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hydrogel/biphasic calcium phosphate granule

composites with improved handling and
biodegradability promote bone regeneration in

rabbits+
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Biphasic calcium phosphate (BCP) granules are osteoconductive biomaterials used in clinics to favor bone

reconstruction. Yet, poor cohesivity, injectability and mechanical properties restrain their use as bone

fillers. In this study, we incorporated BCP granules into in situ forming silanized hyaluronic acid (Si-HA)

and hydroxypropylmethylcellulose (Si-HPMC) hydrogels. Hydrogel composites were shown to be easily

injectable (F < 30 N), with fast hardening properties (<5 min), and similar mechanical properties (E ~ 60
kPa). In vivo, both hydrogels were well tolerated by the host, but showed different biodegradability with
Si-HA gels being partially degraded after 21d, while Si-HPMC gels remained stable. Both composites were

easily injected into critical size rabbit defects and remained cohesive. After 4 weeks, Si-HPMC/BCP led to

poor bone healing due to a lack of degradation. Conversely, Si-HA/BCP composites were fully degraded
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1. Introduction

The burden of bone diseases is a major healthcare concern
and accounts for half of the chronic diseases in people aged
50 or more." Despite bone’s innate ability to self-repair,
adverse events such as injuries, tumor resections or non-union
fractures may not heal properly, requiring surgical interven-
tion.” In such cases, autologous bone grafts remain the “gold
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and beneficially influenced bone regeneration by increasing the space available for bone ingrowth, and by
accelerating BCP granules turnover. Our study demonstrates that the degradation rate is key to control
bone regeneration and that Si-HA/BCP composites are promising biomaterials to regenerate bone

standard”, although being associated with limited availability,
risk of contamination, and need for two surgeries.> In this
context, biomaterials have emerged as a potent alternative to
treat bony defects.*® Notably, biphasic calcium phosphates
(BCP), made of hydroxyapatite and f-tricalcium phosphate, are
particularly interesting due to their controlled resorption
rate,”” and osteoconductive properties.® Their granular formu-
lation facilitates cellular infiltration, protein adsorption and
cell attachment.’ In addition, BCP granules show osteogenic
properties, able to stimulate the differentiation of stem cells
through the progressive release of calcium and phosphate

ions.'%!*

However, granules require open surgeries and are
inherently limited by their poor cohesivity, injectability and
mechanical properties, impeding their use as bone fillers.’
Injectable biomaterials were developed by combining BCP
granules with natural (e.g., fibrin,"* hyaluronic acid'®) or hemi-
synthetic (e.g., cellulose derivatives'*) polymers to form putties
and pastes;'> yet with poor outcomes regarding short-term
implant stability and granules wash-out by body fluids."*"®

In situ forming hydrogels that can be injected into a tissue
in a minimally invasive fashion are a promising solution to

improve handling, injectability, and stability of the biomater-
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ial.'” Hydrogels are water-swollen, three-dimensional chemi-
'8 with high biocompatibility and

19,20

cally crosslinked scaffolds,
ability to incorporate cells, drugs, and small particles.
Besides, hydrogels reduce phase separation and increase
mechanical stability when mixed with calcium phosphate
granules.'” Unfortunately, very few chemistries are compatible
with simultaneous granules loading, in situ formation and
defect filling. Photopolymerization is limited by the finite
penetration of light in tissues, Schiff-base, Michael addition
and ionotropic bonds are very unstable in vivo, and enzymatic
crosslinking have ultrafast gelation properties that restrain
their injectability properties.>" Our laboratory previously devel-
oped silanized hydroxypropylmethylcellulose (Si-HPMC) hydro-
gels crosslinked through the inorganic polymerization of
silicon alkoxides into siloxane bonds.>”> These hydrogels
showed optimal injectability and gelation time, suitable for
BCP granules incorporation and injection in vivo.”> However,
long-term implantations revealed large non-regenerated areas
into rabbit critical-size defects,* supposedly due to the lack of
degradability of cellulosic derivatives. Thus far, no hydrogels
have succeeded in combining good handling properties,
mechanical stability and controlled in vivo degradation. We
recently reported the development of silanized in situ forming
hyaluronic acid hydrogels (Si-HA) with tunable mechanical
properties and degradation times in vivo that show good bio-
compatibility and tissue integration.** Hyaluronic acid is an
ubiquitous glycosaminoglycan widely employed for its intrin-
sic biocompatibility and biodegradability through hyaluroni-
dases activity.>> In addition, HA is known to have osteogenic
properties due to its proangiogenic behavior and ability to
interact with cells and cytokines (e.g., BMP-2).>® The aim of
this article was to evaluate the ability of Si-HA gels loaded with
BCP granules to facilitate bone regeneration in critical-size
bone defects, in comparison with Si-HPMC/BCP composites.
We first designed Si-HPMC and Si-HA hydrogels and compared
their physicochemical properties as well as their biocompat-
ibility and biodegradability in vivo. Si-HPMC/BCP and Si-HA/
BCP composites were further developed and their ability to
regenerate bone defects was evaluated after 4 weeks of implan-
tation into the distal end of rabbit femurs by micro-computed
tomography, scanning electron microscopy (SEM) and his-
tology. This study offers meaningful insights for the develop-
ment of biodegradable, biocompatible hydrogel/calcium phos-
phate composites for the treatment of bone loss.

