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Ductile silica/methacrylate hybrids for bone regenera-
tion

Anthony L. B. Magon,” Siwei Li,* Justin J. Chung,* Amy Nommeots-Nomm,* Anu K.
Solanki,” Molly M. Stevens,*? and Julian R. Jones*¢

Bioglass® was the first synthetic material capable of bonding with bone without fibrous encap-
sulation, and fulfils some of the criteria of an ideal synthetic bone graft. However, it is brittle and
toughness is required. Here, we investigated hybrids consisting of co-networks of high cross-
linking density polymethacrylate and silica (class Il hybrid) as a potential new generation of scaf-
fold materials. Poly(3-(methoxysilyl)propyl methacrylate) (- TMSPMA) and tetraethyl orthosilicate
(TEOS) were used as sol-gel precursors and hybrids were synthesised with different inorganic
to organic ratios (l;,). The hybrids were nanoporous, with a modal pore diameter of 1 nm. At I,
= 50 %, the release of silica was controlled by varying the molecular weight of p TMSPMA while
retaining a specific surface area above 100 m? g~!. Strain to failure increased to 14.2 %, for I, =
50 % using a polymer of 30 kDa, compared to 4.5 % for pure glass. The modulus of toughness
(Ur) increased from 0.73 (pure glass) to 2.64 GPa. Although, the hybrid synthesised in this report
did not contain calcium, pTMSPMA/SiO, hybrid was found to nucleate bone-like mineral on its
surface after 1 week of immersion in simulated body fluid (SBF), whereas pure silica sol-gel glass
did not. This increase in apatite forming ability was due to the ion-dipole complexation of calcium
with the ester moieties of the polymer that were exposed after release of soluble silica from TEOS.
No adverse cytotoxicity for MC3T3-E1 osteoblast-like cells was detected and improved cell attach-
ment was observed, compared to a pure silica gel. p TMSPMA/SIiO, hybrids have potential for the
regeneration of hard tissue as they overcome the major drawbacks of pure inorganic substrates
while retaining cell attachment.

Bone is the second most transplanted tissue after blood and
musculoskeletal pathology treatments represent £10 billion per
year in the U.K. alone. 12 Effective alternatives must be found to
the current methods of skeletal defect treatments to avoid post-
operation infection or revision, which can cost up to £70,000 per
patient.3 One attractive approach is to design biodegradable im-
plants that could actively promote the bone growth and tissue
remodelling by stimulating cellular activities whilst providing a
mechanical support to the tissue. 4

Bioglass® (BG), a biodegradable bioactive silicate glass (46.1
mol % SiO,, 26.9 mol % CaO, 24.2 mol % Na, 0, 2.6 mol % P,0s),
was the first material capable of bonding with bone by the forma-
tion of an apatite layer that forms on its surface after grafting.> A
second mode of action is its dissolution products (in particular sil-
ica), which enhance osteoblast activities, whilst promoting extra-
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cellular matrix (ECM) production and cells differentiation. 6-8 3p
scaffolds have been produced from bioactive glasses, with inter-
connected pore networks in the form of foams !0 or 3-D printed
structures '!, which can take load in compression, up to 150 MPa
when 3D printed. 12 However, glasses are brittle and are unable
to take cyclic loads. Biomaterials are needed that can share cyclic
load with the host tissue, ideally matching its mechanical proper-
ties.

One strategy to overcome this shortfall in mechanical proper-
ties is to synthesise bioactive sol-gel silicate hybrids. 13-16 Sol-gel
hybrids have nanoscale interpenetrated co-networks of inorganic
and organic components. In class II hybrids the organic chains,
usually polymers, covalently bond to the silica network. 14 Thus,
polymers containing pendant alkoxysilane, -Si-(OR)3; groups (R
usually = methoxy or ethoxy), can hydrolyse, creating Si-OH
groups, which can then undergo polycondensation with a conven-
tional silica sol (from hydrolysed TEOS), forming Si-O-Si bonds,
bridging the two networks. 719 Hybrids can therefore poten-
tially benefit from the release of soluble silica whilst maintain-
ing suitable mechanical properties due to the molecular rein-
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forcement provided by the polymer. Additionally, and as op-
posed to a conventional composite, this strategy can allow con-
gruent degradation of the inorganic and organic matrices.20-22
Natural polymers, such as polypeptide, polysaccharide, or syn-
thetic aliphatic polyesters have been used as organic compo-
nents of hybrids. They require functionalisation with organo-
silicate coupling agents, such as 3-glycidoxypropyl trimethoxysi-
lane (GPTMS), in order to form covalent bonds with the silica net-
work. 20-22 However, the in situ reaction of GPTMS with polymers
within the sol does not go to completion, forming by-products
that are difficult to remove.2123 Methacrylate based polymers
present several benefits for the synthesis of silica class II sol-gel
hybrids as they can be designed with a variety of chemical groups,
including alkoxysilane moieties that provide coupling sites for the
silica network, structures and morphologies.?* In addition, the
cross-linking density (ability of a polymer molecule to covalently
bond the silica network) can be controlled independently of the
molecular mass of the polymer.

