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Abstract

Organic-inorganic hybrid biomaterials stand as a promise for combining bone bonding and
bone mineral-forming ability, stimulation of osteogenic cells and adequate mechanical
properties. Bioactive glass (BG) — polycaprolactone (PCL) hybrids are of special interest as
they gather the ability of BG to enhance osteoblast-mediated bone formation with the slow
degradation rate and the toughness of PCL. In this study, BG-PCL hybrids were synthesized
in the form of scaffold owing a dual cortical/trabecular structure mimicking the bone
architecture. Their biological potential was evaluated both in vitro using rat primary
osteoblasts (RPO) and in vivo in a mice model of critical-size calvarial defects. BG-PCL were
compared to Lubboc™ (BTB), a commercial purified bovine xenograft widely used in
orthopedics and periodontal procedures and known for its efficiency. BG-PCL hybrids were
found to facilitate RPO adhesion at their surface and to enhance RPO differentiation when
compared to BTB. In vivo micro-CT study demonstrates a higher bone ingrowth with BG-

PCL scaffolds and a complete chemical conversion of remaining BG-PCL after 3 months
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implantation, while histological data show the vascularization of BG-PCL scaffolds and
confirm the well-advanced bone regeneration with ongoing remodeling. Finally, we evidence

the complete chemical conversion of remaining BG-PCL into a bone-like mineral.

Keywords: Bioactive glass; Polycaprolactone; Hybrid; Scaffold; Synthetic
bone substitute; Bone regeneration



1. Introduction

The search for a synthetic bone substitute able to perform as well as autologous bone grafts is
a constant concern in bone tissue engineering. In this light, bioactive glasses (BG) have
attracted ever growing attention due to their biological properties such as bone bonding,’
osteogenic stimulation,?® pro-angiogenic and antibacterial properties.*® However, the clinical
use of BG has been limited so far by several factors including the poor variety of shapes for
the implanted material and their inherent brittleness (both being associated). BG can be
synthesized into macroporous structures required for guiding the bone regeneration in case of
major trauma and large bone defects, but the resulting BG scaffolds suffer from brittleness
and may collapse under physiological cyclic loading due to their poor resistance to crack
propagation.” In order to improve the toughness and resilience of the material, BG particles
can be dispersed in a bioresorbable polymer matrix to produce osteogenic BG-polymer
composites. However, it is very difficult to control the exposure of BG particles to the
external environment at the surface of the polymer and thereby to control the bioactive and
osteogenic properties of the composite 8. To address those limitations, organic-inorganic
hybrids associating BG and polymers have been developed. In these hybrids, chains of BG
nanoparticles (2-4 nm) produced by sol-gel chemistry may entangle with polymer chains {ref:
revue Jones}. The organic and inorganic networks can be interpenetrated at the molecular
level, which results in uniform properties above the nanoscale °. Other key advantages of
hybrids are their tailorable degradation rate and mechanical properties {ref: Zhao et al. A
highly bioactive and biodegradable poly(glycerol sebacate)-silica glass hybrid elastomer
with tailored mechanical properties for bone tissue regeneration, Kascholke et al.
Biodegradable and adjustable sol-gel glass based hybrid scaffolds from multi-armed
oligomeric building blocks, Mondal et al. Porous and biodegradable polycaprolactone-

borophosphosilicate hybrid scaffolds for osteoblast infiltration and stem cell differentiation}



and the possibility to incorporate organic and inorganic species that present a therapeutic
effect, e.g. osteogenic, angiogenic or antibacterial {ref: Granel et al.}. So far, the development
of bioactive hybrids has been hindered by the complexity of their synthesis, which relies on
the sol-gel process. Indeed, the use of a polymer at the early stage of the sol-gel process
forbids the use of thermal treatments, which are commonly employed for the incorporation of
calcium ions into the BG silicate network.'® Calcium plays a major role in the bioactivity of
BG and it is involved in osteoblasts proliferation and differentiation.! The difficulties arising
from the synthesis of calcium-containing hybrids might explain why in the literature, studies
mainly focus on pure silica-based hybrids that possess a limited apatite-forming ability {ref:
Hendrikx et al. Indirect rapid prototyping of sol-gel hybrid glass scaffolds for bone
regeneration — Effects of organic crosslinker valence, content and molecular weight on
mechanical properties, Sang et al. Hybrids of silica/poly(caprolactone coglycidoxypropyl
trimethoxysilane) as biomaterials, Tallia et al. Bouncing and 3D printable hybrids with self-
healing properties}, or focus on other potentially bioactive systems such as
borophosphosilicate glass-polymer hybrids {ref: Mondal et al. Bioactive borophosphosilicate-
polycaprolactone hybrid biomaterials via a non-aqueous sol gel process, Mondal et al.
Mechanically-competent and cytocompatible polycaprolactone-borophosphosilicate hybrid
biomaterials}, or involve the use of calcium salt precursors {ref: Rhee et al. Bone-like apatite-
forming ability and mechanical properties of PCL/silica hybrid as a function of PCL content,
Allo et al. Hydroxyapatite formation on sol-gel derived polycaprolactone/bioactive glass
hybrid biomaterials, Ding et al. Electrospun polyhydroxybutyrate/poly(e-caprolactone)/58S
sol—gel bioactive glass hybrid scaffolds with highly improved osteogenic potential for bone
tissue engineering} that are known to induce heterogeneous calcium distribution in the
material {ref: Lin et al. Nanostructure evolution and calcium distribution in sol-gel derived

bioactive glass, Yu et al. Effect of calcium source on structure and properties of sol-gel



derived bioactive glasses}. Some BG-polymer hybrids with well-incorporated calcium have

