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List of figures

Chapter 1

Figure 1 Schematic illustration of the bone structure, showing the gross anatomical features of
a typical long bone section. From the outer to the inner region the bone section is formed by
the periosteum and endosteum, thin membranes that wrap up the bone. The outer region of the
bone called cortical bone surrounds the inner bone marrow that fills the trabecular or spongy

bone. This is an intensive vascularised area. Figure made using BioRender.

Figure 2 The most common types of bone. Based on their shape and structure they can be
classified as long bones, short bones, flat bones, sesamoid bones and irregular bones. Figure

made with BioRender

Figure 3. Different types of cells in the bone. Osteoprogenitors cells are cells that differentiate
to osteoblasts, cells that deposit new bone. Osteoblasts remaining in the bone matrix are termed
osteocytes. Osteoclasts are hematopoietically-derived and resorb bone. Adapted from

https://open.oregonstate.education/aandp/chapter/6-3-bone-structure.

Figure 4 Mechanism of OC differentiation. Mature bone resorbing cells are derived from the
fusion or mononucleated osteoclasts. They are committed to osteoclastogenesis from a
hematopoietic stem cell by the stimulation of two important cytokines: M-CSF and RANKL.
Activated pre-osteoclasts merge then together to form mature bone-resorbing osteoclasts.

Figure made with BioRender.

Figure 5 RANK-RANKL signalling in OCs differentiation. Upon binding of RANKL to its
receptor RANK, there is an increased expression of NF-«B, AP1 and Src that in turn stimulates
an increased expression of NFATcL, a key transcription factor regulating the expression of OC-
specific genes that leads to the differentiation of mature OCs. Adapted from (Nedeva et al.,
2021).

Figure 6 Amino acids commonly used as building blocks for the synthesis of peptide-based
hydrogels. They are divided into different groups based on the chemical properties of their side

chains. Adapted from BioNinja.com


https://open.oregonstate.education/aandp/chapter/6-3-bone-structure

Figure 7 Formation of the Fmoc-FF peptide hydrogel structure. The peptide spontaneously
organises into B-sheets with anti-parallel orientation (A). Due to n—x interactions between the
Fmoc groups, these B-sheets then come together (B). The interlocking Fmoc groups act like a

zipper to create a cylindrical structure (C and D). Adapted from R. V Ulijn and Smith, 2008.

Figure 8 Fmoc-based peptide hydrogels with tuneable stiffness to mimic different human
tissues for TE applications. Soft hydrogels (0.8-1.1 kPa, left) can be used to mimic very soft
tissues such as brain; medium soft (3-4 kPa, middle) and stiff hydrogels (8-9.2 kPa, right) can
be used for harder musculoskeletal tissues such as muscle, cartilage of bone. Adapted from

Biogelx.co.uk.

Chapter 2

Figure 9. Schematic illustration of the protocol to prepare hydrogels for cell culture.

Figure 10 Photo image of Raw 264.7 morphology at low and high cell density. Figure adapted
from ATCC (ATCC, 2018).

Figure 11 F-actin staining of Raw 264.7 cells cultured on a TCPS surface (A) and Fmoc-based
hydrogels (B). Raw 264.7 cells cultured on hydrogels maintain the same physiological shape,
diameter and spreading as those on TCPS (N=2), up to 96 h post culture. The cells are clearly
visible and spread on each of the hydrogel formulations tested. Elongated pseudopodia are
clearly observable in green (Alexa Fluor 488 phalloidin). Nuclei are stained with Hoechst

33342 (blue). Scale bars on each panel indicate 20 pm.

Figure 12 Live/Dead assay of Raw 264.7 cells cultured on Fmoc-FF/S hydrogel at different
time points. Calcein AM (green) and Ethidium homodimer-1 (red) were used to assess viable

and dead cells respectively. Scale bars on each panel indicate 100 pm.

Figure 13 Live/Dead assay of Raw 264.7 cells cultured on Fmoc-FF/S/RGD hydrogels at

different time points. Staining and scale bars as in Figure 12.

Figure 14 Molecular structure of the three building blocks Fmoc-FF, Fmoc-S, Fmoc-RGD.
The Fmoc-FF/S is made from Fmoc-FF and Fmoc-S in a 1:1 ratio. The Fmoc-FF/S/IRGD
hydrogel is made from these two peptides plus Fmoc-RGD in a 1:0.5:0.5 ratio.



Figure 15 (A) Schematic representation of the optimised protocol used to incorporate the Hap
nanopowder within hydrogels. (B) Pre-gel and hydrogel vials images with or without addition
of Hap.

Figure 16 Effect of Hap nanoparticle concentration on the storage moduli (1 Hz frequency,
0.1% shear strain) of Fmoc-FF/S and Fmoc-FF/S/RGD decorated hydrogels.

Figure 17 Homogeneous distribution of Hap nanoparticles within the hydrogel network. (A)
Image stack of Fmoc-FF/S/RGD hydrogel showing calcein-stained Hap (conc. 1mg/ml)
homogenously distributed within the gel network. (B) Cumulative release fit of Hap from
Fmoc-FF/S/RGD hydrogel over time. Data were obtained using the same method described

above to label the Hap nanoparticles.

Figure 18 Analysis of hydrogel microstructure by AFM and distributions of fibre widths as
measured on the AFM images (A-D). Hydrogel nanotopography of Fmoc-FF/S (A) and Fmoc-
FF/S/IRGD (C) without added Hap, and Fmoc-FF/S (B) and Fmoc-FF/S/RGD (D) after

incorporation of Hap (Scan size 2 pm? , Scale bar 400 nm).

Figure 19 Size distribution of Hap nanoparticles. (A) AFM image of Hap nanoparticles
(concentration 1 pg/ml) on a 2 pm? scan size region of polylysine—coated mica. (B) Size
distribution of Hap nanoparticles when alone (grey bars), and on the Fmoc-FF/S/RGD hydrogel
fibres (black bars).

Figure 20 Topography of Hap-decorated Fmoc-FF/S/RGD hydrogels. (A) 2 um? AFM images
of Fmoc-FF/S/RGD incorporating Hap in a repeating pattern. (B) Enlarged AFM image of the
area outlined in A showing Hap nanoparticles decorating the Fmoc-FF/S/RGD fibres. (C)
Corresponding height profile of the linear scan indicated by the white dotted arrow in B. (D)
Schematic model of a hydrogel fibre incorporating Hap nanoparticles. Scale bar for A is 400

nm. Scale Bar for B is 200 nm.

Figure 21 (A) Frequency sweep rheology measurements (0.1-100 Hz 0.1 % strain) of Fmoc-
FF/S and Fmoc-FF/S/RGD hydrogels, with and without Hap incorporation. (B) Photographs
of the spheroids of Fmoc-FF/S (1), Fmoc-FF/S + Hap (I1), Fmoc-FF/S/RGD (111) and Fmoc-
FF/S/IRGD + Hap (IV) used for the rheology experiments, evidencing dimensional stability for

all the formulations. All measurements were performed at least 3 times at 25 °C.



Figure 22 Comparison of the storage and loss moduli of each hydrogel formulation at 1 Hz,

0.1% strain. (Data are shown as mean * SD; *x*p -value < 0.001; **p -value < 0.05).

Figure 23 Analysis of Raw 264.7 cell culture and differentiation on 15 mM Fmoc-FF/S and
Fmoc-FF/S/RGD hydrogels with and without Hap. (A) F-actin staining of Raw 264.7 cells after
seven days culture on the different hydrogels (green: F-actin, Alexa Fluor 488 phalloidin; blue:
Nuclei, Hoechst 33342; scale bars 20 um). (B) Measurements of cell diameter (data shown as
mean + SD, N =43, xxp < 0.05). (C) Analysis of multinucleation by a violin distribution plot
(data shown as number of nuclei per cell, N = 100). (D) SEM images of Raw 264.7 cells
cultured on Fmoc-FF/S/RGD with or without incorporated Hap. White arrow shows elongated
pseudopodia of Raw 264.7-derived OC. (Data are shown as mean = SD; **xp -value < 0.001;

+*xp -value < 0.05).

Figure 24 F-actin staining of Raw 264.7 cultured on Fmoc-FF/S/RGD with Hap in
presence/absence of avf3. Cells treated with the antibody (right panel) showed rounded
morphology with minimal or no focal adhesion. Untreated cells are spread with prominent

pseudopodia interacting with the gel matrix.

Figure 25 (A) Analysis of viability of Raw 264.7 cells cultured on Fmoc-FF/S/RGD + Hap at
different time points using a LIVE/DEAD assay (green: viable cells, calcein AM; red: dead
cells, ethidium homodimer-1; scale bar 100 um). (B) PicoGreen fluorescence quantification of
dsDNA of Raw 264.7 cells cultured on Fmoc-FF/S/RGD + Hap at different time points (24 h

values were used as baseline control).

Figure 26 (A) Immunofluorescence staining of TRAP (green: F-actin, Alexa Fluor 488
phalloidin; red: TRAP, anti-TRAP mAb conjugated Alexa Fluor 594). (B) Relative TRAP
immunofluorescence intensity of cells cultured on Hap-decorated Fmoc-FF/S/RGD hydrogels
compared to the naked Fmoc-FF/S/RGD (fluorescence intensity was measured from at least N
= 100 cells and corrected against the background). (C) Gene expression of TRAP relative to
GAPDH by Raw 264.7 cells (n = 3) after three (D3) and seven (D7) days culture on Hap-
decorated Fmoc-FF/S/RGD hydrogel. (Data shown as mean + SD; #xxp < 0.001; *xp < 0.05).

Chapter 3

Figure 27 Domain architectures, sequence lengths and thermal stability of recombinant
collagen constructs. The darker-hue green Col domain in EPclA represents a bacterial triple

9



helical collagen domain, whereas the yellow Cola2 domains represent varying lengths of
human type 2 collagen sequence. The light green Col domain in DColl is a shorter collagen
sequence made up of two 30 amino-acid blocks flanking the GFPGER integrin binding site.
DColl sequence design was guided by the amino acid preferences of EPclA. The Tm values
show the denaturation temperatures of the respective collagen domains. PfN (red) — phage fibre
N terminal capping domain; PfC (blue) — phage fibre C terminal capping domain; PCoil
(orange) — coiled-coil domain forming a trimeric helix (Ghosh et al., 2012); H — terminal 6xHis

tags, which can be N or C terminal. The green stars show GFPGER integrin binding sites.

Figure 28 Collagen protein characterisation. (A) SDS-PAGE analysis of the purification of DCol1.
Lane compositions: M, molecular weight markers; FT, flow through; 1-2, wash fractions with 60 mM
imidazole; 34, elution fractions with 250 mM imidazole; 5-8 elution fractions with 1 M imidazole.
(B) CD spectra at 4°C of RTC (grey), DColl (blue) and GFOGER (red). The vertical axis measures the

mean residue ellipticity 0 in degrees cm? dmol . CD data were collected between 190 and 260 nm.

Figure 29 Schematic representation of the optimised protocol used to incorporate proteins
within hydrogels. Protein of interest were diluted up to the desired concentration in the well
plate. Fmoc-FF/S pre-gel solution was then pipetted into the protein containing solution to form

a spheroid like to allow protein incorporation.

Figure 30 Analysis of spheroid-shaped hydrogels under visible (I) and UV (1) light. All
spheroids show dimensional stability indicating a self-supporting structure consistent with a
successful hydrogel self-assembling mechanism. Spheroids of hydrogels modified with eGFP
and GFOGER show fluorescence under UV light, indicating successful protein and peptide

incorporation (see main text).

Figure 31 SDS-PAGE of GFOGER peptide labelled with NHS-Fluorescein under normal and
UV light. Lane composition is: M, molecular weight; 2-3, 5-6, 8-9, NHS-Fluorescein labelled-
GFOGER.

Figure 32 SDS-PAGE analysis of (A) protein incorporation into the hydrogel spheroids, and
(B) retention inside the hydrogels over time. The GFOGER bands are obtained from
fluorescence after UV exposure of the gels. Panel (A) Lanes: M, molecular weight markers; 1,
protein stock solution; 2, protein incorporated into the hydrogel spheroid; 3, remaining protein

into the well solution. Panel (B) Lanes: M, molecular weight markers; 24, 48, 72 h, protein

10



retention over time. Arrows indicate the different protein bands and their corresponding

molecular weights.

Figure 33 Fluorescence spectroscopy spectra of Fmoc-FF/S peptide (grey), collagen (red) and
Fmoc- FF/S-collagen solutions (blue) prepared in PBS (pH = 7.4). Excitation wavelength 280

nm; emission wavelength recorded within the 300—400 nm range.

Figure 34 Scanning electron microscopy images showing the outer (left) surface morphology
of Fmoc-FF/S and the collagen-modified hydrogels at lower and higher magnification and a
cross section showing the inner (right) surface morphology at higher magnification. Low
magnification scale bar is 50 pm; high magnification scale bar is 5 pum.

Figure 35 Rheological amplitude sweep test (shear strain range of 0 — 100 % 1 Hz) of Fmoc-
FF/S hydrogels after protein incorporation. Measurements were repeated for each modified
hydrogel at three different protein concentrations (1, 50, 100 ug/ml). Line blue represents the

storage modulus (G’) whereas the red line illustrates the loss modulus (G”).

Figure 36 Analysis of the mechanical properties of the Fmoc-FF/S hydrogels after
incorporation of proteins at different concentrations. (A) Storage and loss moduli (0.02% strain,
1 Hz) of Fmoc-FF/S hydrogels with and without collagen or eGFP at different concentrations
(1, 50, 100 pg/mL). (B) Photographs of spheroids of Fmoc-FF/S modified with different

collagen of eGFP proteins.

Figure 37 HT1080 cell adhesion and cell spreading. (A) F-actin staining of HT1080 cells after
24 h culture on the different collagen hydrogels (green: F-actin, Alexa Fluor 488 phalloidin;
scale bars 100 um, inset 50 um) with and without pre-incubation with mAbl3 (anti B1)
antibody. (B) Analysis of cell adhesion on the different collagen-modified hydrogels without
(blue bars) and with (grey bars) pre-incubation with mAb13 antibody. (C) Spread HT1080 cells
show a mean aspect ratio above 1 while rounded shaped cells are reflected by an aspect ratio
1. Data shown as mean + SD, n = 43, */# p < 0.05, ns (not significant). Significance for each
group is relative to Fmoc-FF/S (*), with the exception of groups shown in the grey columns

which are in comparison to their respective blue columns (#).

Chapter 4

Figure 38 X-ray crystal structure of human OSCAR ectodomain in complex with a collagen

triple helical peptide. Ribbon diagram of OSCAR (green) showing the two Ig domains D1 and
11



D2 in a semi-transparent surface. The collagen triple helical peptide is shown as three chains
coloured blue, yellow and magenta. Adapted from Haywood et al., 2016.

Figure 39. Domain architectures of the recombinant proteins OColl, DColl and the parent
recombinant collagen EPclA (Ghosh et al., 2012a). Key to domain names and colors: PfN (red)
— phage fiber N terminal capping domain; PfC (blue) — phage fiber C terminal capping domain;
PCoil (orange) — phage trimeric coiled-coil domain; H — hexa-histidine tag (Hiss). The red and

yellow stars indicate approximate positions of OSCAR and integrin binding sites.

Figure 40 CD spectra at 4°C (black line), 70°C (red line) and 4°C after denaturation (green
dashed line) for OP1, OP1* and OColl. The vertical axis measures mean residue ellipticity 0

in degrees cm2 dmol—1. CD data were collected between 190 and 260 nm.

Figure 41 Thermal denaturation of the OP1, OP1* and OCol, monitored by CD at 220 nm as a
function of increasing temperature between 4°C and 70°C, with a protein concentration of 0.5 mg/ml
in CD Buffer pH 7.4, and a heating rate of 1°C/min.

Figure 42 SPR multi-cycle Kinetic analysis of OSCAR-OP1 interaction. OSCAR was
immobilised onto a CM5 sensor chip surface and OP1s was flowed over the surface in assay
running buffer of 10 mM PBS, 150 mM NaCl, 0.05% Tween20, pH 7.4.at a concentration
series 5000 — 0 nM . Sensograms were analysed using the Langmuir 1:1 model and relative
responses shown (red) with theoretical fit (black) overlaid. Experiments were performed in

duplicate and sensograms presented representative of data obtained.

Figure 43 SPR multi-cycle kinetic analysis of OSCAR-OP1* interaction. Panel A shows
sensograms of OSCAR-OP1*, analysed using the Langmuir 1:1 model and relative responses
shown (red) with theoretical fit (black). Panel B showed steady state analysis as a measure of

affinity vs OP1* concentration.

Figure 44 TRAP straining of Raw 264.7 cells cultured for up to 5 days on OP1/OP1* coated
24-well plate. Different concentrations (0-100 ng/ml) of hRANKL were used.

Figure 45 Gene expression of TRAP and OSCAR relative to GAPDH by Raw 264.7 cells (n
= 3) after 24h and five (d5) days cultured on OP1 and OP1* with different concentration of
hRANKL (0-100 ng/ml). (Data shown as mean £ SD; **xp < 0.001; *xp < 0.05).

12



Figure 46 OColl incorporation into Fmoc-FF/S/RGD with and without Hap. Panel A shows
SDS-PAGE of OColl incorporated into hydrogels. Lane composition (from left to right):
Molecular weight markers; 3, 4, 5 and 10, 11, 12 protein stock solution; protein incorporated
into the hydrogel; remaining protein into the well, respectively. Panel B, photograph of Fmoc-
FF/S/IRGD with and without Hap incorporating OColl.

Figure 47 Fmoc-FF/S/RGD with and without Hap incorporating OCol1.

Figure 48 (A) Analysis of Raw 264.7 cells after seven days culture on FF/S/RGD and OSCAR-
collagen modified hydrogels (green: F-actin, Alexa Fluor 488 Phalloidin; blue: Nuclei, Hoechst
33342; scale bars 20 um). (B) Analysis of multinucleation by a violin distribution plot (data
shown as number of nuclei per cell, N = 100). (C) Measurements of cell diameter (data shown
as mean £ SD, N = 43, *xp < 0.05). (D) Table summarising the mean diameter of the cells
cultured on the OSCAR modified hydrogels.

Figure 49 Analysis of viability of Raw 264.7 cells cultured on OSCAR modified Fmoc-
FF/S/IRGD at day 3 and day 7 using a LIVE/DEAD assay (green: viable cells, Calcein AM,;

red: dead cells, ethidium homodimer-1).

Figure 50 Gene expression of TRAP and OSCAR relative to GAPDH by Raw 264.7 cells (n
= 3) after day three (d3) and seven (d5) days cultured on OSCAR-modified hydrogels with
different concentration of 10ng/ml of hRANKL. (Data shown as mean £ SD; sxxp < 0.001;
x*p < 0.05).

13



List of tables

Chapter 1

Table 1 Most common osteoclasts-related bone disease and current therapies
Table 2 Most common types of hydrogels and relative advantages and disadvantages

Table 3 Advantages and disadvantages of the different sources of OCs

Chapter 2

Table 4 Fmoc-hydrogels preparation

Chapter 3

Table 5 Proteins and peptides used for hydrogel formation and modification. Sequences are shown
with standard single amino acid symbols, plus O for 4-hydroxyproline. Capping groups: Fmoc,

fluorenylmethoxycarbonyl protecting group; Ac, N-terminal acetylation; NH2, C-terminal amidation.

Chapter 4

Table 6. Collagen-like peptides and recombinant protein used to modify Hap-decorated, Fmoc-
FF/SIRGD hydrogels. Amino acid sequences shown in standard single-letter code, plus O for 4-
hydroxyproline. Known or potential OSCAR binding sites in green bold type. Ac-, N-terminal

acetylation; -NH2, C-terminal amidation.

14



List of abbreviations

2D Two Dimensional

3D Three Dimensional

AFM Atomic Force Microscopy

BMMs Bone Marrow Isolated Macrophages
BMP Bone Morphogenetic Protein

BSA Bovine Serum Albumin

BTE Bone Tissue Engineering

CAP Calcium-Phosphate

CD Circular Dichroism

CFU-GM Colony Forming Unit Granulocyte-Macrophage Progenitor
CLP Collagen-Like Peptides

CPD Critical Point Dryer

CSFs Colony Stimulating Factors

CTSK Cathepsin K

D Aspartic Acid

DAPI 4’6’-Diamidino-2-Phenylindole

DCLs Dendritic Cells

dDH:0 Double Deionised Water

DMEM Dulbecco’s Modified Eagle’s Medium
DNA Deoxyribonucleic Acid

PBS Dulbecco’s Phosphate Buffer

ECM Extra Cellular Matrix

EDC 1-Ethyl-3-(3-Dimethylaminopropyl)-Carbodiimide
EGFP Enhanced Green Fluorescent Protein
EHEC Enterohaemorrhagic Escherichia coli
EPCLPs EHEC Prophage Collagen-Like Proteins
ETHD-1 Ethidium Homodimer-1

ETOH Ethanol

15



HEMA
HPLC
HSC
IL-1
ITAM

K
M-CSF
MMP-9
NFATC1
NF-KB
NHS N-
Ni-NTA
O

OBs
OCps
OCs

OoP

OPG
OSCAR

Phenylalanine

Foetal Bovine Serum

Fc Receptor Common I

Fibroblast Growth Factor

Fluorenyl methoxycarbonyl

Storage Modulus

Loss Modulus

Glyceraldehyde 3-Phosphate Dehydrogenase
Granulocyte-Macrophage Colony-Stimulating Factor
Hyaluronic Acid

Hydroxyapatite

Hydroxyethyl Methacrylate

High Performance Liquid Chromatography
Hematopoietic Stem Cell

Interleukin-1

Immunoreceptor Tyrosine-Based Activation Motif
Lysine

Macrophages Colony-Stimulating Factor
Matrix Metalloproteinase-9

Nuclear Factor Of Activated T Cells 1
Nuclear Factor-Kf3

Hydroxysuccinimide

Nickel-Nitrilotriacetic

4-hydroxyproline.

Osteoblasts

Osteoclast Precursor Cells

Osteoclasts

OSCAR Peptides
Osteoprotegerin

Osteoclast—Associated Receptor

16



P4H
PBMCs
PEG
PLGA
PSA
PTH
gPCR
RA
RANK
RANKL
RGB
RGD
RNA
RT

RTC

SAPHSs
SEM
SPR
SSA
TCPS
TE
TGF-B
TNF
TRAF6
TRAP

Prolyl-4-Hydroxylase

Human Peripheral Blood Mononuclear Cells
Polyethylene Glycol
Poly(Lactic-co-Glycolic) Acid
Penicillin-Streptomycin-Amphotericin B
Parathyroid Hormone

Quantitative Polymerase Chain Reaction
Rheumatoid Arthritis

Receptor Activator of Nuclear factor Kappa-B
Receptor Activator Of Nuclear Factor Kappa-B Ligand
Red Green Blue

Arginine-Glycine-Aspartic Acid
Ribonucleic Acid

Room Temperature

Rat Tail Collagen

Serine

Self-Assembled Peptide-Based Hydrogels
Scanning Electron Microscopy

Surface Plasmon Resonance

Steady State Analysis

Tissue Culture Polystyrene

Tissue Engineering

Transforming Growth Factor

Tumour Necrosis Factor

TNF Receptor Associated Factor 6

Tartrate-Resistant Acid Phosphatase

17



Abstract

Bone is a highly dynamic tissue that constantly undergoes remodelling to ensure
correct turnover over time. Bone homeostasis is finely balanced by osteoclasts,
that resorb bone, and osteoblasts that lay down new bone matrix. Most studies are
focused on the osteoblasts role in bone formation while osteoclasts are often
overlooked. Yet, the role of osteoclasts is pivotal for bone homeostasis and
aberrant osteoclast activity has been reported in several pathological diseases,
such as osteoporosis and bone cancer. Therefore, it is important to develop cell
culture platforms for the study of osteoclast function and their interactions with
the surrounding matrix. As such the overall aim of this work is to develop
customised hydrogel-based materials for use as substrates to study osteoclast
differentiation and function in vitro. Hydrogels are water-swollen networks with
great potential for tissue engineering applications. However, their use in bone
regeneration has often been hampered by insufficient mechanical properties and
lack of mineralization. Here are presented data on the modification of self-
assembling peptide hydrogels with both minerals and matrix proteins which
demonstrate the improved performance of the modified hydrogels as platforms
for cell culture and differentiation. Hydroxyapatite was used in order to create a
nanocomposite hydrogel with enhanced mechanical properties as well as
Improved bioactivity. Atomic force microscopy confirmed that hydroxyapatite
nanoparticles were successfully incorporated within Fmoc-based hydrogels
without disrupting the self-assembling mechanism while providing a superior
scaffold with improved mechanical properties. Interestingly, the newly developed
nanocomposite supported the viability and differentiation of pre-osteoclasts in
vitro. This was confirmed by the presence of typical mature osteoclasts features
(e.g. multinucleation and actin ring) and expression of typical osteoclast genes.

A new protocol to incorporate collagen intro self-assembly peptide hydrogels was
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also developed. Hydrogels were modified through a passive diffusion protocol in
which collagen molecules of different sizes were successfully incorporated and
retained over time. SDS-PAGE showed that these collagens interact with the
hydrogel fibres without affecting the overall mechanical properties of the
composite hydrogels. Furthermore, the collagen molecules incorporated into the
hydrogels were still biologically active and provided sites for adhesion and
spreading of human fibrosarcoma cells through interaction with the 021 integrin.
Finally, the effect of collagen as costimulatory pathway during osteoclastogenesis
via OSCAR, a well-known osteoclast associated receptor, was investigated.
Different proteins containing the OSCAR-collagen binding domain and their
binding to OSCAR, were characterised by circular dichroism and surface
plasmon resonance, respectively. OSCAR-peptides were incorporated into the
previously developed hydroxyapatite-decorated hydrogel. Resulting scaffolds
were tested to assess their capability of trigger the differentiation of osteoclast
compared to the unmodified hydrogels. As expected, collagen peptides
containing the OSCAR-binding domain, that were incorporated into
hydroxyapatite modified hydrogels, enhanced the differentiation of osteoclast
precursors compared to the unmodified hydrogels.

This work laid the foundation for generating new bone-mimicking substrates that
can be used as a platform to generate mature osteoclasts which can be progressed
to help study the pathological mechanisms associated with their over activation

during bone disease.
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Chapter 1- General Introduction

1.1 Thesis organisation

The first chapter of this thesis provides a general introduction to the general
features of the bone, with a particular focus on its structure and function and the
bone-specific cells, osteoblasts, and osteoclasts. Current therapies to tackle bone
diseases are discussed next, as well as the use of biomaterials to treat bone defects,
with particular attention to the use of hydrogels as scaffolds for bone tissue

engineering (BTE), their advantages and disadvantages.

The second chapter of this thesis presents work on Fmoc-based RGD-
functionalised peptide hydrogels that have been modified with hydroxyapatite
(Hap) nanopowder as nanofiller, to create nanocomposite hydrogels for osteoclast
culture and differentiation. Characterization of the new biomaterials is presented,
as well as their capability to support differentiation of pre-osteoclast cells

(osteoclastogenesis).

The third chapter describes the development of a protocol to incorporate natural
and recombinant collagen proteins into Fmoc-hydrogels without any covalent
crosslinking. It presents data on the biochemical, mechanical (rheology), and

functional characterization of the resulting blended hydrogels.
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Finally, in the fourth chapter the knowledge and expertise obtained in the second
and third chapters was exploited to incorporate collagen-based peptides specific
to the OSCAR receptor, which has been shown to act as co-stimulatory agent
during osteoclastogenesis, into Hap-decorated, Fmoc-based hydrogels. These
combined data show that the hydrogels modified with both Hap and OSCAR-
binding collagen peptides have a positive effect on the differentiation of

osteoclasts compared to the unmodified hydrogels.