2. Material and methods

2.1. Materials

Hyaluronic acid sodium salt (420 kDa) was provided by HTL S.
A.S (France). Hydroxypropylmethylcellulose (HPMC) was pro-
vided by Colorcon-Dow Chemical (USA). 2-(N-Morpholino)etha-
nesulfonic acid (MES) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methyl-morpholinium chloride (DMTMM) were purchased
from TCI Europe (Belgium). 1-Propanol and 100% ethanol
were bought from VWR (USA). BCP granules (MBCP™;

40-80 um) with a 60/40 hydroxyapatite/B-tricalcium phosphate
weight ratio were purchased from Biomatlante (France)
(Fig. A1f). Penicillin/streptomycin and phosphate buffered
saline (PBS) were purchased from ThermoFisher Scientific
(USA). Human bone marrow mesenchymal stem cells
(hBMSCs), Mesenchymal Stem Cells growth media2 and
Supplement Mix were bought from Promocell (Germany).
Ketamine (Imalgéne®1000) and Xylazine (Rompun®) were
respectively purchased from Merial (France) and Bayer Medical
(Germany). Otherwise stated, all other reagents were pur-
chased from Sigma Aldrich (Switzerland).

2.2. Silanization of HPMC and HA

Si-HPMC and Si-HA conjugates were prepared following pre-
viously described procedures.*>** Briefly, Si-HPMC conjugates
were synthetized by adding 1.5 eq. of (3-glycidyloxypropyl)tri-
methoxysilane (GPTMS) into a mixture of HPMC powder,
1-propanol, n-heptane and sodium hydroxide (NaOH) under
nitrogen bubbling at 85 °C for 3.5 hours. Si-HA was obtained
by amidation of the carboxylic groups using 2 eq. of DMT-MM
for 1 h and 2 eq. of (3-aminopropyl)triethoxysilane (APTES) for
24 h at 23 °C. Si-HPMC and Si-HA were purified and silanol
grafting was followed by "H-NMR (ESIf).

2.3. Formulation of Si-HPMC and Si-HA hydrogels

Si-HPMC and Si-HA conjugates were respectively dissolved in
NaOH 0.1 N at a 3% (w/v) and 3.75% (w/v) polymer concen-
tration. Si-HPMC solutions were steam sterilized by autoclav-
ing and Si-HA solutions were sterile-filtered using 0.22 pm
filters. Using Luer-lock syringes, the solutions were mixed with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffers to obtain final polymer concentrations of 3% (w/v) for
Si-HA and 2% (w/v) for Si-HPMC. These values were deter-
mined as the minimum concentration required to form stable
hydrogels and were kept constant throughout the study.
HEPES buffers were adapted to obtain a final pH of 7.4 and an
osmolarity of 300 mOsm (ESI+).

2.4. Formulation of Si-HPMC/BCP and Si-HA/BCP
composites

Prior to composite preparation, BCP granules were decontami-
nated by a dry-heat treatment (180 °C, 1 h) and poured into
3 mL Luer-lock syringes. Si-HPMC and Si-HA were prepared as
described above using Luer-lock syringes. After mixing the two
solutions, BCP granules and hydrogel precursor solutions were
added in a 50/50 weight ratio and mixed again to homogenize
the suspension before injection.

2.5. Viscosity profiles and zero-shear viscosity

Viscosity measurements of Si-HPMC and Si-HA solutions were
performed on a stress-controlled RS300 rheometer (HAAKE,
ThermoFisher Scientific, USA) with a cone/plate 60 mm 1° tita-

nium geometry in a shear rate range of 0.1 to 2000 s~ .



2.6. Injectability

Injectability of Si-HPMC and Si-HA solutions + BCP granules
through a 18 Gauge needle was performed on a texture analy-
zer (TAHD+, Stable Micro Systems, United Kingdom) equipped
with a 5 kg load cell at a rate of 2 mm s~ and recorded on the

Exponent software.

2.7. Gelation profiles

The gelation profiles of Si-HPMC and Si-HA solutions + BCP
granules were studied by performing a time sweep (1 Hz, 1 Pa)
on a RS300 rheometer, using a plate/plate 60 mm 1° titanium
geometry.

2.8. Invitro enzymatic degradation

In vitro enzymatic degradation of Si-HPMC and Si-HA hydro-
gels + BCP granules was monitored over 4 days. Hydrogel
samples were weighted (w,) and soaked into 10 U mL™" hyalur-
onidase at 37 °C. Samples were regularly gently dried by
removing excess water and weighted (wp,). The degradation
kinetics was followed by calculating the percentage of the
remaining hydrogel mass (wp/w, % 100). Fresh hyaluronidase
solution was replaced every time.