1213 or fiber'* materials. In a work

been successfully synthetized but under the form of dense
from Lao et al., BG (SiO,-CaO)-gelatin hybrid scaffolds were fabricated at room temperature
with a homogeneous incorporation of calcium thanks to the use of calcium ethoxide
precursor.”®> With a similar process, Bossard et al. recently produced BG (SiO,-CaO)-
polycaprolactone (PCL) hybrid scaffolds '® that proved to degrade at a more adequate rate
with regard to bone regeneration. To our knowledge, these BG-polymer hybrids are the first
to exhibit both a well-interconnected macroporous structure and homogeneous calcium
incorporation in the silicate network. Interestingly, calcium incorporation resulted in an
extended apatite-forming ability with the entire hybrid material being massively changed into

bone-like minerals (while apatite formation is traditionally limited to a thin surface layer — a

few pm thick — with BG™").

Versatility is a key advantage of the BG hybrids synthesis process we have developed. It
allows the development of complex structures mimicking the bone architecture. We have
recently succeeded in obtaining dual structures associating highly porous trabecular-like
regions to dense cortical-like regions. Such a dual structure may be of particular interest in
maxillofacial surgery applications where bone regeneration needs to be prevented from
connective and epithelial soft tissues. Currently, resorbable or non-resorbable synthetic
membranes are used to play the physical role of barrier and/or to limit the resorption of the
bone graft. Non-resorbable membranes like PTFE need to be fixed with screws and therefore
require a second intervention to remove them. On the other hand, resorbable membranes (for
instance collagen-based membranes) reduce postoperative complications, but still require to
be supported by a bone-filling material.® In contrast, a single implant with a dual porous /
dense structure has the major advantage of displaying full physical and chemical continuity

between the porous part, intended to receive bone ingrowth, and the dense part, acting as a



barrier. Moreover, in orthopedics the thickness required for the dense part of the implant can
be substantial, up to several millimeters. Currently, only autografts or allografts can match
these criteria since they are the only sources of mixed trabecular/cortical bones with
sufficiently thick cortical parts. Hence, the development of synthetic scaffolds owing a mixed

architecture would open interesting perspectives.

As a consequence, we investigated in this work the biological relevance of BG-PCL hybrid
scaffolds through a thorough in vitro study and of hybrid scaffolds owing a dual
cortical/trabecular structure through an in vivo study in a critical-size mouse calvarial defect
model. The biological properties of BG-PCL hybrids are compared to a commercial standard
known for its biological performance, namely a purified bovine trabecular bone (BTB)
consisting of bone mineral with residual collagen used in orthopedics and periodontal surgery
procedures. The physicochemical properties of BG-PCL hybrid scaffolds were assessed in a
previous study {ref. Bossard et al.}. The scaffolds possess a total porosity of 69 + 1%
(including a close porosity of barely 0.1%) with pores ranging from 300 to 500 um and
interconnections ranging from 150 to 200 um, they present a non-fragile behavior and are
highly flexible with an elastic modulus of 0.49 = 0.03 MPa and yield strength of 0.036 +
0.003 MPa, and they degrade slowly with a 13.2% weight loss after 8 weeks of soaking in

Simulated Body Fluid.

2. Material and methods

2.1. Synthesis of BG-PCL hybrid scaffolds

Hybrid scaffolds composed of 30 wt.% BG — 70 wt.% PCL were fabricated at room
temperature using the sol-gel process previously developed by Bossard et al.*® Briefly,

tetraethyl orthosilicate (TEOS) (99% purity, Aldrich) is hydrolyzed for 30 min in ethanol



(absolute, Aldrich) by adding an HCI solution (2 M, Aldrich) (molar ratio ethanol : H,O :
TEOS : HCI =3.7 : 2:1:0.07). Calcium ethoxide (95% purity, Gelest) diluted in the same
volume of ethanol is then added to the solution to reach a BG composition of 75 wt.% SiO, —
25 wt.% CaO and the obtained sol is left for condensation. PCL (M, = 80000 g.mol™,
Aldrich) is dissolved in tetrahydrofuran (18.2 w/v %) and then mixed with the inorganic sol
right before its gelation. The resultant hybrid solution is left for 1 hour for homogenization
and further condensation. Afterwards, scaffolds are produced using a porogen leaching
method. First, paraffin microspheres are made-up by emulsifying paraffin in hot water as
described by Ma et al.*® Microspheres of 400-600 pum are then selected by sieving, stacked
into polyethylene molds and heated 60 min at 40°C to partially fuse them. The hybrid solution
is infiltrated into the template by centrifugation (6000 rpm) and left for gelation (72h).
Finally, the material is immersed in three consecutive 24 h cyclohexane baths to remove the
porogen (a macroporous structure is therefore obtained) and rinsed in absolute ethanol for 24
h. The obtained scaffolds are naturally surrounded by a dense layer of hybrid material, and its
thickness can be further increased by increasing the volume ratio of hybrid solution/stack of
microsphere (i.e. the amount of supernatant hybrid solution above the stack of porogen

microspheres). Here a 3 um dense layer was generated at the bottom of the scaffolds.

2.2. In vitro study

2.2.1. Isolation and culture of osteoblastic cells

Rat primary osteoblastic (RPO) cells were enzymatically isolated from explant obtained from
fetal Wistar rat calvaria as previously described.?®?? Briefly, bone pieces were digested
sequentially in a solution of a-MEM, penicillin/streptomycin (p/s, 1%), collagenase IA
(0.1%), dispase Il (0.2%) at 37°C and incubated 15 minutes 4 times at 37°C. The obtained rat

calvaria cells were pooled and plated together in a 225 cm? tissue culture dishes at a density of



10,000 cells/cm?. Cells were cultured until confluency in a-MEM medium supplemented with
10% fetal bovine serum (FBS) and 1% p/s in controlled atmosphere (5% CO, / 95% air, 90%
hygrometry and 37°C). Then, cells were collected and frozen in 20% FBS, 7% dimethyl

sulfoxide, 73% o-MEM for further use.

