6. Statistical significance
was determined by applying one-way ANOVA followed by Tukey’s
tests, considering a 95% confidence interval. Results were deemed
statistically significant when P < 0.05.

3. Results and discussion

3.1. Self-assembly of peptide nanofibers

We designed peptide amphiphiles, C¢PA, CgPA, C4oPA, and
Cy,PA, with an AP (1-42) amyloid-inspired VFFA nucleating

View Article Online

Paper

core tethered to fatty acid chains of varying lengths from
hexanoic acid (Cs) to dodecanoic acid (C;,) at the N termini.
The lysines at the C termini provided the optimal hydrophobic/
hydrophilic balance to render them amphiphilic, which influ-
enced the self-assembly with respect to fiber formation propen-
sity via mediation by n-m stacking of phenylalanine, hydrogen
bonding along the amide motifs, and van der Waals inter-
actions among the hydrophobic chains.

We studied the self-assembly of the C,PA peptides (1 mM) in
aqueous media by varying ionic strengths (zero, substoichio-
metric, and excess) with sodium phosphate buffer adjusted to
pH 8. The secondary structure of C,PA was evaluated using
time-dependent CD spectra under three different conditions:
(a) water, (b) with 0.5 mM sodium phosphate buffer (pH = 8),
and (c) with 5 mM sodium phosphate buffer (pH = 8) (Fig. 1A-C
and Fig. S2, ESIt). C¢PA exhibited a random-coil signature in
water that remained unaltered upon increasing ionic strength
even after 48 h. Similarly, CgPA showed a random-coil signa-
ture in water and lower ionic strength of buffer; however, at
higher ionic strength CgPA exhibited intense bisignate B-sheet
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Fig. 1 Self-assembly and kinetics for C,PA peptides (n = 6, 8, 10, 12) in SPB solutions of varying ionic strength after 48 h. (A)-(C) CD spectra and (D)—(F)
ellipticity plots at 201 nm and 218 nm depicting the evolution of CD signal with growing assemblies monitored for 48 h, (G)-(J) AFM images showing
nanostructures of C,PA after incubation in the high ionic strength of the SPB solution for 48 h (scale bar = 1 um). (c = 0.05 mM).
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signature with negative and positive Cotton bands at 218 nm
and 198 nm, respectively, suggesting that hydrophobicity and
ionic strength concomitantly drive the self-assembly pattern.
Further, C4¢PA and C;,PA with hydrophobic fatty acid chains
demonstrated majorly random coil signatures in water; never-
theless, a lower ionic strength was sufficient for them to
assemble into B-sheets with characteristic bisignate cotton
bands at 218 nm and 201 nm. Thus, the assemblies exhibited
the absence of a peak at 218 nm (n — 7* electronic transition of
peptide backbone) owing to suboptimal experimental condi-
tions for the peptides to self-assemble that were facilitated via
increased ionic strength (Fig. 1A-C). Next, we investigated the
kinetics of self-assembly by monitoring the ellipticity at 201 nm
and 218 nm (Fig. 1D-F and Fig. S2, ESIt). Thus, with time, 6,0,
exhibited sigmoidal growth for only C;,PA in water indicating
nucleation-elongation characteristics. However, upon increas-
ing the ionic strength, both C;,PA and C,,PA showed faster self-
assembly kinetics as seen from the time-dependent 0,5 plots.
Interestingly, at higher ionic strength of SPB, CgPA exhibited
optimal hydrophobicity and a much higher increase in ellipti-
city at 218 nm. As the peptide CgPA assembly matured with
time, we also noticed a sudden increase in the chiral signal at
201 nm that might account for late-stage error correction
mechanisms via dynamic monomer exchange to render a
highly ordered B-sheet arrangement (Fig. S2, ESI{).”° This
indicated the role of VFFA fragments and hydrophobic chains
in promoting self-assembly. To understand the contribution of
ionic strength, we analysed the CD data using Reed’s method to
estimate the percentage of secondary structures present in
these peptides after 48 h (Fig. S3, ESIT).>! Thus, at higher ionic
strengths, while 100% of the C¢PA appeared in random coil
orientation, a significant increase in the B-sheet content was
observed in CgPA (10.8% in water to 68.1% at high ionic
strength). However, we did not notice such an increase for
C10PA or Cy,PA, indicating that this synergistic behaviour is
specific to CgPA. We propose that on increasing the ionic
strength, CgPA achieved a perfect balance between VFFA core
stacking and packing among the hydrophobic tails. However, in
C10/Ci, chains, interactions among the hydrophobic tails began
to dominate, thereby deviating further from the optimal bal-
ance required for an ordered assembly. Such a trend in -sheet
content and kinetics of self-assembly for C,PA was further
corroborated using a Thioflavin T (ThT) binding assay that
showed an increase in the ThT emission at 485 nm depending
on the ionic strength and hydrophobic tails of C,PAs akin to
the CD spectral analysis (Fig. S4, ESIt). Both the ThT and CD
results offered a detailed understanding of the kinetics of the
hierarchical assembly process as mediated by the hydrophobic
chains and peptide segments to render nanoscale fibrillar
organization. Next, we monitored the morphological differ-
ences in the fibrillation of C,PA using atomic force microscopy.
Thus, C¢PA formed short polydisperse nanofibers (height 10 +
2 nm); CgPA assembled into twisted bundles (height 3 + 1 nm)
while C;oPA and C;,PA assembled into fibers of 8 &= 1 and 5 £
1 nm height, respectively (Fig. 1G-]J). The twisted bundle mor-
phology of CgPA observed in the height profile (Fig. S5, ESIY)