2.9. Unconfined compression

Unconfined compression tests of Si-HPMC and Si-HA hydro-
gels + BCP granules were performed on cylindrical samples
(6 mm x 10 mm) on a Texture Analyzer and recorded on the
Exponent Software. Hydrogels were left for crosslinking for 3
days at 37 °C before analysis at a constant compression rate of
0.01 mm s~'. The elastic modulus (E) was determined as the
slope of the first 10% of the stress versus strain curve.

2.10. Cell culture

hBMSCs were cultured in complete Promocell’s Growth Media
2 supplemented with 1% penicillin/streptomycin. To evaluate
samples cytocompatibility, hBMSC were platted on a 96-well
plate for 24 h before adding the samples. After 1, 3 and 7 days,
samples were removed and the metabolic activity of hBMSC
was assessed using a Cell Counting Kit-8 (CCK8) and a plate
reader (Victor 3V, PerkinElmer, USA) at 450 nm. Actinomycin-
D (5 pg mL™") was used as a negative control of metabolic
activity.

2.11. In vivo implantation

All procedures involving the use of animals were in accordance
with the European Community Guidelines for the care and use
of laboratory animals (2010/63/UE) and approved by the
national ethical committee (Apafis 10595 and Apafis 12838)
and the Oniris Animal Welfare committee. Surgical procedures
were performed according to the Good Laboratory Practices at
the Oniris College of Veterinary Medicine of Nantes.
Subcutaneous injections of Si-HPMC and Si-HA gels were per-
formed on 4 female C57BL/6 mice (12 weeks), purchased from
Charles River (USA). General anesthesia was performed by a
single injection of ketamine/xylazine. 250 pL of sterile 2% w/v
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Si-HPMC and 3% w/v Si-HA hydrogels were prepared under
aseptic conditions and subcutaneously injected in the back of
each mouse (7 = 6 per condition). After 21 d, mice were eutha-
nized by CO, inhalation, and hydrogels were collected, fixed,
and embedded in paraffin wax.

In vivo rabbit implantation were performed as previously
described.>® Nine adult female New Zealand white rabbits,
aged 16 weeks old and weighted 3 to 3.5 kg, were purchased
from Charles River Laboratories (France). General anesthesia
was carried out by intramuscular injection of ketamine/xyla-
zine. After clipping and skin disinfection with iodine solution,
a lateral arthrotomy of the knee joint was performed.
Cylindrical defects (6 mm diameter x 10 mm height) were per-
formed at the junction between the epiphysis and the meta-
physis using motor-driven drill bits with successive 2-, 4- and
6 mm diameter. Bone defects were rinsed by saline injection.
In parallel, composites were prepared extemporaneously under
aseptic conditions and injected into the femoral cavity using
18 G needles. 2 holes were left empty, 3 defects were filled with
Si-HA hydrogel, 3 with BCP granules alone and 5 defects were
filled with Si-HPMC/BCP or Si-HA/BCP composites (n = 5 per
condition). No condition with Si-HPMC hydrogels alone was
used to refine animal number. BCP granules were deposited
with a sterile spatula and mixed with blood to improve cohe-
sivity and bioactivity. Subcutaneous tissues and skin were
closed in different layers with surgical sutures and a final
bandage was added. The surgical procedure was performed
bilaterally. After 4 weeks, rabbits were anaesthetized and
euthanized by intracardiac overdose of sodium pentobarbital.
The femoral condyles were harvested and directly soaked into
PFA 4% for 48 hours.

2.12. Microcomputed tomography (nCT)

Microcomputed tomography (LCT) analyses were performed
on a Skyscan 1272 X-ray Micro-CT (Bruker, USA). Acquisitions
were performed at a spatial resolution of 20 pm with a rotation
step of 0.5°. A 0.11 mm-thick copper filter was used (voltage:
100 kV; current: 100 pA). Three-dimensional reconstructions
were performed using the NRecon software, post-treated with
the CTan software and imaged with the Dataviewer software.
The same grayscale threshold was applied to distinguish bone,
BCP granules and connective tissues.

2.13. Scanning electron microscopy (SEM)

Following pCT analyses, samples were embedded in glycol
methyl methacrylate (GMA) resin without decalcification. Each
sample was cut in half with a diamond saw (saw microtome
1600, Leica). The surface of the implant was polished on a
MetaServ'™ 250 polisher (Buehler, USA) and sputtered with
gold/palladium alloy (Desk V, Denton Vacuum, USA). SEM ana-
lyses were performed on a LEO1450VP (Zeiss, Germany) using
backscattered electrons (BSE) at 15 kV.