Previous work on silica class II hybrids based on polymethacry-
late, for bone regeneration, featured random co-polymers syn-
thesised with 3-(trimethoxysilyl) propyl methacrylate (TMSPMA)
and methyl methacrylate (MMA) or 2-hydroxyethylmethacrylate
(HEMA)25-34, In these reports, the cross-linking density (mo-
lar percentage of TMSPMA in the polymer) did not exceed 20
% and hybrids contained calcium salts as a promoter of bioac-
tivity. Promising data was acquired, with nucleation of cal-
cium phosphate on the surface of the hybrids in SBF, achieved
within 24 h for poly(TMSPMAo-r-HEMAg)/CaCl,, and the
bulk Young’s modulus reached 4+0.2 GPa for poly(TMSPMA,-
r-MMAg()/Si0,-Ca(NO3),.26-27:35 However, a significant scat-
ter in properties was observed for hybrids with similar nomi-
nal compositions. For instance, Ravarian et al. reported three
orders of magnitude lower Young’s modulus for hybrids made
with poly(TMSPMA-r-MMA) with consistent inorganic to organic
weight ratio compared to Lee et al.. Many of the reports are miss-
ing polymer characterisation (molecular weight and structure).
Thus, the scatter in properties may originate from significant vari-
ations in the polymer chemistry, which might affect its interaction
and interpenetration with the silica matrix.

Here, we developed a comprehensive approach where a high
cross-linking density polymer, homopolymer of TMSPMA, was
used as an organic source for silicate class II hybrids to inves-
tigate structure-property relationships. The aim was to deter-
mine the effect of the molecular weight (MW) of the polymer
on the mesoporosity and silica release rate in buffered media, to
select an optimal composition in terms of delivery of soluble sil-
ica. pTMSPMA/SiO; hybrids were tested via compression test,
calcium-phosphate nucleation ability and cell viability in compli-
ance with the ISO 10993-5 and ISO 10993-12 standards. In the
long term we expect the hybrid to undergo slow dissolution, los-
ing soluble silica, then polymer molecules. Poly(TMSPMA) was
designed to ensure it can pass through the kidneys and be ex-
creted after dissolution.

2| Journal Name, [year], [vol.],1—11

1 Materials and experimental methods

1.1 Materials

All reagents were purchased from Sigma-Aldrich UK and used
without further purification unless stated. 3-(Methoxysilyl)propyl
methacrylate) (TMSPMA) was purified by distillation under re-
duce pressure. 2,2-Azobisisobutylonitrile (AIBN) was recrys-
tallised in cold methanol before use. Tetrahydrofuran (THF) was
dried using 3 A molecular sieves prior to any polymer synthesis.

1.2 Synthesis method
1.2.1 Polymer synthesis

Poly(3-(methoxysilyl) propyl methacrylate) (pTMSPMA) and its
class II hybrids were synthesised following experimental pro-
cedures detailed elsewhere.!” pTMSPMA was synthesised by
regulated-free radical polymerisation using AIBN as initiator and
thioglycerol as a chain transfer agent. The polymerisation was
conducted in THF under argon for 24 h at 60°C. Subsequently,
PTMSPMA was purified by precipitation in n-hexane, 3 times,