This journal is © The Royal Society of Chemistry 2024
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could be corroborated with its intense CD spectra validating
highly ordered assembly. Thus, we exploited such nanofibers to
form an interpenetrating 3D porous hydrogel network. For hydrogel
formation with native peptides, we utilized 1 w/v% of C,PA that was
self-assembled for 48 hours and crosslinked using salt-bridge
interactions with 15 mM SPB to form hydrogels.

3.2. Mineralization and self-assembled peptide nanofibers as
templates for bioactive glass

Next, the peptide nanofibers, C,PA, in water (8.6 mM) were
utilized as a template for bioactive glass synthesis to eventually
produce C,BG composites. Using the peptide nanostructures as
a template, a silicate network was constructed with tetraethy-
lorthosilicate to furnish glassy composites having continuous
Si-O-Si bonding. Triethyl phosphate (TEP) facilitated the glass
network formation by incorporating phosphorous into the
siloxane network, which aided the desirable degradation beha-
viour, release kinetics, and bioactivity. Subsequently, we intro-
duced sodium and calcium ions to enhance the interaction with
the open structure of the Si-O~ bonds (oxygens not bridged to two
silicon atoms henceforth termed as non-bridging oxygen, NBO).
The presence of phosphate and sulphate counter ions ensured the
formation of Ca—(Na)-P clusters and better cross-linking within
the peptide nanofibers and between the peptide template and
silicate network (Fig. S6, ESIT). Finally, we added sodium phos-
phate buffer (15 mM; pH 8), followed by incubation at 25 °C for
48 h to complete the in situ mineralization process and furnish
C,BG hydrogels (Fig. 2A). The templating process involved an
array of non-covalent and covalent interactions, viz. electrostatic
interactions, between protonated lysine amines and silicates/
sulphates, hydrogen bonding, van der Waals interactions through
peptide backbone with silica, ionic interactions via alkali/alkaline
earth metals, and covalent siloxane linkages. We investigated the
mineralized hydrogels for their structural, morphological, and
textural characterization to get a clear insight into the mineraliza-
tion process. The twisted bundle morphology of CgPA resembled a
highly ordered assembly with tight packing confers as its unique
features that were also true for its corresponding bioactive glass,
CgBG, in contrast to other peptide templated bioglass hybrids
(C,BG). Comparative FTIR spectra of C,PA and C,BG showed
decreased intensity and peak shifting for the characteristic amide
I peak at 1629 cm ™" and amide II peak at 1541 cm ™" of the C,PA
upon C,BG composite formation (Fig. 2B). Emergence of new
peaks corresponding to Si-O-Si (stretch at 1107 cm ™" and bend at
459 cm ™), ring structure of the silicate network (798 em '), and
P-0 (619 cm ') bond along with Si-O (non-bridging oxygen NBO)
at 995 cm™ " indicated the formation of a silicate network in the
bioglass. However, the weaker intensity of peaks at 798 cm™ ' and
619 cm ™" accounted for the less symmetric bending vibrations of
Si-O-Si and lower concentration of TEP in the bioglass, respec-
tively. Comparative structural analysis with PXRD suggested a
transformation of the amorphous peptides, C,PA (Fig. S7, ESI}),
into crystalline biomineralized composites of C,BG (Fig. 2C).
Thus, the peaks at 11.68, 32.07, 29.33, and 21.07 indicated a
presence of Ca,SiO, and CaSiO; phases and confirmed the
incorporation of Ca®" ions into the silica network of the bioglass.
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Fig. 2 (A) Schematic representation of the bioglass fabrication process an
corresponding bioglass composites, C,,BG. (C) XRD spectra of the crystallin