1.2 Bone Structure and composition

The human skeleton represents 20% of human total weight, and the adult human
body is made of a total of 206 bones (Steele and Bramblett, 1990). Skeletal
segments are made of bone tissue (also known as osseous tissue) which is a dense
connective tissue that has a rigid structure which provides the typical bone
rigidity. The main structural components of the bone are the cortical bone and the
trabecular bone (Figure 1). Cortical bone is the outer layer of the bone, and it
forms a dense, low surface area, which surrounds the bone marrow cavity. It is
the hardest layer of the bone and provides the characteristic compactness and
white colour. Cortical bone is formed of concentric lamellae of bone tissue
(osteon or Haversian system) that form an envelope around the blood vessels.
This region is responsible for the main function of the bone of supporting the
whole body and protecting the organs from damage. Cortical bone is covered by

a membrane that covers all the bones, called the periosteum, and by the
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endosteum on its inner surface (Young, Woodford and O’Dowd, 2014). The inner
layer of the bone is called trabecular or spongy bone. This layer is much softer
and less dense than the cortical layer, with a porous network that provides
flexibility to the bone. The trabecular bone is highly vascular and it contains the

red bone marrow where haematopoiesis occurs (Ralston, 2013).

-— . Trabecular or
- - spongy bone

Bone marrow <+— Haversian

o ~N 3 system
~ /f
I

Endosteum —»

Blood vessel

Cortical bone

Periosteum —*

Figure 1 Schematic illustration of the bone structure, showing the gross anatomical features of
a typical long bone section. From the outer to the inner region the bone section is formed by
the periosteum and endosteum, thin membranes that wrap up the bone. The outer region of the
bone called cortical bone surrounds the inner bone marrow that fills the trabecular or spongy

bone. This is an intensive vascularised area. Figure made using BioRender.
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Bone tissue is composed of an organic component (flexible matrix, 30-40%) and
a mineralized component (60-70%). The former is mainly made of collagen type
I (~95%), which is a triple helical fibrillar protein made of two collagen ol chains
and one a2 chain. The remainder 5-10% is called ground substance and consists
of elastin, hyaluronic acid, chondroitin sulphate and non-collagenous proteins
such as osteocalcin, osteopontin or bone sialoprotein (Weiner and Traub, 1992).
Fibrillar collagen confers to the bone its characteristic tensile strength. On the
other hand, the mineralised component is mainly made of microscopic crystals of
hydroxyapatite (70% of bone in weight), calcium carbonate (12%), magnesium
phosphate (1.5%), magnesium fluoride (0.5%) and traces of iron oxide. The
organic part of the bone guarantees its good resistance to mechanical stress, whilst

the mineralized component gives it its characteristic hardness.

1.2.1 Types of bone

There are five types of bone in the human body: long, short, flat, sesamoid and
irregular (Figure 2) (Ralston, 2013). Long bones (ossa longa) are characterised
by a long portion called diaphysis and a rounded head at each edge called
epiphysis. Due to their size and shape, they are mainly made of compact bone at
the diaphysis, with the majority of spongy bone localised at the edges. Examples
of this type of bone are the femur, tibia, finger bones, etc. Short bones (ossa
brevia) present only a thin layer of compact bone surrounding a spongy interior.

Examples of this type of bone are the wrist and ankle bones. Flat bones (ossa
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plana) are “sandwich-like” bones with two thin parallel layers of compact bone
and a layer of spongy bone in between. Examples of flat bones are the parietal,
frontal or occipital bones from the skull. Sesamoid bones (ossa sesamoidea) like
the patella are bones surrounded by tendons. Finally, irregular bones (ossa
irregularia), have similar structure to the short bones but, as their name suggests,
are irregularly shaped. Examples are the vertebrae, the temporal bone, or the

sphenoid bone.

Sesamoid Irregular

Long bone Short bone Flat bone
bone bone

Figure 2 The most common types of bone. Based on their shape and structure they can be
classified as long bones, short bones, flat bones, sesamoid bones and irregular bones. Figure

made with BioRender
1.3 Bone function

Bones have three main functions: mechanical, synthetic, and metabolic (Von Euw

et al., 2019).
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1. Mechanical
All the bones in the body form the skeleton. Altogether they form a
structural frame that sustains the body and reduces the weight of the body
on the tendons and ligaments, while protecting the organs and preventing
any damage to the internal structures (Von Euw et al., 2019). Because of
its structure, bone has an extraordinarily high compressive strength (~170
MPa), poor tensile strength (104—121 MPa), and a quite low sheer stress
strength (51.6 MPa) (Turner, Wang and Burr, 2001). This means that,
although the bone is a hard tissue, it can easily break whilst maintaining a
significant degree of elasticity, mainly due to its collagen component
(Viguet-Carrin, Garnero and Delmas, 2006).

2. Synthetic
As previously mentioned, the spongy bone contains the bone marrow. This
Is where haematopoiesis occurs and, as a result, red blood cells, platelets
and white blood cells are generated within this section of the bone
(Florencio-Silva et al., 2015). Moreover, defective or aged blood cells are
destroyed in the bone marrow (Young, Woodford and O’Dowd, 2014).

3. Metabolic
The bone acts as a reservoir of important minerals for the body such as
calcium and phosphorus (Doyle and Jan de Beur, 2008). Similarly, the

bone marrow can release fat into the blood stream acting as a storage
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reserve of fatty acids (Styner et al., 2017). Bone is also an endocrine organ.
In fact, by releasing fibroblast growth factor (FGF) it can control the
phosphate metabolism acting on the kidney reabsorption (Shimada et al.,
2004). Finally, due to its high content in calcium, bones are responsible for
maintaining the calcium-balance as the calcium released during bone
remodelling is released into the systemic circulation (Copp and Shim,

1963).

1.4 Bone remodelling and bone cells

Despite its inactive aspect, approximately 10% of the bone tissue undergoes a
continuous remodelling process every year throughout life. It is estimated that
almost the entire amount of bone tissue in the human body is completely replaced
within 10 years (Manolagas, 2000). This entire process allows for the correct
turnover of the skeleton, preventing the accumulation of hyper-mineralised bone,
ensuring the optimal repair of micro damage as well as maintaining mineral
homeostasis (Kenkre and Bassett, 2018). Bone remodelling activity is finely
coordinated by local and systemic factors that stimulate pathways leading to the
activation of the two major cells of the bone: osteoclasts (OCs), which resorb
bone, and osteoblasts (OBs), which deposit new bone matrix. A third cell type is
also present in the bone microenvironment, osteocytes. Evidence suggests that

the fine balance between OC and OB action relies on osteocytes acting as
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mechanosensors and orchestrators of the bone remodelling process (Figure 3)

(Bonewald, 2011; Sims and Vrahnas, 2014).

g
O
| 2 \ ‘
Osteocyte Osteoblast Osteogenic cell Osteoclast
(maintains (forms bone matrix) (stem cell) (resorbs bone)

bone tissue)

Figure 3 Different types of cells in the bone. Osteoprogenitors cells are cells that differentiate
to osteoblasts, cells that deposit new bone. Osteoblasts remaining in the bone matrix are termed
osteocytes. Osteoclasts are hematopoietically-derived and resorb bone. Adapted from

https://open.oregonstate.education/aandp/chapter/6-3-bone-structure.

OBs are cuboidal mono-nucleated cells responsible for bone deposition. Located
on the surface of the bone, they produce a mix of proteins called osteoid that,
once mineralized, becomes bone (Kovacs, 2001). They have an abundant
endoplasmic reticulum, enhanced Golgi apparatus, as well as numerous secretory
vesicles due to their enhanced protein synthesis activity (Capulli, Paone and

Rucci, 2014). On the other hand, OCs are terminally differentiated giant
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multinucleated cells, which derive from mononuclear cells. Typically, a mature
human OC has between five and twelve nuclei and can reach up to 100 pm in
diameter. They are characterized by an abundant cytoplasm with a large number
of lysosomes and vesicles filled with acid phosphatase. Yet, due to their enhanced
enzymatic activity, they have poor rough endoplasmic reticulum and widespread

Golgi complex (VVaananen et al., 2000).

1.4.1 OCs function

Through the effect of parathyroid hormone (PTH) stimulation and local cytokine
activity (IL-1, IL-6, IL-11...), immature mononucleated OCs are driven from the
bone’s crypt towards the bone resorption area, where they undergo a dramatic
change in morphology and differentiation process. Once at the site of resorption,
mature OCs can adhere to the bone and begin the bone remodelling process.
Adhesion to the bone is facilitated by integrin receptors, such as oyfs, via the
specific amino acid motif Arg-Gly-Asp (RGD, where Arg is Arginine, Gly is
Glycine, and Asp is Aspartate) present in bone matrix proteins such as
osteopontin (Luxenburg et al., 2007). When adhering to the bone OCs undergo a
prominent rearrangement of the actin cytoskeleton, forming a very dense area of
active podosomes (called ruffled border or sealing zone) that seals the cell

membrane to the mineralised extracellular matrix (Lakkakorpi et al., 1991).
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The ruffled border is also important for OCs resorption activity. Through the
action of a carbonic anhydrase, which catalyses the formation of bicarbonate ions
H,O + CO, — HCO3 + H*, hydrogen ions are released into the resorptive cavity
acidifying and softening the matrix and hence helping with the degradation of the
bone (Crockett et al., 2011). Inserted into the ruffled border plasma membrane,
there is a vacuolar-type proton ATPase (V-ATPase). Thanks to this pump, the
large amount of acids that is needed to solubilise the mineralised matrix, is
secreted into the sealing zone. To maintain electroneutrality, a simultaneous
efflux of chloride anions is provided by a CIC family of chloride channels such

as CLCN7 (Stenbeck, 2002)

At the same time, an intense traffic of intercellular vesicles brings enzymes, such
as tartrate-resistant acid phosphatase (TRAP), cathepsin K (CTSK), and matrix
metalloproteinase-9 (MMP-9), to the resorption pit to aid in the bone degradation
process (Ramos et al., 2016).CTSK (molecular weight 37 kDa) is synthesized as
proenzyme and, after autocatalytic cleavage, it is transformed into the mature,
active form of the enzyme (molecular weight ~27 kDa) (Inaoka et al., 1995). The
activity of this enzyme is crucial for the OCs function. In fact, CTSK reaches its
optimal enzymatic activity in the acidic environment of the bone matrix, and after
being released from the functional secretory domain of the OCs, it is responsible
for the digestion of the main organic components of the bone such as collagen

and elastin (Saftig et al., 2000).
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The MMPs, instead, are a family of endopeptidases whose activity involves metal
ion cofactors such as zinc or cobalt. Also known as matrixins, they are involved
in tissue remodelling in both healthy and diseased tissue. MMP-9 and MMP-13
are believed to be associated with OCs activation, migration and differentiation
(Nagase H, Visse R, 2006). They are also involved in tumour metastasis, as they
can promote malignant cell spreading into secondary tissues (Andersen et al.,

2004).

1.4.2  OCs ontogeny and differentiation

OCs were firstly identified by Kolliker in 1873, who observed the presence of
giant cells in the periosteum of normal bone (Kolliker, 1873). OCs are
hematopoietically-derived  cells, originated by differentiation  of
monocytes/macrophages (Figure 4) (Nijweide, Burger and Feyen, 1986). They
share a common hematopoietic stem cell (HSC) progenitor with lymphocytes, red
blood cells as well as dendritic cells (DCLs) and mononuclear phagocytes. This
HSC is able differentiate to a multinucleated bone resorbing cell upon stimulation
by granulocyte macrophage colony-stimulating factor (GM-CSF) and
macrophage colony-stimulating factor (M-CSF) (Bar-Shavit, 2007; Ono and
Nakashima, 2018). However, it has been shown that, due to inflammatory stimuli,
the DCLs could undergo a trans differentiation into OCs progenitor (Alnaeeli,
Penninger and Teng, 2006). Moreover, recent advances in osteoclast biology have

shown that they can be also derived by erythromyeloid progenitor (EMP) that
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contributed towards the maintaining of the bone homeostasis and remodelling
together with the “classic” differentiated OC (Yahara et al., 2020). These data
also suggest that EMP-derived OCs can be rescued in osteopetrosis condition and

therefore modulate osteoclast activity in vivo (Jacome-Galarza et al., 2019) .

35



Hematopoietic Osteoclast Mononucleated Multinucleated Bone-resorbing
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Figure 4 Mechanism of OC differentiation. Mature bone resorbing cells are derived from the
fusion of mononucleated osteoclasts. They are generated from a hematopoietic stem cell and
they are committed to osteoclastogenesis thanks to the the stimulation of two important
cytokines: M-CSF and RANKL. Activated pre-osteoclasts merge then together to form mature

bone-resorbing osteoclasts. Figure made with BioRender.

A major step forward of the last decades was the discovery of the Receptor
Activator of Nuclear Factor Kappa-B Ligand (RANKL), a crucial cytokine for
osteoclastogenesis (Yasuda, 2021). In fact, M-CSF has been known for a long
time as the only cytokine required to form OCs. However, although M-CSF
presence is pivotal during all the stages of OCs development, RANKL activation
of its receptor RANK, “guides” the OC precursor cells (OCLPs) towards the final

steps of the differentiation (Nakagawa et al., 1998; Suda et al., 1999).
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Figure 5 RANK-RANKL signalling in OCs differentiation. Upon binding of RANKL to its
receptor RANK, there is an increased expression of NF-kB, AP1 and Src that in turn stimulates
an increased expression of NFATcL, a key transcription factor regulating the expression of OC-
specific genes that leads to the differentiation of mature OCs. Adapted from (Nedeva et al.,
2021).

RANKL is a type Il membrane protein and is a member of the tumour necrosis
factor (TNF) superfamily (Hanada et al., 2011). Encoded by the TNFSF11 gene
(Anderson et al., 1997) the protein consists of 314 amino acids and it can be
expressed in three different molecular forms: primary secreted form, truncated or
trimeric transmembrane protein (Findlay and Atkins, 2011). As shown in Figure
5, upon binding to its receptor, RANKL causes the downstream activation of the
nuclear factor-«f (NF-kP), Akt kinase and several mitogen factors which directly

regulate the expression of nuclear factor of activated T cells 1 (NFATc1), a master
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regulator of osteoclastogenesis (Park, Lee and Lee, 2017). NFATc1 upregulates
the expression of TRAP, CTSK, the 3 integrin subunit and this eventually leads
to OCs activation and differentiation (Boyce and Xing, 2007; Kim and Kim,
2016; Nedeva et al., 2021). Src-mediated activation of the PI3K/Akt pathway
downstream of the TNF receptor associated factor 6 (TRAF6) is also required for
OCs production. RANKL signalling is pivotal for OCs differentiation and
alteration in one of its components may cause impairments to OCs formation and
therefore may lead to different pathologies. In fact, it has been demonstrated that
depletion of RANKL can cause an uncontrolled bone deposition leading to
increased risk in fractures and bone-shape defects. (Lo lacono et al., 2012).
Similarly, overexpression of RANKL, as observed in tumour microenvironment
or in the Paget’s disease, could lead to an increased OCs activity where an
uncontrolled bone degradation can cause bone pain, bone fragility and eventually

bone fractures (Wada et al., 2006).

For the reasons mentioned above, in order to maintain correct bone turnover and
to prevent disease or injury, OCs and OBs activity must be finely regulated.
RANKL/RANK signalling can be blocked by the action of osteoprotegerin
(OPG). Secreted by the OBs, OPG is able to bind RANKL and impair the
interaction with its receptor RANK, preventing OCs activation (Wada et al.,

2006; Boyce and Xing, 2007).
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Furthermore, OCs are Ca?*-sensitive and they can sense the local calcium
concentration in the bone cavity whilst the resorption activity is ongoing (due to
the hydroxyapatite being degraded) and self-regulate themselves during the
process (Kajiya, 2012). Alternatively, mature OCs can undergo fission to
generate daughter mononucleated cells called osteomorphs. Osteomorphs cells
can then go back into the OC-differentiation cycle (McDonald et al., 2021)
Thanks to this fine regulation, the balance between bone resorption and bone

deposition is safely maintained.

1.5 Bone disease

The term “bone disease” refers to any condition mainly related to a pathology or
injury affecting the bones. The most common condition affecting the bone are
fractures, followed by osteoporosis and cancer (Muscle and Bone Diseases |
NIAMS, no date). The current incidence of bone disease in the worldwide
population has steadily increased over the years, especially in the last couple of
years due to the global pandemic situation (Disser et al., 2020). It is estimated
that almost 1.5 million people suffer from bone disease, with fractures and
osteoporosis being the leading problem among the population older than 50 years.
In fact, aging can be a risk factor coupled with increased obesity and poor
physical activity. Although bone disease does not get the same attention as

cancer, cardiovascular or infectious diseases, it is still a serious health problem as

39



they are common, costly, and can become a chronic burden for both the

individuals and society.

Overall, bone diseases can be divided into four main groups:

1. Osteoporosis: This is one of the most prevalent bone conditions. It can
affect over 3 million people in the UK and almost 500,000 people over
their lifetime will receive treatments in hospital due to bone pain, fragility
and fractures as a result of osteoporosis. Major causes of osteoporosis
include abnormalities in bone mass as part of the normal process of ageing,
obesity, use of steroids, excessive consumption of alcohol, and smoking.
Osteoporosis can also be caused by a metabolic dysfunction such as
mineral or vitamin deficiencies (e.g. calcium, phosphorus, vitamin D),
hyperparathyroidism, menopause, or developmental bone disorders (NHS,
2019).

2. Fractures: Due to its composition, bone is a very hard tissue but as a result
of poor tensile strength it can easily break. Common causes of fractures are
accidents like a fall or by being hit by an object. Elderly people are more
vulnerable to fractures due to balance issues, bones being more fragile etc.

3. Bone cancer: Primary bone cancer is a very rare condition, and it accounts

for less than 1% of all new diagnosed cancers. Main types of bone cancer
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are osteosarcoma, Ewing Sarcoma and chondrosarcoma, that affects young
adults and adults differently (Ferguson and Turner, 2018).

4. Secondary bone cancer. Secondary bone cancer is a more frequent
condition that occurs when the bone is not the primary site of tumour, but
the malignant cells metastasise to bone. It can affect any of the bones of
the body, but the most commonly affected areas are the spine, skull, pelvis,
ribs, humerus or femur. For instance, breast, prostate and lung cancer and
some types of blood cancer such as multiple myeloma or leukaemia are
commonly known to spread to the bone (Weilbaecher, Guise and

McCauley, 2011a) .

1.5.1 OCs involvement in Bone Disease

Although many cells can release matrix-degrading enzymes, OCs are the main
cells involved in bone loss in osteolytic disease. In fact, deregulation in one or
more steps of OC differentiation and/or function can cause an uncoupling in the
balance between OBs and OCs, resulting in a more disruptive activity of the OCs
(Helfrich, 2005; Tuck et al., 2017; Veis Novack and Mbalaviele, 2017). Cytokine
and growth factors can directly and indirectly interact with OCs and their
precursors, encouraging their differentiation and having potent effect on OCs
activity. Osteoporosis is an example of bone disease where the OCs-mediated
bone loss is prominent (Teitelbaum, 2000). It has been shown that the aging

process and lower levels of estrogen may contribute to a pro-inflammatory bone
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environment where myeloid and T-cells are recruited and TNF-o. and RANKL
levels are increased (Cenci et al., 2000; D’Amelio et al., 2008). Similarly,
autoimmune inflammatory diseases such as rheumatoid arthritis (RA) can lead to
localised bone loss and increased risk of fractures (Weilbaecher, Guise and
McCauley, 2011b). Again, a pro-inflammatory cascade signalling (TNF-o, IL-1
release) may be involved in the increased number of OCs that are generally found

at the inflamed bone surfaces (Novack and Mbalaviele, 2016).

Moreover, as described in the previous section, solid malignant tumours can
metastasize to the bone. Tumour microenvironments consist of complex
interactions between cells via cytokine activity but skeletal-related events (e.qg.,
osteolysis, fractures...) due to the increased activity of OCs, contribute to a higher
tumour burden as well as a poor prognosis. In fact, it has been demonstrated that
malignant cells can secrete microvesicles that can exacerbate the OCs activity,
leading to bone pain, difficulties in walking and eventually bone fractures,
worsening the prognosis of the patients (Raimondi et al., 2015). Additionally,
malignant cells may induce a higher presence of DCLs, which can differentiate
into OCs (Alnaeeli, Penninger and Teng, 2006; Zhuang et al., 2012). For this
reason, blocking one or more of the main stages in OCs life such as
differentiation, adhesion or cytokine release has become very important. The next
section will discuss current common treatments to tackle bone defect and bone

disease.
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1.5.2 Current bone disease treatments

Similar to any other type of disease, prevention is by far the most effective way
to prevent bone disease. Maintaining adequate levels of calcium and vitamin D
as well as keeping an active lifestyle are key to limiting the impact of bone
disease, promoting bone health and effective bone remodelling. However, when
this is not possible, an initial assessment of the type and cause of bone disease is
often the first step performed by a doctor. Bones are often imaged by radiography,
which will give the clinician an idea of the seriousness of the problems. Similar
techniques may include CT-scans and MRI scans, which may as well be used to
investigate cancer (Ralston, 2018). Blood tests or bone biopsy can be also
performed. According to the type of injury the bone is usually immobilised, and
the patient is advised to rest and refrain from any physical activities. This can be
followed by rehabilitation and/or physiotherapy.

Being the most common bone disease, there are several specific treatments for
osteoporosis. Commonly, current therapies aim to tackle unbalances between
bone resorption and bone deposition activity. In order to reduce the bone
resorption, and therefore the bone loss, two types of drugs are used: the first are
antiresorptive drugs that aim at reducing bone loss, while the second consists of
the use of anabolic agents, which are drugs that promote the bone deposition.
Examples of these types of drugs are bisphosphonates, oestrogen, calcitonin and

a synthetic form of parathyroid hormone (U.S. Department of Health and Human
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Services., 2004). Currently, bisphosphonates such as alendronate and zoledronic
acid are anti-osteolytic agents commonly used to inhibit OCs resorption. Their
mechanism of action aims at blocking the cytoskeleton rearrangement and the
formation of the sealing zone (Russell et al., 2007). Additionally, Anti-RANKL
Monoclonal Antibodies (e.g., Denosumab) are currently used to block the
RANKL/RANK/OPG axis (Bi et al., 2017; Lu et al., 2018). Different treatments
can be used when a bone cancer is diagnosed, depending on its stage, prognosis,
and symptoms. Current treatments include radiotherapy, chemotherapy and some
forms of targeted therapy such as immunotherapy (Cancer Research UK, 2020).
Table 1 summarises the most common bone diseases where OCs are involved,

and current therapies applied.
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Table 1 Most common bone diseases related to osteoclast function, and current therapies.

Osteoclast-related bone
diseases

Osteoclast formation and
function

Unbalanced pathways

Current therapies and/or future
targets

Osteoporosis

Excessive osteoclast formation and
abnormal resorption activity

Oestrogen deficiency, increased level of
RANKL leading to excessive osteoclast
formation and increased bone
resorption

Bisphosphonates, oestrogen
replacement, RANKL antibody, calcitonin,
PTH peptides

Osteopetrosis and bone mass gain

Inefficient osteoclast
formation/reduced osteoclasts
activity and abnormal resorption
activity

Absence/Downregulation of RANKL
leading to excessive bone deposition
and bone mass gain

No treatment/ Hematopoietic stem cell
transplantation

Rheumatoid arthritis

Excessive osteoclast formation and
abnormal resorption activity

Overexpression of RANKL leading to
excessive osteoclast formation
MMP-9 and MMP-14 produced by
osteoblasts

Immune inhibitors, TNF-a inhibitors.
RANKL antibody

Bone tumours

Excessive osteoclast formation and
abnormal resorption activity

Unbalanced equilibrium between bone
resorption and bone deposition
Increased bone disruption

Bisphosphonates, RANKL antibody

Paget’s bone disease

Excessive osteoclast formation and
abnormal resorption activity

High-RANKL expression leading to
osteoclast hyperactivity

RANKL antibody




Alternatively, bone graft is now widely used to repair bone defects and bone
damage (Laurencin, Khan and EI-Amin, 2006; Amini, Laurencin and
Nukavarapu, 2012). Bone graft implants can be divided into autograft or
autologous bone transplant, and allograft or heterologous bone transplant.
Nowadays, autologous bone transplant is the gold standard for bone grafts as the
patient’s own tissue can be used. Bone is usually harvested from the patient’s
iliac crest, thus ensuring that the implant is histocompatible and non-
iImmunogenic and that it contains all the essential components to achieve
osteoinduction, osteoconductividity and osteogenesis (Dimitriou et al., 2011).
However, autografts are very expensive and they may result in several
comorbidities such as bleeding, infections, or scarring (Baldwin et al., 2019).
Heterologous transplants represent the second most used bone-grafting
procedure. The bone graft is harvested either from a suitable donor bone tissue or
from a cadaver. Allografts are also likely histocompatible, and they can be
provided in different forms, depending on the host-site requirement. However, as
they are pre-treated with UV and devitalised, they have reduced osteoinductive
features (Delloye et al., 2007; Moroi et al., 2022). Although all the above-
mentioned treatments are widely used nowadays and they have shown to improve
bone regeneration, there are still some limitations such as high costs, biological

concerns, limited access, and limited osteoinductive and angiogenic potentials.
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1.6 Bone tissue engineering

Tissue engineering (TE) studies can offer an alternative solution to problems such
as those listed above. This field has grown exponentially over the last decades,
with hundreds of studies published on PubMed. As described before, bone is a
highly dynamic tissue and the ultimate goal of BTE studies is to create a bone
scaffold that aids bone repair and enhances bone regeneration (O’Keefe and Mao,
2011). Potential biomaterials for BTE applications should consider the following
features: biocompatibility, as they should closely mimic the natural bone Extra
Cellular Matrix (ECM); osteogenic, cells embedded within should be able to
perform physiological activities such as bone deposition/bone degradation
without minimal interference; osteoinductive potential, so that cell-biomaterial
interactions could provide signals that help direct the cells to the correct

phenotype (Petite et al., 2000).

These systems could also incorporate functional motifs such as collagen, laminin
or the tripeptide RGD, which could potentially improve cell adhesion,
differentiation, maintenance and survival of bone cells at a reduced cost, more
reliable results, and better future applications (Felding-Habermann and Cheresh,
1993; Knight et al., 2000; Boateng et al., 2005). Therefore, development of new
culturing systems able to reproduce more realistically the natural host

environment is an area of intense research activity. Additionally, optimized and
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validated culture systems might, in the long term, bring a reduction to the need

for animal experimentation.

Below are discussed the main classes of biomaterials used for BTE studies.

1. Osteoinductive biomaterials: They are classified as “smart” biomaterials
due to their capability to induce bone formation by providing signalling to
the surrounding in vivo environment. They have a great potential for bone
regeneration (Blokhuis and Arts, 2011; Agrawal and Srivastava, 2020).
Synthetic ceramics such as hydroxyapatite (Hap), their composites such as
Hap/Poly(Lactic-co-Glycolic) acid (PLGA) and Calcium-phosphate
(CaP)-based biomaterials have demonstrated a great osteoinductive
activity due to the presence of calcium and phosphate ions which may
influence cell differentiation into bone cells (Blokhuis and Arts, 2011;

Xavier et al., 2015; Jeong et al., 2019).

2. Hybrid materials: These biomaterials are described as the combination of
two of more different components with different characteristics. Hybrid
materials can show synergic effects such as higher mechanical strength,
enhanced osteoinductive properties or improved cell adhesion. Examples
of these class of biomaterials are a PLGA and Polyglycolide co-polymer
system (Ulery, Nair and Laurencin, 2011; Zhao et al., 2021), PLGA-

polyphosphazenes polymer blends (Baillargeon and Mequanint, 2014), or
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polymer-ceramic composites containing Hap crystals and collagen fibres

(Tsai et al., 2020).

. Hydrogels: Hydrogels are one of the most interesting biomaterials of the
last decade. Also known as ‘water-swollen’ materials, they are able to build
a 3D network of fibres by absorbing and retaining water to almost 95% of
their weight (Ahmed, 2015). Due to their composition and cell-cell
interaction within the polymer network, hydrogels can mimic the ECM
whilst providing cell adhesion, and promoting cell-cell interaction and
tissue regeneration (Lee and Mooney, 2001; Drury and Mooney, 2003;
Slaughter and Fisher, 2009; Zhang et al., 2021). Hydrogel-based scaffolds
are currently used for bone studies because they can provide a realistic
hydrophilic environment that supports OCs attachment, spreading, and

new bone growth (Sabir, Xu and Li, 2009; Bai et al., 2018).