For cultures of RPO inside fully cortical BG-PCL scaffolds (diameter: 10 mm; height 2 mm),
on pure PCL and BG-PCL disks (obtained by flattening scaffolds) and on human cortical
bone slice (OST Développement), the materials were slightly glued to the bottom of the
culture surfaces in 12-well-plates. Wells were then filled with 2 ml of a-MEM medium each
and placed in a vacuum chamber for 72h to remove air bubbles trapped in the scaffold pores
and to avoid exposing the cells to the burst of ionic dissolution products observed just after

the soaking of bioactive glass scaffolds according to Radin et al.?®

RPO were then added drop-wise on the material to reach 100,000 cells/material. Seeded
materials were left 40 minutes at 37°C (5% CO, and 90% hygrometry) to allow cell adhesion.
Wells were then carefully completed up to 2 mL with a-MEM supplemented with 10% FBS
and 1% p/s. Cells cultured inside scaffolds were conducted under orbital agitation while no
agitation was required for cells cultured on disks and human cortical bone. This 3D context of
culture requires dynamic conditions. Indeed, a gradient of oxygen is observed inside scaffolds
under static culture conditions that leads to a poor cell adhesion and survival at the center of
the scaffolds.?* An optimal orbital speed of 10 rpm with a 12° slot was selected according to
Perez et al. who demonstrated better cell adhesion with low agitation speed. ?° The culture

media were changed every two days.

2.2.2. Dissolution profile

After 72h period under vacuum, the media soaking materials was renewed (preconditioning

step). Media were then collected and replaced every two days for a total period of 14 days of



culture at 37°C / 5% CO, and 90% hygrometry. The collected media were 0.2 um filtered and

the Ca, P and Si concentrations were determined by ICP-AES.

2.2.3. Cell viability assay

RPO were seeded on the surface of 12-well plates at a density of 10,000 cells/cm2 and
cultured for a total period of 7 days. To investigate dissolution product impact on cell
behavior, materials were placed in cell culture inserts equipped with a membrane with a pore
size of 8 um (Falcon) and the inserts were positioned in the well plates. The cell viability was
determined by an XTT based method, using the Cell Viability/Proliferation Kit Il (Sigma-
Aldrich) according to the supplier recommendations. The optical density (OD) was

determined at 450 nm.

2.2.4. Fluorescent labelling

Cells were cultured 7 days inside BG-PCL scaffolds and BTB. Cells were labelled using a
CyQUANT NF Proliferation assay kit (Invitrogen) according to the supplier

recommendations and imaged by fluorescence microscopy (ZEISS Observer apotome).

2.2.5. Scanning electron microscopy (SEM)

Cells were cultured overnight either inside BG-PCL scaffolds or BTB, or at the surface of
PCL or BG-PCL disks or cortical bone slices. Samples were fixed for one hour using a
solution composed of glutaraldehyde (3 %) and sodium cacodylate buffer (0.2 m, pH 7.4) and
then rinsed in cacodylate buffer three times for 10 min each. Afterwards, samples were
dehydrated using three consecutive baths of 70, 95 and 100% ethanol for 10 min each.
Finally, samples were treated in hexamethyldisilazan baths (HMDS, Delta Microscopies),
dried overnight, coated using a sputter coater equipped with a gold target (Jeol JFC-1300) and

observed by SEM operating at 5 keV (Jeol 6060-LV).



2.2.6. Immunoassay

Cells were cultured 7 or 14 days inside BG-PCL scaffolds and BTB. Cells were then lysed in
a Nonidet P40 (NP40) lysis buffer [50 mMm Tris, pH 7.4; 250 mm EDTA; 1% NP40; PMSF
1mmMm; protease inhibitor cocktail (Sigma Cat. # P-2714)] and subjected to western blot
analysis. Equivalent amounts of total proteins were loaded and resolved on a 4-12% Bis-Tris
gel (Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). Primary antibodies
[Runx2, FAK, phospho-FAK (Y397), GAPDH (Cell signaling technologies)] were used,
tagged with a secondary HRP-linked antibody (Cell signaling technology) and revealed by
chemiluminescence using ECL reagent (Merck). Relative quantifications were performed

with the ImageJ software.

2.2.7. Alkaline phosphatase activity assay

Cells were cultured inside BG-PCL scaffolds and BTB. Enzymatic alkaline phosphatase
(ALP) activity was measured after 0, 7 and 14 days of culture. Afterwards, cells were washed
three times with ice-cold PBS and cell lysates were prepared using NP40 lysis buffer. Cell
lysates were incubated in assay buffer [40 mm p-nitrophenyl phosphate (Sigma Aldrich),
alkaline assay buffer (Abcam)] and the production of p-nitrophenol was determined at 405 nm
at 37°C and expressed as the mean OD per minutes. Results were normalized with respect to

the GAPDH expression obtained by immunoassay.