d the structural network formed. (B) FTIR spectra of the peptides, C,PA, and
e bioglass composites and (D) Raman spectra showing the structural features

of the bioglass composites compared to the native peptides C,PA owing to biomineralization. (E) Surface elemental analysis by XPS Si 2p photoelectron

spectra shows an increase in the binding energy from C¢BG to C1,BG.

Raman spectra of all the C,,PA showed sharp peaks at 1618 cm ™

and 1033 cm ™" for anti-symmetric bending of NH,;" and C-C
band, respectively, in lysine. In addition, characteristic peaks of
phenylalanine (1005 cm ™" and 1160 cm "), valine (CH; bending
1452 em ™Y, and alanine (C-C stretch 1350 cm ™) were observed,
along with carbonyl stretching (1677 cm ™) (Fig. S8, ESIT). How-
ever, upon biomineralization to C,BG, the decrease in intensity of
the Raman peaks at 1033 and 1618 cm ™ indicated lysine to be a
high-propensity site for the mineralization process (Fig. 2D).*° The
surface chemistry in bioactive glasses prompted us to conduct
detailed surface analysis with X-ray photoelectron spectroscopy
that confirmed the presence of Si, O, P, S, Ca, Na, N, and C in all
the C,BG samples (Fig. 2E and Fig. S9A-D, ESIt). Notably, the Si

2p photoelectron spectra exhibited a marginal increasing trend of
binding energy from 103.34 eV for C¢BG to 104.42 eV for C,,BG.
This indicated relatively higher network modifier content in CeBG
that could result in a higher proportion of non-bridging oxygen.
The deconvoluted XPS spectra demonstrated characteristic peaks
for bridging and non-bridging oxygens and their ratio (Fig. S9E-H
(ESIT) and Table 1). The presence of such non-bridging oxygen
(NBO) facilitated an open network structure allowing for Si-O-Na
and Si-O-Ca bonding sites that could eventually result in faster
release of ions or a larger mineral phase deposition.

Further, we performed SEM to visualize the topology of
the peptide bioglass composites that exhibited porous three-
dimensional fibrous networks (Fig. 3A-D) owing to the

Table 1 Quantitative comparison of structural chemistry and physical parameters of the peptide-templated bioglass hybrids

Binding energy NBO:BO from O 1s

Ca:P before Ca:P after Surface area®

C,BGn for Si 2p® photoelectron spectra® immersion in SBF? immersion in SBF? (m*>g™)
6 103.34 0.202 0.92 1.41 19.55
8 103.39 0.195 0.81 1.56 53.94
10 103.50 0.171 0.99 1.59 10.06
12 104.42 0.21 1.16 1.45 7.59

“ Binding energy obtained from deconvoluted XPS spectra for Si 2p and O 1s and the ratio of non-bridging to bridging oxygens in the silicate
network. * EDX values to estimate the Ca: P ratio of the biomineralized hybrids before and after immersion in SBF depicting hydroxyapatite phase
formation. “ The surface area is calculated from BET. The standard deviation of the triplicate dataset for the above studies was very close to the

mean with a difference of only 0.005%.
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Fig. 3 (A)—(D) SEM Images of biomineralized peptide composites for C¢BG, CgBG, C10BG, and C1,BG. (E)-(H) Nitrogen adsorption/desorption isotherms

showing type IV BET isotherm pattern.