dried in a vacuum desiccator for 2 h and redispersed in ethanol,

NEIOH  —
RTMSPMA

1.2.2 Hybrid synthesis

Reion=

pTMSPMA/SiO, hybrids were synthesised using the sol-gel pro-
cess with tetraethyl orthosilicate (TEOS) and pTMSPMA as pre-
cursors using acidic catalysis at room temperature. The mass of
TEOS hydrolysed was calculated based on the mass of the poly-
mer (Mporymer) and the intended inorganic to organic mass ratio
(1), using Eq 1:
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The backbone of the polymer was considered as part of the or-
ganic component of the class II hybrid. Hydrochloric acid (HCI)
and water were added relative to the number of alkoxy silane
groups in TEOS and pTMSPMA according to the following ra-
tios : Ryey= ;%% = 0.01 and Rpy,0= Z‘;’if; = 1. Water from HCl
was subtracted according to the final amount of distilled water
added. The solution was stirred at 1000 r.p.m, for 30 min, allow-
ing TEOS to be hydrolysed, after which the purified polymer was
added into the beaker. The mixture was allowed to mix for 30 s
and cast into poly(tetrafluoroethylene) (PTFE) moulds and subse-
quently sealed. After 3 d of ageing, the lids were loosened for the
solvent to evaporate. Si-pTMSPMA monoliths were considered to
be dried when their mass stabilised.

1.2.3 Bioglass synthesis

Bioglass® (BG) (46.1 % SiO;, 26.9 % CaO, 24.4 % Na,0, 2.6 %
P,0s5, in mol.%) was synthesised by mixing the relevant oxides
together and heating to 1420°C, in a platinum crucible, for 1.5 h
followed by quenching in water at room temperature. The coarse
frit form of the glass was collected and dried overnight. The solid
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form of the glass was ground to a powder and sieved at <100
um.

1.3 Characterisation

1.3.0.1 Nuclear magnetic resonance: The structure of pTM-
SPMA was assessed by 'H NMR. Spectra were recorded in CDCl3
using a Bruker AV-400 spectrometer operating at 400 MHz.

1.3.0.2 Size exclusion chromatography: Molecular weights
were determined by size exclusion chromatography using Vis-
cotek TDA 305 instrument (Malvern instrument, USA) equipped
with Viscotek D6000M and D2500M columns. Linear poly(methyl
methacrylate) was used as a standard for universal calibration.
Dimethylformamide (DMF) with 0.075 % of lithium bromide was
used as a mobile phase flowing at 0.7 mL min~!, 35°C.

1.3.0.3 Specific surface area: Nitrogen sorption was used to
determine the surface area of the hybrid (Autosorb AS1, Quan-
taChrome). Samples were degassed at 150°C for 8 h before anal-
ysis (Degasser, Quantachrome). Specific surface areas were cal-
culated using the BET equation applied to the first 11 points on
the adsorption branch of the isotherm, giving an R? >0.999.36

1.3.0.4 Compression tests: Uni-axial compression tests were
performed on cylindrical shaped monoliths (diameter = 10
mm, height = 10 mm) following the British standard EN 658-
2:2002.37 Tests were performed on a Zwick 1474 fitted with a
100 kN load cell at a constant strain rate, 10 mm min~!, until
failure. The Young’s Modulus, maximum compressive strength
and strain to failure were determined from 5 repeats. The mod-
ulus of toughness was calculated by integrating the stress-strain
curves using the built-in integration function of Matlab R2013b. 38

1.3.0.5 Dissolution test: pTMSPMA/SiO; hybrids were im-
mersed in media simulated body fluid (SBF) or 5 mM TRIS-HCI
buffered water using a ratio of 75 mg glass to 50 mL of media
in an airtight polyethylene container.3> Dissolution vessels were
placed in an incubating orbital shaker held at 37°C, agitated at
120 r.p.m. The pH (7.4) and temperature of the media were ver-
ified before use. The samples were incubated for 4 h, 8 h, 24 h,
72 h, 1 wk and 2 wk. At the end of each time period, the samples
were removed from the incubator and the solids were collected
by filtration (particle retention 5-13 pm). The powder was im-
mediately washed with DI water and subsequently with acetone
to terminate any reaction. Each sample was run in triplicate. The
filtered solution was collected to determine the ion concentra-
tions using an inductively coupled plasma (ICP) analysis; the pH
of the solution was also measured. The same protocol was applied
to the media alone as a control. Elemental concentrations in so-
lution were measured with a Thermo Scientific iCAP 6300 Duo
inductively coupled plasma-optical emission spectrometer (ICP-
OES) with auto sampler. Sample solutions were prepared by di-
luting the samples by a factor of 10 with analytical grade 2 M
HNO;. Mixed standards of silicon, phosphorus, calcium, sodium
and potassium were prepared at 0, 2, 5, 20 and 40 ug mL~! for
the calibration curve. Silicon and phosphorus were measured in
the axial direction of the plasma flame whereas calcium, sodium
and potassium were measured in the radial direction.
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1.3.0.6 Fourier transform infrared spectroscopy: ATR-FTIR
was performed on the purified polymers and the pTMSPMA/SiO,
hybrids, before and after immersion in SBF, using a Nicolet iS10
fitted with a Specac MK11 Golden gate single reflection ATR mod-
ule.