Hydrogels

As mentioned above, hydrogels are usually defined as water entrapping materials

made of polymeric fibres that assemble to form a self-supporting network

(Slaughter and Fisher, 2009). Due to their high percentage of water, mechanical

stiffness, flexibility, and nanofibrous architecture, hydrogels are ideally suited

biomaterials for BTE (Amini, Laurencin and Nukavarapu, 2012). Hydrogels are

usually composed of specific structures (called building blocks) that allow precise
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dynamic control of the material final ultrastructure (e.g tapes, ribbons, etc.) (R. V
Ulijn and Smith, 2008). Hydrogels can be divided into two major classes,
depending on the nature of the interactions between the polymer fibres: physically
cross-linked hydrogels (or physical hydrogels), or chemically cross-linked
hydrogels (or chemical hydrogels). Physical hydrogels consist of polymers whose
fibres interact by dynamic and reversible cross-links based on noncovalent
hydrogen bonding, electrostatic or hydrophobic interactions. Chemical hydrogels
are made of networks of fibres held together via chemical, covalent crosslinking
(N. A. Peppas et al., 2006). A different classification of hydrogels is based on the
origin of their building blocks. These building blocks can be based on natural
polymers such as hyaluronic acid (HA), alginate, collagen or chitosan, or they
can be chemically produced as synthetic polymers. Natural polymer hydrogels
have the advantage of being biocompatible and biodegradable. They can be
obtained at a relatively low cost, and often they present cell binding sites. For
instance, collagen-based hydrogels have been used to repair nasal bone defects in
rats (Lindsey et al., 1996). Similarly, HA hydrogels were used to successfully
deliver bone morphogenetic protein (BMP)-2, promoting high bone formation in

the cranial defect site of the rats (Patterson et al., 2010).

However, naturally derived hydrogels present poor mechanical properties and
batch to batch variability (N. A. Peppas et al., 2006; Slaughter et al., 2009). Some

of these limitations can be addressed by using purely synthetic materials. Among
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the synthetic hydrogels, the most used building blocks are poly(acrylic acid) and
its derivatives such as poly(2-hydroxyethyl methacrylate) (HEMA), used in many
drug delivery applications (Gulsen and Chauhan, 2005). Poly(ethylene glycol)
(PEG) hydrogels are also widely used in a variety of biomedical applications such
as controlled released of biomolecules or as bare scaffold for TE (Lin and Anseth,
2009). Unlike naturally derived scaffolds, synthetic polymers hydrogels have
excellent mechanical properties as the building block can be finely controlled to
obtain tuneable mechanical properties and shapes. However, some of the
chemicals used to produce these types of biomaterials and/or their cross-linking
agents may have a toxic activity affecting the viability of cells. Moreover, as they
are chemically synthesised hydrogels, they may not present suitable cell-binding
motifs. However, they can be easily modified with ECM proteins (such as
laminin, collagen, etc.) or decorated with biological components that could
promote cell adhesion and proliferation (Drury and Mooney, 2003; Nicholas A.
Peppas et al., 2006). Advantages and disadvantages of natural and synthetic

hydrogels are summarised in Table 2.
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Table 2 Most common types of hydrogels and their relative advantages and disadvantages.

Type Composition Advantages Disadvantages

Natural Agarose, alginate, chitosan, collagen, gelatin, hyaluronic  High bioactivity, structural Low viscosity, not suitable for implantation, batch to
acid, silk (N. A. Peppas et al., 2006; Slaughter et al., resemblance to natural ECM batch variability, low mechanical properties
2009; Patterson et al., 2010)

Synthetic poly(2-hydroxyethyl methacrylate) (HEMA), Tunability of mechanical Low bioactivity, may have toxic effects on cells, poor

poly(ethylene glycol) (PEG) (Gulsen and Chauhan, 2005;
Lin and Anseth, 2009)

properties, No batch-to-batch
variability

cell adhesion
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1.6.2  Self-assembled peptide hydrogels

Proteins are a major component of human tissues and, for this reason, there is a
wide interest in using polypeptides to create successful scaffolds for TE (Lee and
Mooney, 2001). In fact, amino acids can be used as building blocks providing the
primary structure of the hydrogels. Peptide hydrogels are based on short peptides
of L-amino acids, naturally present in the human body. Peptide hydrogels are
ideally suited for TE applications as they show low immunogenicity and high
biocompatibility (Markey et al., 2017). According to the characteristics of their
side chains, individual amino acids are classified as hydrophobic, hydrophilic,
charged, etc. (Figure 6). Hydrophobic amino acids can be divided into two
subgroups, aliphatic (A, I, L, M, V), and aromatic (F, W, Y), which contain an
aromatic ring structure. Aliphatic amino acid side chains have merely
hydrophobic characteristics. Aromatic side chains are mainly hydrophobic but
can also be involved in n—m stacking interactions, where their m-conjugated
systems overlap (R. V Ulijn and Smith, 2008). Hydrophilic uncharged amino
acids may be involved in hydrogen bonding interaction either via hydroxyl (S,
T), amine (H) or amide (N, Q) groups. Alternatively, charged amino acids (D, E,
K, R, protonated H) can be exploited to introduce charge-charge interactions that
can stabilise (using opposite charge) or prevent (using same charge) the scaffold
assembling mechanism. The remaining amino acids (G, P, S) have rather unique

characteristics and can be used to confer chain flexibility (G), conformational
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rigidity (P), or to provide specific sites for chemical modification

chains (C).
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Figure 6 Amino acids commonly used as building blocks for the synthesis of peptide-based

hydrogels. They are divided into different groups based on the chemical properties of their side

chains. Adapted from BioNinja.com

In addition to their side chain characteristics, the —-CO—NH- peptide groups on

the main chain can form secondary structures through amide hydrogen bonding.

Depending on the properties of their individual amino acids, peptides can adopt

in solution different structures such as -sheets, B-hairpins, a-helices and random
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coils that spontaneously self-assemble into supramolecular scaffolds. The
assembly can be triggered in response to a pH shift, ionic strength changes,
increase in peptide concentration, light, or temperature effects (R. V Ulijn and
Smith, 2008). For example, Stupp and co-workers have developed a class of self-
assembled peptide-based hydrogels (SAPHSs) that spontaneously form rod-like
shaped scaffolds due to the combination of hydrophilic, hydrophobic and charge-
charge interactions (Capito et al., 2008). Similarly, Zhang and collaborators
fabricated a B-sheets-based biomaterial that spontaneously self-assembled where,
for the first time, a ‘bottom-up’ approach, in which materials are assembled
molecule by molecule, was used. This. They demonstrated that different types of
cells can be cultured in 3D within these hydrogels, providing a realistic platform
to study cell adhesion and cell-cell interaction for TE studies (Kisiday et al., 2002;
Zhang, 2003; Davis et al., 2005; Fatouros et al., 2014). Based on Zhang’s work,
Saiani’s group developed a class of B-sheet forming peptide-based hydrogels
(Saiani et al., 2009). These materials were based on short repetitive sequences (8
to 10 amino acids) such as alanine (A) and phenylalanine (F) with glutamic acid
(E) and lysine (K), namely AEAEAKAK, AEAKAEAK, FEFEFKFK and
FEFKFEFK. They showed that F-based octapeptides were able to form defined
B-sheet fibres (~3 nm thick) and 3D fibrillary hydrogels regardless the position

of E and K in the sequence. Octapeptide-based hydrogels were proved be highly
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biocompatible, injectable and low immunogenic for a wide range of biomedical

applications (Castillo, Guerrero and Acosta, 2017; Qi et al., 2018).

1.6.3  Aromatic short peptide hydrogels

Amino acids with an aromatic ring in their side chains can be used to generate
short peptide hydrogels where n—n stacking interactions maintain the structure of
the scaffold. Reches and Gazit demonstrated for the first time that amyloid
peptides have a core of di-phenylalanine (FF) units that can spontaneously self-
assemble to form nanotubes (Gazit, 2009). They proposed that dipeptides
containing the FF sequence are able to form stable peptide nanotubes by a
combination of main-chain hydrogen-bonding and sidechain =-stacking
interactions. It has also been shown that the chemical coupling of large aromatic
groups such as 9-fluorenylmethoxycarbonyl (Fmoc) to the N-terminus of some
peptides helps them to spontaneously assemble into self-supporting hydrogels
(Yang et al., 2004; V. Jayawarna et al., 2006). These gels are easy to synthesize.
They show ultrastructural resemblance to the ECM due to their peptide
composition and nanofibrous morphology and have tuneable mechanical
properties. Since then, numerous hydrogels have been synthesised based on the
short building block di-phenylalanine coupled with an Fmoc group at the N-
terminus (Fmoc-FF). It has been proposed that these peptides spontaneously form

anti-parallel B-sheets where the Fmoc groups act like a zipper to interlock the
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different sheets together (Figure 7). The rotational twist introduced by the B-
sheets generates a cylindrical structure that is held together by n—r stacking of

adjacent sheets (Zhao and Zhang, 2007; R. V. Ulijn and Smith, 2008).

A)

Fmoc-FF

. // S *,,L/\,H

Fmoc-FF nanofibre

Figure 7 Formation of the Fmoc-FF peptide hydrogel structure. The peptide spontaneously
organises into B-sheets with anti-parallel orientation (A). Due to n—= interactions between the
Fmoc groups, these -sheets then come together (B). The interlocking Fmoc groups act like a

zipper to create a cylindrical structure (C and D). Adapted from (R. V Ulijn and Smith, 2008).
Short peptide hydrogels can be chemically and biologically engineered to
enhance cell adhesion and cell proliferation, both in 2D and 3D culture
(depending on cell types). For instance, Jayawarna et al. added different Fmoc-

coupled amino acids such as Fmoc-serine (Fmoc-S), Fmoc-lysine (Fmoc-K) and
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Fmoc-aspartic acid (Fmoc-D), to the well-established Fmoc-FF dipeptide in order
to improve cell biocompatibility. Of all the tested scaffolds, Fmoc-FF/S showed
enhanced cell adhesion and cell spreading compared to the bare Fmoc-FF
(Jayawarna et al., 2009). Another remarkable contribution was that of Zhou et al.
who designed an enhanced ECM-mimicking scaffold composed of mixture of the
Fmoc-FF dipeptide and the Fmoc-RGD tripeptide (Zhou et al., 2009). The
authors demonstrated that the RGD motif was well incorporated into the basic
Fmoc-FF structure, providing a scaffold that was able to promote fibroblast
viability and proliferation. This work has been progressed by incorporating other
Fmoc-protected peptides with the integrin-binding collagen sequence GFOGER
or the laminin sequences IKVAV or YIGSR, with the aim of creating a
customised scaffold targeted at specific research goals.

These peptide-based scaffolds form self-supporting hydrogels through
cooperative assembly of the single building blocks (Fmoc-FF, Fmoc-S and Fmoc-
RGD).They are usually provided in lyophilised powder and, upon contact with
water, they form a water-like solution referred as “Pre-gel”. The Pre-gel is then
stabilised to form a self-supportive hydrogel whn exposed to a divalent-cation
containing solution. This process is usually referred as “two-step process” (Mart
et al., 2006)

Moreover, by tailoring the amount of peptide used, the stiffness of these

hydrogels can be tuned, closely mimicking different types of tissues (Figure 8).
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Ultimately these formulations can be used to create a tailored scaffold, able to
direct the differentiation of cells to a specific lineage or to enhance cell

attachment or spreading.

Figure 8 Fmoc-based peptide hydrogels with tuneable stiffness to mimic different human
tissues for TE applications. Soft hydrogels (0.8-1.1 kPa, left) can be used to mimic very soft
tissues such as brain; medium soft (3-4 kPa, middle) and stiff hydrogels (8-9.2 kPa, right) can
be used for harder musculoskeletal tissues such as muscle, cartilage or bone. Adapted from

Biogelx.

1.6.4  Hydrogel-based bone regeneration

As described in the section 1.5.2 current treatment for bone disease consists
mostly of surgery, conservative treatments, or using of inhibitory/stimulatory
drugs for the bone remodelling process. Additionally, bone grafts are widely used
to enhance bone repair and bone regeneration. BTE could offer new strategies for
tackling bone disease and bone physiopathology, providing hydrogels that can be

used to promote bone repair and bone regeneration (Costa et al., 2013; Zhang et
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al., 2021). For instance, hydrogels can be injected at the bone injury site, and they
can be used to carry cells at the site of transplantation. This can happen via a
minimally invasive surgery, potentially with less complications for the patient.
Additionally, hydrogels can be used as carriers of immunomodulatory agents that
can be released to recruit cells at the defective site, thus promoting new bone
tissue formation (Yue et al., 2020). For example, alginate hydrogels have been
used for this purpose (Singh and Peppas, 2014). Dosier et al. have demonstrated
that stem cells encapsulated within bone morphogenetic protein-2 (BMP-2)-
loaded hydrogels promoted high bone regeneration at the bone defective site
(Dosier et al., 2015). Similarly, chitosan hydrogels have been used to constantly
deliver BMP-2 and transforming growth factor B (TGF-p) at the implant site over
30 days (Saravanan et al., 2019). Alternatively, SAPHSs could be used as scaffolds
for bone regeneration. They present all the imperative features for a successful
scaffold for BTE. An example of this approach is the peptide Acetyl-(RADA).-
CONHg; (also known as (RADA)4 or RADA16), widely used to encapsulate
proteins and small molecules (Nagai et al., 2006; Koutsopoulos et al., 2009).
Kaipatur and co-workers have demonstrated that a RADAL16-based hydrogel can
successfully incorporate the cytokine RANKL. This hydrogel can therefore be
used to locally control the release of RANKL to induce osteoclastogenesis (Xing
et al., 2017). Likewise, SPG-178-hydrogel, a peptide-based SAPH with the 13-

amino acid sequence RLDLRLALRLDLR, was used to culture rat skeletal
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muscle cells into in a rat calvarias defect model. This scaffold was successful in
promoting proliferation and osteogenic induction at the defective site (Tsukamoto
et al., 2017). Fmoc-FF has also been used in BTE due to its capacity to self-
assemble into hydrogels without need of cross-linking agents (Ghosh et al.,
2019). The authors there described a blend of alginate/FmocFF hydrogel as a
potential platform for bone regeneration. They demonstrated that pre-OBs
successfully adhere to the scaffold inducing osteogenic differentiation and

calcium mineralisation.

1.6.5 Limitations of SAPHs

As mentioned earlier, hydrogels form nanofibrous networks that can entrap a
large amount of water forming a 3D scaffold. Due to their viscoelastic features
combined with high porosity and high permeability, hydrogels are widely used
for BTE applications, as they closely resemble the natural characteristics of the
ECM. Hydrogels can be directly implanted into the bone defective site and can
act as recruiters of bone cells or as carriers of cells, proteins and/or cytokines that
can promote bone regeneration. These goals can be achieved with both natural
and synthetic hydrogels, with different advantages and disadvantages (Table 2).
SAPHSs may be seen as intermediate between the natural and synthetic hydrogels
as they closely mimic the ECM at the nanoscale level, they are biocompatible
(due to their peptide composition), and they can support cell adhesion and cell

growth both in 2D and in 3D culture.
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However, despite their undeniable potential, SAPHs have some drawbacks.
Firstly, the mechanical properties of the hydrogels are often not adequate for a
scaffold that should mimic the bone tissue (Luo et al., 2022). SAPHs such as
RADA16 have shown good cell adhesion properties whilst achieving very low
rheological properties (G* = ~100-200 Pa), nowhere near the actual stiffness of
the bone. Due to their chemical synthesis, the stiffness can be increased by
tailoring the amount of peptide used, as demonstrated by Wan et al. In fact by
increasing the peptide concentration they obtained significantly stiffer hydrogels
("G’ 41.1 £ 8.6 kPa) (Wan et al., 2016). However, changing the formulation of
the hydrogels by increasing the peptide concentration or using a high crosslinking
density may lead to a more dense hydrogels fibres that could hinder the migration

of cells, cytokines and exchange of nutrients (Ulubayram et al., 2002).

1.6.6 Hydrogel Nanocomposites

For the reasons outlined above, designing hydrogel composites has gained
widespread popularity amongst the field of BTE. Nanocomposites are defined as
hybrid hydrogels that incorporate nanoparticles or nanostructures (also called
nanofillers) physically or covalently cross-linked with the main structure
(Haraguchi and Takehisa, 2002). By using this approach a new class of
biomaterials that combine the biocompatibility and plasticity of the hydrogels

with the enhanced structural support and mechanical performance of the
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nanofillers (e.g. increased mechanical strength, bioactive signals) is obtained

(Gaharwar, Peppas and Khademhosseini, 2014).

Hydrogel nanocomposites present several advantages over “naked” hydrogels.
Firstly, introducing nanofillers within the hydrogel’s mesh results in an increased
mechanical toughness and strength. In fact, the nanofiller could strengthen the
hydrogels nanofibers providing a better distribution of loads and stresses
(Gaharwar, Peppas and Khademhosseini, 2014). Secondly, by creating a
nanocomposite, the hybrid hydrogels act as a biomimetic scaffold. In fact, it has
been shown that most nanofillers can induce local release of cytokines inducing
cell growth, cell differentiation and guiding bone healing (Li et al., 2013; Tozzi
et al., 2016). Nanofillers can also be loaded, in turn, with drugs or cytokines.
Therefore, they act as nanocarriers for a local delivery in the surrounding
microenvironment. At the same time, since the nanocarriers are encapsulated
within the hydrogel, the half-life of these molecules may be extended by
preventing their degradation and by a slow, controlled released in situ (Lau and
Kiick, 2015).

Several classes of fillers have been studied. The most commonly used for BTE
are bioceramics (hydroxyapatite, calcium phosphate, silica...), carbon-based
nanotubes (graphene), polymeric nanoparticles, and metal/metal oxide

nanoparticles (gold, silver, etc.). For an extensive description of all the different

63



classes of nanofillers, the reader is referred to a review by Tozzi et al. (Tozzi et

al., 2016).

1.6.6.1 Hydroxyapatite as hydrogel nanofiller for BTE

Hydroxyapatite (Hap), defined by the chemical formula Caig(PO4)s(OH)-,
constitutes the main inorganic component of the bone and contains 99% of the
total calcium in the human body. Along with collagen, Hap contributes to bone
hardness and elasticity (Feng, 2009). Hap is one of the most stable calcium
phosphates under physiological conditions and it has gained widespread
popularity among nanofillers due to its ability to induce mineralisation in vitro by
providing additional nucleation sites (Zhou and Lee, 2011; Tozzi et al., 2016).
Incorporation of Hap into synthetic pHEMA gels, for instance, resulted in a
biomaterial with a similar mineral composition to that found in mammalian
bones. This allowed a successful implantation of the scaffolds in the defective
bone sites of the rat, favouring the development of new bone matrix whilst leading
to increased osteoblast differentiation and bone mineralization (Wahl and
Czernuszka, 2006). Similarly, Hap-modified gellan gum hydrogels have shown
to successfully differentiate OCs precursors towards mature bone cells (Maia et
al.,, 2018). Aside from the increased bioactivity, biocompatibility and
osteoconductivity of Hap nanocomposites, incorporation of Hap has been
associated with enhanced mechanical properties of the scaffolds. In fact, Hu et al.

created a new Hap/agarose composite hydrogel that showed exceptional
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mechanical properties (high compressive strength ~400 MPa) and a two-fold
higher elastic modulus than bare agarose (~1100 MPa) (Hu et al., 2016).
Likewise, Ghosh and co-workers demonstrated a higher mechanical strength
(storage modulus up to 29 kPa) of Hap-decorated, Fmoc-based hydrogels

compared to naked hydrogels (Ghosh et al., 2017a).

Furthermore, incorporation of Hap into hydrogels seems to provide additional
anchoring points that allows differentiation of osteoprogenitor cells (Wahl and
Czernuszka, 2006). In nature, bone tissue cells attach to mineralised surfaces
during bone healing and repair. As such, cells that are undergoing differentiation
are able to keep recruiting cells of the osteoblast lineage by secreting colony
stimulating factors (CSFs), TFG-p and BMPs. Furthermore, the mineral matrix
allows osteoblasts to deposit the extracellular collagen that will constitute the
ECM. (Wu et al., 2020). All in all, minerals can be directly incorporated into
biomaterials to fabricate hybrid scaffolds with reinforced properties. Peptide
amphiphiles like Fmoc-FF, are ideal templates for the incorporation of Hap,
showing great similarity with the native bone matrix and providing the ideal
template for the deposition of Hap crystals, as they can mimic the Gly-X-Y motifs

of collagen (Rivas et al., 2019).
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1.7 Research question

Most BTE studies are focused on the development of new bone and the
interaction of biomaterials with OBs (or stem cells-derived OBs), their bone
deposition, and bone repair. On the other hand, OCs and their resorptive activity
are often overlooked. However, as discussed in the previous sections, bone is a
highly dynamic tissue that undergoes a continuous remodelling process involving
both new bone deposition and bone breakdown. Therefore, an optimal

biomaterial for bone replacement should take into account both processes.

Furthermore, OCs are abnormally activated in several pathologies that result in
bone mass loss and increased risk of fractures (Helfrich, 2005). Thus, there is
interest in the development of new therapeutic agents that inhibit OCs
overactivation as a strategy to counteract excessive bone degradation. However,
generating mature, bone-resorbing OCs is not trivial and different protocols have
been developed throughout years that may be appropriate for some studies but
unsuitable for others (Marino et al., 2014). Moreover, new protocols are needed
for OCs culture and differentiation that take into accounts the differences between
tissue culture polystyrene (TCPS) and the actual bone microenvironment. The
following section, presents a more in-depth discussion of the current challenges

in OCs culture and the advantages and disadvantages of each culture protocol.
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1.7.1 OCs culture

Culturing OCs precursors to obtain mature bone-resorbing cells has become an
essential skill for any researcher wishing to study bone physiopathology, bone
microenvironment, or any new bone-related therapeutic agent. In the past, mature
OCs were isolated from neonatal animals by mechanically fragmenting their
bones (Chambers et al., 1984). Nowadays, there are two main sources of OCs:
human peripheral blood mononuclear cells (PBMCs), or a murine cell line used

as a bone-resorbing model (Raw 264.7 cells) (Marino et al., 2014).

PBMCs can be obtained from peripheral/venous human blood via density
centrifugation with Ficoll-Plaque reagent (Yeo et al., 2009). Thus, freshly
isolated PBMCs can be differentiated into mature, bone-resorbing OCs upon
stimulation with M-CSF (human or mouse 25-50 ng/ml) and RANKL (human or
mouse 50-100 ng/ml). Being isolated directly from human donors, these are the
most reliable source of human OCs. However, due to the heterogeneity of the
samples, the number of OCs can be highly variable (Riedhammer, Halbritter and

Weissert, 2015).

Alternatively, mature murine OCs can be obtained by differentiation of Raw
264.7 cells (Teitelbaum, 2000a), which are a well-established murine
macrophage pre-OC model widely used to study OC function. Established in

1978 from leukaemia-induced mice (ATCC, 2018), Raw 264.7 cells are semi-
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adherent and can be easily cultured in flasks, glass and dentine discs depending
on the experimental purpose. Generally, they can be maintained for long passage
numbers even though the highest number of mature OCs is obtained between

passages 4-18 (Marino et al., 2014).

Raw 264.7 cells are RANKL-sensitive OC precursors, meaning that mature OCs
can be obtained after 5-7 days of RANKL stimulation (human or mouse 50-100
ng/ml) (Collin-Osdoby and Osdoby, 2012). These cells do not need the addition
of M-CSF as they have an endogenous expression of this cytokine and its receptor

c-fms (Shadduck et al., 1993; Marino et al., 2014).

Despite these advantages, current methods of culturing OCs need improvement.
In fact, although commercial cell lines are widely used, there are still some issues
that need to be addressed. The advantages and disadvantages of the current OC
culture methods are listed in Table 3. Firstly, even though 2D culture on TCPS
Is the traditional method of culturing cells, it is not the most representative system
for the in vivo environment. In fact, due to the difference in stiffness, the
mechanotransduction signalling induced by rigid TCPS dishes (Young’s modulus
in the gigapascal range), could influence the polarization state, function and
differentiation of the OCs (Sridharan et al., 2019). Secondly, because the in vitro
system is far simpler than the actual microenvironment where the cells live,
cultured cells may act differently to an in vivo situation. This can affect both

primary cells and commercial cells lines because the crosstalk between cell-cell
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and cell-matrix that happens in vivo can be difficult to reproduce on an in vitro

system.
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Table 3 Advantages and disadvantages of the different sources of OCs (Raschke et al., 1978; Shadduck et al., 1993; Alge et al., 2006; Pan et al., 2009;

Collin-Osdoby and Osdoby, 2012; Marino et al., 2014).

Advantages Disadvantages

a) More reliable culture system a) Donor-to-donor variability
b) Human-derived primary cells b) Hard to propagate in culture
¢) Genetic and phenotypic markers are maintained c¢) Need licensing and permissions

PBMC’s - derived OCs . . . . .
d) Avoid ethical problems of using animals d) More cytokines needed (M-CSF and RANKL)
e) More physiologically significant results e) Limited passage number

f)  Higher cost
a) Easy access and culture system a) Tumour-derived cells
b) High mature osteoclasts yield b) Simplistic cell model
c) Less growth factor needed (RANKL) c) Passage-dependent somatic mutation
Raw 264.7 - derived OCs - . . .

d) Easy characterization d) Different response than natural microenvironment
e) High passage number e) Genetic and phenotypic difference from their origin tissue

f) Low Cost
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Moreover, although different sources of OCs can be used, there are still a wide
range of differences when using primary cells or cell lines. For instance, using
primary cells can raise issues with licensing and permission as well as higher
costs due to the need for more nutrient, cytokines and growth factors. On the other
hand, using cell lines benefits from easy access, low maintenance costs, less
expertise needed in handling them etc. However, they may provide a different
response to a physiological bone environment and may be considered not as
representative as the primary cells due to their tumour origin (Alge et al., 2006;

Pan et al., 2009).

Reasons such as those discussed above (Table 3) are why new methods of
culturing and differentiating OCs are needed. Therefore, the overall objective of
this study is to generate a new customised SAPH that can act as a platform for

the culture and differentiation of OCs.

The hypothesis for this study is that by tailoring the stiffness of Fmoc-based
hydrogels, a bone-mimicking hydrogel scaffold can be generated that will serve
as a substrate for the culture and appropriate differentiation of OC. Stiffer
hydrogels are potentially attractive substrates for the culture of OCs. Moreover,
the addition of specific component (e.g. RGD, Hap, collagen...) that could
possibly interact with cells, may help to create a superior bone mimicking

biomaterial.
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1.7.2 Global aims

The overall aims of this PhD project are defined below. Specific aims for each
chapter will be outlined at the beginning of each chapter.
1. Assess cytocompatibility of Raw 264.7 on different Fmoc-based hydrogels
formulations;
2. Develop a new customised Fmoc-hydrogel as a platform to culture and
differentiate osteoclasts;
3. Incorporate collagen peptides designed to contain specific sequence motifs
recognized by osteoclast precursors, into Fmoc-based hydrogels;
4. Assess differentiation of Raw 264.7 pre-OCs into mature OCs using newly

developed hydrogels scaffolds.
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Chapter 2 - Hydroxyapatite-decorated peptide
hydrogels as substrates for Osteoclast
Differentiation and Culture

Note: A version of the work presented in this chapter has been published as
follows:

Mattia Vitale, Cosimo Ligorio, Bethan McAvan, Nigel W. Hodson, Chris Allan,
Stephen M. Richardson, Judith A. Hoyland & Jordi Bella (2022) Hydroxyapatite-
decorated Fmoc-hydrogel as a bone-mimicking substrate for osteoclast
differentiation and culture. Acta Biomaterialia, 138, 144-154.

Available here: https://doi.org/10.1016/j.actbio.2021.11.011. The printed (PDF

formatted) version is provided as Appendix A
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2.1 Introduction

As discussed in Chapter 1 bone is a highly dynamic tissue that constantly
undergoes a remodelling process through the action of two main cell types: OCs,
cells that break down bone, and OBs, cells that lay down new bone matrix
(Weiner and Traub, 1992; Sims and Martin, 2014; Nedeva et al., 2021). Bone is
also a very well organised tissue where living cells are embedded in a 3D structure
of organic-inorganic nanocomposite that confers to the bone its typical high

strength and resistance (Currey, 2003; Reznikov, Shahar and Weiner, 2014).