formation of a highly crosslinked silicate network. Ca** ions
might also have a role in enhancing the aggregation propensity
and network formation during the biomineralization process.
To predict whether such morphological features accounted
for the distinct potential to create an apatite mineral phase,
we calculated the atomic percentage of Ca:P before and after
immersing the scaffold in simulated biological fluids (Fig. S10,
ESIt). EDX showed an increase in the percent of the Ca: P ratio
for the C,BG samples after immersing in SBF (Fig. 5). Interest-
ingly, CgBG showed the highest percent change in the Ca:P
ratio, which might account for the high network modifier
content. The dissolution of critical ions, such as Ca, Na, PO,,
and Si, largely depends on the porous network of the matrix
making it indispensable to analyse the pore size, pore volume,
and surface area. We performed BET analysis through nitrogen
adsorption-desorption pattern of the C,BG composites that
exhibited type IV isotherm pattern with H1 hysteresis that is
distinctive of the mesoporous structures (Fig. 3E-H). On fitting
in the BJH equation, CgBG exhibited the highest surface area
which was also evident from the isotherms having the maxi-
mum volume of gas adsorption (Table 1). However, C1,BG and
C;,BG showed reduced surface area presumably due to the
tight packing and interaction among the long aliphatic chains.

3.3. Biomechanical investigations from rheology and
nanoindentation

Since natural biomaterials have a quintessential damage tolerance
mechanism with dual-mode intrinsic and extrinsic toughening,
we performed detailed mechanical investigations for peptide-
templated bioactive glass composites using rheology.>* C,PA
and C,BG hydrogels demonstrated a frequency-independent
behavior albeit with the C,,BG composites exhibiting two-fold
higher elastic moduli in comparison to the native C,PA hydro-
gels (Fig. 4A and B). The presence of strong interactive sili-
cate networks acted as reinforcement fillers to impart such

This journal is © The Royal Society of Chemistry 2024

enhancement in the elastic moduli. Further, the C,PA and
C,BG hydrogels with longer aliphatic chains (C;, chain) exhib-
ited the highest storage moduli (~3.8 x 10° Pa) that might
account for the role of the percent content of B-sheets in
determining gel strength. Dynamic oscillatory amplitude sweep
experiments exhibited yield stress values for the hydrogels,
indicating the breakage of the network upon increasing defor-
mation (Fig. 4C and Fig. S11, ESIt). High yield stress values for
C6BG and CgBG provided hints toward their resistance to flow
on applied stress despite the presence of a significant amount
of network modifier as seen from the higher NBO: BO ratios.
All C,BG bioactive glasses were found to be thixotropic in
nature and showed a progressive decrease in storage and loss
moduli with time under the application of constant shear
stress, followed by a gradual recovery upon removal of stress
for three repeated cycles (Fig. 4D and Fig. S12, ESIf). For an
irregular-sized bone defect, the bone cementing ability of the
bioglass would depend on its injectability, the capacity to adapt
to the shape of the defect without losing its integrity, and to
self-heal in case of any damages occurring during the process.
To evaluate the self-healing ability of the hydrogels, we
moulded the dye (safranin O) doped and undoped gels and
kept them in the vicinity to observe dynamic supramolecular
interaction and self-healing of the two blocks into one whole
block over 2 hours (Fig. 4E and Fig. S13A, ESIt). The compara-
tive frequency sweep of self-healed vs. intact gels with similar
moduli also supported these findings (Fig. S13B, ESIt). More-
over, the hybrid gels exhibited injectability, enabling their
passage through a syringe, thereby enhancing their applicabil-
ity, particularly in the realm of bone tissue engineering
(Fig. S13C, ESIt). Further, we explored ubiquitous strain-
stiffening for the C,BG hydrogel composites as found in
biopolymers consisting of extracellular matrix filaments, and
microtubules. The strain-stiffening properties were determined
by an increased elastic modulus under small to moderate
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Fig. 4 (A) Comparative oscillatory frequency sweep rheology, (B) the corresponding bar diagram shows a comparison between the storage moduli,
G’ and (C) comparative amplitude sweep oscillatory rheology for C,PA hydrogels (1 w/v%, pH 8) and C,,BG composites. Data presented are the mean +
standard deviation (SD) of triplicate experiments. (D) Thixotropic studies on CgBG upon application of alternative cycles of high (100%) and low strains
(0.1%) at a constant angular frequency of 10 rad s~*. (E) A pictorial depiction of the self-healing ability of the bioglass composite. (F) Differential moduli, K,
against stress ¢ for C,BG showing strain-induced stiffening behavior. (G) Compressive test comparing the load-bearing ability of CgPA and CgBG.
(H) Load displacement curves for Cg hydrogel composites from nanoindentation and (I) corresponding reduced moduli (E,), hardness (H).