2.3. In vivo study

2.3.1. Ethical and animal management

All experiments in this study were performed with a protocol approved by the Animal Care
Committee of the University Paris Descartes (project agreement 17-093, APAFIS

N°2018031514511875). Animals were maintained according to the guidelines for ethical
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conduct developed by the European Communities Council Directive (animal breeding
agreement C92-049-01). All efforts were made to minimize their pain or discomfort. C57bl6
mice were purchased from Janvier Labs (Le Genest Saint Isle, France). They were housed at
22 £ 2 °C with a 12 h dark/light cycle, and had ad libitum access to water and food in the
animal facility of the Department of Orofacial pathologies, imagery and biotherapies of

Descartes University, Montrouge, France.

2.3.2. Surgical implantation, experimental procedure and sampling

As described previously,?® C57bl6 mice (12-weeks-old, ~30 g) were anesthetized by
intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg), both from
Centravet Alfort, Maisons-Alfort, France. Scalp skin was incised, and the periosteum was
discard to visualize the skull. A 3.5 mm diameter calvarial critical-sized defect was created on
each side of the parietal bone using a Tissue punch (from Praxis I’Instrumentiste, France)
attached to a slow-speed hand piece operating at 1,500 rpm, under irrigation with sterile saline
solution. Special care was taken for the sagittal suture preservation, and minimal invasion of
the dura mater. After gently removing the circular bone plug, the defects were filled with BG-
PCL scaffolds or BTB. Dimensions of the cylindrical implants were 3.5 mm diameter and 1
mm height (n=8). For each animal, the same type of material was implanted in both defects.
BG-PCL scaffolds were placed in order their cortical part faced the meninges. Defects created
in the skulls of 6 additional mice were left empty as negative controls (“Sham” surgery) for
the critical-size defect. Wound closure was achieved by skin suturing using absorbable sutures
(Vicryl Rapid 4.0, Ethicon, Johnson & Johnson). Immediate post-operative care was
conducted by analgesia with buprenorphine (0.02 mg/kg b.w.). After surgery, the animals
were housed individually under constant observation. No lethality was detected during the

surgery nor the post-operative period. Wound healing progressed without any sign of
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infection, material exposure or other complication. Body weights were examined regularly to
ensure proper feeding before and after surgery. At days 0, 30, 60 and 90 post-surgery, the
skull of animals were imaged by X-ray microcomputed tomography (micro-CT) as described
below. All animals were euthanized at day 90 and their calvaria were excised. Samples were
fixed in 70% v/v ethanol (24 h at 4 °C), dehydrated in graded ethanol solutions, and
embedded at -20 °C in methyl methacrylate resin (Merck) without decalcification. Resin
embedded calvarial bone samples were cut (5 mm thick) using a Jung Polycut E microtome
(Leica) with hard tissue blades (Leica). After immersion in a drop of 50% v/v ethanol,
sections were stretched to a fold-free state on gelatin-coated glass slides (Menzel-Glé&ser), or
on plexiglass slides for PIXE imaging, covered with a polyethylene sheet, and tightly pressed
on the glass or plexiglass slides, followed by overnight drying at room temperature.
Deplastification was carried out in 2-methoxyethyl acetate (Carlo Erba) three times for 20
min. Rehydration of the sections was performed in graded ethanol solutions for subsequent

procedures.

2.3.3. Micro-CT

Mice were anesthetized (isoflurane, induction at 3-4% under airflow of 0.8-1.5 L/min; 1.5-2%
under 400-800 ml/min thereafter) at baseline, day 30, day 60 and day 90, and they were
analysed using an X-ray micro-CT device (Quantum FX Caliper, Life Sciences, Perkin Elmer,
Waltham, MA) hosted by the PIV Platform, EA2496, Montrouge, France. The X-ray source
was set at 90 kV and 160 pA. Tridimensional images were acquired with an isotropic voxel
size of 20 um. An internal density phantom, calibrated in mg of hydroxyapatite, was used to
scale bone density. Full 3D high-resolution raw data are obtained by rotating both the X-ray
source and the flat panel detector 360° around the sample (scanning time of 3 min).

Tridimensional rendering were subsequently extracted from Dicom data frames using the
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open-source OsiriX imaging software (v5.7.1, distributed under LGPL license, Dr A. Rosset,
Geneva, Switzerland). Quantification of the regenerated bone inside each defect was done
using CTscan Analyzer software (Skyscan, release 1.13.5.1, Kontich, Belgium). A global
volume of interest (VOI) was drawn by interpolating 2D region of interests on consecutive
sections to isolate the initial defect area. The obtained interpolated VOI comprised only the
remodeled bone defect area. A global thresholding was determined interactively for bone
selection and to eliminate background noise. ‘‘“New tissue” volumetric fractions were

expressed relatively to the total volume of the initial defect.

2.3.4. Histological examination of samples

Deplastified hemicalvarial bone sample sections (5 mm thick) were sequentially cleared in
water and stained with Von Kossa staining, Alizarine red, or processed for alkaline
phosphatase (ALP) enzymohistochemistry and for tartrate-resistant acid phosphatase (TRAP)
revelation. Von Kossa staining was used to visualize calcified tissues. A modified Goldner-
Masson trichrome (Hematoxylin, Orange G, Ponceau Fushin, light green) was used to
visualize collagen fibres, osteoid tissue and bone cells. In order to visualize osteoclast
activity, TRAP was stained by using hexazotized pararosanilin (Sigma) and naphtol ASTR
phosphate (Sigma, St Louis, MO); non-osteoclastic acid phosphatase was inhibited by adding
100 mm L(+)-tartric acid (Sigma, St Louis, MO) to the substrate solution. For
immunohistochemistry, bone sections were rehydrated and blocked with 5% bovine serum
albumin/PBS. Sections were incubated 12h at 4°C with rabbit anti-human OPN antibody (LF-
175) and rat anti-EM antibody (santa cruz sc-65495) diluted at 0.5% in 5% bovine serum
albumin/PBS. Sections were incubated with peroxidase-conjugated anti-IgG diluted at 1%
(Dako) in 5% bovine serum albumin/PBS. Peroxidase activity was detected using a diamino-
benzadine substrate kit (sigma D4293) followed by hematoxylin (vector) counterstaining.
Control incubation to assess non-specific staining consisted in applying the same procedure
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except that the primary antibody was substituted by nonimmune serum (control incubation
were negative). Image acquisition was performed with the Leica software (LAS version 4.4)

using a DMLB Leica microscope equipped with a camera (DFC425 Leica).