2.14. Histology

The other half was cut into 7 pm-thick sections using a hard
tissue microtome (Reichert-Jung, Supercut 2050, Germany).
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Movat and Goldner’s pentachrome staining were performed on
three different implant levels. HES and anti-CD68 staining
(ESIT) were performed on 5 um thick sections of subcutaneous
implants. Stained sections were recorded on a whole slide
imager (Nanozoomer HamaMatsu, Japan) and visualized with
the NDP.view2 software. Quantitative evaluation of the fibrous
capsule and peri-implant cell density were performed using
the Image] software (n = 9 images per condition). Bone for-
mation were characterized by software analyses (ESIT).
Osteoclastic activity was detected by staining histological sec-
tions with tartrate-resistant acid phosphate (TRAP) using a pre-
viously published protocol®” with 45 min incubation at 37 °C.

2.15. Statistical analyses

All quantitative results are presented a mean + standard devi-
ation (SD). Physicochemical characterization of hydrogels +
BCP granules were performed on 9 samples and compared
using Student unpaired ¢-tests. Evaluation of cytocompatibility
was performed with 3 independent experiments and compared
using a two-way Anova. Evaluation of bone regeneration by
uCT and SEM, as well as BCP surface and osteoid barrier areas
were compared using one-way Anova tests. For all experiments,
a statistical significance level of @ = 0.05 was chosen.

3. Results

3.1. Synthesis, formulation, and characterization of Si-HA
and Si-HPMC hydrogels

To evaluate the potential of silanized polymers as injectable
bone substitutes, Si-HPMC and Si-HA hydrogels were first
developed and characterized. Si-HPMC was synthetized by
grafting GPTMS to the cellulosic ether (Fig. 1A & B),>> and HA
was silanized by grafting APTES to the carboxylic ends of the
backbone (Fig. 1C & D). Both hydrogels formed following
polymer dissolution in NaOH 0.1 N and subsequent mixing
with an acidic HEPES buffer, triggering the polycondensation
of silanols into covalent siloxane bonds (Fig. 1E). To serve as
in situ forming carriers, hydrogels were optimized to be easily
injected, with rapid gelation upon injection, and stability over-
time. Upon dissolution, both polymers showed low viscosity
profiles (Fig. 1F), although Si-HPMC solutions were more
viscous than Si-HA. They were easily injected through 18 G
needles, with extrusion forces of 5.8 + 2.3 N and 3.8 + 0.3 N for
Si-HPMC and Si-HA, respectively (Fig. 1G). After injection, Si-
HPMC and Si-HA solutions gelled in less than 5 min and
reached similar mechanical properties (E > 2 kPa) after com-
plete crosslinking (Fig. A2). In contact with hyaluronidase, Si-
HPMC gels remained stable overtime, demonstrating no signs
of swelling or degradation. Conversely, Si-HA gels swelled
during the first 24 h, before being progressively degraded
within 4 days (Fig. 1H). To evaluate hydrogels biocompatibility
and degradation in vivo, subcutaneous injections were per-
formed on immunocompetent C57BL/6 mice. After 21 d, gels
were explanted and analyzed by HES and anti-CD68 staining.
Both gels elicited a local inflammatory response, characterized

by a fibrous capsule surrounding the implants and the pres-
ence of inflammatory cells within this capsule. The fibrous
capsule was very similar for both hydrogels, with a comparable
thickness of 92.6 + 32.4 um and 120.4 + 32.2 pm for Si-HPMC
and Si-HA, respectively (Fig. 1I). However, a higher cell density
in the peri-implant tissue was observed in Si-HPMC samples
(289.7 + 80.9 cells per Mpixel®) compared to Si-HA samples
(196.4 + 48.2 cells per Mpixel®) (Fig. 1J). Interestingly, while
CD68" macrophages, and some multinucleated giant cells,
mainly lined against the Si-HPMC gels without any sign of
degradation or infiltration, they were able to infiltrate and
degrade Si-HA gels, with additional signs of new matrix
secretion by fibroblasts (Fig. 1K). Although not fully resorbed
after 21 d, Si-HA gels were shown to be more biodegradable
than Si-HPMC samples and to induce a less pronounced
inflammatory response in a subcutaneous site.