strains, which is crucial for ECM mimicking as it confers
compliance to small forces and resistance to large deforma-
tions, thereby maintaining shape dynamics and functioning of
the bone. It also allows long-range cell-cell communication
owing to the interconnected fiber alignment that is essential
between the sparsely present osteoblast progenitor cells.
To evaluate the non-linear elastic response, we examined K/,
which symbolized the elastic component as a function of stress
by strain (30/8y) in two distinct regimes. At the early pre-stress
stage (o), K’ = G,, representing the equilibrium state; beyond
the critical stress (o.), an exponential increase occurs in K’
exhibiting a non-linear elastic response. g. serves as a distin-
guishing parameter for the strain stiffening response. C,BG
with n = 8, 10, 12 exhibited early onset (~ 0.05 Pa) of stiffening
response relative to C¢BG with higher ¢, value (~ 0.4 Pa) for the
onset of exponential response (Fig. 4F). As evident from higher
g, a relatively less dense fiber network in C¢BG was responsible

8696 | J Mater. Chem. B, 2024, 12, 8688-8701

for imparting higher network flexibility, underlining the altera-
tion over the strain-stiffening behaviour. Such stiffening
response at a lower stress regime is a characteristic of miner-
alized collagen biopolymers with hydroxyapatite crystallization
in the interstitial space and is thus absent in the native
peptides (Fig. S14, ESIT).*>”? Next, we investigated the load-
bearing capacity of the hydrogels using stress-strain compres-
sibility curves that would validate their suitability to be used as
artificial matrices (Fig. 4G and Table S1, ESIt). While the native
peptide hydrogels deformed upon compression at ~7 kPa, the
bioglass composites could bear a load as high as ~ 55 kPa. This
was presumably due to the presence of additional Si-O-Si
crosslinking to render an intricate network of peptide nanos-
tructures with silicates. Such compression softening behaviour
is stabilized by secondary bio-silicate network and results in the
augmentation of the breaking strength, highlighting one of
its crucial attributes as an adaptable biomaterial. It was thus

This journal is © The Royal Society of Chemistry 2024
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evident from the extensive mechanical studies that C,BG
deposition on C,PA templates renders mechanically enhanced
features to it which are desirable for matching bone mechanics.

Next, we used a nanoindentor to investigate the changes in
surface hardness and mechanical properties of the materials
upon mineralization which is reminiscent of dental enamel
dissolution and remineralization.>* As a classical bone cement-
ing material, the bioactivity of C,,BG composites was evaluated
in vitro with respect to the hydroxyapatite (HAp) forming ability
that in turn reflected in vivo bone-bonding ability. Thus, CgBG
was immersed in simulated body fluid for 25 days to promote
calcium phosphate hydroxyapatite deposition to form CgHAp
(Fig. 5). We compared the mechanical performance of CgPA,
CgBG, and CgHAp by depositing films that were indented on the
surface using the force required to penetrate <10% of the film
thickness to avoid any substrate effects. A comparative load-
displacement curve at 175 uN force demonstrated very high
displacement of the native peptide CgPA (~250 nm), indicating
the presence of soft elastic peptide nanofibers, as compared to
the biomineralized CgBG (~140 nm) and CgHAp (~30 nm)
(Fig. 4H). Surface deposition of calcium phosphate in CgHAp
made the surface stiff enough with minimal displacement at
the same force. This was also evident from the increase in reduced
moduli (E;) upon biomineralization to CsBG (~151.67 MPa) from
CsPA (~99.07 MPa) (Fig. 4I). The hardness (H) values for these
samples were proportional to the E, depicting average bond
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strength and limit of plasticity. Furthermore, we exploited Oliver
Pharr’s Theory to get the ductility index (E,/H) reflecting the
relative amount of plastic indentation work that was found to
be the highest for CgHAp (Fig. S15, ESIT). These observations were
corroborated well with the fracture toughness of the indented
biomaterial for bone integrity.