2.4. PIXE chemical imaging

Particle-Induced X-ray Emission (PIXE) nuclear microprobe allows studying the distribution
of chemical elements down to the ppm level with a sub-micron resolution. BG-PCL scaffolds
were embedded in Agar resin and cut into slices of about 150 um thickness with a low speed
diamond saw. PIXE quantitative chemical imaging was also conducted on 7.5 um thick
histological sections glued on plexiglass slides, focusing on the implant/bone interface. PIXE
was carried out at the AIFIRA platform at the Centre d’Etudes Nucléaires de Bordeaux-
Gradignan (CENBG, France) using a 3 MeV incident proton beam (beam diameter of 1 pum).
An 80 mm? Si (Li) detector equipped with a 12 pm-thick beryllium window and an
aluminium funny filter (a filter with a 2 mm hole drilled at its center) was used for X-ray
detection and was orientated at 135° with respect to the incident beam axis. Concentrations in
Ca, P and Si were determined from the recorded X-ray spectra using the Gupixwin software
after calibration against the NIST 620 (soda-lime glass) standard reference material. The local
mass thicknesses required for proper conversion of X-ray intensities into elemental
concentrations were deduced from the Rutherford Backscattering Spectrometry (RBS) which
was carried out simultaneously to PIXE using a 50 mm? PIPS detector (100 um thick)
orientated at 135° with respect to beam axis and placed at 19.8 mm from the sample surface.

RBS spectra were treated using the SIMNRA code.

2.5. Statistics

Results in each group were expressed as the mean value + standard deviation (SD).

14



For in vitro assay, variables were compared by analysis of variance (ANOVA) followed by
two-by-two comparison performed with Tukey’s HSD tests (ExcelStat Pro software —

Microsoft office 2007). Statistical significance was set at p<0.05.

For the quantification of bone regeneration in mouse calvaria, variables were compared using
one-way analysis of variance (ANOVA) followed with two-by-two comparisons performed
with paired T-test of Student when they passed the Fisher F equal variance and Shapiro-Wilk
normality tests. Otherwise, they were performed using Kruskal-Wallis ANOVA on the ranks
followed with two-by-two comparisons performed with the U test of Mann and Whitney.

Statistical significance was set at p<0.05.
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3. Results

3.1. BG-PCL scaffolds architecture

BG-PCL scaffolds were characterized both at a macro and microscopic scale. The BG-PCL
scaffolds used for implantation in mice calvarial defects show a cylindrical shape with 3.5
mm diameter and 1 mm height (Figure. 1A) and present a 3 um dense layer on one side
(Figure. 1B and Figure. 1C). This association of trabecular and cortical structures tends to
mimic the skull bone tissue architecture. Here the cortical layer is intended to face the brain,
in order to act as a protective layer for the meninges and to prevent the colonization of the
scaffold by connective tissues. Cross-sectional views of the scaffolds show their well
interconnected porosity of 69 + 1%, with pore diameters and interconnections encompassing
250 — 500 um and 150 — 200 pm respectively.’® (Figure. 1D). PIXE chemical mapping

demonstrates the homogeneous distribution of Si and Ca within the hybrid (Figure. 1E).

The BG-PCL scaffolds used for the in vitro tests present the same cylindrical shape with a
diameter of 10 mm and a height of 2 mm and the same porosity characteristics but without the

cortical part which is not necessary in vitro.
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Figure 1. BG-PCL scaffolds with dual cortical/trabecular architecture. A) Global view, B)
magnified SEM observation of a cross-section at the top of the scaffold, C) magnified SEM
view on the dense/cortical region of the scaffold, D) SEM observation of the macroporous

structure, E) PIXE chemical mapping of silicon and calcium.

3.2. Scaffolds dissolution products preserve cells viability

BG-PCL dissolution profile in the culture medium was measured by ICP-AES every two days
for a total period of 14 days. BG-PCL scaffolds were first preconditioned in the culture
medium for 3 days (data not shown), which lead to a rise of Si (from 0 pg/ml to 55 pg/ml)
and Ca (from 50 pg/ml to 85 pg/ml) concentrations in the medium as BG dissolves, and to a
decrease of P concentration (from 27 pg/ml to 14 pg/ml). After preconditioning, Si
concentration remained stable (approximately 50 pg/ml) for each time (Figure. 2A) and Ca

and P were consistently consumed after renewing the medium with a slight decrease in
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concentrations (Ca: from 50 to 40 pg/ml and P: from 27 to 22 pg/ml), supporting apatite
precipitation and bioactivity of BG-PCL.* In order to characterize the impact of these
concentration modulations following BG-PCL incubation, the cell viability of RPO was
assessed using a XTT-based assay (Figure. 2B). Preconditioned BG-PCL was compared to a
commercial bovine xenograft (BTB) and to the native control medium (baseline ion
concentration) and the materials were not in contact with cells (indirect culture). After 7 days
of culture, the cell viability was similar in the three conditions. The absence of significant
difference discloses the absence of adverse effects of BG-PCL dissolution products on cell

growth and proliferation.
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Figure 2. A) Evaluation of BG-PCL dissolution products by ICP-AES. Concentrations in Si,
Ca and P were measured in the collected media after their interaction with preconditioned
BG-PCL and compared to the original culture medium (t=0). B) RPO viability after 7 days of
culture in the presence of preconditioned PCL-BG or BTB dissolution products compared

with untreated cells (Ctrl).
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3.3. BG-PCL hybrid scaffolds favor cell adhesion and spreading