OCs are one of the main cell types involved in bone disease. In fact, a disruption
in the equilibrium between bone resorption and bone formation can cause bone
pain and bone damage, leading to an increased risk of bone fractures (Phan, Xu
and Zheng, 2004; Raimondi et al., 2015; Veis Novack and Mbalaviele, 2017;
Nedeva et al., 2021). The aim of BTE is to provide scaffolds that can be used to
mimic the bone microenvironment and potentially to study the mechanisms
involved in bone diseases. Hydrogels are a suitable choice of scaffold due to their
viscoelastic properties, high water content and ECM-mimicking nanofibrous

network features (Ahmed, 2015; Bai et al., 2018).

A particular class of hydrogels that has gained much attention over the last
decades are self-assembling peptide-based hydrogels (SAPHSs). They are made of

short peptide building blocks that self-assemble into gels due to a pH shift,
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temperature change, change in media buffering, etc. (Hellmund and Koksch,
2019; Chiesa et al., 2020; Imere et al., 2021; Ligorio et al., 2021). They can be
also functionalised with biological motifs that control the final properties of the
scaffold and mediate cell-cell/cell-material interactions (R. V Ulijn and Smith,
2008). Amongst the SAPHSs, Fmoc-based peptide hydrogels are widely used in
different TE applications. They form rigid, cylindrical-shape molecular structures
through a combination of hydrogen-bonding and zn-stacking interactions without
the need for additional crosslinking agents (Reches and Gazit, 2003; Vineetha
Jayawarna et al., 2006; Diaferia, Morelli and Accardo, 2019). The Fmoc-FF
dipeptide can be used to form stable hydrogels that can be further functionalised
by changing the peptide amino acid sequence in order to enhance cell adhesion
and cell proliferation (Jayawarna et al., 2009; Zhou et al., 2009). However,
despite their good biological properties, these peptide hydrogels still lack
sufficient mechanical strength to mimic tissues with higher stiffness such as bone.
Recent studies have shown how hydrogels can be modified with the use of
nanofillers, which not only add functionality to the composite hydrogels but also
improve the resulting mechanical properties of the scaffolds (Drury and Mooney,
2003; Manias, 2007; Tozzi et al., 2016). Additionally, it has been demonstrated
that by changing the nanotopography and composition of the hydrogels, cell fate
can be controlled promoting differentiation, increased cell numbers, etc. (Taylor

et al., no date; Chen et al., 2019). Hap is one of the most used nanofillers for BTE
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studies as it is the main component of the inorganic part of the bone (Boskey,
2013). It has been used as a scaffold reinforcement to improve mechanical
strength of the hydrogels but also due to its cytocompatibility and bioactivity
(Gkioni et al., 2010; Ma et al., 2016; Tozzi et al., 2016; Suvarnapathaki et al.,

2020).

Having considered the overall properties of Fmoc-based SAPHSs
(cytocompatibility, tuneable stiffness, functionalisation...) they represent a
suitable choice for BTE application. However, most studies to date have focused
their attention on OBs and their bone deposition activity, whereas very little is
known about the interaction of OCs and biomaterials. As mentioned earlier, a
successful scaffold for bone regeneration should take into account the complexity
of the bone turnover and provide biomaterials that can regulate OC activity

accordingly (Detsch and Boccaccini, 2015).

Furthermore, as discussed in section 1.7.1, there are challenges associated with
the current protocols of culture and differentiation of OCs. There are also
dramatic differences between TCPS, a rigid and strictly 2D culture substrate, and

the actual bone microenvironment.

For these reasons, the aim of the work reported in this Chapter was to use Hap
nanopowder as nanofiller to develop a new, customised Fmoc-based hydrogel

that could act as a bone-mimicking substrate to culture and differentiate OC
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precursors into OCs. To achieve this goal an Fmoc-FF, Fmoc-serine (Fmoc-S)
and Fmoc-arginyl-glycyl-aspartate (Fmoc-RGD) ternary peptide-hydrogel
(Fmoc-FF/S/IRGD) was used for Hap nanopowder incorporation. The
ultrastructure of the newly developed, Hap-decorated Fmoc-FF/S/RGD hydrogel
was characterized by Atomic Force Microscopy (AFM), and its mechanical
properties were analysed by oscillatory rheometry. Finally, the murine pre-OC
cell line Raw 264.7 was used to explore whether the Hap-decorated Fmoc-
FF/S/IRGD hydrogel could be used as substrate for osteoclast culture and
differentiation. Cell morphology, viability and differentiation were investigated
via F-actin, TRAP staining, intracellular viability assays (LIVE/DEAD™ cell

imaging), and qPCR to quantify appropriate gene expression.

The specific aims of this Chapter were:
1- To develop a new Hap-decorated Fmoc-hydrogel nanocomposite.
2- To characterise the ultrastructure and mechanical strength of the Hap-
decorated hydrogel nanocomposite via AFM and rheology.
3- To assess the potential of this Hap-decorated hydrogel nanocomposite as a

platform to culture and differentiate OCs in vitro.
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2.2 Materials and Methods
2.2.1 Materials

Peptide lyophilised powders for Fmoc-FF/S (F, Phenylalanine; S, Serine; batch
N° FFS052RM) in a molar ratio 1:1, and Fmoc-FF/S/RGD (R, Arginine; G,
Glycine; D, Aspartic Acid; batch N° FFSRGDO027RM) in a 1:0.5:0.5 molar ratio,
were provided by Biogelx Ltd, UK. The peptide purity (97% and 99%,
respectively) was assessed in house by Biogelx via High Performance Liquid
Chromatography (HPLC). Hydroxyapatite nanopowder (Caio(PO4)s(OH)2,
particle size <200 nm), was outsourced from Sigma-Aldrich (677418). All these

reagents were stored at room temperature (RT) until use.

2.2.2  Preparation of Fmoc-FF/S, Fmoc-FF/S/RGD and Hap-
decorated solution

Hydrogels of different concentrations (5-30 mM) were prepared following the
manufacturer’s protocol. Briefly, lyophilised Fmoc-peptide powders were
rehydrated in 7 mL glass vials (Sigma-Aldrich) to the desired concentration using
sterile, deionized H,O (dH,0), to form a viscous peptide solution referred to as
“pre-gel”. The water was pre-warmed to 37°C to help dissolving the peptide
powders. In order to mix the solution and to remove any air bubbles, the pre-gels
were further homogenised by a combination of low speed vortexing (PV-1, Grant

Instruments (Cambridge) Ltd) and ultrasonic water bath sonication for 2 min at
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RT (FB 15050 Sonicator, Fisherbrand, UK). To prepare the Hap-decorated
hydrogels, 1 mg of Hap nanopowder was dispersed into 1 mL of dH,O by
sonication. This dispersion was then used to incorporate the Hap into the pre-gel
solutions. Table 4 provides the full list of the Fmoc-peptide masses, final

concentrations, and volume of dH,O used for each hydrogel formulation.

Table 4 Fmoc-hydrogels preparation ratios.

Concentration of Volume of Concentration of Volume of
Fmoc-FF/S Mass dH-0 Fmoc-FF/S/RGD Mass dH-0
peptide solution (mg) (mzL) peptide solution (mg) (mZL)
(mM) (mM)
5 22 5 5 24 5
10 43 5 10 49 5
15 67 5 15 74 5
20 88 5 20 99 5
30 132 5 30 148 5

2.2.3 LIVE/DEAD staining

A Live/Dead assay kit (Invitrogen L3224) was used to assess the viability of Raw
264.7 cells cultured on the different Fmoc-hydrogel formulations with or without
Hap. Following the manufacturer’s protocol, 600 uL of the assay solution
containing 4 uM ethidium homodimer-1 (EthD-1) and 2 uM Calcein AM were
pipetted onto the cell-hydrogel constructs. After 30 min of incubation cells were

washed 3 times in Dulbecco’s Phosphate Buffer (PBS, Gibco UK) and imaged
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using a Nikon Eclipse 50i fluorescence microscope (emission wavelengths: green
channel for live cells 515 nm; red channel for dead cells 635 nm; excitation
wavelength: 495 nm). Cell images were collected at 24 h, 48 h, 5 days, and 7 days

post culture. Three images per time point were acquired.

2.2.4  Cell morphology: F-actin staining

Morphology and cytoskeleton arrangement of Raw 264.7 cells cultured on Fmoc-
FF/S and Fmoc-FF/S/RGD hydrogels, with and without Hap, were investigated
using Alexa Fluor 488 Phalloidin (Invitrogen, UK, A12379). After 7 days in
culture, medium was removed from the hydrogels and cells were fixed in 4%
(w/v) paraformaldehyde (PFA, Sigma-Aldrich) for 30 min and permeabilised in
0.5% (v/v) Triton X-100 solution (Sigma-Aldrich) in PBS for 5 min. The samples
were then incubated with 1:200 Alexa Fluor 488 Phalloidin for 30 min. After 3x
washes in PBS, nuclei were counterstained with 1:8000 Hoechst 33342 (Thermo
Fisher Scientific) in PBS. Stained samples were imaged by using a Leica SP8
upright dipping lens confocal microscope, with excitation filters of 495 nm
(green, Alexa Fluor) and 351 nm (blue, Hoechst). Cell analysis was performed
with ImageJ v. 1.51 (https://imagej.nih.gov/ij). In order to produce three 8-bit
greyscale images, individual channels were obtained from the composite
fluorescence images in red, green and blue (RGB). Greyscale images were
thresholded using Huang’s approach (Huang and Wang, 1995) and touching cells

were separated into individual objects by applying a watershed algorithm (Soille
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and Vincent, 1990). Cell diameter and nuclei of at least 100 cells were measured

by using the “analyse particle” plugin from ImageJ.

2.2.5 Fluorescent labelling of Hap nanoparticles

In order to visualise the Hap distribution within the hydrogels network, the
nanopowder was prior labelled with Calcein AM to obtain a fluoro-Hap,
following the method described by Hale et al. (Hale, Ma and Santerre, 2000). 5
mg of Hap nanopowder were dispersed in 1 mL of dH»O by sonicating to create
a stock solution (conc. 5 mg/mL). Then, 1 mL aliquot of 1 mg/ml Hap (working
solution) was incubated with 1 puL of Calcein AM (4 uM, Invitrogen L3224) for
2 h at 4°C, under constant agitation. Following the incubation, the Hap/Calcein
was washed 3 times with 1 mL dH,O and the obtained fluoro-Hap was
incorporated within the hydrogel following the procedure described in section
2.2.2. Hydrogels containing fluoro-Hap were imaged by using a Leica SP8
upright dipping lens confocal microscope, with excitation filters of 495 nm
(green, Alexa Flour) and 351 nm (blue, Hoechst). Image analysis was performed
by using Imaris cell analysis software (v.9.8). Cumulative release of Hap from
the Fmoc-FF/S/RGD hydrogel was monitored over time using the same method

described above to label the Hap nanoparticles.
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2.2.6  Preparation of hydrogels for cell culture

When used for cell culture, the pre-gel solutions prepared as described in section
2.2.2 were warmed in an incubator at 37°C for 30 minutes. Additionally, solutions
were sterilised under UV light for 20 min. Then, ~200 pL of pre-gel solution
(with and without Hap) were pipetted into the inner well of a 35 mm glass bottom
dish (VWR, UK, 734-2905), as illustrated in Figure 9. A smooth movement,
without removing the tip from the solution was performed, in order to prevent
formation of air bubbles. The peptide solution was then left to dry for 90 min at
37°C. After this step, in order to crosslink the hydrogels, 1 mL of pre-warmed
high glucose Dulbecco’s Modified Eagle’s Medium (with 4.5 g/L glucose, L-Ala-
L-GIn, sodium pyruvate and sodium bicarbonate) (DMEM, Sigma-Aldrich,
FGO0445), was added dropwise to the centre of the pre-gel solution to avoid gel
disruption. Further 3 mL of DMEM were slowly added to each dish to a final
volume of 4 mL/dish. Hydrogels were incubated overnight at 37°C and 5% CO

before cell seeding.
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Figure 9 Schematic illustration of the protocol to prepare hydrogels for cell culture.

2.2.7  Hydrogel’s ultrastructure: Atomic Force Microscopy (AFM)

Hydrogels with and without Hap were diluted up to 5 mM using pre-filtered
double deionised water (ddH20). Samples for AFM analysis were prepared by
depositing 100 pL aliquots of diluted hydrogel solutions onto freshly cleaved
mica (Agar Scientific, UK) for 60 s at room temperature and allowing them to
adhere. Excess liquid was then removed by capillary action using Whatman N°
1 filter paper. Hydrogel-coated mica samples were finally washed for five times
using 200 pL of ddH,O and left to air-dry overnight before imaging. Imaging
was performed using a Bruker Multimode 8 AFM with a NanoScope V controller
and a "J" scanner, operating under the NanoScope Controller software (v 8.15)
(Bruker, USA). Scanning was performed in air at room temperature in
ScanAsyst™ (Peak Force Tapping) mode, using ScanAsyst-Air™ probes (Bruker

AXS S.A.S, France) with nominal resonant frequency (fo) and spring constant (k)
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of 70 kHz and 0.4 Nm* respectively. AFM images (2 pm?) were acquired with a
512 x 512 pixels resolution at a scan frequency of 1 Hz. Height data was first
order flattened, and average fibre/nanopowder widths were determined and
analysed using the NanoScope Analysis software (v 1.40) (Bruker, USA). N=200
fibres were analysed as a measure of homogeneity of the hydrogels structure. Hap
nanoparticles were also imaged by AFM to check their size distribution range.
Briefly, 100 uL aliquots of 1 mg/ml Hap were drop-casted into a polylysine—
coated mica for 60 s at room temperature. Samples were then dried and imaged

24 h later following the same procedure described above.

2.2.8 Mechanical characterization of the hydrogels: Oscillatory

Rheology

The mechanical properties of the hydrogels, with and without Hap, were
measured on a Malvern Kinexus Pro rheometer using a 20 mm/diameter parallel-
plate geometry with a 0.5 mm gap size. Samples were prepared by pipetting 300
UL of pre-gel solution into a 24-well plate containing 1 mL/well of DMEM cell
culture medium to form a spheroid-shaped hydrogel. After incubation for 2 h,
fully formed hydrogels were transferred to the rheometer plate. The elastic and
viscous moduli of the hydrogels were recorded as a function of frequency

between 0.1 and 100 Hz (shear strain of 0.1 %), at 25 °C.
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2.2.9 Raw 264.7 hydrogel cell culture

™

Murine macrophage Raw 264.7 cells (TIB-71™) were purchased from ATCC
and maintained in monolayer culture using DMEM containing 10% (v/v) foetal
bovine serum (FBS) and 5% (v/v) Penicillin-Streptomycin-Amphotericin
antibiotic mixture (PSA, 100 units/mL penicillin, 100 pg/mL streptomycin, 0.25
png/mL amphotericin) (Sigma-Aldrich). Media was replaced every 48 h and upon
reaching 70-80% confluency, cells were gently detached from the tissue culture
flask by scraping and the cell suspension was pelleted by centrifugation (400 xg
for 5 min). Cells were then counted using an automated cell counter (Countess™
3, Invitrogen™), and fresh culture medium was added to the pellet to obtain a cell
density of 4 x 10° cells/mL. 2 mL of cell suspension were then added to each
hydrogel’s formulation (with and without Hap) and they were incubated at 37°C
and 5% CO, Medium was changed every 24 h for the first two days, and then
every other day for up to 7 days. Figure 10 illustrates the typical Raw 264.7

morphology at low and high cell densities.
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Figure 10 Photo image of Raw 264.7 morphology at low and high cell density. Figure adapted
from ATCC (ATCC, 2018).

2.2.10 Scanning electron microscopy

Hydrogel morphology and cell-hydrogel interactions were evaluated by Scanning
Electron Microscopy (SEM). Briefly, 100 pL of the pre-gel solutions with and
without Hap were pipetted into ThinCert well inserts (0.4 um pore size Greiner
Bio-One Ltd, UK). The inserts were then placed into 24-well plates and incubated
at 37°C with a total volume of 1.3 mL DMEM to fully crosslink the hydrogels.
The following day, Raw 264.7 cells were seeded onto the hydrogels as described
above. After 7 days, cells were washed in PBS and fixed in 2.5 % (w/v)
glutaraldehyde (Sigma-Aldrich) and 4% (w/v) PFA (Sigma-Aldrich) in 0.1 M
HEPES buffer (Sigma-Aldrich). After rinsing the samples in PBS, for cell

observation all samples were dehydrated in a graded ethanol (EtOH) series (25,
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50, 75, 95, and 100% v/v EtOH/water). Samples were maintained at 100% EtOH
and dried in a K850 Critical Point Drier (CPD, Quorum Technologies, UK). After
the CPD step, samples were transferred into metallic pins and coated with gold
palladium alloy using an SC7620 Mini Sputter Coater (Quorum). Samples were

then imaged on a Quanta 250 FEG SEM (Thermo Fisher Scientific) at 20 kV.

2.2.11 Viability assessment

A Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen P11496) was used to
assess the viability of Raw 264.7 cells cultured on the Hap-decorated Fmoc-
FF/S/IRGD hydrogels. Cells were cultured into ThinCert well inserts as described
in section 2.2.10. At each time point (24 h, 48 h, 5 days and 7 days), medium was
removed from the inserts and the cell-cultured hydrogels were transferred into 1.5
mL Eppendorf tubes by gently peeling off the membrane of the ThinCert inserts.
Then, 200 pL of 10 mg/mL Pronase in ddH,0 (a commercial mixture of proteases
from Streptomyces griseus, Roche, UK) were added to each Eppendorf tube and
the mixtures vortexed for 20 s following an incubation of 5 min in a water bath
at 37°C. An equal volume of 2x TE buffer (20 uM Tris-HCI, 2 mM EDTA, 0.4%
Triton X-100, pH 7.5; Sigma-Aldrich) was added to each sample in order to
extract the dsSDNA. 100 pL of the dsDNA were then pipetted into a 96-well plate
where an equal volume of PicoGreen Reagent (200-fold dilution in 1x TE buffer)
was added. After 5 min of incubation at room temperature the fluorescence

intensity was measured by using a BioTek™ FLx800™ microplate fluorescence
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reader (excitation wavelengths: 480-512 nm; emission wavelength: 520 nm). The
fluorescence intensity measured was normalised using day 1 of culture as a
baseline control. All measurements were performed at least 3 times for each time

point to ensure reproducibility.

2.2.12 TRAP immunofluorescence staining

Differentiation of Raw 264.7 cells into mature osteoclasts was determined by
using a TRAP monoclonal antibody (mAb). After 7 days in culture on hydrogels,
cells were stained following the procedure described in section 2.6 using 1:200
anti-TRAP mAb conjugated Alexa Fluor 594 (Santa Cruz Biotechnology, UK,
sc-376875) in PBS-Bovine Serum Albumin (BSA, Sigma-Aldrich) for 90 min.
After the incubation time, cells were washed three times for 5 min with PBS and
imaged immediately using a Nikon Eclipse 50i fluorescence microscope
(excitation wavelength 495 nm). Fluorescence intensity ratio was measured from

100 cells and normalised to the background by using ImageJ v. 1.51.

2.2.13 TRAP gene expression

Raw 264.7 cells were cultured in Hap-decorated Fmoc-FF/S/RGD hydrogels
using ThinCert well inserts, as described in section 2.2.10. After 3 and 7 days in
culture the hydrogels were removed from the inserts and transferred to 1.5 mL
Eppendorf tubes. Then, 1 mL of TRIzol™ Reagent (Invitrogen, 15596026) was

added to each hydrogel and RNA was extracted following the manufacturer’s
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protocol. Quality and quantity were determined using a Nanodrop ND-1000
Spectrophotometer (Nanodrop Technologies). Following the RNA extraction,
RNA samples were reverse transcribed into cDNA using a High Capacity Reverse
Transcription Kit (Applied Biosystems, UK). Obtained cDNA was further diluted
to 5 ng/pL according to the Nanodrop reading and qPCR was performed in
triplicate using a StepOne™ Real-Time PCR System (Applied Biosystems, UK)
using TagMan probes with the universal PCR Master Mix (Life Technologies,
4304437) in a total volume of 10 uL. The TagMan probe for Trap was used
(Mm00475698 m1) and data was analysed using the 274t method and

normalised to the endogenous house-keeping gene GAPDH (Mm99999915 g1).

2.2.14 Statistical analysis

All quantitative values are presented as mean z standard deviation. All
experiments were performed using at least three replicates. Data were plotted
using Origin 2019b and compared using an unpaired t test, unless stated

otherwise. Two levels of significance were used: 0.005 (**) and 0.001 (***).
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2.3 Results and Discussion
2.3.1  Fmoc-based hydrogels as substrates for Raw 264.7 culture:
Raw 264.7 adhesion and morphology on different

formulations of Fmoc-hydrogels

Fmoc-based SAPHSs were used to culture pre-OCs to ascertain their suitability as
a platform for OC culture and differentiation. Their nanofibrous structure
combined with a high water content make them a suitable option for TE studies
(Diaferia, Morelli and Accardo, 2019). Furthermore, as described in a previous
section, they can be further functionalised with organic and inorganic molecules
that could improve cell adhesion and direct cell fate such as trigger polarization,
differentiation etc. (Gaharwar, Peppas and Khademhosseini, 2014). Two different
Fmoc-based formulations were tested in order to optimise a protocol for culturing
OCs: Fmoc-FF/S and Fmoc-FF/S/RGD. Different peptide concentrations were
used to assess how Raw 264.7 cells react to different stiffness in order to select
the most suitable hydrogel substrate. Figure 11 shows F-actin staining of Raw
264.7 cells cultured up to 96 hona 2D plastic monolayer (TCPS) and on different
concentrations of the two hydrogel formulations. After 96 h post culture, Raw
264.7 cells on hydrogels maintained the same polyhedral shape as on the TCPS
control. In fact, cells were well spread in all the different formulations tested.

They were 10-15 um in diameter and formed characteristic cluster arrangements,
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with round nuclei and several actin pseudopodia protruding towards the exterior.
All the formulations tested provided cell adhesion but the 15-20 mM
concentrations of both Fmoc-FF/S and Fmoc-FF/S/RGD showed homogeneous

cell distribution throughout the hydrogels.

TCPS
A

(v o)

Fmoc-FF/S

Fmoc-FF/S/RGD

Figure 11 F-actin staining of Raw 264.7 cells cultured on a TCPS surface (A) and Fmoc-based
hydrogels (B). Raw 264.7 cells cultured on hydrogels maintain the same physiological shape,
diameter and spreading as those on TCPS (N=2), up to 96 h post culture. The cells are clearly
visible and spread on each of the hydrogel formulations tested. Elongated pseudopodia are
clearly observable in green (Alexa Fluor 488 phalloidin). Nuclei are stained with Hoechst

33342 (blue). Scale bars on each panel indicate 20 pm.
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Next, we tested whether these hydrogel formulations were able to maintain cell
viability of Raw 264.7 cells. The LIVE/DEAD™ assay was used as a surrogate of
cell viability and each Fmoc-based formulation was tested every 24 hrs for up to
three days. Although Fmoc-FF/S hydrogels do not present any specific cell-
binding motif, cells cultured on them were viable up to 72 hrs, (Figure 12). In
fact, mainly live cells were observed, showing their characteristic cluster

morphology.
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24 h 48 h

10 mM

15 mM

20mM

Figure 12 Live/Dead assay of Raw 264.7 cells cultured on Fmoc-FF/S hydrogel at different
time points. Calcein AM (green) and Ethidium homodimer-1 (red) were used to assess viable

and dead cells respectively. Scale bars on each panel indicate 100 pm.

Similarly, to Fmoc-FF/S, cells cultured on Fmoc-FF/S/RGD hydrogel were
mostly viable. Indeed, as seen in Figure 13, the presence of the RGD binding
motif in the peptide hydrogel structure caused cells to adhere to the hydrogels,

facilitated their proliferation, and maintained cell viability over time.



24 h 48 h 72 h

15 mM

20 mM

100 um 100 um
—

100 pm 100 pm
— — —

Figure 13 Live/Dead assay of Raw 264.7 cells cultured on Fmoc-FF/S/RGD hydrogels at

30 mM

different time points. Staining and scale bars as in Figure 12.

2.3.2  Hydroxyapatite-decorated nanocomposite self-assembled

peptide hydrogels: formulation and characterization

After successfully demonstrating adhesion of Raw 264.7 cells to both hydrogels
Fmoc-FF/S and Fmoc-FF/S/RGD, we decided to develop a multicomponent

hydrogel to use as scaffold for OC culture and differentiation.. Raw 264.7 cells

94



were viable when cultured on both formulations. Fmoc-FF/S/RGD contains the
RGD cell binding motif which is the main integrin-binding site for OC when
adhering to the bone (Teitelbaum and Ross, 2003; Phan, Xu and Zheng, 2004).
As explained before, these peptide-based scaffolds form self-supporting
hydrogels through cooperative assembly of the single monomers (hydrogelator
or building blocks) Fmoc-FF, Fmoc-S and Fmoc-RGD when exposed to a

divalent-cation containing solution. (Figure 14).
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Fmoc-FF Fmoc-S Fmoc-RGD

Figure 14 Molecular structure of the three building blocks Fmoc-FF, Fmoc-S, Fmoc-RGD.
The Fmoc-FF/S is made from Fmoc-FF and Fmoc-S in a 1:1 ratio. The Fmoc-FF/S/RGD
hydrogel is made from these two peptides plus Fmoc-RGD in a 1:0.5:0.5 ratio.

Both hydrogel/s were modified by incorporation of Hap nanopowder, used here
as “nanofiller”. Hap is the main component of the inorganic part of the bone and
it is widely used as extra scaffold component for bone regeneration due to its
similarity in chemical composition, structure and density (Boskey, 2013;
Kattimani, Kondaka and Lingamaneni, 2016). Furthermore, it has been shown
that mineralisation of hydrogels through addition of Hap can increase the

mechanical properties of the scaffold as well as its biocompatibility and
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bioactivity (Hu et al., 2017). For the reasons mentioned above, we developed and
optimised a protocol of incorporation of Hap nanoparticles within Fmoc-based

hydrogels (Figure 15A).

| === L 1 Cell Media
[ , e
N T Pre-Gel
= =
Hydrogel peptide Hybrid Pre-Gel Well Plate Hap-decorated
powder dissolved solution hydrogel
in dH,0/Hap

Pre-gel

Hydrogel

Figure 15 (A) Schematic representation of the optimised protocol used to incorporate the Hap

nanopowder within hydrogels. (B) Pre-gel and hydrogel vials images with or without addition

of Hap.
As can be seen from Figurel5B, both naked and Hap-decorated hydrogels
formed a stable, self-supporting structure, as shown by the glass vial flip test.

Compared to the unmodified gels, showing a clear and transparent pre-gel
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solution, hydrogels incorporating Hap were cloudy, confirming the Hap presence
in the gel network.

The effect of Hap nanoparticle addition on the storage moduli of the modified
hydrogels was investigated (Figure 16). Four different concentrations of Hap
nanoparticles were tested: 0.5, 1, 2, 3 mg/mL. Addition of Hap up to 3 mg/ml to
Fmoc-FF/S showed a detrimental effect on G’ (~3.94-fold decrease compared to
the undecorated hydrogel, p<0.001). A similar behaviour was observed for Fmoc-
FF/S/IRGD when adding up to 3 mg/ml of Hap (~ 2.34-fold decrease compared to
the naked hydrogel, p<0.001). Only Fmoc-FF/S/RGD decorated with up to 1
mg/ml Hap showed a significantly increased storage modulus among the Hap
concentrations tested (p<0.001). For this reason, 1 mg/ml Hap was used for both
hydrogel formulations (Fmoc-FF/S and Fmoc-FF/S/RGD) as final concentration

for this study.
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Figure 16 Effect of Hap nanoparticle concentration on the storage moduli (1 Hz frequency,
0.1% shear strain) of Fmoc-FF/S and Fmoc-FF/S/RGD decorated hydrogels. . (Data are shown

as mean + SD; **x*p -value < 0.001; **p -value < 0.05).
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Additionally, the Hap distribution within the hydrogel network was analysed

through confocal microscopy, as described in section 2.2.5.
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Figure 17 Homogeneous distribution of Hap nanoparticles within the hydrogel network. (A)
Image stack of Fmoc-FF/S/RGD hydrogel showing calcein-stained Hap (conc. 1mg/ml)
homogenously distributed within the gel network. (B) Cumulative release fit of Hap from
Fmoc-FF/S/RGD hydrogel over time. Data were obtained using the same method described

above to label the Hap nanoparticles.