3.4. Bioactivity of the peptide-templated bioglass scaffolds

After validating the mechanical properties, we substantiated
the bone-forming ability of the bioglass scaffolds by estimating
the bioactivity in simulated body fluid. The surface chemistry
of the bioglass composites promotes rapid bone formation via
the dissolution of critical concentrations of Si (17-20 ppm), P,
Ca (88-100 ppm), and Na ions from the surface at a rate similar
to the kinetics of collagen formation and bone growth in vivo.
Interestingly, bioactive glass dictated in situ deposition of
hydroxyapatite to exert direct control over genes that regulate
cell cycle induction and progression and possess a high level of
bioactivity and bone regenerative capability. We immersed the
composites in simulated body fluid to promote HAp formation
in five consecutive stages i.e., quick ionic exchange of Na* with
H'/H;0", followed by glass network dissolution, polycondensa-
tion of silanols to form a silica gel layer with high surface area,
and nucleation-crystallization of hydroxyl carbonate apatite
(HCA) layer.>® TEM images exhibited structurally and compo-
sitionally altered surfaces of CgBG before and after immersion
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Fig. 5 In vitro bioactivity ascertained from microscopy and XRD. TEM images for CgBG (A) before and (B) and (C) after immersion in SBF for 7 and

25 days, respectively (inset showing the SAED pattern for deposited multiphasic HCA). The yellow line depicts biomineralized fibers of CgBG without any
hydroxyapatite deposition, (D) SEM images for CgBG after immersion in SBF for 25 days showing the precipitated mineral phase. (E) The XRD data for
CgBG after SBF immersion shows octacalcium phosphate and hydroxycarbonate apatite diffraction peaks. (F) FTIR spectra show an increase in CO3%~ and
PO, peaks of CgBG upon SBF immersion.
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in SBF for 7 and 25 days (Fig. 5A-C). Selected area electron
diffraction (SAED) analysis (inset) furnished the crystallo-
graphic details of the layer with d-spacing to indicate the
deposition of phases resembling 2kl values of hydroxyapatite
(JCPDS 26-1056 and JCPDS 19-0272). Further, elemental map-
ping showed the distribution of bioglass ions, namely Si, O, Na,
Ca, P, and N, on the surface of CgBG with the presence of Si, O,
and Na at the periphery as potential dissolution sites owing to
the open NBO network (Fig. S16A, ESIt). Upon immersing CsBG
in SBF for 25 days, we observed colocalization of Ca and P on
the surface, indicating CaP deposition (Fig. S16B, ESIt). SEM
depicted the morphological changes from porous network
features to multiphasic deposition in C,BG after immersion
in SBF (Fig. 5D and S17, ESIt). Moreover, XRD corroborated the
biphasic calcium phosphate deposition of octacalcium phos-
phate (kkI 241, 331, 142) and carbonate hydroxyapatite (hkl 210,
112, 203) upon immersion in SBF (Fig. 5E). The diffraction
peaks for bioglass composites at 11.68°, 21.07°, and 29.33°
disappeared and new peaks appeared at 32° and 45°, suggesting
fast surface reactive ionic exchange for the growing phases of
deposited calcium phosphate (Fig. S18, ESIt). FTIR spectra
confirmed the increase in characteristic vibration modes of
carbonate (800 cm™ ') and phosphate (570 cm™ ), with a steady
increase up to 1.59, indicating prominence of carbonate apatite
to signify hydroxyapatite with a parallel decrease in Si-O (NBO)
peak of bioglass (Fig. 5F and Fig. S19, ESIT). Comparative Ca: P
ratios present on the surface of C,BG, as evaluated from SEM-
EDX, indicated that the composition of bone mimicked the
release kinetics of natural hydroxyapatite (Ca:P = 1.67)
(Fig. S20, ESIY). This indicated the presence of higher NBO in
CgBG to exhibit the highest % change in Ca:P to eventually
render a faster silica dissolution process, thereby enabling the
deposition of different forms of hydroxyapatites. The octacal-
cium phosphate phase found in these composites after being
soaked in SBF could act as a precursor to HAp and was
indicative of its bone regenerative capability for mineralizing
the collagen matrix.