The behavior of RPO on pure PCL disks, BG-PCL disks, and human cortical bone slices was
investigated. SEM pictures show a poor adhesion of cells at the surface of pure PCL disks
with a few small round cells that does not correspond to normal osteoblast phenotype (Figure.
3A). In contrast, cells seeded on human cortical bone (Figure. 3B) and BG-PCL disks
(Figure. 3C) cover the whole surface of the materials and exhibit spindle shapes and
connected filopodia, thus demonstrating appropriate cell adhesion. Cells appear to spread
even more at the surface of BG-PCL compared to human cortical bone. Cell adhesion was
further investigated on BG-PCL scaffolds: similar cell shapes are observed (Figures. 3D, 3E
and 3F) with a homogeneous distribution as evidenced by fluorescent imaging (Figure. 3F),

showing the uniform repartition of nuclei at the surface of the scaffold walls.

Figure 3. Representative SEM images of RPO cultured on A) PCL disks, B) human cortical

bone, C) BG-PCL disks and D-E) inside BG-PCL scaffolds. F) Distribution of RPO inside

BG-PCL scaffolds as observed by fluorescence microscopy.
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To further investigate cell adhesion mechanisms on BG-PCL, we examined the
phosphorylation of the focal adhesion kinase protein on its tyrosine 397 (pFAK) which is
characteristic of the cellular adhesion process. pFAK proteins were detected from RPO
cultivated 12 hours in BTB and BG-PCL scaffolds (n=6) (Figure. 4A) supporting the
establishment of focal contacts with both materials. pFAK/FAK ratio was used to quantify
cell adhesion (Figure. 4B). As illustrated, the pFAK/FAK ratio is higher when cells are
cultured in BG-PCL scaffolds, supporting a greater cell adhesion with the hybrid compared to
BTB consistently with the SEM observations. Protein extraction from scaffold biomaterials
remains challenging. To ensure that even protein amounts were properly loaded into gels an
additional GAPDH blotting was performed and showed no significant variation. Interestingly,
in this light, the FAK/GAPDH ratio reveals that the total form of the FAK protein is

significantly higher in cellular extracts from BG-PCL compared to BTB (Figure. 4C).
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Figure 4. Pro-adhesive potential of BG-PCL scaffolds in comparison with BTB after 12h
culture of rat primary osteoblast (RPO). A) Western blot analysis of FAK and pFAK
expressions in RPO cells. B) Relative quantification of pFAK/FAK and C) FAK relative to

GAPDH. (+SD; *p<0.05).

3.4. Osteogenic potential of BG-PCL scaffolds

The osteogenic potential of BG-PCL scaffolds was assessed by measuring the expression of
Runx2 protein and the activity of alkaline phosphatase (ALP) two markers of the osteoblastic
lineage differentiation. As observed by western blot (Figure. 5A), RPO cultured 7 or 14 days
in BG-PCL scaffolds and BTB without osteogenic factor supplementation both express Runx2
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protein. However, the quantification reveals that Runx2 expression was greater when cells
were grown inside BG-PCL scaffolds (+60% at D7, +40% at D7). Likewise, the ALP activity

was significantly higher (21 fold) in BG-PCL after 14 days of culture (Figure. 5B).
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Figure 5. Osteogenic potential of BG-PCL compared to BTB. Runx2 expression A) and
enzymatic ALP activity B) of RPO after 7 and 14 days of culture in BG-PCL scaffolds or

BTB. (+SD; *p<0.05).

3.5. BG-PCL scaffolds evaluation in a mice model of critical-size calvarial defects

Healing of critical-size mouse calvarial defects was evaluated using micro-CT. The post-
operative scan highlights the X-ray radiolucency of BG-PCL scaffolds (Figure. 6A, BG-PCL
DO0) that allows an easy monitoring of bone regeneration for BG-PCL scaffolds. After 30 days
of implantation, empty defects show a slight bone regeneration of about 10% (Figure. 6B)
emerging from the edges (Figure. 6A, Empty D30). Defects filled with BTB show an
equivalent regeneration rate with limited peripheral bone reconstruction. In contrast, a

significantly higher bone volume (approximately 20%) is measured in defects filled with BG-
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PCL scaffolds at day 30 (Fig. 6B). Remarkably, with BG-PCL scaffolds bone repair is no
longer limited to the edges (Fig. 6A, BG-PCL D90) but extends to the whole defect. At the
end of the experiment, bone volume in Sham controls and BTB-filled defects has reached less
than 15%, while more than 30% of the defect is repaired when employing BG-PCL scaffolds

(Fig. 6B).
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Figure 6. Bone ingrowth in a critical-size mice calvaria defect. A) Micro-CT images of bone
defects left empty (“Sham” control) or filled with BTB or BG-PCL scaffolds. Images were
obtained right after implantation (DO0), after 30 days (D30) or 90 days implantation (D90). B)
Quantitative analysis of bone regeneration in defects expressed in percentage of

reconstruction (x SD, *p<0.05, ***p: 0.001).