3.2. Formulation and characterization of composite
hydrogels

We next developed hybrid hydrogel/calcium phosphate compo-
sites by mixing BCP granules with Si-HPMC or Si-HA solutions.
The addition of granules led to the formation of viscous pastes
that hardened and formed stable composites within 5 min
(Fig. 2A). Addition of BCP granules significantly increased the
extrusion force required to inject the composites, with values
of 13.9 + 2.0 N and 24.0 * 6.0 N, for Si-HPMC/BCP and Si-HA/
BCP composites, respectively (Fig. 2B). Besides, adding BCP
granules did not modify the crosslinking profiles of Si-HA and
Si-HPMC gels, enabling the formation of rapidly setting bone
substitutes (Fig. 2C). In addition, the mechanical properties
after complete crosslinking were increased, with elastic moduli
of 59.8 + 30.5 and 67.6 + 27.4 kPa for Si-HPMC/BCP and Si-HA/
BCP composites, respectively (Fig. 2D). Like their BCP-free
counterparts, Si-HPMC/BCP remained stable over the 4-day
period when soaked in 10 U ml™" hyaluronidase solution. In
contrast, Si-HA/BCP gels were rapidly degraded in less than 2 d
(Fig. 2E). The cytocompatibility of the Si-HPMC/BCP and Si-
HA/BCP composites was evaluated by measuring the metabolic
activity of hBMSCs in contact with the biomaterials (Fig. 2F).
No statistical differences in the metabolic activity were noticed
between the positive control and the biomaterials over the
7-day period, indicating that neither the hydrogels nor the
BCP granules negatively impacted hBMSCs metabolic activity.

3.3. Microcomputed tomography and SEM analysis

The ability of Si-HPMC/BCP and Si-HA/BCP composites to be
used as injectable bone substitutes and favor bone regener-
ation was evaluated by injecting the biomaterials for 4 weeks
into critical-size defects performed at the distal end of rabbit
femurs. All composite hydrogels were prepared extempora-
neously and easily injected in a one-step procedure and led to
complete defect filling. Conversely, implantation of BCP gran-
ules required multiple steps to fulfill the defect, with granules
leakage outside the defect. Nevertheless, all animals recovered
well from the surgical procedure with no signs of adverse
inflammation. Four weeks after the implantation, samples
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Fig. 1 Development and characterization of 2% w/v Si-HPMC and

3% w/v Si-HA hydrogels. Synthesis of (A) Si-HPMC and (C) Si-HA, (B)

Representative *H-NMR spectrum of Si-HPMC in D,O/NaOD, adapted from Guillory et al.,>® and (D) Si-HA in NaOD, (E) general formulation of hydro-
gels. Silanized polymers are dissolved in NaOH 0.1 N and mixed with a HEPES buffer to form covalent gels at pH 7.4, (F) viscosity profiles of Si-
HPMC and Si-HA precursor solutions at 23 °C, (G) extrusion forces required to inject Si-HPMC and Si-HA solutions through a 18 G needle, (H) enzy-

matic degradation of Si-HPMC and Si-HA hydrogels in the presence of

hyaluronidase 10 U mL™* at 37 °C, (I) thickness of the fibrous capsule sur-

rounding implants after 21 d, (J) density of cells in the peri-implant tissue after 21 d, (K) HES staining and CD68 immunostaining of Si-HA and Si-
HPMC, 21 d after implantation. Scale bar: 100 pm. Blue arrows indicate new matrix secretion by fibroblasts. CD68* macrophages are stained in
brown. Cell nuclei and hydrogels are stained in blue. Black arrows indicate giant cells. *: Hydrogel. Data are presented as mean + SD. Statistical sig-
nificance was determined by Student t-tests (ns: not significant, **p < 0.01).

were harvested and bone formation was evaluated and quanti-
fied by 2 methods, namely pCT (3D) and SEM (2D) (Fig. 3A &
E). The absence of spontaneous healing in empty defects was
first confirmed (Fig. A31). Quantification of bone regeneration
by UCT and SEM revealed limited tissue regeneration in Si-HA
gels alone, with only 15.3 + 1.8% and 17.3 + 9.4% of newly
mineralized tissue after 21 d, respectively (Fig. 3B & C). This
regeneration was only observed at the edge of the defects.

Conversely, defects filled with BCP granules alone were dense,
homogeneous, and well regenerated, with 54.1 + 1.4% and
39.5 + 3.9% of newly mineralized tissue obtained by pCT and
SEM, respectively. Interestingly, filling defects with Si-HA/BCP
composites showed a similar bone tissue regeneration, with
42.9 + 6.8% and 39.7 + 5.3% of newly mineralized tissue, as
determined by pCT and SEM, respectively. However, statisti-
cally less bone formation was observed for the Si-HPMC/BCP
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Fig. 2 Development, characterization, and in vitro evaluation of hydrogel/BCP composites. (A) Formulation of hydrogel/BCP composites. BCP gran-
ules are added to the pre-mixed polymer solution using Luer-lock syringes. A viscous paste is obtained that hardened within 5 min, (B) injectability

of Si-HPMC/BCP and Si-HA/BCP composites through a 18 G needle, (C) cr:

osslinking profiles of Si-HPMC/BCP and Si-HA/BCP composites at 37 °C (1

Pa; 1 Hz), (D) elastic moduli of composites after complete crosslinking, (E) enzymatic degradation of Si-HPMC/BCP and Si-HA/BCP composites in
the presence of hyaluronidase 10 U mL™* at 37 °C, (F) metabolic activity of hBMSC in the presence of the polymers, BCP granules or composites,

after 1, 3 and 7 days, as determined by a CCK8 assay. Data are presented
and a two-way Anova (E) (ns: not significant).

composites, with 30.8 + 2.7% and 22.5 + 7.2% of regenerated
tissue obtained by pCT and SEM, respectively.