As it can be seen from Figure 17A, a 500 um z-stack showed that the Hap
nanoparticles are homogeneously distributed within the hydrogel network.
Similarly, the amount of Hap that leeched from the hydrogels was quantified
(Figure 17B). An initial burst release of Hap (within the first hours of the self-
assembling process) was firstly observed. This release seemed to reach a plateau
after 48 h and overall, the amount of Hap that leached from the gel network after

7 days (168 h) was calculated to be ~20%.
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2.3.3  Hydroxyapatite-decorated hydrogels nanotopography:

Atomic Force Microscopy

The hydrogels microstructure was analysed using AFM (Figure 18). All the

formulations were tested with and without the addition of 1 mg/mL of Hap.
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Figure 18 Analysis of hydrogel microstructure by AFM and distributions of fibre widths as
measured on the AFM images (A-D). Hydrogel nanotopography of Fmoc-FF/S (A) and Fmoc-
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FF/S/IRGD (C) without added Hap, and Fmoc-FF/S (B) and Fmoc-FF/S/RGD (D) after
incorporation of Hap (Scan size 2 pm? , Scale bar 400 nm).

All formulations showed the nanofibrous morphology typical of hydrogels
(Figure 18), with long bundles and extensive fibre entanglement, irrespective of
the addition of Hap. This suggests that the incorporation of Hap nanoparticles
does not disrupt the hydrogel self-assembling mechanism nor causes fibre
precipitation (Figure 18). Fibre width distribution was also analysed for all the
hydrogel formulations, with and without Hap. Fmoc-FF/S hydrogels showed a
unimodal fibre distribution irrespective of Hap addition. Average fibre widths
were 26 (x7) nm (with Hap) and 29 (£9) nm (without Hap), suggesting little or
no difference between these two formulations. However, Fmoc-FF/S/RGD
without Hap showed a bimodal fibre width distribution, with a first peak centred
at 19 nm and a second, more populated distribution, centred at 44 nm (Figure
18C). In contrast, after Hap incorporation, Fmoc-FF/S/RGD showed a broad
unimodal distribution with a predominance of thinner fibres (~10 nm in
diameter), positive skewness, with a peak around 15 nm. The similarity in fibre
width distributions of Fmoc-FF/S hydrogels with or without added Hap is
probably due to the lack of interaction between Hap and neither of the two
monomers Fmoc-FF and Fmoc-S (Figure 14) (Tavafoghi Jahromi, G. Yao and
Cerruti, 2013; Ghosh et al., 2017b). The introduction of a third monomer, Fmoc-
RGD causes a bimodal distribution in the fibre widths of the Fmoc-FF/S/RGD

hydrogel, with thinner and thicker fibres. In fact, as demonstrated in a similar
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peptide-based hydrogel system, the occurrence of thicker and thinner fibres can
be caused by addition of a third peptide that, probably due to steric interference
by the longer RGD chains, may hinder the formation of fibre-fibre lateral
interactions (Green et al., 2018). In the presence of Hap, the distribution changes
to unimodal and is dominated by thinner fibres. A direct interaction between the
Hap nanoparticles and the peptide fibres could be at the root of this observation.
Addition of Hap may induce the peptide fibres to form thinner structures to help
“accommodating” such particles within the hydrogel structure. The reasons
presented here are in line with the model described by Zhou et al. where Fmoc-
FF and Fmoc-RGD self-assemble into a cylinder-like structure with the RGD
motif repeating itself on the fibre surfaces (Zhou et al., 2009). It has also been
demonstrated that nanoparticles decorating fibre surfaces can decrease the
mobility of the monomers, causing a relaxation of the fibres (Kwon and Sung,
2018). For this reason, during the hydrogel self-assembling mechanism, the
presence of Hap in the system “forces” the formation of thinner fibres, due to

steric interaction.

2.3.4  Hydroxyapatite particle size and periodicity on the Fmoc-

FF/S/RGD fibres

Having found that there was an interaction between the Hap particles and the
fibres within the Fmoc-FF/S/IRGD hydrogels, the Hap distribution was also

analysed via AFM. Size distribution of the Hap nanoparticles alone ranges
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between ~5 and 25 nm and, when sitting on the hydrogels fibres, a tighter

distribution of nanoparticles can be observed (Figure 19).
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Figure 19 Size distribution of Hap nanoparticles. (A) AFM image of Hap nanoparticles
(concentration 1 pg/ml) on a 2 pm? scan size region of polylysine—coated mica. (B) Size
distribution of Hap nanoparticles when alone (grey bars), and on the Fmoc-FF/S/RGD hydrogel
fibres (black bars).

Interestingly, it was observed that, when incorporated into the Fmoc-FF/S/IRGD
hydrogels, Hap nanoparticles seemed to be arranged in a specific pattern. As can
be seen from Figure 20, the Hap is repeating itself along the fibre’s axis with a

periodicity of ~ 34 nm.
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Figure 20 Topography of Hap-decorated Fmoc-FF/S/RGD hydrogels. (A) 2 um? AFM images
of Fmoc-FF/S/RGD incorporating Hap in a repeating pattern. (B) Enlarged AFM image of the
area outlined in A showing Hap nanoparticles decorating the Fmoc-FF/S/RGD fibres. (C)
Corresponding height profile of the linear scan indicated by the white dotted arrow in B. (D)
Schematic model of a hydrogel fibre incorporating Hap nanoparticles. Scale bar for A is 400

nm. Scale Bar for B is 200 nm.

Ghosh and co-workers demonstrated that Hap nanoparticles can strongly interact
with polar and positively charged amino acids (such as Arginine, present in the
RGD sequence) (Tavafoghi Jahromi, G Yao and Cerruti, 2013; Ghosh et al.,
2017b). The scaffold used for this experiment contains Fmoc-RGD as one of the

monomers hydrogelators and for this reason, it was hypothesised that Hap
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nanoparticles can interact with the positively charged Arg side chains from the
Fmoc-RGD peptide. This hypothesis can explain the more homogeneous
distribution of Hap nanoparticles in the Fmoc-FF/S/RGD hydrogel compared to
that in the Fmoc-FF/S one, which does not contain the RGD motif (Figure 18).
Large-range electrostatic interactions may be involved when incorporating the
Hap nanoparticles (negatively charged) into Arginine-containing hydrogels
(positively charged at formulation). As previously demonstrated by Cerruti et al.,
it is reasonable to believe that the RGD motif present in the hydrogel formulation
exposes the side chains of the Arginine and the Aspartic Acid (positively and
negatively charged, respectively) and that these may be involved in large-range
electrostatic interactions (Tavafoghi Jahromi, G Yao and Cerruti, 2013; Rivas et

al., 2019).

2.3.5 Hydrogel mechanical properties, rheological characterization

As described in the previous sections, one of the advantages of using Hap as
nanofiller is to obtain a nanocomposite hydrogel with enhanced mechanical
properties (Manias, 2007). For this reason, the effect of the Hap incorporation on
the hydrogels was evaluated by rheology. Fmoc-FF/S and Fmoc-FF/S/RGD were
analysed with and without the addition of 1 mg/mL of Hap. Both hydrogel
formulations were subjected to a frequency sweep experiment (frequency range
0.1 to 100 Hz, strain 0.1 %). Regardless of the addition of Hap, all the hydrogels

were able to form a self-supporting spheroid-like scaffold as demonstrated by the
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storage modulus (G’) being constantly higher than the viscous modulus (G’),

throughout the entire experiment (Figure 21) (Yan and Pochan, 2010).
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Figure 21 (A) Frequency sweep rheology measurements (0.1-100 Hz 0.1 % strain) of Fmoc-
FF/S and Fmoc-FF/S/RGD hydrogels, with and without Hap incorporation. (B) Photographs
of the spheroids of Fmoc-FF/S (1), Fmoc-FF/S + Hap (I1), Fmoc-FF/S/RGD (111) and Fmoc-
FF/S/IRGD + Hap (1V) used for the rheology experiments, evidencing dimensional stability for

all the formulations. All measurements were performed at least 3 times at 25 °C.
The values of the storage modulus G’ and the loss modulus G were recorded for
all formulations at a fixed frequency of 1 Hz, 0.1% strain in order to assess the

resulting stiffness of the scaffolds (Figure 22).
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Figure 22 Comparison of the storage and loss moduli of each hydrogel formulation at 1 Hz,

0.1% strain. (Data are shown as mean * SD; *xx*p -value < 0.001; **p -value < 0.05).

Hydrogels without incorporated Hap showed similar G’ values (6.9 + 0.3 kPa for
Fmoc-FF/S vs 6.8 = 1.0 kPa for Fmoc-FF/S/RGD) suggesting no differences
between these two hydrogel formulations. Hap incorporation to Fmoc-FF/S did
not change significantly (p value = 0.8958) the resulting stiffness of the hydrogel
(6.9 £0.33vs 6.1 + 0.8 kPa). However, incorporation of Hap to Fmoc-FF/S/RGD
caused a significant increase in G’ compared to both the undecorated Fmoc-
FF/S/IRGD hydrogels (12.3 = 0.6 vs 6.8 £ 0.3 kPa, p < 0.005) and the Hap-
decorated Fmoc-FF/S hydrogels (12.3 £ 0.61 vs 6.1 £ 0.8 kPa, p < 0.001). Again,
these findings are in line with those of Ghosh and colleagues (Ghosh et al., 2017b)

and demonstrate that incorporation of Hap nanoparticles within Arginine-
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containing, Fmoc-based scaffolds results in stiffer hydrogels. Similarly, to what
Is observed in the AFM analysis, Hap interaction with Fmoc-FF/S/RGD is
stronger mainly due to the presence of Arg side chains in the peptide-hydrogel
structure. For this reason, the increase in stiffness is greater in RGD-presenting
hydrogels than what is observed for the Fmoc-FF/S hydrogels. It is possible that
the high concentration of Hap nanoparticles, interacting with the RGD motif,
induces a higher number of fibre entanglements and fibre-fibre associations,
resulting in a more tighter fibre mesh and therefore a stiffer scaffold (Tavafoghi

et al., 2016).

2.3.6 Hydroxyapatite-decorated hydrogels: a new platform for OC
culture and differentiation

One of the major goal of this chapter was to develop an optimised scaffold to
culture OCs which, , are involved in many diseases affecting the bone
(Teitelbaum, 2000a). The aim was to create a bone-mimicking substrate that
resembles the typical bone features and could potentially act as scaffold to culture
and differentiate OCs cells. For this reason, the Hap-decorated hydrogels were
considered a suitable option to achieve this goal. In fact, their nanofibrous
network, combined with a higher degree of mineralisation, due to the presence of
Hap, makes them attractive biomaterials for BTE studies.

Raw 264.7 cells were used as pre-osteoclast model. They are a murine-derived
cell line widely used to assess OC differentiation and bone resorbing ability

(Marino et al., 2014). These cells are able to form mature bone-resorbing OC
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after 5-7 days stimulation with the cytokine RANKL (Collin-Osdoby and
Osdoby, 2012). They undergo a dramatic change in morphology and typical
morphology features are usually observed when mature OC are formed such as
the presence/absence of an acting ring surrounding the cells cytoplasm and more
than three nuclei per cell. Similar parameters were used when Raw 264.7 were
cultured on the Hap-decorated hydrogels. Figure 23 shows the analysis of Raw
264.7 cell culture and differentiation on 15 mM Fmoc-FF/S and Fmoc-FF/S/RGD

hydrogels with and without incorporated Hap.
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Figure 23 Analysis of Raw 264.7 cell culture and differentiation on 15 mM Fmoc-FF/S and
Fmoc-FF/S/RGD hydrogels with and without Hap. (A) F-actin staining of Raw 264.7 cells after
seven days culture on the different hydrogels (green: F-actin, Alexa Fluor 488 phalloidin; blue:
Nuclei, Hoechst 33342; scale bars 20 um). (B) Measurements of cell diameter (data shown as
mean = SD, N = 43, *xp < 0.05). (b) Analysis of multinucleation by a violin distribution plot
(data shown as number of nuclei per cell, N = 100). (D) SEM images of Raw 264.7 cells
cultured on Fmoc-FF/S/RGD with or without incorporated Hap. White arrow shows elongated
pseudopodia of Raw 264.7-derived OC. (Data are shown as mean £ SD; #*xp -value < 0.001,

*x[ -value < 0.05).

108



As can be seen from Figure 23A, Raw 264.7 cells showed the presence of an
acting ring surrounding all the cells in all the formulation tested, regardless the
presence of Hap. However, cell morphology changed dramatically when they
were cultured on Fmoc-FF/S/RGD with Hap. In fact, they showed cell spreading
and an increased cell diameter. Figure 23B represents the mean cell diameter of
Raw 264.7 cultured on all the different formulations. Cells cultured on Fmoc-
FF/S/RGD with Hap were larger (26.5 &+ 4.7 um) than their counterparts cultured
on either the undecorated hydrogels (15.5 = 2.9 um) or Fmoc-FF/S with (13.6 £
1.9 um) and without Hap (14.1 + 2.3 um). Secondly, the number of nuclei per
cells was analysed. For this purpose, a violin plot was used as it represents one of
the best options to compare the distribution of quantitative data across different
formulations. Again, cells cultured on Hap-decorated Fmoc-FF/S/IRGD
hydrogels up to 9 nuclei/cell with a higher number of cells with 4-8 nuclei. This
distribution was significantly different from that seen for cells cultured on the

other hydrogels (p < 0.0001, non- parametric ANOVA).

The morphology of Raw 264.7 cultured on Fmoc-FF/S/RGD with and without
Hap was also analysed by SEM (Figure 23D). Cells cultured on the undecorated
hydrogels displayed rounded morphology, smaller diameter and long
pseudopodia interconnecting each other’s. On the other hand, Raw 264.7 cultured
on the Hap-decorated RGD hydrogels showed spread morphology, larger
diameter and prominent pseudopodia that connect them to the scaffold. It is also
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reasonable to hypothesize that they are embedded into a so called “resorptive”
pit, as can be seen from the higher magnification micrograph (Figure 23D). This
is usually described as “focal” adhesion as cells tightly interact with the hydrogels

surface through the interaction of these pseudopodia.

Based on these results, Fmoc-FF/S/RGD represents the best scaffold to culture
and differentiate of Raw 264.7 cells to mature OCs. Two crucial factors need to
be considerate in this case. Firstly, the presence of RGD motif. In fact, as
explained in the first chapter OCs connect to the bone predominantly by the use
of avPB3 integrin that is located on the cell membrane and strongly interact with
the RGD motif present on the bone (as part of ECM proteins) (Teitelbaum and
Ross, 2003; Phan, Xu and Zheng, 2004). In fact, it has been demonstrated that
blocking the avp3-RGD interaction (and consequent signalling), causes an
impairment of OC differentiation and function. We assessed the extent of avf33-
RGD interaction on the Fmoc-FF/S/RGD hydrogels by blocking the avf3

integrin by pre-incubating the Raw 264.7 with an anti-avp3 antibody.
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Fmoc-FF/S/RGD wo anti avp3 mAb Fmoc-FF/S/RGD w anti avf3 mAb

Figure 24 F-actin staining of Raw 264.7 cultured on Fmoc-FF/S/RGD with Hap in
presence/absence of avfs. Cells treated with the antibody (right panel) showed rounded
morphology with minimal or no focal adhesion. Untreated cells are spread with prominent

pseudopodia interacting with the gel matrix.

As illustrated in Figure 24, after 24 h post culture, cells pre-treated with anti av3
mADb appeared to be rounded with minimal or no spreading when cultured on
Fmoc-FF/S/RGD. On the other hand, when no antibody was used cells showed
spread appearance. Hence, the presence of RGD motifs allows Raw 264.7 cells
to better adhere to the Fmoc-FF/S/RGD hydrogel. However, RGD-motif alone
was not enough to guarantee differentiation of Raw 264.7 as this occurred only
In presence of Hap nanoparticles. For this reason, Hap is the second most
important factor for OCs-differentiation. In fact, it has been demonstrated that
Hap is widely used as nanofiller for different type of scaffolds due to its bioactive
and biocompatibility properties (Tozzi et al., 2016; Bai et al., 2018). Moreover,

Hap presence in scaffolds has been linked to OC multinucleation, pronounced
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actin ring and cell spreading (Botelho et al., 2006; Detsch, Mayr and Ziegler,
2008; Ciapetti et al., 2017). All of these features have been observed and

described in this newly developed Fmoc-based system.

2.3.7 Hydroxyapatite-decorated hydrogels as a substrate for
osteoclast culture and differentiation

Of all the combinations tested, Hap-decorated Fmoc-FF/S/RGD hydrogel
demonstrated potential to be used as platform scaffold for OC culture and
differentiation. For this reason, additional assays to assess cell viability and
effective OCs-differentiation were performed. First, viability was analysed by
means of LIVE/DEAD™ and PicoGreen Assay (Figure 25).

Viability of Raw 264.7 cultured on Hap-decorated Fmoc-FF/S/RGD hydrogels
was assessed for up to 7days. As can be seen in Figure 25A cells were mainly
live throughout the whole time points and, interestingly, from 48 h onward, cells
started to form clusters (displayed in the higher magnification picture) to
eventually form cells with larger diameter after 7 days post culture, with little or
no cluster present. Similarly, PicoGreen assay showed almost a 70% increase in
cell proliferation over time with a significant (p< 0.005) rise in dsDNA

concentration. (Figure 25b).
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Figure 25 (A) Analysis of viability of Raw 264.7 cells cultured on Fmoc-FF/S/RGD + Hap at
different time points using a LIVE/DEAD assay (green: viable cells, calcein AM; red: dead
cells, ethidium homodimer-1; scale bar 100 um). (B) PicoGreen fluorescence quantification of
dsDNA of Raw 264.7 cells cultured on Fmoc-FF/S/RGD + Hap at different time points (Data
are plotted based on the fluorescence increase compared to 24 h values used as baseline

control).

By the analysis of these two sets of combined data, it is reasonable to postulate
that Raw 264.7 cells begin their OC-commitment within 3 days post seeding and
at day 7 they eventually form OCs, as widely described in literature (Marino et
al., 2014). Thus, the increase in dsDNA observed in Figure 25B can be linked
not to an increase in cell number but it could be due to the presence of

multinucleated cells and therefore a higher quantity of DNA per cell.

Finally, in order to confirm that Raw 264.7cells do form OCs when seeded onto
the Hap-decorated Fmoc-FF/S/RGD hydrogels, one of the common OCs marker

was assessed: Tartrate-Resistant Acid Phosphatase (TRAP) (Ballantietal., 1997;
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Hayman, 2008). TRAP is one of the most important OC OC marker and it is a
protein phosphatase that it is used to soften the bone matrix by pumping ion H*
within the sealing zone of the bone. Its expression is localised within the cell
membrane area, lysosomes and Golgi cisternae (Ljusberg et al., 2005). For this
reason, by using a monoclonal antibody against TRAP, its expression was
assessed on Raw 264.7 cells cultured on Hap-decorated Fmoc-FF/S/RGD
hydrogels compared with the undecorated counterpart. Thus, as illustrated in
Figure 26A, Raw 264.7 cells cultured on the decorated hydrogel had a positive,
bright expression localised within the cell membrane. Furthermore, the intensity

of this expression was significantly higher than the naked hydrogels (p < 0.005).
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Figure 26 (A) Immunofluorescence staining of TRAP (green: F-actin, Alexa Fluor 488
phalloidin; red: TRAP, anti-TRAP mAb conjugated Alexa Fluor 594). (B) Relative TRAP
immunofluorescence intensity of cells cultured on Hap-decorated Fmoc-FF/S/RGD hydrogels
compared to the naked Fmoc-FF/S/RGD (fluorescence intensity was measured from at least N
= 100 cells and corrected against the background). (C) Gene expression of TRAP relative to
GAPDH by Raw 264.7 cells (n = 3) after three (D3) and seven (D7) days culture on Hap-
decorated Fmoc-FF/S/RGD hydrogel. (Data shown as mean + SD; *xxp < 0.001; *xp < 0.05).

TRAP expression was also analysed by gRT-PCR. Having considered that the
OC-commitment started at day 3 post culture (as observed from the viability data,

Figure 25A), the level of this marker was compared with the one obtained at the
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end point of cell culture (day 7). Figure 26C shows the gene expression of TRAP
relative to the house-keeping gene GAPDH. Again, the level of expression was
significantly higher at day 7 confirming the differentiation of Raw 264.7 to
mature OCs.

All these results taken together, the change in morphology of Raw 264.7 when
cultured in presence of RGD and Hap, the presence of multinuclei, increase
expression of TRAP as typical OCs marker suggest that this newly developed
Hap-decorated hydrogels system successfully support viability of pre-OCs cells

and the osteoclastogenesis in vitro.
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2.4 Conclusions

The aims of this chapter were to test different formulations of Fmoc-based
hydrogels in order to find a suitable scaffold to be used as a platform to culture
and study OC differentiation and function. Indeed, two different Fmoc-based
hydrogels were tested: Fmoc-FF/S and Fmoc-FF/S/RGD. Both formulations
showed good cell viability and Fmoc-FF/S/RGD was chosen due to the presence
of RGD as specific integrin-binding site for OCs. Furthermore, to improve the
quality of the resulting scaffold, Hap was used as nanofiller to be combined within
the hydrogels due to its biocompatibility and bioactive properties. Thus, a Hap-
decorated Fmoc-based peptide hydrogel that could be used as a bone-mimicking
scaffold for 2D culture and differentiation of OC cells was successfully
formulated.

Here are presented the major finding of this chapter:

e Hap nanoparticles were successfully incorporated within the hydrogels
structure without affecting the self-assembling mechanism of the resulting
scaffolds.

e AFM results showed that Hap nanoparticles can decorate the peptide
hydrogels fibres, possibly through a physiochemical interaction between
the Fmoc-RGD-functionalised peptide nanofibers and the Hap surface, in

a repeated pattern.
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This could also explain the increased mechanical properties (raise of G”)
observed via rheology for Fmoc-FF/S/RGD incorporating Hap compared
to the undecorated hydrogels or not containing the RGD peptide.

Our newly developed Hap-decorated hydrogel containing the RGD binding
motif showed potential as scaffold to culture and differentiate pre-OCs to
mature OCs. In fact, typical OC-like features were observed such as
multinucleation, presence of actin ring, and change in morphology (e.qg.
cell spreading, higher cell diameter).

Similarly a significant change in TRAP expression (a typical OCs-marker)
was noted both through immunofluorescence and qRT-PCR suggesting the
effective differentiation to OCs (Hayman, 2008).

Interestingly, compared to other different hydrogel systems for culturing
OCs (such as gellan gum, alginate or hyaluronic acid hydrogels (Zehnder,
Boccaccini and Detsch, 2017; Maia et al., 2018; Hulley, Papadimitriou-
Olivgeri and Knowles, 2020)), this system closely resembles the typical
OC-bone interface. In fact, OCs interact with a biomineralized peptide
surface in an active way through OC-typical RGD-integrin binding
(integrin owPs);

Importantly, this functionalised hydrogel supports osteoclastogenesis in
vitro and does not require the presence of inducing factors such as RANKL

(Collin-Osdoby and Osdoby, 2012) to generate mature OCs. Although,
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RANKL/RANK is considered to be an essential pathway for the
differentiation of osteoclasts (Boyce and Xing, 2007), there are also
evidence that topography of the surface can trigger the self-production of
RANKL by OCs precursors (Narducci and Nicolin, 2009). In fact,
Narducci et al have demonstrated that hydroxyapatite substrate might be
able to induce a self-production of RANKL cytokine that directly
stimulates a different behaviour in terms of phenotype expression from
monocyte/macrophage lineage to mature and functional osteoclasts

without the addition of exogenous factors.

Altogether, these results suggest that the Hap-decorated hydrogels developed
here, despite its limitations (e.g., 2D platform, lack of collagen component,
mechanical properties not as stiff as native tissue), could provide a material
platform to design more complex and translatable biomaterials for OC culture
and differentiation. Moreover, such hydrogels may help to investigate and
develop novel in vitro models for bone regeneration/resorption studies. For
example, this system could be loaded with drugs that inhibit OC differentiation
(Tang et al., 2016; Aderibigbe, 2017) to develop more efficient pharmacological
treatments to tackle excessive bone degradation, as it occurs in osteoporosis,

osteoarthritis, and cancers.
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Chapter 3 Incorporation of collagen proteins within
self-assembling peptide hydrogels

Note: A version of the work presented in this chapter has been published as
follows:

Mattia Vitale, Cosimo Ligorio, lan P. Smith, Stephen M. Richardson, Judith A.

Hoyland, Jordi Bella (2022) Incorporation of natural and recombinant collagen
proteins within Fmoc-based self-assembling peptide hydrogels. Gels 8, 254,

https://doi.org/10.3390/gels8050254. The printed version is available in

Appendix B
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3.1 Introduction

Simplicity is one of the key factors when developing new synthetic hydrogels-
based biomaterials. The ability to mimic the native ECM whilst maintaining an
equilibrium into the system by keeping the scaffold biocompatible and able to
control the cellular behaviour with little or no chemical modification is paramount
(Zhang, 2003). The use of peptide-based hydrogel system represents a valid
approach and the advantages of this system have been described in Chapter 1.
However, the simple monomers that these hydrogels are made of may not be
sufficiently bioactive and provide low cell adhesion. For this reason, chemical
modification of these peptides by addition of biologically active compounds
could improve the resulting biological properties of the hydrogels. In fact, as they
are exposed on the surface of the scaffold, they are available for interaction with
cells (Guler et al., 2006; Storrie et al., 2007). For instance, chemical modification
of hydrogels with amines and phosphate groups has been shown to control stem
cell fate towards bone and adipose cells (Benoit et al., 2008). Similarly, peptide
hydrogels have been modified with laminin/integrin-binding motifs, such as
IKVAV, YIGSR or RGD peptides to improve cell adhesion and viability (Salinas
and Anseth, 2008; Zhou et al., 2009; Jain and Roy, 2020). Furthermore, as
described in Chapter 2, Fmoc-based hydrogels represent a suitable option to be

modified with inorganic nanofillers such as Hap to form peptide-nanocomposite
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hydrogels with enhanced mechanical properties and improved cell differentiation
activity.

Another common approach is to modify hydrogels with collagen. Collagen is the
most abundant protein in the body, providing strength and structural stability to
tissues as well as cell-binding motifs (Brinckmann, 2005; Gordon and Hahn,
2010) and its incorporation within hydrogel has gained widespread popularity in
tissue engineering applications. Additionally, its plasticity, availability in nature
and its presence in the ECM makes it an ideal candidate for hydrogel
modifications. The addition of collagen into hydrogels has shown enhanced cell-
adhesion properties and control of stem cell differentiation (Wojtowicz et al.,
2010; Chiu et al., 2011). Typically, collagen is sourced from animal skin and
bones as a by-product of the food industry. The material obtained from these
sources, while fit for most purposes, has a degree of heterogeneity and batch-to-
batch variability. Furthermore, there are increasing concerns about the possibility
of transmission of diseases such as encephalopathies (e.g. the “mad cow
disease) (Ghosh et al., 2012b; Khan and Khan, 2013) Extraction of collagen
from animal connective tissues is also hampered by the large proportion of
material that is crosslinked and insoluble (Terzi et al., 2020). Thus, animal-
derived collagens often require use of enzymes such as pepsin, which may digest
the collagen proteins and decrease the mechanical properties of the final

biomaterial, to some extent. Thus, there is renewed interest in the development
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of recombinant methodologies for the production of collagen-like proteins
(Toman et al., 2000; Brodsky and Kaplan, 2013). This represents a valuable, cost-
effective and most importantly safe alternative for collagen production. In fact,
recombinant collagens have some advantages over natural derived collagen.
Firstly, there is no risk of disease transmission as this type of collagen can be
produced under controlled conditions in a laboratory; secondly, as the exact
sequence is pre-designed, there is the possibility to produce any collagen protein
chain; thirdly, recombinant techniques are helpful since they can be easily

modified in order to obtain diverse structures (Ruggiero and Koch, 2008).