1.3.0.7 X-ray powder diffraction: X-ray diffraction (XRD)
patterns were recorded before and after immersion in SBF us-
ing a Panalytical X'pert Pro MPD. The radiation source was a Ni
filtered Cuk,. Diffraction was measured continuously from 6 to
70° 20, with a step size of 0.026° and a time per step of 100 s.

1.3.0.8 Scanning electron microscopy: Field emission gun
scanning electron microscopy (FEG-SEM) was performed on a
Leo 1525 with Gemini column fitted using a gun voltage of 5 kV
for secondary electron imaging with a working distance of 6-13
mm. Samples were prepared by mounting them on double sided
carbon tape and coating with chromium.

1.3.0.9 Zeta-potential and dynamic light scattering: The
Malvern Zetasizer (instrument 2000) was used to measure the
zeta potential and the hydrodynamic radius of the hybrids and
polymers, respectively. Zeta potential measurement of the hy-
brids were carried out in PBS, 7.4 pH. Hydrodynamic radius of
pTMSPMA was recorded in THF.

1.3.0.10 Cell viability: MC3T3-E1 preosteoblast cell line
(ATCC, UK) was expanded in monolayer cultures in basal o.-MEM
supplemented with 10 % (v/v) FCS (foetal calf serum), 100 unit
mL~! penicillin and 100 ug mL~! streptomycin. Cultures were
maintained in humidified atmosphere at 37°C, 5 % CO, and 21
% O,. Cells were passaged upon confluence using 500 pug mL~!
trypsin-EDTA (ethylene diamine tetra-acetic acid). Potential in
vitro cytotoxicity effects of pTMSPMA/SiO; and pure silica gel
(I100) on MC3T3-E1 cells were assessed in accordance to ISO
10993-5 and ISO 10993-12.3%40 Dissolution products released
by the samples (0.2 g mL~! in «-MEM at 37°C) over a 72 h pe-
riod were prepared. Medical grade polyethylene (PE) was used as
negative control (non-cytotoxic) and poly urethane (PU) contain-
ing 0.1 % (w/w) zinc diethyldithiocarbamate (ZDEC) was used as
positive control (provides reproducible cytotoxic response). The
dissolution products were filter sterilised and, dilution series (25
%, 50 %, 75 % and 100 %) were prepared and supplemented
with 10 % (v/v) FCS prior to use in cell viability assays. Cell
viability was assessed by a calorimetric cell metabolic activity as-
say based on the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) into formazan. The optical
density was measured spectrophotometrically at 570 nm using a
microplate reader (SpectraMax M5). For cell attachment stud-
ies, pTMSPMA/SIO, and 1100 disks (approximately 5x5x1 mm?)
were sterilised with 70 % ethanol for 1 min. Following washing
with PBS, each sample was placed in serum-free a-MEM for 30
min prior to cell seeding. Monolayer expanded MC3T3-E1 cells
were harvested and suspended in basal @-MEM at a concentration
1.10° cells mL~'. 10 uL of cell suspension was seeded onto each
PTMSPMA/SiO, and 1100 disk and, incubated in humidified at-
mosphere at 37°C, 5 % CO, and 21 % O, for 2 h. Each cell-seeded
disk was then submerged in fresh basal a-MEM and cultured for
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further 24 h. Cell-seeded disks were fixed with 4 % paraformalde-
hyde (PFA) and used for immunohistochemical analysis of cell
attachment. Following permeabilisation with buffered 0.5 % Tri-
ton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl,,
20 mM Hepes and pH 7.2) and blocking with 10 mg mL~! BSA in
PBS, samples were incubated with antybodies at 4°C for 1 h. Neg-
ative controls (omission of the primary antisera) were performed
in all immunohistochemistry procedures. F-actin was labelled us-
ing CytoPainter F-actin staining kit (Abcam, Cambridge, UK) fol-
lowing the manufacture’s instruction. Briefly, Alexa Fluor 568-
conjugated phalloidin (1:1000 dilution in labelling buffer) was
added simultaneously with the secondary antibody during the in-
cubation period. All samples were counter-stained with DAPI (0.1
ug mL~! in PBS), staining DNA. The samples were imaged under
confocal microscopy (Leica SP5 MP laser scanning confocal mi-
croscope and software, Leica Microsystems, Wetzlar, Germany).
Cells were also imaged by SEM after dehydratation using hexam-
ethyldisilazane (HMDS).