3.6. BG-PCL is replaced by minerals and support bone remodeling

After 90 days of implantation, calvaria were collected for histological analyses. Mineral
deposition was assessed by Alizarin red and VVon Kossa staining (Figure. 7). The presence of
mineralized tissue is observed in both BG-PCL and BTB samples. A histomorphometric
comparison between the two materials was not possible due to the composition of BTB that
makes it difficult to distinguish BTB from newly formed bone. However, only a few
mineralized areas which correspond to the bovine bone’s trabeculae are observed in the BTB-
filled defects while defects implanted with BG-PCL scaffolds present a homogeneous

mineralization.
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Figure 7. Histological appearance of critical defects in mice calvaria 90 days after surgery.
Frontal demineralized tissue sections were subjected to Alizarin red or Von Kossa stainings to

visualize respectively calcium in pink or calcium phosphate in black.

A modified Masson-Goldner trichrome staining highlights the identification of collagen fibers
in green and the subsequent bone formation. There is no bone ingrowth when the defect is left
empty (Figure. 8A). In contrast, the presence of new mature bone (dark green) is observed in
defects filled with BG-PCL (Figure. 8C) whereas a collagen network of lower density (light
green) is observed when defects were filled with BTB (Figure. 8B). Besides, the
magnification (Figure. 8E-F) attests the presence of osteoblasts, osteoid tissues and
resorption pits demonstrating that the newly formed bone is being remodeled in BG-PCL
samples. The cellular management of this bone remodeling is further evidenced by a positive
staining of TRAP (Figure. 8D) and ALP (Figure. 8FG) in BG-PCL samples (BTB ALP and
TRAP stainings are available in the supplemental data). Additionally, samples were tested for

specific bone formation markers.
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Figure 8. Histological appearance of calvarial critical defects left empty A) or filled with
BTB B) or BG-PCL scaffolds C-G) after 90 days of implantation. Frontal demineralized
tissue sections were subjected to modified Masson-Goldner trichrome (A-B, E-F) to visualize
collagen (green), osteoid tissues (pink/red) and bone cell nuclei (dark purple). (¢: Mineralized
bone tissue; ¢': osteoid; #: osteoblasts; x: resorption lacuna). Bone remodeling activity was

also highlighted for BG-PCL by enzymatic staining of TRAP (red) F) or ALP (purple) G).
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According to Figures 9A-C, the expression of osteopontin can be detected in BG-PCL filled
defects while no osteopontin expression is observed for the BTB and defects left empty.
Interestingly, a positive staining of endomucin is also observed in BG-PCL samples and
reveals the presence of blood vessels (Figure. 9D). Taken together, these data strongly
support a great osteogenic potential of the hybrid, potential that is widely superior to the

bovine xenograft to achieve a full bone regeneration process.

Figure 9. A-C Osteopontin identification by immunohistochemistry. A) Empty defect, B)
BTB, C) BG-PCL, and D) endomucine identification for BG-PCL after 90 days of

implantation in calvarial critical defects (arrows point positive endomucine staining).

Unstained histological sections were subjected to chemical changes analysis of BG-PCL
scaffolds during implantation in mice calvarial defects. Figures 10A—C show the remaining
BG-PCL scaffolds embedded in a newly-formed bone matrix. Although difficult to
distinguish it from bone tissues, remaining BG-PCL can be identified with respect to their
higher optical density as visible from figure 10A, and have been encircled in green in figure

10B. The initial composition of the BG-PCL scaffolds was 30 wt% BG/ 70 wt% PCL, with
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the chemical composition of the BG being SiO; (75 wt%) — CaO (25 wt%). This corresponds
to the following overall inorganic elemental composition for the BG-PCL hybrid: 10.5 wt% Si
— 5.4 wt% Ca (and it is worth mentioning: 0% P). Remarkably, figure 10B-C show the
complete chemical transformation of the remaining BG-PCL. After 90 days implantation in
the mouse calvaria, BG-PCL scaffolds have been massively changed into a calcium
phosphate, with a uniform distribution of Ca and P elements throughout the scaffold walls,
making it hardly distinguishable from the surrounding new bone tissues (Figure. 10C).
Elemental concentrations have been measured in the different areas of the histological
sections: the remaining BG-PCL areas and newly-formed bone areas, and results are
displayed in figure 10D. The remaining BG-PCL and newly-formed bone tissues exhibit very
similar inorganic composition after 90 days, even with respect to trace elements content like
sulphur (S) and magnesium (Mg). The incorporation of calcium and phosphorus into the BG-
PCL has been massive: the BG-PCL is now composed of 38 wt% Ca and 17.5 wt% P, to be
compared with the initial starting composition (10.5 wt% Si — 5.4 wt% Ca — 0 wt% P), which
did not contain any phosphorus. As a result of the mineralization of the BG-PCL scaffolds,
only very low amount of Si remains in the material (1281 +/- 303 ppm average value). Since
measured Si concentration in the surrounding newly-formed bone tissue is at similar trace
levels (1600 +/- 652 ppm average value), we can infer that Si has been successfully excreted

out of the implantation site.
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elemental concentrations in areas corresponding to remaining BG-PCL or newly-formed

bone.
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4. Discussion

In order to test the clinical relevance of our biomaterial, BG-PCL hybrids were compared to
Lubboc™, a commercial bone substitute used in orthopedic or periodontal surgery
procedures. Lubboc™ is a purified xenogenic graft made from bovine trabecular bone. Due to
a physical and chemical purification process (T650), Lubboc™ is a non-antigenic and non-
pyrogenic material scaffold with porosity and mechanical properties quite similar to human
bone that qualified it as an adequate candidate for challenging control conditions.?” To date, a
study from the University Hospital of Patras (Greece) had compared in vivo the efficacy of
Lubboc™ to autograft, demineralized allograft (Grafton™) and biphasic calcium phosphate
(Ceraform™) a commercialized synthetic biomaterial.”® The bovine xenogenic grafts was
ranked as the second best in term of bone formation and quality of the newly-formed bone,
just below autografts and significantly better than the others two making it a challenging
benchmark for the evaluation of BG-PCL hybrids.