Genes which encode proteins with the same characteristic collagen sequence have
been discovered in bacteria and phages as early as 2002 (Xu et al., 2002). Over
the last decade, numerous such proteins have been discovered in viral and
bacterial genomes, some of which have characteristics associated with metazoan
collagen, such as: forming trimers and Col domains adopting characteristic triple
helical structure. However, several such proteins have higher melting
temperatures.

These collagen-like proteins have been named EHEC Prophage collagen-like
Proteins (EPcIPs). They have many of the key collagen characteristics, such as: a
key Gly — X — Y structure and they contain non-collagenous domains (Xu et al.,
2002; Boydston et al., 2005; Yu et al., 2014; Bella, 2016). These EPcIPs can be
used as “frame” structure to designed new protein like-collagens that presents
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higher melting temperature (~ 42°C) and can be used for biomedical applications
(Ghosh et al., 2012a). These constructs were designed for expression in E. coli.
H1 and H2 are examples of these first-generation constructs where a sequence
from human type Il collagen replaced the bacterial Col domain (Figure
27).However, their low melting temperatures represented a potential problem, as
these collagens would not be stable at internal body temperatures, making them
unsuitable for biomedical applications (Holster et al., 2007). This is due to lack
of hydroxylation of the proline residues of the collagen proteins, a modification
that does not occur in E. coli as the enzyme prolyl-4-hydroxylase (P4H) is not
present (Shoulders and Raines, 2009). Hydroxylation of the proline residues
significantly improves stability of human collagen triple helical constructs (Berg
and Prockop, 1973; Brodsky and Cronin, 2006) . In the second-generation of
collagen constructs, several de novo sequences were designed with the amino acid
composition of the bacterial Col domains, flanking an integrin binding sequence
GFPGER (the bacterial collagen sequences did not contain integrin binding sites).
Bacterial collagen sequences are intrinsically stable and do not require
hydroxylation for stability purposes. The sequences could still support cell
spreading assays, as the flanking motif can be recognized by integrins. One of the
proteins used in this chapter, DCol1, is an example of this second-generation of

recombinant collagens (Figure 27).
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Figure 27 Domain architectures, sequence lengths and thermal stability of recombinant

collagen constructs. The darker-hue green Col domain in EPcIA represents a bacterial triple
helical collagen domain, whereas the yellow Cola2 domains represent varying lengths of
human type 2 collagen sequence. The light green Col domain in DColl is a shorter collagen
sequence made up of two 30 amino-acid blocks flanking the GFPGER integrin binding site.
DColl sequence design was guided by the amino acid preferences of EPclA. The Tm values
show the denaturation temperatures of the respective collagen domains. PfN (red) — phage fibre
N terminal capping domain; PfC (blue) — phage fibre C terminal capping domain; PCoil
(orange) — coiled-coil domain forming a trimeric helix (Ghosh et al., 2012); H — terminal 6xHis

tags, which can be N or C terminal. The green stars show GFPGER integrin binding sites.

For the reasons mentioned above, the aim of this chapter was to develop a quick,
yet effective protocol to incorporate natural and recombinant collagen proteins
within Fmoc-based SAPHs via diffusion. The protocol of incorporation was
optimised combining the previous knowledge acquired by modifying peptide
hydrogels with inorganic component with the previous expertise of Bella lab to

express and purify recombinant collagen-like protein via E.Coli.

Protein incorporation was assessed via SDS-PAGE to demonstrate effective
incorporation of collagen as well as protein retention over time. Secondly, the

resulting hydrogel stiffness was analysed by rheology in order to confirm no
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disruption of the self-assembling mechanism. Finally, biological characterisation

was assessed though cytocompatibility studies.

The aims of this chapter were to:

1- Develop and optimise a protocol to modify self-assembling peptide
hydrogels with natural, synthetic or recombinant peptides/proteins of a
wide range of molecular weights and sizes, without need for any chemical
modification.

2- Characterise the collagen-modified hydrogel’s stiffness and ultrastructure
through rheology and SEM, respectively.

3- Assess the biological/ biocompatible properties of the collagen-modified

hydrogel by using HT1080 fibrosarcoma cells.
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3.2 Materials and methods

3.2.1 Proteins, peptide, and peptide hydrogels

Table 5 summarises the different peptides and proteins used in this work for
hydrogel preparation and modification. Fmoc-FF/S (a mixture of Fmoc-
diphenylalanine and Fmoc-serine peptides, 1:1 ratio) was obtained from Biogelx
Ltd, UK (batch number FFS052RM). Peptide quality (97% purity) was assessed
at Biogelx via High Performance Liquid Chromatography (HPLC). Rat Tail
Collagen (RTC, Sigma-Aldrich, C3867) was obtained as an aqueous solution in
20 mM acetic acid, at a stock concentration of 3 mg/ml and 95% purity. The 42-
amino acid integrin-binding GFOGER peptide (Knight et al., 2000) (Table 5)
was obtained from Cambcol Laboratories Ltd, UK as lyophilized powder and
dissolved to a final concentration of 1 mg/ml in Dulbecco’s Phosphate Buffered
Saline (PBS, Sigma-Aldrich). For simplicity, the GFOGER peptide will be
included in the general category of “proteins” used here for hydrogel
modification. Recombinant eGFP (Table 5) was already available in purified
form, previously produced from an in house pET15b-eGFP expression vector
(Timothy John Eyes, 2014).
3.2.2 Recombinant collagen design and purification

A 165-amino acid recombinant collagen was designed in house by fusing a short
collagen sequence (72 amino acids) with a trimerization domain from a collagen-
like protein from E. coli (Ghosh et al., 2012a). The amino acid sequence of

designed collagen DCol1l is shown in Table 5. Gene synthesis, subcloning and
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expression tests with different E. coli strains was carried out by ProteoGenix,
France (ProteoGenix, no date). Best expression conditions were obtained with
the protein expression vector pET28b using T7 Express cells. Bacterial pellets
containing expressed DColl were re-suspended in 20 ml lysis buffer (PBS,
lysozyme, 5 mM Imidazole, pH 7.5) with a protease inhibitor tablet (cOmplete
Mini EDTA-free protease inhibitor, Roche). Cells were homogenized using a
French cell press (Thermo IEC, USA, FA-078A) with a miniature pressure cell
(FA-003) working at 20,000 psi. Disrupted cells were collected on ice before
centrifugation for 2 hours at 12,500 rpm and 4°C. The pellets of cell debris were
discarded, and the supernatant containing soluble protein was mixed with 2 ml of
Nickel-nitrilotriacetic resin (HisPur™ Ni-NTA Thermo Scientific) previously
equilibrated with 10 ml binding buffer (PBS, 5 mM Imidazole, pH 7.5). The resin-
protein suspension was incubated on a roller unit overnight at 4°C, with
continuous mixing to maximise binding. The following day gravity columns were
prepared with the resin-protein suspension. The unbound fraction was collected.
The columns were then washed twice with 20 ml of washing buffer (PBS, 60 mM
Imidazole, pH 7.5) to remove contaminants. The columns were further washed
with 250 mM Imidazole in PBS and the protein finally was eluted using 1 M
Imidazole in PBS. All fractions were analysed by SDS-PAGE to determine which

of them contained the purified protein. Dialysis tubing (Biodesign™ D100, 8000
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MWCO) was used to remove the unwanted imidazole from the desired fractions
by dialysing them against fresh PBS.
3.2.3 SDS-PAGE
Pre-cast NuPAGE™ 4-12% Bis-Tris mini protein gels (ThermoFisher Scientific),
1.0 mm gel thickness and 10 wells, were used with Invitrogen™ mini gel tanks.
Samples were prepared by diluting 15 pl of analyte in 10 ul NuPAGE™ 4X LDS
loading buffer (ThermoFisher Scientific) before heating at 95°C for 5 min on a
heating block (HB120-S, Scilogex). Hydrogels samples were mixed with loading
buffer up to a final volume of 100 pl to help dissolving the gel. After heating, 10
ul of each sample was loaded alongside 5 ul of prestained protein ladder, 10 to
250 kDa (PageRuler™ Plus, ThermoFisher Scientific). All gels were run for 1 h
at a constant voltage (120 V) using NuPAGE™ MES SDS running buffer
(ThermoFisher Scientific). Gels were stained overnight at 4°C using Coomassie
blue (InstantBlue™, Expedeon) and imaged using a compact scanner (CanoScan
LiDE 220, Canon).
3.2.4 Circular dichroism spectroscopy

Secondary structures of the RTC and DColl proteins and the GFOGER peptide
were analysed by circular dichroism (CD) spectroscopy using a Jasco® J-810
spectropolarimeter equipped with a Peltier temperature controller. Samples were
diluted to a concentration of ~0.5 mg/ml in CD phosphate buffer (10 mM

K2HPO4, 10 mM KH3PO4, 150 mM KF, pH 7.4) (Norma J. Greenfield, 2007).
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CD spectra were measured between 190 nm and 260 nm at 4°C using a 1 mm
pathlength CD-matched quartz cuvette (Starna Scientific). Data were collected
every 0.2 nm with a 1 nm bandwidth. Spectral baselines were corrected by
subtracting the spectrum of CD phosphate buffer (blank) collected under the same
conditions.
3.2.5 Hydrogel modification protocol

13 mg of Fmoc-FF/S peptide powder were dissolved in 1 mL of sterile deionized
H.O to a concentration of 15 mM, hereafter referred as pre-gel solution. Collagen
proteins were incorporated within the hydrogels by diffusion. In order to follow
the incorporation of GFOGER, the peptide was prior labelled with 10 pM NHS-
Fluorescein (Sigma-Aldrich) for 30 min at room temperature. Briefly, the
proteins of interest were diluted up to the desired concentration in PBS; 1.5 mL
of this solution was then placed into a 24-well plate (Corning, UK). A 1.5 mL
solution of PBS was used as a protein-free control well. Approximately 300 pl of
pre-gel solution were pipetted into the same well forming a spheroid-shape
hydrogel which encapsulated the protein as the crosslinking process took place.
After 24 h the resulting spheroids were scooped out of the well and protein
Incorporation/retention was analysed by cutting a slice of each hydrogel and by

loading them into an SDS-PAGE as described in section 2.3.
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3.2.6 Fluorescence spectroscopy

Fluorescence spectroscopy measurements were performed on RTC, eGFP and
DColl on PBS (100 pg/ml, pH 7.4), on Fmoc-FF/S pre-gel solutions (15 mM,
13.2 mg/ml) and on 1:1 V/V mixtures of each protein in PBS and Fmoc-FF/S pre-
gel solutions. Measures were carried out at room temperature using a FluoroMax-
4 spectrofluorometer (HORIBA, UK). Samples were loaded into 0.2 cm path
length quartz cuvettes. Fluorescence spectra were acquired using a 280 nm
excitation wavelength and emission recorded in the 300-450 nm range.
3.2.7 Scanning electron microscopy (SEM)

The morphologies of Fmoc-FF/S hydrogels with and without incorporated
collagens were analysed by Scanning Electron Microscopy (SEM). Briefly,
hydrogels were prepared by pipetting ~300 uL of the pre-gel solutions into Thin-
Cert well inserts (0.4 um pore size Greiner Bio-One Ltd, UK). The inserts were
then placed into 24-well plates and incubated at 37 °C with a total volume of 1.3
mL PBS containing the protein of interest to fully crosslink the hydrogels. After
24 h, hydrogels were fixed in 2.5% (w/v) glutaraldehyde (Sigma-Aldrich, UK)
and 4% (w/v) paraformaldehyde (Sigma-Aldrich, UK) in 0.1 M HEPES buffer
(Sigma-Aldrich, UK). After rinsing the samples in PBS, all samples were
dehydrated in a graded ethanol (EtOH) series (25, 50, 75, 95, and 100% v/v
EtOH/water). Samples were maintained at 100% EtOH and dried in a K850

Critical Point Drier (CPD, Quorum Technologies, UK). After the CPD step,
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samples were transferred into metallic pins and coated with gold palladium alloy
using an SC7620 Mini Sputter Coater (Quorum). Samples were then imaged on
a Quanta 250 FEG SEM (Thermo Fisher Scientific) at 20 kV.
3.2.8 Mechanical properties of the hydrogels
The rheological properties of Fmoc-FF/S hydrogels with and without
incorporated proteins (RTC, GFOGER, DColl or eGFP) were analysed via a
rheological amplitude sweep test on a Discovery HR-2 rheometer (TA
instruments, US). Each hydrogel sample was tested in the 0-100% shear strain
range with a frequency of 1 Hz, gap size of 500 um, temperature of 37 °C, and
rheometer's plate diameter of 20 mm. The rheometer’s upper head was lowered
to the desired gap size and a soak time of 180 sec was used for equilibration. A
solvent trap was employed to minimise sample evaporation. Once the rheological
spectra were collected, representative storage and loss moduli at 0.02% and
frequency of 1 Hz were selected for the summary rheology plots.
3.2.9 Hydrogel cell adhesion and spreading

Human Fibrosarcoma HT1080 cells (ATCC CCL-121) were maintained in TCPS
using DMEM, Gibco containing 10% (v/v) foetal bovine serum (FBS) and 5%
(v/v) Penicillin-Streptomycin-Amphotericin antibiotic mixture (PSA, 100
units/mL penicillin, 100 pg/mL streptomycin, 0.25 pg/mL amphotericin) (Sigma-
Aldrich). When reaching confluency, cells were gently detached from the tissue

culture flask by adding 4 mL of Trypsin-EDTA (Sigma-Aldrich) and pelleted by
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centrifugation (400 xg for 5 min). After cell counting, fresh culture medium was
added to obtain the desired cell density. Collagen-modified hydrogels were
prepared 24 h in advance as described in section 2.2.5. However, when used for
cell culture, ~250 ul of pre-gel solution was pipetted into the inner well of a 35
mm glass bottom dish for confocal microscopy (VWR, UK, 734-2905), followed
by the addition of 2 mL of the protein of interest in PBS to allow crosslinking and
collagen incorporation. Cell adhesion and cell spreading analysis were evaluated
as described by Humphries et al. (Humphries, 1998). Briefly, non-specific
bindings were blocked by adding 1 mL of heat-denatured high grade BSA (BSA,
Sigma-Aldrich), at 10 mg/ml concentration for 1 h. Then, 2 mL of cell suspension
(4x10° cell/ml) was pipetted onto each hydrogel and incubated for 24 h at 37 °C
and 5% CO,. The following day, the cells were fixed in 4% (w/v)
paraformaldehyde (Sigma-Aldrich) for 30 min and permeabilised in 0.5% (v/v)
Triton X-100 solution (Sigma-Aldrich) in PBS for 15 min. Cell morphology and
cytoskeleton arrangement was assessed using Alexa Fluor™ 488 Phalloidin
(Invitrogen™, A12379) as previously described (Vitale et al., 2022). RGB
Images were split in their channels and green channel images were used for
morphological analysis by using ImageJ, version 1.51 (Schindelin et al., 2012).
Images were threshold using the Huang’s algorithm and touching cells were

separated through a watershed algorithm. Cell adhesion and spreading were
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evaluated in terms of number of spread cells (%) and aspect ratio (major cell
axis/minor cell axis).

3.2.10 Integrin-dependent cell adhesion assay
Cell adhesion on different modified hydrogels was also assessed in the presence
of 10 ug/ml of the function-blocking monoclonal antibody mAb13 (Sigma-
Aldrich, MABT821) which inhibits the interaction between collagen and the 1-
integrin subunit. Following the procedure described by Tuckwell (Tuckwell,
Smith and Korda, 2000), the antibody was diluted 10-fold in warm serum-free
DMEM and the cells were incubated for 30 minutes in the presence of antibody,
before seeding. The effect of the inhibition on the cell spreading assay was
evaluated as described in section 2.9.

3.2.11 Statistical analysis
All quantitative values are presented as mean z standard deviation. All
experiments were performed using at least three replicates. Data were plotted
using Origin® 2019b (OriginLab - Origin and OriginPro - Data Analysis and
Graphing Software, no date) and compared using an unpaired t test, unless stated
otherwise. One level of significance was used: p < 0.05 (* or #, where

appropriate).
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Table 5 Proteins and peptides used for hydrogel formation and modification. Sequences are shown with standard single amino acid symbols, plus O for 4-

hydroxyproline. Capping groups: Fmoc, fluorenylmethoxycarbonyl protecting group; Ac, N-terminal acetylation; NH2, C-terminal amidation.

Molecule Sequence /Access IDs (integrin binding sites in bold type) Amino acids (aa) | Mw (kDa) Isgfrll(:c(g;;:
Fmoc-FF/S hydrogel
Fmoc-FF peptide Fmoc-FF 2 0.53 7.81
Fmoc-S peptide Fmoc-S 1 0.33 7.81
Rat tail collagen *
a (1) chain P02454, NP_445756 10563 3002 9.52
o2 (1) chain P02466, NP_445808 10403
GFOGER peptide Ac-GPCGPPGPPGPPGPPGPPGFOGERGPPGPPGPPGPPGPPGPC-NH; 42 11.22 6.96
DColl recombinant protein MGSHHHHHHSGLVPRGSGPPGPPGPQGPAGPRGEPGPAGPKGEPGPAGPPGFPGERGPPGPQGPAGPIG
PKGEPGPIGPQGPKGDPGETQIRFRLGPASIIETNSHGWFPGTDGALITGLTFLAPKDATRVQVFFQHLQV 165 50.072 6.97
RFGDGPWQDVKGLDEVGSDTGRTGE
eGFP recombinant protein MGSSHHHHHHSSGLVPRGSHMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFIC
TTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEG 259 9.1 6.61

DTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQON
TPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

! Rat tail collagen is predominantly type I collagen, a heterotrimer made of two a1(I) chains and one az(l) chain.

2 Molecular weights of the trimeric collagen molecules.  The amino acid number counts correspond to the processed, mature
chains, of type I collagen.
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https://www.uniprot.org/uniprot/P02454
https://www.ncbi.nlm.nih.gov/protein/NP_445756.1
https://www.uniprot.org/uniprot/P02466
https://www.ncbi.nlm.nih.gov/protein/NP_445808.1

3.3 Results and Discussion

3.3.1 Protein characterization

In order to develop a suitable protocol of protein incorporation within Fmoc-
based hydrogels, three collagen molecules with different size were chosen. Rat
Tail Collagen (RTC) is widely used as laboratory collagen-based substrate for
mammalian cell culture and therefore was chosen as the largest protein to be
incorporated within the hydrogels. Indeed, with an approximate molecular weight
of 300 kDa this protein has widely been used as positive control to study cell-
matrix interaction within 3D hydrogels (Elsdale and Bard, 1972; Rajan et al.,
2007). At the other end, the 42-amino acid synthetic collagen peptide GFOGER
peptide was the shortest version of collagen (~11.24 kDa) used for hydrogel
modification (O stands for 4-hydroxyproline; complete sequence given in Table
5). This peptide contains a GFOGER integrin-binding motif that binds integrins
azf1 and opP1 (Knight et al., 1998). The third collagen substrate used for hydrogel
modification is DColl a recombinant collagen-like mini protein designed and
produced in-house using a bacterial expression system. It contains a non-
hydroxylated GFPGER motif (notice here that P stands for proline), which is also
able to bind a1f1 and aof: integrins. Additionally, recombinant enhanced green

fluorescent protein (eGFP) was used as a visible fluorescent reporter to visualise
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protein incorporation to and leaking from the hydrogel during optimization of the

modification protocol (Remington, 2011).

RTC and GFOGER were obtained from commercial sources. Their biochemical
purity was deemed satisfactory for the purposes of the experiments reported here.
Purification of recombinant DCol1 was monitored by SDS-PAGE (Figure 28A).
The triple helical conformation of the collagen proteins was confirmed by circular

dichroism (CD) spectroscopy (Figure 28B).
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Figure 28 Collagen protein characterisation. (A) SDS-PAGE analysis of the purification of DColl.
Lane compositions: M, molecular weight markers; FT, flow through; 1-2, wash fractions with 60 mM
imidazole; 34, elution fractions with 250 mM imidazole; 5-8 elution fractions with 1 M imidazole.
(B) CD spectra at 4°C of RTC (grey), DCol1 (blue) and GFOGER (red). The vertical axis measures the

mean residue ellipticity 0 in degrees cm? dmol . CD data were collected between 190 and 260 nm.

SDS-PAGE was first used to assess the yield and purity of DCol1 purification via
nickel-affinity chromatography. Figure 28A show that DColl was successfully
purified with high yield. Fractions eluted with 1 M imidazole show a single 20

kDa band that corresponds to the DColl monomer chain. The calculated
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molecular weight of DCol1 based on its amino acid sequence is 16.6 kDa, but it
Is well known that proteins containing Col domains migrate on SDS-PAGE with

an apparent, higher than expected molecular weight.

The secondary structure of the collagen proteins was analysed via CD between
190 and 260 nm (Figure 28B). All three spectra show the characteristic features
of a collagen triple helix: a band of positive ellipticity (around +3000 to +5000
deg cm? dmol) with a maximum at around 220 nm; and a deep band of negative
ellipticity (around —35000 deg cm? dmol™?) with a minimum around 198 nm
(Kelly and Price, 2005; Norma J Greenfield, 2007; Drzewiecki et al., 2016).
These well-studied CD spectral features are associated with the polyproline 11
conformation from the individual chains in the collagen triple helical

conformation (Sreerama and Woody, 1994).

3.3.2 Incorporation of proteins within self-assembly peptide
hydrogels

The initial aim of this chapter was to develop and optimize a protocol for the
incorporation of collagen proteins with different molecular weights into Fmoc-
based self-assembling hydrogels, without any prior chemical modification and /or
crosslinking. Figure 29 schematically illustrates how the protocol was developed
and adapted to successfully incorporate collagen protein into Fmoc-FF/S

hydrogels.
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Figure 29 Schematic representation of the optimised protocol used to incorporate proteins
within hydrogels. Protein of interest were diluted up to the desired concentration in the well
plate. Fmoc-FF/S pre-gel solution was then pipetted into the protein containing solution to form

a spheroid like to allow protein incorporation.

The incorporation of collagen proteins did not interfere with the self-assembling
mechanism of the hydrogels. In fact, as shown in Figure 30, the resulting
spheroids-like hydrogels were stable and formed a self-supporting hydrogel

structure.
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RTC DCol1l GFOGER

Figure 30 Analysis of spheroid-shaped hydrogels under visible (1) and UV (1) light. All
spheroids show dimensional stability indicating a self-supporting structure consistent with a
successful hydrogel self-assembling mechanism. Spheroids of hydrogels modified with eGFP
and GFOGER show fluorescence under UV light, indicating successful protein and peptide

incorporation (see main text).

As explained above, eGFP was used as protein reporter to follow protein
incorporation into gels. Hydrogels modified with eGFP showed a high intensity
of green fluorescence throughout their entire spheroids (Figure 30), indicating
that the eGFP protein had been successfully incorporated by diffusion without

affecting its native structure or the fluorescence of its chromophore.

The GFOGER peptide was too small for conventional SDS-PAGE analysis and
therefore was labelled with NHS-Fluorescein prior to incorporation into the
hydrogels so it could be detected on gels by fluorescence. Figure 31 illustrates
the successful labelling of GFOGER peptide with NHS-Fluorescein and its

detection after SDS-PAGE under UV light.
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Figure 31 SDS-PAGE of GFOGER peptide labelled with NHS-Fluorescein under normal and
UV light. Lane composition is: M, molecular weight; 2-3, 5-6, 8-9, NHS-Fluorescein labelled-
GFOGER.

Thus, hydrogels incorporating eGFP and fluorescently labelled GFOGER
showed a bright, green color when exposed to UV light (Figure 30) indicating
that the proteins diffused throughout the whole scaffold without affecting their

chromophore fluorescence.

Protein incorporation into the hydrogels was also assessed through SDS-PAGE
(Figure 32). Bands corresponding to proteins incorporated into the hydrogel
spheroids (Figure 32A, lane 2) showed a slightly stronger intensity that the
control bands from the protein stock solutions (lane 1), indicating that the proteins
were being concentrated within the constrained space of the spheroid due to a

volume shrinkage. A similar phenomenon has been observed by Kim and co-
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workers as they demonstrated that the fluorescence intensity of graphene oxide
was much greater in a limited space as the cell pellet (Yoon et al., 2014).
Significantly, the intensity of the band protein remaining within the well, after
“fishing out” the hydrogels, was much lighter than the control and the hydrogels,
suggesting a clear protein uptake. Finally, protein retention over time was
analyzed. Hydrogel spheroids were washed every 24 h with PBS and a hydrogel
sample was taken each time point and analyzed via SDS-PAGE. As shown in
Figure 32B, SDS-PAGE showed bands of the same intensity for all of the tested

constructs, suggesting that all the proteins were successfully retained for at least

the first 72 h.
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Figure 32 SDS-PAGE analysis of (A) protein incorporation into the hydrogel spheroids, and
(B) retention inside the hydrogels over time. The GFOGER bands are obtained from
fluorescence after UV exposure of the gels. Panel (A) Lanes: M, molecular weight markers; 1,
protein stock solution; 2, protein incorporated into the hydrogel spheroid; 3, remaining protein
into the well solution. Panel (B) Lanes: M, molecular weight markers; 24, 48, 72 h, protein

retention over time. Arrows indicate the different protein bands and their corresponding
molecular weights.
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Numerous co-assembled peptide hydrogel systems have been explored using
alternative mechanisms (Storrie et al., 2007; Capito et al., 2008). For instance,
Stupp et al. described a similar phenomenon when self-assembling peptide
amphiphiles are mixed with high molecular weight polysaccharide hyaluronic
acid, where a mix of both osmotic pressure of ions and strong electrostatic
interactions is involved in the incorporation (Capito et al., 2008). In the present
case all proteins are expected to have the same sign of electric charge the Fmoc-
FF/S peptide hydrogels (see Table 4 for the predicted values of pl), and thus
electrostatic interactions may not play a role in the incorporation of the proteins
into the hydrogels. Instead, protein incorporation into the Fmoc-FF/S hydrogels
may be driven simply by diffusion into the hydrogel mesh, with the two
components (i.e., Fmoc-FF/S and proteins) co-assembling upon contact.
Additionally, hydrophobic interactions may also be involved during the co-
assembly process. This has been investigated by using fluorescence spectroscopy
analysis. As shown by the fluorescence spectra in Figure 33, each protein showed
a peak of fluorescence emission between the 320-380 nm region (red line), due
to the presence of tyrosine and tryptophan residues in their sequences (the
GFOGER peptide was not used for these experiments as it lacks aromatic residues
and will not produce any signal). When the proteins were mixed with Fmoc-FF/S
(1:1 v/v ratio), a prompt and dramatic quenching of the fluorescence emission

peak was observed (blue line), suggesting a strong interaction between the
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fluorescent groups in the proteins proteins and the Fmoc-FF/S pre-gel solution. It
Is reasonable to postulate that as the self-assembly mechanism occurs, the
hydrogels act as a ‘“sink”, where the proteins passively diffuse through the
hydrogel mesh until an equilibrium is reached after 24 h (Figure 32B) as

previously shown by Sassi et al (Sassi, Blanch and Prausnitz, 1996).
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Figure 33 Fluorescence spectroscopy spectra of Fmoc-FF/S peptide (grey), collagen (red) and
Fmoc- FF/S-collagen solutions (blue) prepared in PBS (pH = 7.4). Excitation wavelength 280

nm; emission wavelength recorded within the 300-400 nm range.

3.3.3 Hydrogels microstructure

The morphology of the hydrogels after collagen incorporation was studied by
SEM. Both outer and inner faces of the unmodified and collagen-modified
hydrogels were imaged to ensure that the hydrogels retained their structure
(Figure 34). The unmodified control hydrogel Fmoc-FF/S showed the
characteristic fibrous network structure with fibre entanglements and bundles of
supramolecular stacks (Vineetha Jayawarna et al., 2006). Similarly to what was
observed by Mata et al., for a system where diffusion is involved, the hydrogel’s

inner surface displayed the distinctive nanofibrous multilayered architecture
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(Inostroza-Brito et al., 2015). Interestingly, the hydrogel surface features and
morphology changed based on the protein size. Incorporation of RTC, the largest
protein tested here, changed the morphology of the inner face of the hydrogel,
which appeared to be much more disorganised than the rest of the hydrogels. On
the other hand, no differences with the control Fmoc-FF/S were noticed on the
outer surface of the hydrogels. As the collagen proteins reduced in size, the final
structure of the hydrogels was more compact and less disorganized. For this
reason, it is likely that the size and shape of the proteins that were incorporated

into the hydrogels did influence their final structure.
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Figure 34 Scanning electron microscopy images showing the outer (left) surface morphology
of Fmoc-FF/S and the collagen-modified hydrogels at lower and higher magnification and a
cross section showing the inner (right) surface morphology at higher magnification. Low

magnification scale bar is 50 pum; high magnification scale bar is 5 pum.