2 Results and Discussion

2.1 Polymers and hybrids synthesis

Poly(3-(methoxysilyl) propyl methacrylate) (pTMSPMA) was syn-
thesised via regulated-free radical polymerisation, targeting av-
erage molecular weights (M,,) of 2.5, 7.5, 15 and 30 kDa, using
thioglycerol as a chain transfer agent.'”4142 The M, of pTM-
SPMA was tailored such that it could pass through the porous
glomerulus of the kidney and avoid accumulation in the liver. 43
PTMSPMA was therefore synthesised with a cut off in M,, of 30
kDa to potentially have a hydrodynamic radius under the renal
threshold of 5 nm.%* These requirements were met, as shown
by dynamic light scattering, with R,= 5.05 nm for pTMSPMA
at 30 kDa and lower radii for polymers with a smaller M,, (Fig-
ure 1-a). The structure of pTMSPMA was evaluated by 'H NMR,
which was conducted after purification (Figure 1-b). Figure 1-b
shows that TMSPMA polymerised successfully without any signs
of hydrolysis of its alkoxy-silane moiety, which would translate
to a decrease of the relative integration of the methoxy groups
(6 ~ 3.58 ppm) to the first protons on the propyl chain (§ ~ 3.90
ppm) after polymerisation.4>40 After purification and redisper-
sion in ethanol, pTMSPMA was added to a solution of hydrolysed
tetraethyl orthosilicate (TEOS) at different concentrations to aim
at inorganic to organic ratios of 29 % (only the polymer), 50 %
and 75 %, later called 129, 150, 175 respectively (Schematic of the
reaction in Figure 2-a). A control, 1100, consisting of a pure silica
gel, was also synthesised under the same experimental conditions
(pH, water content, ethanol content).

2.2 Porosity and silica release:
molecular weight

effect of the pTMSPMA

Soluble silica has been shown to be important for bone regen-
eration, increasing significantly the expression of collagen type
I, up-regulating the expression of growth factors responsible for
vascularisation and inhibiting the osteoclast activity.#’->9 The
dissolution of silicate based bioactive glasses also caused the
up-regulation of seven families of genes in primary human os-
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Fig. 1 a) Hydrodynamic radius of p TMSPMA at different M,, measured
by dynamic light scattering in THF at 25°C b) 'H NMR sprectrum of
pTMSPMA in CDCl5 after purification and its structural representation
(inset).

teoblasts, promoting bone growth.” The effect of the dissolution
ions (soluble silica and calcium ions) was found to be dose depen-
dent on foetal osteoblasts.>! Thus, it is important to understand
the influence that pTMSPMA has both on the structure of the hy-
brid and the release of soluble silica. In addition to structure,
the release of silica sol-gel is driven by mesoporosity, which is the
primary factor that determines the specific surface area (SSA)>2.
While gels and glasses made by acidic catalysed sol-gel processing
have inherent mesoporosity>3, the majority of previous work on
hybrid synthesis does not report mesoporosity. Figure 2-b shows
the effect of the molecular weight of pTMSPMA on the SSA at
different inorganic to organic ratios. At I75, the SSA was inde-
pendent of pTMSPMA with values close to the pure silica gel,
SSAj90= 457 m? g~!. However, at I50 a clear trend was ob-
served with a decrease of the SSA as the molecular weight of
pTMSPMA decreased, ranging from SSA;s 2 skp,= 117 m2g'to
SSAs5030kpa= 450 m? g~!. When the polymer was cross-linked
without TEOS, the calculated surface areas were below the detec-
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Fig. 2 a) Schematic of the hybrid synthesis; b) specific surface area of the hybrids as a function of p TMSPMA M, and inorganic to organic ratio; c)
silicon concentration profiles upon immersion of p TMSPMA/SIO, hybrid in aqueous 5 mM TRIS solution buffered at pH 7.35 over 3 d.

tion limit of 1 m? g~!.>%>% Thus, at 129 hybrids were not porous.