Careful analysis of SEM images revealed areas of osteocon-
duction around the granules and formation of trabecular-like
structures (orange squares) and osteocyte lacunae (Fig. 3E),
indicating mature bone formation in BCP-containing samples.
Poorly regenerated areas were also observed (red squares),
although being predominantly visible in the Si-HPMC/BCP
samples. To evaluate BCP granules resorption, the mean area
of particles in samples containing BCP granules was further
quantified by SEM (Fig. 3D). A statistically smaller mean par-
ticle area was observed within Si-HA hydrogels (164.0 + 31.9
pixel®), as compared to BCP granules alone (251.6 + 9.1 pixel?)

as mean + SD. Statistical significance was determined by Student t-tests

or Si-HPMC/BCP composites (224.9 + 25.0 pixel®), suggesting a
greater resorption of BCP granules in Si-HA/BCP samples.

3.4. Histological evaluation of bone formation and
remodeling

Bone regeneration was finally characterized by histological
examination of Goldner-stained tissue sections (Fig. 4A).
Excellent tissue integration and no signs of fibrous encapsula-
tion were observed in all implants containing BCP granules
after 4 weeks (Fig. A4t). Implants filled with Si-HA hydrogels
alone showed an irregular fibrous capsule surrounding the
implant and limited to no cell infiltration. After 4 weeks, clear
differences in biomaterials resorption and bone formation
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Fig. 3 Evaluation of bone regeneration by puCT and SEM after 4 weeks of implantation in 6 mm diameter critical size bone defects. (A)
Representative 3D reconstructions of the defects. White: BCP granules, gray: host bone and newly formed bone, dark: non-mineralized tissues, (B)
quantitative analysis of bone formation obtained by uCT by quantifying the volume occupied by bone tissue divided by the total volume, (C) quanti-
tative analysis of bone formation obtained by SEM by quantifying the are occupied by bone tissue divided by the total area, (D) mean particle area of
BCP granules in pixel® determined using the ImageJ software, (E) SEM microradiographs of the polished sections after 4 weeks of implantation in
6 mm diameter critical size bone defects. Dotted orange and red squares respectively represent a region of interest showing good or limited bone
formation. Red arrowheads: osteocyte lacunae. Data are presented as mean + SD. Statistical significance was determined by one-way Anova (ns: not

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

were observed. Strikingly, Si-HA gels alone were poorly
degraded after 4 weeks, limiting neo-tissue formation.
Similarly, Si-HPMC/BCP samples were still largely observed
after 4 weeks (light blue/pink). Although the outer area of the
defects showed new bone formation around the granules, the
central area was mostly intact, and no cellular infiltration was

observed. Conversely, Si-HA/BCP gels were mainly resorbed
after 4 weeks, leaving large areas available for cellular infiltra-
tion and neovascularization, along with large areas of newly
formed bone. Similarly, defects filled with BCP granules alone
were fully colonized by cells and were almost fully restored.
Only the most central part of the defects was not yet regener-
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Fig. 4 Evaluation of bone regeneration by histology after 4 weeks implantation in critical-size rabbit defects. (A) Histological evaluation of defects
area by Goldner's staining at magnification of x1.5 (global) and x10 (inner and outer regions of the defect). Abbreviations: B: bone, BV: blood
vessels, *: BCP granules/hydrogel, (B) representative images of bone formation in BCP-containing samples by Masson’'s pentachrome staining.
Abbreviations: Os: osteoid, EO: endochondral ossification, B: bone, *: BCP granules/hydrogel, (C) quantification of the area occupied by osteoid bar-
riers (red) within the defect area, determined by a Python program, (D) TRAP staining showing osteoclastic activities in BCP-containing samples in
the inner and outer regions of the defect. Data are presented as mean + SD. Statistical significance was determined by one-way Anova (*p < 0.05).

ated, underlying an ongoing mineralization process. For all
the BCP-containing conditions, a centripetal ossification
pattern was noticed, with an outer area showing advanced
regeneration, while the inner areas remained mostly imma-
ture. The distribution of BCP granules inside the implants was
analyzed in three 2 mm-thick concentric rings (Fig. A5%1). A
homogeneously distributed population of BCP granules
throughout the implant was observed in Si-HA/BCP gels and in
the control with BCP granules only. Conversely, more BCP

granules were observed in the central part of the defect than at
the edge in Si-HPMC/BCP samples, in line with a limited
degradation.