3.3.4 Mechanical characterization of the hydrogel
The effect on the hydrogel stiffness of the incorporation of the different proteins

was evaluated by measuring the mechanical properties of the modified scaffold
versus the control Fmoc-FF/S hydrogel. All proteins, including eGFP, were tested

using three different concentrations: 1, 50 and 100 pg/ml. Resulting hydrogels
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were subjected to an amplitude sweep experiment (strain range 0 to 100%,
frequency 1 Hz, gap size 500 pm) at 37°C. As shown in Figure 35, the elastic
modulus G’ was consistently higher than the loss modulus (G’’) for all the
formulations tested. This suggests that all the proteins were successfully
incorporated within Fmoc-FF/S without impairing its self-assembling mechanism

and its ability to form self-supporting hydrogels.
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Figure 35 Rheological amplitude sweep test (shear strain range of 0 — 100 % 1 Hz) of Fmoc-
FF/S hydrogels after protein incorporation. Measurements were repeated for each modified
hydrogel at three different protein concentrations (1, 50, 100 pug/ml). Blue line represents the

storage modulus (G”) whereas the red line illustrates the loss modulus (G”).

Next, in order to assess the stiffness of the Fmoc-FF/S hydrogels after protein
incorporation the value of G’ was recorded at a fixed frequency (Figure 36). No
significant differences in G” were observed for any of the formulations compared

to the unmodified control. These results were considered as positive as the
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incorporation of the protein did not affect the “bulk” properties of the final

protein-modified system in comparison to the unmodified control.
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Figure 36 Analysis of the mechanical properties of the Fmoc-FF/S hydrogels after
incorporation of proteins at different concentrations. (A) Storage and loss moduli (0.02% strain,
1 Hz) of Fmoc-FF/S hydrogels with and without collagen or eGFP at different concentrations
(1, 50, 100 pg/mL). (B) Photographs of spheroids of Fmoc-FF/S modified with different

collagen of eGFP proteins.

3.3.5 HT1080 cell culture on collagen-modified hydrogels

HT1080 cells were cultured on the collagen-modified hydrogels to assess their
biological activity. This human fibrosarcoma cell line has been widely used as a
model to test cell adhesion and cell spreading on collagen substrates, due to its
high expression of ayfB: integrin, a major collagen receptor (Tuckwell et al., 1995,
1996). All the previously described collagen-modified hydrogels were tested at

one fixed protein concentration (100 pg/ml); eGFP was excluded from this
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analysis as it does not contain any cell binding site (Shimomura, Johnson and
Saiga, 1962). To assess the biological activity of the collagen-modified
hydrogels, two major parameters were evaluated: the ability of HT1080 cells to
adhere to the modified hydrogels (as percentage of adhered cells), and the amount
of cell spreading, compared to the unmodified Fmoc-FF/S hydrogel. Figure 37
shows HT1080 cell adhesion and spreading for all the formulations tested. The
RTC-modified hydrogel provided the highest levels of cell adhesion amongst all
the hydrogels tested (51 + 1% vs 14 + 7% for the unmodified hydrogel, p < 0.05).
This was already expected as RTC is used as positive control of cell adhesion
studies in most cell biology laboratories. Likewise, incorporation of GFOGER
peptide within Fmoc-FF/S resulted in a higher adhesion than the control (47
4%, p < 0.05). DCol1 incorporation into Fmoc-FF/S provided the lowest level of
cell adhesion (36 = 6%) but it was still significantly higher than that of the

unmodified Fmoc-FF/S hydrogel (14 £ 7%, p < 0.05).
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Figure 37 Adhesion and spreading of HT1080 cells on hydrogels, with and without collagen
modification. (A) F-actin staining of HT1080 cells after 24 h culture on Fmoc-FF/S and the
different collagen-modified hydrogels (green: F-actin, Alexa Fluor 488 phalloidin; scale bars
100 pm, inset 50 um), with and without pre-incubation with mAb13 (anti $1) antibody. (B)
Quantification of cell adhesion on the different hydrogels before (blue bars) and after (grey
bars) pre-incubation with mAb13 antibody. (C) Mean aspect ratio of HT1080 cells cultured on
different hydrogels. An aspect ratio of 1 is indicative of a round-shaped cell, while spread cells
with elongated shapes have aspect ratio values above 1. Data shown as mean + SD, n = 43, */#
p < 0.05; ns, not significant. Adherence and spreading on each modified hydrogel are compared
with the unmodified Fmoc-FF/S hydrogel (*). Adherence to modified hydrogels after mAb13
incubation (grey) is compared to that on the respective hydrogels before mAb13 incubation
(blue, #).
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Two main factors could be influencing the lower HT1080 cell adhesion to the
DColl1-modified hydrogels. First, adhesion was evaluated after 24 h post-culture;
seeding of cells into a new microenvironment could affect their adherence. In
fact, it has been demonstrated that cells do need time for a physiological
adaptation when seeded onto a new substrate with different mechanical properties
(Ghosh et al., 2007). A second factor could be related to the size of the protein
and the availability of binding sites. DCol1 is small and the easy access to integrin

binding sites could be hindered within the hydrogel mesh.

Spreading of HT1080 cells on the modified hydrogels was assessed. Cells were
considered spread when the cytoplasm was visible around the entire
circumference of the nucleus. Figure 37C shows the average aspect ratio of
HT1080 cells seeded onto the different hydrogels. As expected, RTC and
GFOGER-modified hydrogels supported cell spreading as HT1080 cells
appeared to elongate creating focal adhesions. On the other hand, cells seeded on
hydrogels functionalized with DColl did not spread, similarly to what was
observed with cells seeded on unmodified Fmoc-FF/S hydrogels. Cells appeared
rounded, with little or no cytoplasm visible. Poor HT1080 cell spreading on
DColl has already been observed as a function of DColl concentration in
previous 2D culture experiments in the laboratory (unpublished data). While the
reasons for this poor spreading are still under investigation, they could be possibly

linked to the DCol1 expression and purification process. For instance, DCol1 may
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be carrying some intrinsic toxic component of bacterial origin whose effect

becomes more pronounced when the protein is more concentrated.

HT1080 cells are well known to express a high quantity of ayP; integrin
(Tuckwell et al., 1995). For this reason, a Bi-integrin blocking antibody (mAb13)
was used to test whether collagen binding was through the 1 subunit. Optimal
antibody concentration was first assessed in TCPS (data not shown) and then
HT1080 cells were pre-incubated with 10 pg/mL of antibody before seeding onto
the collagen-modified hydrogels. After treatment with mAb13, HT1080 cells
seeded on the collagen-modified hydrogels showed a round morphology (Figure
37A), comparable to that seen when they were seeded on the Fmoc-FF/S
hydrogel, which does not provide any integrin-binding sites. Similarly, the
percentage of cell adhesion was significantly lower than that from the untreated
HT1080 cells (Figure 37B) and did not show any significant difference with the
adhesion to unmodified Fmoc-FF/S peptide hydrogels, suggesting that the [1-
integrin subunit is pivotal when binding to collagen. The data shows a significant
reduction of HT1080 cell adhesion on all collagen-modified hydrogels after
mADb13 incubation: RTC 15 £ 4% (vs 51 = 1% before incubation, p < 0.05);
GFOGER 23 £ 4% (vs 47 + 4%, p <0.05); DCol1 10 £ 3% (vs 36 = 6%, p < 0.05).
These results also confirm that the Bi-integrin subunit is clearly involved in

HT1080 cell binding to the collagens incorporated within Fmoc-FF/S, consistent
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with the integrin a2f1 being one of the major receptors for collagens (Tuckwell,

Smith and Korda, 2000; Farndale, 2014).
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3.4 Conclusions

The aims of this Chapter were to develop a new protocol for the incorporation of
natural, synthetic and recombinant collagen proteins and peptides within self-
assembling Fmoc-based peptide hydrogels. Three different collagen proteins
were used to modify the Fmoc-FF/S hydrogel: rat tail collagen (RTC); a synthetic
42-amino acid collagen-like peptide (GFOGER); and a bacterially expressed,
165-amino acid collagen-like protein (DColl) produced using a recombinant

collagen technology previously developed in our laboratory.

Here are summarized the major findings of this Chapter:

e A simple, quick and cost-effective protocol was developed to incorporate
the different collagen proteins into Fmoc-FF/S hydrogels, without cross-
linking or any chemical modification to the collagen proteins or to the
hydrogel-forming peptides.

e The same protocol was equally successful for the hydrogel incorporation
of a globular protein, enhanced Green Fluorescent Protein (eGFP), used as
a reporter during method development.

¢ In this protocol proteins are incorporated simply by the passive diffusion
that occurs when they are combined with the pre-gel peptide solution. As
the hydrogels form upon exposure to divalent cations, the proteins become

entrapped in the hydrogel mesh in a hydrogels-incorporation simultaneous
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co-assembly mechanism. The proteins are then retained over time without
being washed away.

Hydrophobic interactions between the peptides forming the hydrogel and
the incorporated proteins seem to play a role, stabilizing the overall
hydrogel network and allowing the incorporated collagens or proteins to be
retained over time. These hydrophobic interactions could explain the rapid
fluorescence quenching observed when Fmoc-FF/S was modified with
collagens or eGFP.

The protocol was equally successful for the hydrogel incorporation of
proteins of different sizes and shapes, from the largest and longest RTC
(300 kDa, over 1000 amino acids per chain in triple helical conformation)
to the smallest and shortest GFOGER peptide (11.2 kDa, 42 amino acids
per chain). Nevertheless, a size-dependent effect on the hydrogel
nanostructure was observed through Scanning Electron Microscopy. The
largest RTC caused a more disorganized co-assembled system than the
smaller DCol1 recombinant collagen or synthetic GFOGER peptide.
Rheological measurement showed no significant differences in stiffness
between the unmodified and collagen-modified or eGFP-modified Fmoc-
FF/S hydrogels. This is indeed a positive result as alteration of the

mechanical stiffness of the resulting hydrogels could affect the

156



mechanotransduction signals involved in cell adhesion and spreading
during cell culture (Ingber, 2006; Caliari and Burdick, 2016).
Collagen-modified Fmoc-FF/S hydrogels provide enhanced cell culture
scaffolds with improved cell adhesion properties. A greater number of
HT1080 cells adhered to each of the three collagen-modified hydrogels
when compared to the unmodified Fmoc-FF/S hydrogels. The collagen
proteins become incorporated into the hydrogel networks without
interfering with the self-assembly mechanism, and remain biologically
active providing sites for cell binding.

The specific nature of the interaction between HT1080 cells and the
collagens incorporated into the hydrogels was demonstrated by blocking
the B1-integrin subunit. HT1080 cells pre-treated with a blocking antibody
severely reduced their capability of binding the collagen proteins

incorporated within the hydrogels.

Numerous methods are used to incorporate bioactive adhesion molecules into

hydrogels (Slaughter and Fisher, 2009). We believe that our simple and cost-

effective protocol can be exploited for hydrogel modification with collagen-like

proteins, other functional ECM molecules, or bioactive components such as

growth factors, without modifying the chemical structure of the hydrogels and

without using toxic cross linkers. These composite hydrogels should be useful in

tissue engineering and cell culture applications.
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Chapter 4 Modification of hydroxyapatite and RGD
functionalised hydrogels with Osteoclast- Associated
Receptor (OSCAR)

4.1 Introduction

The crucial role of the cytokine RANKL in osteoclastogenesis has been reviewed
in section 1.4.2. RANKL stimulates OC differentiation by binding to its receptor
RANK, which is expressed on the surface of OC precursor cells (Boyce and Xing,
2007; Nedeva et al., 2021). However, although RANKL/RANK is the leading
pathway for OC differentiation, there is evidence for the existence of
costimulatory pathways that support and co-operate with the RANKL-mediated
osteoclastogenesis (Nedeva et al., 2021). Koga et al, for instance, showed that
OC differentiation factors were present even though the RANKL/RANK pathway
was impaired (Koga et al., 2004). These authors used genetically modified mice
that were lacking important mediators of the RANKL/RANK signalling.
Nevertheless, following RANKL stimulation a normal number of osteoclasts and
only a mild form of osteopetrosis were observed (Zou and Teitelbaum, 2015;
Humphrey and Nakamura, 2016). These results suggest that, even though the
main signalling was impaired, pathways downstream of RANK were activated

regardless, suggesting the presence of costimulatory pathways that act alongside

158



the main RANKL/RANK pathway, potentially leading to OC differentiation

(Nedeva et al., 2021).

The differentiation of OCs requires, alongside to the RANKL/RANK pathway,
the presence of costimulatory receptor signalling through the activation of
adaptors that contain immunoreceptor tyrosine-based activation motifs (ITAMs),
such as Fc receptor common y-chain (FcRy). However, little is still known about
the mechanism of activation of these ITAM-containing receptors and their

potential ligands (Barrow et al., 2011).

It has been hypothesized that the osteoclast—associated receptor (OSCAR) is also
involved in OC differentiation as a costimulatory pathway. OSCAR is mainly
detected in bone tissue and interacts with OBs-released factors. Thus, it is
considered to promote the differentiation of OC precursors into mature OCs via
FCRy, alongside the RANKL/RANK pathway (Kim et al., 2002; Nedeva et al.,

2021).

The identities of all possible OSCAR ligands are still under investigation. It has
been reported that OSCAR may interact with fibrillar collagens released to the
ECM from the bone surfaces in which OCs undergo maturation and terminal
differentiation in vivo (Barrow et al., 2011). The interaction between OSCAR and
collagen is also important during normal bone development, maintenance and

repair, and could be important in many diseases where either collagen or OC
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function is impaired (Zhou et al., 2016). For example, in rheumatoid arthritis, it
has been shown that OSCAR is overexpressed into the synovial fluid and in the
joints, where the exposed collagen is abundant. In fact the overexpression of
OSCAR maximizes cytokine levels, thus contributing to the pro-inflammatory

environment of the disease (Schultz et al., 2016).

In order to understand more the mechanism of interaction between OSCAR and
collagen during osteoclastogenesis, the crystal structure of OSCAR ectodomain
in complex with a collagen-like peptide (CLP) was determined (Haywood et al.,

2016; Zhou et al., 2016).
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N-terminal

C-terminal ™

Figure 38 X-ray crystal structure of human OSCAR ectodomain in complex with a collagen
triple helical peptide. Ribbon diagram of OSCAR (green) showing the two Ig domains D1 and
D2 in a semi-transparent surface. The collagen triple helical peptide is shown as three chains

coloured blue, yellow and magenta. Adapted from (Haywood et al., 2016).

OSCAR belongs to the Ig-like family of receptors. Its ectodomain contains two
Ig domains named D1 and D2, arranged at an angle with respect to each other
(Figure 38). The primary collagen-binding site is in a groove in the D2 domain
although a low affinity site is also present on the D1 domain (Zhou et al., 2016).
Zhou et al hypothesized that OSCAR binds collagen through a two-phase process
involving a low affinity interaction at the beginning (mediated by D1), followed

by a strong interaction mediated by the D2 domain (Zhou et al., 2016).
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Different groups have investigated the interaction between OSCAR and collagen
to assess whether this contributes to osteoclastogenesis in vitro. By using a library
of triple-helical collagen peptides, Barrow et al. (Barrow et al., 2011) managed
to identify the minimum collagen sequence that binds OSCAR as
GPOGPX’GFX’ (OSCP®), where O is 4-hydroxyproline, X’ is a variable amino
acid, and each proline residue can be substituted by alanine. Next, they assessed
whether peptides containing this binding motif could promote differentiation of
OCs. They cultured mouse Bone Marrow isolated Macrophages (BMMs) on two
peptides containing the OSCP® minimal binding sequence, (GPP)s-
GPOGPAGFOGAO-(GPP)s and (GPP)s-GAOGPAGFA-(GPP)s. They detected
the formation of giant TRAP-positive OCs as well as an increased expression of
typical OC proteases such as MMP9 and CTSK, confirming the involvement of

the OSCAR-collagen interaction during osteoclastogenesis.

Following on the work reported in Chapter 2 and to further investigate the role of
OSCAR in osteoclastogenesis, the aim of this fourth Chapter was to combine
OSCAR-binding collagen peptides with the newly developed Hap-decorated
RGD-functionalised hydrogel (as described in Chapter 2) to assess whether this
composite hydrogel had a positive or detrimental effect on the differentiation of
Raw 264.7 cells. Collagen binding to OSCAR was first assessed via Surface
Plasmon Resonance to measure the affinity of the receptor-ligand interaction.

Next, a newly designed recombinant protein containing the OSCAR-binding
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motif was engineered by using the recombinant collagen technology that is well

established in our laboratory (see section 3.1.1). Once characterized, proteins and

peptides were combined with the Hap-decorated Fmoc-FF/S/RGD hydrogels

(Chapter 2) by using the protocol described in Chapter 3. Finally these composite

hydrogels were used to culture the pre-osteoclast cell line Raw 264.7.

Differentation of Raw 264.7 cells into OCs was assessed by analysing cell

morphology and viability as previously described in Chapter 2.

The specific aims of this Chapter were:

1.

To design collagen-like peptides and a recombinant collagen-like protein
containing the OSCAR-collagen binding motif.

To produce this recombinant collagen-like protein using a bacterial
expression system and to purify it by chromatographic methods.

To characterise the collagen secondary structure of the collagen-like
peptides and recombinant protein using Circular Dichroism spectroscopy.
To assess their binding to OSCAR.

To combine them with the Hap-decorated Fmoc-FF/S/RGD hydrogel.

To culture (2D) Raw 264.7 cells on this composite hydrogel and to

investigate their differentiation into mature OC cells.
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4.2 Materials and methods

4.2.1 OSCAR- binding collagen-like peptides, recombinant
collagen-like proteins, and Fmoc-based hydrogels

A 27-amino acid collagen-like peptide containing the OSCAR-binding motif
GAOGPAGFA was designed with nine-residue (GPO)s segments flanking it at
each side and with N-terminal acetylation and C-terminal amidation. Its overall
sequence is shown in Table 6. A second collagen-like peptide was designed by
replacing the hydroxyproline on the OSCAR-binding motif of the first peptide
with proline (GAPGPAGFA) and following the same design principles (Table 6).
Synthesis and purification of both peptides, hereafter referred as OP1 and OP1*
respectively, was outsourced to GenScript (UK). Purity was assessed by
Genscript using HPLC. OP1 (Batch N° U0503EK140 1) was 95.3% pure and
OP1” (Batch N° U0503EK140_3) was 95.0% pure. Both peptides were supplied
in freeze-dried form and were stored at -80°C until used. A recombinant collagen-
like protein, hereafter named OColl, was designed with the potential OSCAR-
binding sequence GPPGPQGFQ and a domain architecture identical to that of the
recombinant protein DColl (section 3.2.2) (Figure 39), with a C-terminal PfC
trimerization domain (Ghosh et al., 2012a) (Figure 27) and an N-terminal
hexahistidine tag (His)e for purification purposes. The amino acid sequence of
OCol1l is shown in Table 6. Gene synthesis, subcloning to a pET28c vector,
expression in E. coli and purification by nickel-affinity chromatography was

carried out by GenScript (UK). The final purity of OColl (Batch No.
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U6699HA190-1 OColl) was assessed by GenScript via SDS-PAGE and it was
estimated at 85%. The proteins were shipped in dry ice in storage buffer (50 mM

Tris-HCI, 150 mM NacCl, 10 % Glycerol, pH 8.0) and stored at -80 °C upon arrival

until used.
EPCIA PN ) PCail _Col (PIC)H
OColl H{ Col | PfC
DColl 1" Col (PiC

X OSCAR binding sequence GPPGPQGFQ
DAY Integrin binding sequence GFPGER

Figure 39 Domain architectures of the recombinant proteins OColl, DColl and the parent
recombinant collagen EPcIA (Ghosh et al., 2012a). Key to domain names and colors: PfN (red)
— phage fiber N terminal capping domain; PfC (blue) — phage fiber C terminal capping domain;
PCoil (orange) — phage trimeric coiled-coil domain; H — hexa-histidine tag (Hiss). The red and

yellow stars indicate approximate positions of OSCAR and integrin binding sites.
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Table 6 Collagen-like peptides and recombinant protein used to modify Hap-decorated, Fmoc-FF/S/RGD hydrogels. Amino acid sequences shown

in standard single-letter code, plus O for 4-hydroxyproline. Known or potential OSCAR binding sites in green bold type. Ac-, N-terminal
acetylation; -NH>, C-terminal amidation.

Molecule Sequence Amino Monomer Trimer
acids My (kDa) Mw (kDa)

OP1 peptide Ac-GPOGPOGPOGAOGPAGFAGPOGPOGPO-NH:2 27 2.4 7.2

OP1* peptide Ac-GPOGPOGPOGAPGPAGFAGPOGPOGPO-NH> 27 2.4 7.2

OCol1 protein MGSHHHHHHSGLVPRGSGPPGPPGPQGPAGPRGEPGPAGPKGEPG
PAGPPGPQGFQGPPGPQGPAGPIGPKGEPGPIGPQGPKGDPGETQI
RFRLGPASIIETNSNGWFPDTDGALITGLTFLAPKDATRVQGFFQHLQV
RFGDGPWQDVKGLDEVGSDTGRTGE
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The secondary structures of the OP1 and OP1" peptides and the OColl protein
were analysed by circular dichroism (CD) spectroscopy using a Jasco® J-810
spectropolarimeter equipped with a Peltier temperature controller as described in
the previous chapter (section 3.2.4). OP1 and OP1" were resuspended up to a
concentration of 0.5 mg/ml in CD buffer (10 mM K;HPO,, 10 mM KH,PO,4, 150
mM KF, pH 7.4) (Norma J. Greenfield, 2007), 24 h in advance of the
measurements to allow the collagen triple helix to form. OColl was thawed and
buffer-exchanged to CD buffer by using a PD10 disposable desalting column
(GE17-0851-01, Merck, UK). Briefly, the column was equilibrated with 5x
column volumes of CD buffer before addition of OColl. After flow through
collection, 0.500 mL fractions were collected into Eppendorf tubes and analysed
by CD. Parameters and settings are described in section 3.2.3. Additionally, the
thermal stability of all the constructs was analysed. Thermal transition profiles
were recorded between 4°C and 70°C at 222 nm with a data pitch of 0.5 nm,
bandwidth of 1 nm, detector response time of 32 sec and temperature slope of
1°C/min. Samples were cooled back to 4°C after the different transitions and final
spectra were recorded at that temperature. Ellipticity in millidegrees were
converted to mean residue molar ellipticity (degree cm? dmol™) by normalizing

for the number of residues and molecular weight of each peptide or protein.
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4.2.2  Surface Plasmon Resonance (SPR) for protein-protein
interaction

SPR analyses were carried out on a Biacore™ T200 (Cytiva) using a Series S
CMS5 sensor chip with an assay running buffer of 10 mM PBS, 150 mM NacCl,
0.05% Tween20, pH7.4. Reference and active flow cells were activated by
injecting 70 ul of a 1:1 mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and 0.1 M N-hydroxysuccinimide (NHS) at 10 pL/min.
OSCAR FC-receptor protein was immobilised onto the active flow cell at
20pg/ml in 10 mM Sodium Acetate pH 5.0 at 10 pL/min to 6880 response units
(RU). Reference and active flow cells were blocked using 1 M ethanolamine, pH
8 at a flow rate of 10 pL/min. For kinetic and equilibrium binding analysis
peptides were flowed overactive and reference flow cells at 30 pL/min in assay
running buffer at peptide concentrations of 5000 — 0 nM and 40,000 — 0 nM, for
OP1 and OP1* respectively, using a two-fold dilution series. Analysis
temperature was set at 25 °C. Surfaces were regenerated with a 10 second
injection of 0.1 M Glycine, pH 2.0. Data sets were analysed using the appropriate
fitting algorithm within the BiaEvaluation software. Models used for analysis
were the Langmuir 1:1 Binding model and the Steady State Analysis model. Data

presented are the mean and standard error of the mean (SEM) of triplicate runs.

4.2.3 Raw 264.7 cell adhesion assay

Raw 264.7 cells were maintained in cultured and passaged as described in the

second chapter, section 2.2.9. Cell adhesion to OP1 and OP1" was assessed as
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shown by Barrow et al (Barrow et al., 2011). Briefly, 48 well plate was coated
with 10 pg/mL of OSCAR peptides overnight at 4 °C. Excess of protein was then
removed by washing with PBS before addition of 1% BSA to block the
nonspecific interaction for 1h at RT. Meanwhile, Raw 264.7 were resuspended at
concentration of 2 x 10° cell/mL and added to the well. Cells were cultured with
different concentration of hRANKL (Peprotech, UK) (0-100 ng/ml) for up to 5
days to assess the contribution of OSCAR to the differentiation of Raw 264.7

towards mature OCs.

4.2.4  TRAP staining

Successful differentiation of OCs was demonstrated by staining of TRAP activity.
After 5 days post culture, Raw 264.7 were fixed in 4% PFA for 15 min at RT and
detection of TRAP was assessed by following the manufacturer’s protocol (Acid
Phosphatase, Leukocyte (TRAP) Kit; Sigma—Aldrich, USA and evaluated by
light microscopy (ThermoFisher, UK). Multinucleated TRAP+ cells containing
more than three nuclei were scored as mature osteoclasts.

4.25 Gene Expression

Gene expression of OCs markers was evaluated as described in Chapter 2, section
2.2.13. By using a StepOne™ Real-Time PCR System (Applied Biosystems, UK)
using TagMan probes with the universal PCR Master Mix (Life Technologies,
4304437) in a total volume of 10 pL. The TagMan probe for Trap and OSCAR

were: Mm00475698 m1 and MmO01338227 g1. Data were analysed using the
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272t method and normalised to the endogenous house-keeping gene GAPDH

(Mm99999915 g1). Experiments were performed in triplicates.

4.2.6 Incorporation of OSCAR-collagen into Hap-decorated
hydrogels

In order to incorporate OSCAR-collagen binding protein into the newly
developed Hap-decorated RGD-functionalised Fmoc-hydrogels, the same
protocol described in Chapter 3 was used (section 3.2.5).

Hap-decorated hydrogels were prepared as described in the Chapter 2. Briefly,
0.0142 g of Fmoc-FF/S/RGD (final concentration 15 mM) were dissolved into 1
mL of d2H>O w/wo 1 mg/mL of Hap, respectively. Then, hydrogels were pipetted
into a 24-well plate containing 100 pg/ml of OColl. Due to the short molecular
weight, OP1 and OP1” were not used to demonstrate the protocol of incorporation
and the same behaviour of GFOGER peptide, described in the previous chapter,
was assumed. Finally, protein incorporation was assessed by SDS-PAGE as
described in Chapter 3, section 3.2.3.

4.2.7 Hydrogel cell culture

Hap-decorated hydrogels were tested in combination with OP1, OP1” and OCol1
to evaluate the contribution of OSCAR as costimulatory pathway for OCs
differentiation. Hydrogels were prepared 24 h in advance as described in Chapter
2, section 2.2.2. OP1, OP1" and OCol1 were resuspended in PBS up to 100 pg/ml
and dispensed on the surface of the Pre-gel with and without Hap. Hydrogels were

left to crosslink overnight at 4°C. The day after, 2 mL of Raw 264.7 (cell density
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of 4 x 10° cell/mL) were seeded on top of all the different formulation of
hydrogels. 10 ng/ml of hRANKL were added to the cell media in order to
differentiate OCs. Cells were cultured for up to 7 days and media was replenished
every other day.