3.5. Cellular response to the surface reactive peptide
templated bioglass matrix

Next, we evaluated the biological response exhibited by C,PA
and C,BG against the human osteoblast U20S cell line. The
MTT assay showed excellent biocompatibility of C,PA and C,BG
hydrogel matrices even for high concentrations (1000 pug mL ™)
depicting normal metabolic activity of the cells (Fig. 6A). In fact,
more than 80% of cells were viable indicating good cellular
proliferation toward peptide hydrogels and bioglass compo-
sites. Further, we investigated the cell adhesion propensity of
the CgBG matrix cultured with U20S cells under an optical
microscope that showed a spread-out morphology with devel-
oping cellular projections from rounded cells (Fig. 6B and
Fig. S21, ESIt). Such biocompatibility and proliferation in the
matrices might stem from the interesting strain-stiffening
contractile behaviour of the biomaterials that provides essen-
tial mechanical cues to promote cell-matrix interactions.**>*>”
Alamar blue assay provided a quantitative estimation of the cell
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proliferation over time as monitored by increasing fluorescence
intensity at 590 nm to exhibit better adaptation of the cells to
microenvironment in the bioglass hybrids (Fig. 6C). Significant
increase in cellular proliferation towards CgBG, in comparison
to CgPA, was noted, as obtained from statistical analysis using
one-way ANOVA followed by Tukey’s test. Further, live/dead
assay using FDA/PI staining provided information about the
cell viability for a longer culture period of 5 days (Fig. S22,
ESIT). Thus, the majority of the U20S cells on the CgBG scaffold
exhibited green FDA staining with almost no traces of red
stains of PI even after 5 days (Fig. 6D-F) of incubation,
suggesting healthy cells with negligible cell death. However,
cells seeded on the bare peptide CgPA exhibited significantly
less cell proliferation (Fig. S22, ESIt). Next, we exploited the
Alizarin red-S assay to monitor calcium deposition in U20S cell-
laden CgPA and CgBG matrices incubated over 14 days to
validate the bioactivity data (Fig. 6G and H). The appearance
of brick-red precipitates suggested the presence of calcium-
containing osteocytes in differentiated osteoblasts (Fig. S23,
ESI¥).>®%° Quantitative estimation of ossification was evaluated
from the absorbance at 550 nm and depicted the highest matrix
mineralization with regard to calcium phosphate deposition for
CgBG (Fig. 6I). One-way ANOVA and Tukey’s test established
significant differences among the native peptides vs. the pep-
tide bioglass hybrids. Finally, we investigated the alkaline
phosphatase (ALP) activity as an early marker of osteogenic
differentiation and observed enhanced activity in the presence
of C,BG scaffolds after 7 days of cell seeding. Interestingly, the
bioglass scaffolds exhibited significantly greater ALP activity
(~5-10 times) as compared to C,PA hydrogels (Fig. 6]).
Such high ALP enzyme expression reconciles the role of bio-
active glasses in providing favourable microenvironment cues
for osteogenesis, which is aided by the ionic dissolution
products and in situ HAp deposition. Further, cells on the
CgBG matrices showed maximum enhancement of the ALP
activity (252 U mL™'), among all the bioglass matrices.
Although C;¢PA and C;,PA and their corresponding bioglass
exhibited higher hydrophobicity, mechanical strength, and
higher Ca:P before immersion in SBF, the tight packing prob-
ably decelerated the release of ions from its matrix. On the
contrary, C¢BG formed the weakest hydrogel owing to the
modulation of hydrophobic/hydrophilic balance in the peptide
to result in higher open network structure and exhibited better
ARS and ALP activity albeit with weak mechanical attributes. In
that regard, synergistic self-assembly in CgBG endows optimal
hydrophobicity along with temporal and structural attributes.
Thus, CgBG exhibited a high NBO:BO ratio and the highest
percent change in Ca:P and high surface area, along with
suitable mechanics (tensile strength and collagen-like stiffen-
ing), which was reflected in the bioactivity with favourable
cellular attachment, spreading, and growth vitals for tissue
development. Interestingly, all our bioglass constructs favour-
ably supported multi-layer cellular growth with minimum cell
death or detachment from the matrix, encouraging their use as
excellent biomaterials. However, a factorial analysis to establish
a direct correlation among the hydrogels is challenging
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experiments performed in triplicates. (B) The spread morphology of the cells under a bright field after incubation with CgBG for 48 h. Red arrows depict
cells adhered to the matrix initiating spreading marked by the change in morphology. (C) Alamar Blue assay to estimate cellular proliferation over CgPA
and CgBG for 24, 28, and 72 hours. (D)-(F) Live/dead staining using FDA/PI assay depicting the cellular interactions with CgBG after 5 days. (G) and (H)
Alizarin red-S-stained optical images of CgPA and CgBG incubated with U20S cells for 14 days to identify calcium-containing osteocytes in differentiated
osteoblasts and (I) quantitative estimation of ossification of matrices with respect to Ca deposits for C,PA and C,BG. (J) Alkaline phosphatase activity of
the cells seeded on C,,BG matrices for 7 days to mark early osteogenic differentiation. All scale bars = 100 um. Data represented are the mean =+ standard

deviation (SD) of triplicate experiments.