To quantify the ongoing tissue mineralization, the total
area occupied by osteoid barriers was determined using
Masson’s trichrome staining and a Python program (Fig. 4B &
A61). A significantly greater area covered by osteoid was
noticed in Si-HA/BCP conditions (3.5 + 1.7%) compared to
those filled with Si-HPMC/BCP composites (1.4 + 0.6%) or BCP
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granules alone (1.7 + 0.5%) (Fig. 4C). These results indicate a
higher bone formation activity in Si-HA/BCP samples. TRAP
staining was finally performed to evaluate bone remodeling
activity. A bone remodeling activity mediated by the osteoclasts
was observed in the outer areas. In addition, osteoclasts could
be observed in contact with BCP granules, highlighting their
role in BCP resorption (Fig. 4D). An osteoclastic activity in the
central region of BCP granules alone and Si-HA/BCP compo-
sites could be detected, but not in Si-HPMC/BCP samples, cor-
relating with the reduced degradation of Si-HPMC/BCP
samples.

4. Discussion

In situ forming bone substitutes are attractive to heal traumatic
fractures, fill small cavities after tumor resection, or enable
alveolar bone augmentation.® Yet, these biomaterials remain
largely unexplored due to the difficult combination of in situ
gelation, mechanical stability and osteoconductive pro-
perties.>® Previously developed Si-HPMC/BCP substitutes
showed good injectability, but limited bone regeneration, sup-
posedly due to a slow degradation rate.>® In this study, we
hypothesized that using a biodegradable HA polymer would
overcome this major hindrance and enable bone regeneration
in vivo. The present study evaluated and compared the efficacy
of two Si-HPMC and Si-HA hydrogels combined with BCP gran-
ules to form biphasic injectable composites for bone regener-
ation. To the best of our knowledge, this is the first study
reporting the comparison between two granules-loaded hydro-
gels for bone filling applications.

To evaluate this hypothesis, Si-HA and Si-HPMC hydrogels
were designed to have similar physicochemical properties and
crosslinking mechanisms. Both hydrogels showed similar
mechanical and rheological properties, suggesting comparable
crosslink densities.*! Furthermore, both solutions were easily
injected, and gelled within 5 min at 37 °C, which is an optimal
gelation time for bone filling applications.’*> As hypothesized,
both hydrogels showed different biodegradability in vitro and
in vivo after 21 d. In vitro, Si-HA gels were rapidly degraded by
hyaluronidases, which specifically cleave $,1-4 bonds of the
polysaccharide.’> On the contrary, Si-HPMC gels were not
resorbed by the enzyme, which was expected as cellulosic
derivatives are only sensitive to cellulases. In vivo, Si-HA was
partially degraded and infiltrated by macrophages, while Si-
HPMC was found to be stable after 21 d. HA hydrogels are
known to be degraded in vivo by hyaluronidases and reactive
oxygen species.>® Conversely, Si-HPMC gels can only be very
slowly degraded by macrophage-mediated phagocytosis.?® This
lack of degradation induces prolonged stimulation of the
inflammatory response, which ultimately leads to a foreign-
body reaction characterized by the formation of multinu-
cleated giant cells.*® We further incorporated BCP granules to
the gel precursors to develop in situ forming bone substitutes.
Struillou et al., previously reported that granules >200 pm were
hardly injectable.’” In addition, smaller particles (<10 pm)

Paper

induce a stronger inflammatory response and a better bone
regeneration,*® motivating the use of 40-80 pm BCP granules.
Adding BCP granules did not detrimentally influence the
handling and injectability properties, with injection forces
lower than the maximal manual injection force generally
reported (30-50 N).** Si-HPMC/BCP hydrogels remained insen-
sitive to the hyaluronidase treatment, whereas Si-HA/BCP gels
were more rapidly degraded than their BCP-free counterpart.
As a lower fraction of the Si-HA precursor solution was used to
form the composite, it can be hypothesized that a weaker
crosslinked Si-HA scaffold was formed, which is more suscep-
tible to enzymatic degradation. As previously observed,*’
adding BCP granules mechanically reinforced the hydrogels,
indicating that frictions between granules have a greater
impact on the stiffness than the hydrogel crosslinked network.
In agreement with Trojani et al. and others, both hydrogels
and BCP granules did not alter cell metabolism, indicating
good cytocompatibility.