BG-PCL properties were first evaluated in vitro using primary osteoblast cells from rat
calvaria (RPO). RPO is a well acknowledged model to study osteoblast physiology and
behavior in the context of bone formation,®* along with the osteogenic properties and
cytotoxicity of biomaterials.®*** SEM imaging and fluorescent microscopy combined with
cell viability assays highlighted the capacity of rat osteoblasts to adhere and proliferate at the
surface of BG-PCL hybrids. Accordingly, western blot analyses evidenced a stimulation of
the FAK pathway when cells were grown on BG-PCL. FAK is a cytoplasmic protein kinase
localized in focal adhesions and involved in cells adhesion. Autophosphorylation of FAK on
its Y397 residue induced by clustered integrins marks its activation and leads to the formation
of a complex with paxillin at nascent adhesion.*® The evaluation of the Y397 level of FAK is
therefore an effective method to study the strength of cell adhesion. Interestingly, this western

blot study (Fig. 4A) did not only show a higher level of the phosphorylated Y397 FAK in
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BG-PCL in comparison with Lubboc™ but also a greater expression of the total protein. As
FAK participates to cell survival (PI3-K/Akt), cell spreading and migration (ERK/MAPK),*
this modulation of the total protein level by BG-PCL may also contribute to promote

osteoblast proliferation and commitment. These mechanisms remain to be investigated.

Using dynamic conditions, we further highlighted the biological potential of BG-PCL hybrid
scaffolds as demonstrated by a progressive increase of ALP activity greater than BTB in non-
osteogenic medium. This osteogenic potential was confirmed by a greater expression of the
transcription factor Runx2 when cells were grown in BG-PCL (compared to BTB). The
enhanced stimulation of RPO by BG-PCL may be related to dissolution products. Si is
released from BG-PCL leading to a rapid increase of Si concentration reaching =~ 50 pug/mL
and remaining stable thereafter. This Si plateau corresponds to the limit of the orthosilicic
acid (Si(OH)y) solubility in an aqueous medium which is 58 pug/mL.*” This Si concentration

38,39

range is known to stimulate osteoblasts differentiation and proliferation®™ and is thought to

be partly responsible for the observed osteogenic properties of bioactive glasses *.

Critical-size defects in mouse calvaria allow the implantation of biomaterials in orthotopic
sites in a highly standardized way without the need of external fixations.”” However, the
regeneration of such defects is challenging due to the poor vascularization of the site and the
absence of periosteum which is removed during the surgery. To date, the percentage of
regenerated bone (corresponding to the ratio of newly-formed bone volume over the defect
volume) for pure BG scaffolds implanted in critical-size calvarial defects in similar models
after 12 weeks range from 8.5 to 19%. For instance : (1) 8.5 %-14.9 % for 13-93 bioactive
glass scaffolds with 50% porosity and 50-500 pm pore size,*! (2) 12.4 % for 45S5 particles,*
(3) 19 % for 13-93 scaffolds with trabecular structures close to that of present BG-PCL

scaffolds, owing 80% porosity and 100-500 um pore sizes.*? In our hands, BG-PCL hybrid
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scaffolds lead to 31.6 % (+/- 3%) regenerated bone which is about twice more than what was
observed for the bovine xenograft gold standard.

Histological analyses highlighted the presence of dense mineralized collagen deposited by
osteoblasts and resorption pits created by osteoclasts. This physiological bone remodeling
process is further supported by alkaline phosphatase (ALP) and tartrate resistant acid
phosphatase (TRAP) activities.® In addition, endomucin, a sialoglycoprotein secreted by
endothelial cells of early blood capillaries was detected inside BG-PCL scaffolds after 3
months of implantation supporting vessel sprouting which is essential for the physiological
regeneration of bone.** Taken together, these data highlight that the bone healing process
driven by the BG-PCL hybrid involves a full cell-mediated process associated with a
mineralization driven by the intrinsic chemical reactivity of the BG and the hybrid’s ability to
promote a vascular network to deliver cell precursors, oxygen and nutrients.

Besides BG-PCL biological properties, the dual cortical/trabecular feature opens a new
avenue of particular interest for guided bone regeneration applications in cranio-facial surgery
such as dehiscence-and fenestration-type defects around dental implant* or maxillary sinus
augmentation where a membrane is positioned on the buccal mucosa to prevent colonization

by fibrous tissue.*’

5. Conclusion

In the present study, we have investigated the biological potential of a hybrid scaffold made
of BG (SiO,-CaO) and PCL owing a dual cortical/trabecular structure. In vitro and in vivo
experiments demonstrate the ability of BG-PCL to favor cell adhesion, to stimulate osteoblast
differentiation and activity without adding any osteogenic supplementary differentiation
factors and to support vascularization and bone ingrowth at higher levels than the bovine
xenograft (Lubboc™) known for its performance. Furthermore, (1) the X-ray translucency
allows an easy in situ evaluation of bone regeneration; (2) the dual cortical/trabecular
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morphology opens attractive perspectives in guided bone regeneration; and (3) the synthesis
route at room temperature represents an potent opportunity for the direct incorporation of
temperature-sensitive substances like osteogenic factors or drugs for further enhancement of

BG-PCL biological properties that may represent a breakthrough innovation in the field.
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