although factors, such as cross-over point and strain-stiffening,
were seen to influence osteogenic expression, indicating elastic
gels to store the deformation work necessary for cellular
activity.® It is interesting to note that, while the majority of
the recent reports focus on bioglass utilize natural polymers,
such as collagen (poor rigidity and mechanics), silk fibroin
(sericin limiting osteogenesis), cellulose (poor hydrophilicity),
or hyaluronic acids (expensive purification), our study demon-
strates biopolymer-like templating efficacy with self-assembled
peptide scaffold with tailorable hydrophobic-hydrophilic bal-
ance, improved osteogenesis and reliable synthetic and purifi-
cation protocols.*'* Additionally, hydroxyapatite deposition
using peptide scaffolds usually incorporates acidic amino acids
while our approach adopts a collagen-mimicking lysine-based
hydroxyapatite deposition strategy.>**® Moreover, although

This journal is © The Royal Society of Chemistry 2024

amino acid-based bioglass composites have gained recent
interest, the effect of hydrophobicity as a crucial factor dictating
the bioactive responses has not been investigated elsewhere.
Thus, the present work offers a multidimensional advancement
in the clinically important bioactive glasses for a more rationa-
lized and tailorable, precision biomaterial. It is important to
acknowledge that our study has limitations that should be
addressed in future research. One major limitation is the lack
of in vivo testing with animal models, which is essential to assess
the effectiveness and safety of biomaterials for bone tissue
regeneration. Additionally, the absence of mesenchymal stem
cells and 3D cell culture in our study may limit the understanding
of the system. These aspects are currently beyond the scope of
our research, but they are important considerations for future
studies to enhance the translational potential of our findings.
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Our laboratory is actively working towards addressing these
limitations and improving the design of biomaterial-based
systems for tissue regeneration.

4. Conclusions

In summary, we demonstrated a rational design with a series of
minimalist peptide amphiphiles C,PA (n = 6, 8, 10, 12) with
varying hydrophobicity in the N-termini that exhibited modu-
lation in the propensity to form B-sheet and self-assembly
behaviour in the presence of ionic strength. Interestingly, the
synergy of ionic strength and hydrophobicity drove the self-
assembly of CgPA. We exploited the peptide nanostructure as a
template to construct a functional 3D network by incorporating
precursors for bioactive glass and C,BG formation. All the C,,BG
constructs demonstrated efficient in situ biomineralization to
form a strong silicate network with a calcium silicate phase.
Interestingly, template morphology and secondary structures
influenced the in situ mineralization of the bioactive glass to
eventually control pore size, morphology, and textural features
and dictate the viscoelastic nature of the bioglass composites.
These composites possessed high load-bearing ability, collagen-
like stiffening, and demonstrated thixotropic self-healing
behaviour. The bundling of the fibers and consecutive spiky
biomineralization in CgBG prompted us to study its mechanical
response in vitro using indentation to achieve bone-like strength
in the order of MPa and appreciable ductility. It was evident that
both structural features that were guided by temporal effect and
mechanical strength dictated the bioactivity and cellular
response. The hydroxyapatite-forming ability and optimal osteo-
genic response of CgBG confirmed the utility of the supramole-
cular hydrogel composite towards ECM mimicking bone tissue
engineering scaffold. Ultimately, developing supramolecular
inorganic-organic hybrid hydrogel composites with variation
in mechanical stiffness of the scaffold in the context of matrix
microenvironment cues especially in terms of strain stiffening
response is one of its kind. This research presents a fresh
perspective on advancing bone biomaterials by emphasizing
the significance of hydrophobicity as a fundamental yet crucial
factor in directing the outcomes of self-assembly, surface chem-
istry, and mechanics of peptide-templated bioactive glass. This,
in turn, has profound implications for bioactivity. Such meso-
porous, dynamic, self-healable biomaterials with topological,
structural, and mechanical control can be potential candidates
for implanting coating for bone tissue engineering applications.
Further, its application in bone regeneration or wound healing
requires elaborate in vivo studies as an efficient model for tissue
engineering that is underway in our laboratory.
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