We finally evaluated and compared the ability of Si-HPMC/
BCP and Si-HA/BCP composites to induce bone regeneration
in critical size defects. Defects were performed at the distal
femoral ends of rabbits to study bone formation without
requiring additional reinforcement.*" As observed in the study,
both the cohesivity and the injectability of the composites
were improved by the incorporation of the hydrogel carrier.
The extemporaneous preparation of the composite from pre-
loaded syringes was found to conveniently adapt to any clinical
situations. Furthermore, the in situ crosslinking mechanism of
the gel solves common issues related to granules leakage
outside the defect and help maintaining the osteoconductive
BCP granules into the defect area. Their cohesivity and malle-
ability can also be used to reach difficult areas where bone
regeneration is required. Besides, these injectable bone substi-
tutes could advantageously be used in minimally invasive pro-
cedures such as vertebroplasty and kyphoplasty,>® or used to
encapsulate cells or drugs to further improve bone regener-
ation. Filling the defects with the Si-HA hydrogel alone did not
induce bone regeneration, and histological evaluations
revealed limited inflammation and degradation by the host
body. Interestingly, Si-HA hydrogel degradation was seemingly
slower in the bone defect than in the subcutaneous model.
This discrepancy might be explained by different inflammatory
responses originating from the use of two different species
and implantation sites.*>** Such “blank” hydrogels are rarely
reported in the literature, but this study clearly established
that bulk hydrogel degradation and bone regeneration may
only occur if cells are prone to infiltrate and colonize the
material.*® In our study, this was achieved by incorporating
osteoconductive BCP granules,** but others have used growth
factors®® or drugs.”® As previously reported,’” bone formed in
contact with the granules, with a centripetal ingrowth from the
edge to the central part of the defect. Bone regeneration was
quantified by micro-CT (3D) and SEM (2D) and revealed
similar trends, with BCP granules alone and Si-HA/BCP com-
posites inducing strong bone regeneration, while Si-HPMC/
BCP gels systematically lead to limited bone healing. This sub-
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optimal regeneration could be explained by the lack of degrad-
ability of the Si-HPMC phase, with large areas of non-degraded
biomaterials still observed after 4 weeks. Supporting this
hypothesis, a higher density of BCP granules was observed in
the central part of defects filled with Si-HPMC/BCP hydrogels,
whereas the BCP granules were more homogeneously distribu-
ted in the BCP and Si-HA/BCP conditions. Although the
addition of BCP granules may have stimulated phagocytosis of
the HPMC polymer by macrophages, Si-HPMC gels still largely
resisted degradation, drastically restricting cell colonization
and development of a pre-vasculature network required for
bone regeneration.*® These results confirm the limited poten-
tial of Si-HPMC/BCP as an injectable bone substitute. On the
contrary, the comparable level of bone regeneration obtained
between Si-HA/BCP gels and BCP granules alone was more
remarkable. BCP granules, but not Si-HA/BCP composites, are
mixed with blood during implantation, supplementing the
biomaterial with growth factors and cytokines/chemokines
and facilitating bone healing.*® Moreover, Si-HA gels must first
be degraded before cell colonization and tissue remodeling
can occur, probably initially slowing down the bone forming
process. A potential explanation of the improved degradability
and bone regeneration capacity of Si-HA/BCP gels may be
attributed to an increased “porosity” and inflammatory
response towards the biomaterial. As previously reported, BCP
granules stimulate the innate immune system by triggering the
release of pro-inflammatory cytokines by polymorphonuclear
cells.”® Together with a lower Si-HA content, the inflammatory
environment created by BCP granules probably favored the
degradation of the Si-HA/BCP hydrogels. Once degraded, the
space between BCP granules was higher than in defects filled
with BCP granules alone, creating a “porosity” that may facili-
tate cellular infiltration and neo-vascularization. Furthermore,
small HA fragments originating from degradation products
were shown to interact with macrophages through the CD44
receptor of HA, inducing the secretion of pro-inflammatory
cytokines,”* but also stimulating angiogenesis and tissue
remodeling.”” Hypothetically, the pro-inflammatory properties
of BCP granules, the increased “porosity” following Si-HA
resorption, and the inflammatory stimuli originating from HA
degradation synergistically stimulated the activation of the
innate immune system, which in turn prompted bone remo-
deling and BCP resorption, as observed in this study and by
others.>® Moreover, although the positive role of HA in promot-
ing bone regeneration remains controversial,”*® it is well
established that plays a biological role in bone tissue for-
mation,”” and notably in stimulating osteoblasts activity
in vitro.”® In our study, significantly more osteoid barriers were
observed within Si-HA/BCP composites, suggesting that HA
may also stimulate osteoblasts activity in vivo. Consequently,
both the biodegradability and the biological properties of the
injectable bone scaffold play a central role in guiding tissue
regeneration. While both Si-HPMC and Si-HA hydrogels
improved the cohesivity and injectability of the bone filling
material, only the Si-HA hydrogel showed the ability to regen-
erate bone defects. Injectable Si-HA/BCP composites are very

promising and could be considered as a viable approach to
treat small bone defects.

5. Conclusion

In this study, we successfully developed and compared in situ
forming Si-HA/BCP and Si-HPMC/BCP scaffolds. Both compo-
sites were shown to be biocompatible, easily injectable, able to
set in clinically relevant time (<5 min), and with similar
mechanical properties (E ~ 60 kPa). After implantation into
critical size bone defects, we demonstrated that Si-HPMC/BCP
gels led to suboptimal bone formation due to a lack of degrad-
ability. On the contrary, Si-HA/BCP composites favored bone
regeneration by accelerating BCP granules turnover and favor-
ing osteoblasts activity. This study highlights the central role
played by the degradation rate of hydrogels in controlling bone
formation and paves the way for the development of in situ
forming and cohesive hybrid Si-HA/BCP scaffolds for bone
applications.
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