4.2.8 F-actin staining

Cell differentiation was also assessed by measuring the difference in morphology
between OSCAR-modified and OSCAR-free hydrogels. Cell diameter, cell
multinucleation and presence of typical OCs features were observed by using an
F-actin staining. Cells cytoskeleton and nuclei were imaged as described in

Chapter 2, section 2.2.4.

4.2.9 LIVE/DEAD cell viability assay
After 7 days, cell viability on the OSCAR-modified Hap-decorated hydrogels was

evaluated by using a LIVE/DEAD assay. For experimental details, please refer to
Chapter 2, section 2.2.3.

4.2.10 Statistical analysis

All quantitative values are presented as mean z standard deviation. All
experiments were performed using at least three replicates. Data were plotted
using Origin 2019b and compared using an unpaired t test, unless stated

otherwise. Two levels of significance were used: 0.005 (**) and 0.001 (***).
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4.3 Results and Discussion

4.3.1 Protein and peptide characterization

OSCAR is a costimulatory receptor that has been show to contribute to the
differentiation of OCs precursors to mature, bone resorbing osteoclasts by
binding the collagen exposed in the bone (Nedeva et al., 2021). For this reason,
we wanted to combine peptides and protein containing OSCAR-collagen binding
motif to Hap-decorated, Fmoc-based peptide hydrogel scaffold (described in
Chapter 2) to assess the effect during osteoclastogenesis in vitro. Two peptides,
namely OP1 and OP1” were designed based on the results described by Barrow
et al (Barrow et al., 2011). Both peptides contained the minimal binding motif of
collagen for OSCAR recognition GAXGPAGFA (where X stands for
hydroxyproline or proline, accordingly). Similarly, a recombinant version of
these peptides was designed to contain the OSCAR-collagen binding motif
presenting the proline amino acid. In order to analyse the collagen triple helix
secondary structure, all of the constructs were characterised by CD. Both OP1
and OP1" and OCol1l showed a band of positive ellipticity with a maximum at
around 220 nm, and a deep band of negative ellipticity with a minimum around
198 nm (Kelly and Price, 2005; Norma J Greenfield, 2007; Drzewiecki et al.,
2016). As described previously, these features are associated with the typical
conformation of collagen triple helix. Moreover, the triple helical features
disappeared from the CD spectrum when the temperature was increased to 70°C

as shown in Figure 40. Interestingly, upon cooling to 4°C again, the collagen
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samples almost completely recovered their triple helical structure (Figure 40)
confirming that the increase in temperature did not affect their initial collagen
structure. In particular, compared to OP1 and OP1" that showed partial recovery
of the collagen structure, the effect was much more evident in OColl1 with a CD
spectrum practically indistinguishable from the initial one. This is due to the
presence of the PfC trimerization domain in the OColl structure that aids the

triple helix to form (Ghosh et al., 2012a).
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Figure 40 CD spectra at 4°C (black line), 70°C (red line) and 4°C after denaturation (green
dashed line) for OP1, OP1* and OColl. The vertical axis measures mean residue ellipticity 0

in degrees cm2 dmol—1. CD data were collected between 190 and 260 nm.

In order to assess thermal stability of the collagen peptides, denaturation of the
collagen triple helix was monitored at 220 nm as a function of continuously
increasing temperature, from 4°C to 70°C. The thermal curve showed a single
transition, which typically corresponds to the decrease of ellipticity at 220 nm
and loss of collagen triple helical structure (Figure 41). Both OP1 and OP1"

showed a transition from trimer to monomer at ~ 37°C and ~ 27 °C, respectively.

Less thermal stability was already expected due to OP1™ not presenting the
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hydroxyproline in the structure. In fact, it has been demonstrated that the presence
of hydroxyproline helps stabilise the collagen triple helical structure (Jenkins et
al., 2003; Brinckmann, 2005; Bella, 2016). As for OCol1, thermal denaturation
showed a single, sharp transition that occurred at ~ 56 °C. As described above,

the higher thermal stability is caused by the presence of the PfC trimerization

domain (Ghosh et al., 2012a).
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Figure 41 Thermal denaturation of the OP1, OP1* and OCol, monitored by CD at 220 nm as a

function of increasing temperature between 4°C and 70°C, with a protein concentration of 0.5 mg/ml
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4.3.2 Analysis of Binding Interactions
SPR was used to determine the binding affinity between OP1 and OP1"and FC-

OSCAR chimeric receptor. To establish affinity of this interaction, kinetic
analysis of immobilised OSCAR FC-receptor with OP1 and OP1* as analytes
was performed. The Langmuir 1:1 model was used to perform the Kinetic
analysis. The Langmuir 1:1 model is based on a simple interaction between ligand
and analyte where a 1:1 molar complex is formed at equilibrium i.e. A+B«<—AB
as determined by the association (ka) and dissociation (kd) rate-constants. The

overall affinity constant (KD) is given by KD= kd/ka (Jonsson et al., 1991).
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Figure 42 shows the sensograms from the OSCAR: OP1 interaction illustrating

the relative response shown (red line) with experimental curve-fitting (black line).
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Figure 42 SPR multi-cycle kinetic analysis of OSCAR-OP1 interaction. OSCAR was
immobilised onto a CM5 sensor chip surface and OP1s was flowed over the surface in assay
running buffer of 10 mM PBS, 150 mM NaCl, 0.05% Tween20, pH 7.4.at a concentration
series 5000 — 0 nM . Sensograms were analysed using the Langmuir 1:1 model and relative
responses shown (red) with theoretical fit (black) overlaid. Experiments were performed in

duplicate and sensograms presented representative of data obtained.

As shown from the association and dissociation phases the OP1 showed a
progressive binding phase to the receptor with a slow release at all the
concentrations tested. From the Langmuir 1:1 analysis the affinity constant (Kp)
was determined as 2.63 pM, suggesting that OP is a high affinity binding partner
for OSCAR Fc-receptor. On the other hand, OP1™ sensograms (Figure 43A)
showed that both association and dissociation phases occurred very quickly. For
this reason, a weak interaction was assumed for that between OSCAR and OP1*.

As such, steady state analysis (SSA) was used to measure the affinity, (Figure
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43B). From SSA, Kp was calculated to be 19.5 uM suggesting a much lower

affinity for the OSCAR receptor than OP1.
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Figure 43 SPR multi-cycle kinetic analysis of OSCAR-OP1* interaction. Panel A shows
sensograms of OSCAR-OP1*, analysed using the Langmuir 1:1 model and relative responses
shown (red) with theoretical fit (black). Panel B showed steady state analysis as a measure of

affinity vs OP1* concentration.

Based on these results, it is believed that hydroxyproline contributes to a more

stable OP and therefore a much higher affinity for the OSCAR FC-receptor.

4.3.3 OSCAR contributes to differentiation of Raw 264.7 cells
towards osteoclasts

In order to assess the involvement of OSCAR during osteoclastogenesis Raw
264.7 cells were cultured in presence of OP1 and OP1". OCol1 was not used for

this set of experiments as it contained the same binding motif of OP1".
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Figure 44 shows TRAP staining of Raw 264.7 cells after 5 days culture. As
expected, Raw 264.7 cells showed typical OCs features when cultured in the
presence of 100 ng/mL of hRANKL for both OP1 and OP1". In fact, cells were
larger in diameter than the counterpart treated with lower concentration of
hRANKL showing the presence of an actin ring surrounding more than 3 nuclei
(highlighted by the purple colour). In this case, the effect of the OPs could not be
seen due to the high concentration of hRANKL that masked any costimulatory
pathway.

100 ng/mL RANKL 10 ng/mL RANKL 1 ng/mL RANKL No RANKL
& nv,,O ».?; ~ T " '. - s i v
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Figure 44 TRAP straining of Raw 264.7 cells cultured for up to 5 days on OP1/OP1* coated
24-well plate. Different concentrations (0-100 ng/ml) of hRANKL were used.

However, when cultured with 10 ng/mL of hRANKL, although less change in
morphology was noticed, Raw 264.7 cells still showed differentiation to OCs. In
particular, the effect was more evident when cultured on OP1 with more cells

showing OC-like features compared to those cultured on OP1*. No differentiation
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effect was seen when Raw 264.7 cells were cultured with 1 ng/mL of hRANKL.
Additionally, OP1 and OP1" were not able to trigger any differentiation on their
own (no hRANKL added) as shown by the absence of TRAP staining (Figure
44).

Differentiation of OCs and presence of any costimulatory pathway was also

assessed by analysing typical OCs markers via qRT-PCR (Figure 45).
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Figure 45 Gene expression of TRAP and OSCAR relative to GAPDH by Raw 264.7 cells (n
= 3) after 24h and five (d5) days cultured on OP1 and OP1* with different concentration of
hRANKL (0-100 ng/ml). (Data shown as mean £ SD; *xxp < 0.001; **p < 0.05).

As expected, gene expression data confirmed OSCAR involvement during the
differentiation of Raw 264.7 cells. In fact, compared to day 1, the level of TRAP
expression was significantly higher for both OP1 and OP1" after 5 days when

cells were treated with 100 ng/mL of hRANKL. Similarly, OSCAR expression
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was also significantly higher compared to day 1, indicating that the cells were
potentially interacting with the OP1 and OP1" through OSCAR. A similar pattern
of expression was observed when the cells were treated with a lower
concentration of hRANKL (10 ng/ml). Indeed, although TRAP expression was
lower than the counterpart treated with a higher concentration of cytokine,
OSCAR gene expression was still significantly higher for both OP1 and OP1".
This suggests that not only were cells able to differentiate to OCs, as confirmed
by the TRAP expression but also that OSCAR was involved during the
differentiation. On the other hand, when cells were treated with a minimum dose
of hARANKL (0-1 ng/mL), both TRAP and OSCAR gene were either expressed at
lower amounts or that there was no significant change in gene expression.
Despite the differences in stability and binding affinity observed between OP1
and OP1*, both peptides showed a positive effect on the differentiation when used
as a substrate to culture of Raw 264.7 cells. In fact, the collagen equilibrium in
solution (as in SPR experiment) may not be the same as the collagen equilibrium
on TCPS and therefore the local saturation of OP1* in the well may still be able
to provide cell adhesion and therefore stimulate differentiation.

For this reason, Raw 264.7 cells were able to grow and differentiate to mature
OCs on both OP1 and OP1* when treated with a high concentration of hRANKL
(100 ng/ml). Similarly, differentiation of Raw 264.7 cells was still observed with

lower concentration of hRANKL, although the effect was much more evident on
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OPL1. In order to assess the effect of OSCAR as a costimulatory pathway for OCs
differentiation, 10 ng/mL of hARANKL was chosen as the concentration for further

as a higher concentration of protein may masks the effect of secondary pathways.

4.3.4 OSCAR-collagen peptide incorporation into Hap-decorated
Fmoc-RGD hydrogels

The same protocol described in Chapter 3 was used to incorporate OColl into the
newly developed Hap-decorated Fmoc-based self-assembling peptide hydrogels
described in Chapter 2. SDS-PAGE was used to check the successful
incorporation of OColl into hydrogels. Similar to that described in Chapter 3,
OCol1 was successfully incorporated within Fmoc-FF/S/RGD with and without
Hap, as shown from the protein appearing at the correct MW in the SDS-PAGE
gel. However, as illustrated in Figure 46, compared to the control lane, OColl
had a much darker bands when incorporated into the Hap-decorated Fmoc-
FF/S/IRGD than the Hap free hydrogels. Indeed, a lighter dark band appeared in
lane 11 for Fmoc-FF/S/RGD, indicating a lower incorporation of OColl.These
results suggest that the OColl incorporation was more efficient in the Hap-

decorated hydrogel than the naked Fmoc-FF/S/RGD.
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FF/S/RGD w/o Hap

Figure 46 OColl incorporation into Fmoc-FF/S/RGD with and without Hap. Panel A shows
SDS-PAGE of OColl incorporated into hydrogels. Lane composition (from left to right):
Molecular weight markers; 3, 4, 5 and 10, 11, 12 protein stock solution; protein incorporated
into the hydrogel; remaining protein into the well, respectively. Panel B, photograph of Fmoc-
FF/S/IRGD with and without Hap incorporating OColl.

Additionally, it was also noticed that Hap-decorated hydrogels that incorporated
OCol1 retained the structure better than the Hap-free hydrogels. In fact, as seen
in Figure 47, undecorated hydrogels lost his shape whilst the Hap-decorated

hydrogels maintained their structures.
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FF/S/RGD FF/S/RGD
w Hap w/o Hap

Figure 47 Fmoc-FF/S/RGD with and without Hap incorporating OCol1.
For this reason, due to the loss of shape and considering the remaining protein in
the well, it is plausible that Fmoc-FF/S/RGD without Hap is not able to retain

large amounts of protein and therefore the structure collapsed over time.

4.3.5 OSCAR-modified Hap-decorated hydrogels for OCs culture
and differentiation

In order to test the effect of OSCAR during the differentiation of Raw 264.7 cells
to mature OCs, Hap-decorated Fmoc-FF/S/RGD hydrogels, described in Chapter
2, were used as platform to culture cells. Based on the results described in these
chapters a few conditions were applied to this hydrogel platform:

1- Only Fmoc-FF/S/RGD hydrogels decorated with Hap were used as most
suitable scaffold to differentiate OCs as well as to successfully incorporate
OSCAR-collagen peptides/protein;

2- Hydrogels were modified with 100 pg/ml of OP1/OP1* and OColl,

respectively;
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3- A low dosage of hRANKL (10 ng/ml) was used to trigger OCs

differentiation and analyse OSCAR costimulatory effect;

Similar to that described in the Chapter 2, cells were cultured for up to 7 days and
OC-like features were assessed. Results are presented in comparison with the
“naked” Fmoc-FF/S/IRGD that incorporates Hap (called FF/S/IRGD for
simplicity), in order to assess whether the addition of OSCAR-collagen binding
peptides has a positive or detrimental effect on the differentiation of OCs.

As can be seen from the staining in Figure 48, Raw 264.7 cells showed OC-like
morphology with a prominent cytoplasm which is surrounded by an F-actin-rich
structure (actin ring). This area contains densely packed podosomes (Figure 48A)
that generates focal adhesion with the hydrogel matrix. This is a typical OC
feature as extensively described in literature (Lakkakorpi and VVaanénen, 1991;
Roscher et al., 2016). Moreover, the actin ring surrounded more than 3 nuclei in
all the formulation tested. As explained before, this is usually associated with the
morphology of mature OCs (Pierce, Lindskog and Hammarstrém, 1991; Boyle,
Simonet and Lacey, 2003).

Multinucleation was also assessed by counting number of nuclei/cell and depicted
as a violin plot. Figure 48B illustrates that, compared to the naked FF/S/RGD,
violin plots highlight a broader distribution of nuclei (between 3-5) in all the

combinations tested apart from those cultured on OP1*. However, of all the

184



OSCAR-modified hydrogels, only those incorporating OP1, produced a

significantly different distribution (ANOVA, non-parametric p<0.05).
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Figure 48 (A) Analysis of Raw 264.7 cells after seven days culture on FF/S/RGD and OSCAR-
collagen modified hydrogels (green: F-actin, Alexa Fluor 488 phalloidin; blue: Nuclei, Hoechst
33342; scale bars 20 um). (B) Analysis of multinucleation by a violin distribution plot (data
shown as number of nuclei per cell, N = 100). (C) Measurements of cell diameter (data shown
as mean £ SD, N = 43, *xp < 0.05). (D) Table summarising the mean diameter of the cells
cultured on the OSCAR modified hydrogels.

Of all the combination tested, only cells cultured on FF/S/RGD with OP1 showed
a statistically significant increase in diameter (Figure 48C). Raw 264.7 cells
cultured on OP1* showed a decreased diameter compared to unmodified

hydrogels (although not statistically significant).

Cells cultured here on different OSCAR-modified hydrogels showed typical

features of mature OCs. These results are in line to those described by Barrow et
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al where they showed that OPs were able to act as costimulatory pathway for OCs
differentiation (Barrow et al., 2011). Although all the collagen peptides tested
seemed to trigger the differentiation of Raw 264.7 cells, the effect was more
evident with OP1. However, these results are coherent to what was observed so
far in this chapter. In fact, OP1 has shown to interact more efficiently with
OSCAR (Figure 42) and to have a higher thermostability (Figure 41) due to the
presence of hydroxyproline in the OP1 sequence. For this reason, Raw 264.7
may have a stronger affinity for OP1 and therefore the differentiation effect (as
shown by OCs features in Figure 48) may be more evident (Berg and Prockop,
1973).

Furthermore, viability of Raw 264.7 cells cultured on the OSCAR modified
hydrogels was analysed via LIVE/Dead assay. Viability was assessed only at day
3 (day that supposedly the differentiation starts) and at end point (day 7).

As illustrated in Figure 49, at day 3, cells were mainly viable with a majority of
live cells over dead cells (green vs red). At day 7 of culture, a predominance of
live cells was still observed but, interestingly, similarly to what shown in Chapter
2, larger cells (indicated by white arrows) were visible throughout the fields of

View.
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OP1 OoP1*

Figure 49 Analysis of viability of Raw 264.7 cells cultured on OSCAR modified Fmoc-
FF/S/IRGD at day 3 and day 7 using a LIVE/DEAD assay (green: viable cells, calcein AM; red:

dead cells, ethidium homodimer-1).

According to this, OSCAR-modified hydrogels were able to maintain cell
viability of Raw 264.7 cells over time as well as support the differentiation in
vitro to mature OCs.

To confirm the gene expression of typical OCs markers as well as the
involvement of OSCAR during the osteoclastogenesis of Raw 264.7 cells
cultured on the OSCAR-modified hydrogels, qRT-PCR was used. Expression of
TRAP and OSCAR was analysed at day 3 and day 7.

As can be seen in Figure 50, TRAP expression was significantly higher (p <
0.001) at day 7 compared to day 3, when cells were cultured on OP1 and OColl.
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As for OP1*, although cells showed typical OC-like features, TRAP expression
at day 7 was not higher than day 3. On the other hand, OSCAR expression was
detected, and it was significantly higher for all of the modified hydrogels on day

7 compared to day 3.
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Figure 50 Gene expression of TRAP and OSCAR relative to GAPDH by Raw 264.7 cells (n
= 3) after day three (d3) and seven (d7) days cultured on OSCAR-modified hydrogels with
different concentration of 10ng/ml of hRANKL. (Data shown as mean £ SD; sxxp < 0.001;
x*p < 0.05).

According to these results, OP1 and OCol-1 incorporated within the Fmoc-
FF/S/IRGD hydrogel can efficiently bind OSCAR and therefore, after a minimal
stimulation with hRANKL (10 ng/ml), Raw 264.7 cells are fully committed to
OC, as shown by F-actin staining results and nuclei distribution (Figure 48A and
B). Due to the poorer/ reduced interaction with OP1* (as demonstrated by the
SPR results in Figure 43), it is reasonable to believe that the signalling pathway
Is somehow interrupted or becomes hindered when the protein is incorporated

into the hydrogels, and it is not free as seen in TCPS results (Figure 44). Taking
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into consideration the changes in Raw 264.7 cell morphology, the increase of
multinucleation, and the increase in expression of the OC-typical marker
TRAP/OSCAR it can be concluded that OP1 and OCol-1 have a positive effect

when incorporated into the Hap-decorated Fmoc-FF/S/RGD developed in

Chapter 2.
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4.4 Conclusion
In this chapter, OSCAR-binding collagen peptides have been combined to Fmoc-

FF/S/IRGD incorporating Hap to test the effect of collagen during the
osteoclastogenesis of OCs. In fact, it has been previously demonstrated that
collagen can bind OSCAR and act as a costimulatory receptor during the
differentiation of OCs in vitro (Kim et al., 2002; Barrow et al., 2011; Nedeva et
al., 2021). Collagen peptides, presenting the minimum OSCAR binding motif,
were designed and characterised in order to be used as potential ligand for this
receptor. The protocol described in the third chapter was used to combine OPs

with Fmoc-FF/S/RGD.

Here are presented the major finding of this chapter:

e CD characterisation of OP1, OP1* and OColl showed that all of the
collagen peptides tested presented collagen-like features showing triple
helix conformation as well as thermal stability (T 37°C, 27°C, 57°C for
OP1, OP1* and OCol1, respectively).

e OP1 and OCol1l were stable at RT with a much higher Tm for OColl due
to the protein being synthesised via recombinant techniques and presenting
the trimerization domain that helps with higher thermostability (Ghosh et
al., 2012a). The lower Tm observed for OP1* could be due to the absence

of hydroxyproline in the Col domain, as this has been proven to affect the
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overall stability of the collagen triple helix (Berg and Prockop, 1973;
Jenkins et al., 2003; Shoulders and Raines, 2009).

SPR results confirmed the higher affinity of OP1 for OSCAR. In fact, OP1
showed a higher binding affinity to OSCAR compared to OP1* (KD was
2.63 UM vs 19.5 uM).

Although presenting a lower affinity to OSCAR, OP1* still had a
costimulatory effect to Raw 264.7 cell differentiation when cultured on
TCPS. In fact, cells seeded on both peptides and treated with different dose
of hRANKL (0-100 ng/ml), showed OC-like features and both TRAP and
OSCAR expression were observed (as demonstrated by TRAP staining and
gPCR results).

Both OP1, OP1* and OCol1 were used to be incorporated within the Fmoc-
FF/S/IRGD modified with Hap. Incorporation was successful and showed
that the scaffold was able to incorporate OColl (as demonstrated by much
darker band in SDS-PAGE) as well as retain the hydrogel structure over
time.

When cultured on OPs-modified hydrogels, Raw 264.7 showed improved
OC-like features compared to the unmodified scaffolds.

OP1 and OColl showed a greater scaffold improvement (i.e. higher
nuclei/cell distribution, increased cell diameter...) although only OP1 was
statistically significant.
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e OPs were able to support the viability of Raw 264.7 over time. However,
only OP1 and OColl-modified hydrogels caused a significantly higher

expression of typical OC markers such as TRAP and OSCAR.

All of these results taken together confirms that the incorporation of OPs to
Fmoc-FF/S/IRGD SAPH did not have a detrimental effect to the Raw 264.7
but actually the addition of OSCAR-collagen binding peptides promoted an

enhanced differentiation of pre-OC towards mature OCs.
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Chapter 5 Conclusion and Future work

5.1 Summary and General Conclusions

Peptide-based hydrogels have proven to be an excellent tool to study cell-cell
interactions and cell differentiation (Worthington, Pochan and Langhans, 2015;
Caliari and Burdick, 2016; MacPherson et al., 2021). Due to their high content of
water, tuneable mechanical stiffness, and biocompatibility these biomaterials can
mimic the natural ECM offering a more appropriate scaffold to culture cells than
TCPS (Li et al., 2019). However, despite the promising results obtained with
peptide-based hydrogels, low mechanical strength, long-term stability, viability
issues are still challenges that need to be to overcome in order to obtain a suitable
scaffold for many TE applications. For these reasons, hydrogels are often
combined with nanoparticles (such as minerals) that serve as nanofillers, to
improve the overall properties of the scaffolds (e.g. enhanced mechanical
properties, improved cell adhesion and bioactivity) (Gaharwar, Peppas and

Khademhosseini, 2014).

The overall objective of this thesis was to develop new customised hydrogels to
culture and differentiate OCs. OCs are the cells responsible for bone resorption
and their activity is aberrant in several bone diseases (Teitelbaum, 2000b; Soysa
and Alles, 2016). At the same time, whilst the OBs activity has extensively been
explored and bone deposition activity is paramount when developing a new
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scaffold for BTE, the OCs activity, interaction with biomaterials as well as

effective way to culture and differentiate them are often overlooked.

For this reason, in the Chapter 2, the main goal was to develop a SAPH able to
successfully support OC precursor’ viability and differentiation to mature OCs.
Following that, the focus of Chapter 3 was to develop a protocol to successfully
incorporate collagen into these SAPH without affecting the “bulk” properties of
the resulting scaffolds, whilst providing cell binding motifs. Finally, in Chapter
4, the main results of the two previous chapters were combined to develop a
collagen-modified hydrogel nanocomposite that incorporated OSCAR-collagen
binding peptides to investigate the effect of a potential costimulatory pathway on

osteoclastogenesis.
From these studies, the following major findings were reported:

1- Hap nanoparticles were successfully incorporated into an Fmoc-based
RGD functionalised SAPH. Hydrogels were homogeneous with increased
mechanical properties compared to the undecorated hydrogels;

2- Hap nanoparticles can “decorate” the Fmoc-FF/S/RGD peptide fibres in a
repeated pattern;

3- This developed system resembles the typical OC-bone interface: OCs
interact with a biomineralised peptide surface in an active way through OC-

typical RGD-integrin binding (integrin avfs);
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Significantly, these Hap-decorated hydrogels support osteoclastogenesis in
vitro and do not require the presence of inducing factors such as RANKL
to generate mature OCs;

A new, quick and simple, yet effective protocol of incorporation of
collagen proteins into SAPH has been developed. This protocol does not
require any prior chemical modification of the proteins and/or the
hydrogels.

Incorporation of collagen is driven mainly by diffusion and does not affect
the “bulk” properties of the composite gels whilst still providing cell
binding motifs.

OSCAR-collagen binding peptides were successfully incorporated into the
Hap-decorated SAPH. OPs were shown to be able to bind OSCAR, to some
extent.

Of all the constructs tested, OP1-modified hydrogels provided a positive
effect on the differentiation of Raw 264.7 cells improving the overall OC-

like features of the cells.

5.2 Future work

The work described in this thesis provides the foundation for future lines of
research. However, a few questions remained unanswered. Future work would
focus on exploring the bone-resorbing activity of the OCs obtained using these

scaffolds. In fact, while TRAP staining and gene expression confirmed the actual
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differentiation of the Raw 264.7 cells, their ability to resorb bone has not been
assessed. A common way of demonstrating this is to culture cells on dentine discs
to assess their resorption activity (Marino et al., 2014). These could be embedded
in the Hap-decorated scaffolds and cells cultured on them should be able to resorb
the dentine discs, once differentiated. This would strengthen the findings of this
work suggesting that these scaffolds not only are able to differentiate OCs
precursors but that the differentiated cells are indeed functional.

Furthermore, the presence or absence of a ruffled borders should be investigated.
In fact, ruffled borders are widely recognised as OCs features as they are only
present when OCs are mature and grown on surface that recognise as degradable
(e.g. on bone, but not on plastic or glass) (Stenbeck, 2002). Unfortunately,
presence of ruffled borders could not be detected just with an F-actin staining (as
performed throughout this work) as the ruffled border is located “under” the OC,
between the cell and the underlying mineralised surface. However this could be
investigated via Transmission Electron Microscopy (TEM) on slices of hydrogels
on which cells are grown (Holtrop and King, 1977). This could confirm the
presence of mature bone-resorbing OCs as they can sense the presence of a
biomineralised surface that can be resorbed.

Furthermore, these results could be validated using PBMCs. In fact, testing these
hydrogels with primary cells, would provide more physiological (and therefore

relevant to the in vivo environment) effect.
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The work could be also broadened by developing a co-culture system with OBs.
In fact, one of the advantages of these Fmoc-hydrogels is that they can be shaped
into different settings. Therefore, by using ThinCert well inserts pre-OCs could
be seeded on Hap-decorated hydrogels in the upper part of the insert the while
OB, sitting at the bottom of the multiwell, would provide the right amount of
hRANKL. This would provide several advantages: 1) more reliable mechanism
of differentiation as closely mimic the bone microenvironments where OB are
releasing hRANKL,; 2) interplay between OCs and OBs could be investigated by
using this type of settings.

Moreover, recent advantages in immunology provide the opportunity to develop
mAD that targets specific antigens (e.g. antibody drug-conjugates, nanobodies...)
(Chau, Steeg and Figg, 2019). These can be incorporated within these scaffolds
and by providing a slow, controlled released they could affect the differentiation
of OCs by blocking the RANKL/RANK pathway, for instance. By doing so, this
system could be used to develop more efficient pharmacological treatments to
tackle excessive bone degradation, as it occurs in osteoporosis, osteoarthritis, and
cancers (Aderibigbe, 2017).

Finally, this improved system could be useful for BTE application, to some
extent. In fact, hydrogels could be implanted at the defect site by using minimally

invasive surgery and provide support for both OBs and OCs to enable the
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interactive process of bone remodelling, ensuring scaffold resorption and new

bone formation at the same time.
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