Variation in SSA was correlated with the release of soluble silica
from the hybrids, which were immersed in a 5 mM TRIS aqueous
solution at pH 7.35 over a period of 3 d as shown in Figure 2-
c. For each inorganic to organic ratio, the silicon concentration
profile of 1100 was plotted as a control and showed an steady
increase in the level of silica, reaching 39.1+3.9 ug mL~! after 3
d. With hybrids at 75 % inorganic, the presence of pTMSPMA did
not have any significant effect on the release of silica with trends
and values statistically equivalent to the pure silica gel, 1100. At
150, the same general observations on the trends were made with
the concentration of silica increasing with time. However, the
level of silica at 3 d varied depending on the M,, of pTMSPMA. As
M,, increased the release of silica increased from 17.5+£0.6 (2.5
kDa) up to 33.6+1.5 ug mL~! (30 kDa). In addition, a linear
relationship between the specific surface area and [Si];s5 3, was
observed (R?= 0.97). At 129, hybrids did not show any sign of
mesoporosity and only 1.73+0.35 ug mL~! of silica was released
in solution, which was close to the 1 ug mL~! detection limit of
the ICP-OES.

According to the analysis on the morphology of
pTMSPMA/SiO, hybrids in our previous report, M,, of pTMSPMA
influences the gelation mechanism. 1”7 At 150, the concentration
of the pTMSPMA was higher than TEOS, and its hydrodynamic
radius at least an order of magnitude larger than the dimers
or cage-like structures that TEOS formed after 1 h of hydroly-
sis/condensation, which was the time at which the polymer was
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added. Hence, the gelation of the hybrid sol was due to the en-
tanglement of pTMSPMA through its self-condensation, forming
a polymer mesh in which TEOS condensed. The interspacing of
these meshes was dependent on M,, of the polymer, the mesh size
decreased as M,, decreased. Hence, the reduction in SSA and the
level of silica released at 3 d (Figure 1-b,c) could be due to the
decrease in size of the tetrasilica rich domains in the hybrids. In
addition, the interconnectivity of these domains could decrease
as M,, of pTMSPMA decreases. These hypotheses imply that only
the silicate derived from the TEOS released soluble silica, as
opposed to the silica in the TMSPMA.

2.3 Mechanical relevance of pTMSPMA/SiO, hybrid as an
implant for bone regeneration

One of the challenges in designing scaffolds for bone regenera-
tion is to bring adequate mechanical support during healing. 13
For example, the Young’s modulus of a humerus, which has high
content of cancellous bone, can range from 1.1 to 448 MPa and
0.03 to 6.3 MPa in compressive strength >6-58,

The reduced Young’s modulus, previously determined by
nanoindentation, of pTMSPMA/SiO, hybrids increased as a func-
tion of the inorganic to organic ratio from 1.41+0.23 GPa for 129
to 7.3540.98 GPa for 175. 17 These values reflect the properties of
bulk materials and are not representative of a functional implant
which must be porous. Mahony et al. 20 showed that for silica-
gelatin hybrids, the mechanical properties of open porous foams
could be predicted by applying cellular solid theory.>® As a result,
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Fig. 3 Typical stress-strain curves obtained via uniaxial compression of
BG, 1100 and pTMSPMA/SiO; hybrid (150, pTMSPMA at 30 kDa) at a
strain rate of deformation of 10 mm min~!. The pale grey and dark grey
regions represents the range of mechanical properties of cortical and
trabecular bone.

here, by targeting a porosity of 50 to 90 % similar to the appar-
ent porosity of trabecular bone, hybrids made at an inorganic to
organic ratio of 50 % would be mechanically suitable for defect
repairs in non-load bearing bones, with Young’s modulus rang-
ing from 25.3 (90 % porosity) up to 632.5 MPa (50 % porosity),
which is similar to cancellous bone.

Therefore, a pTMSPMA/SiO, hybrid with a inorganic to or-
ganic weight ratio of 50 % synthesised with pTMSPMA at 30 kDa
was selected for its mechanical properties for further analysis.

2.3.1 Uniaxial compression:

Nanoindentation data, which have their limitations, give only the
Young’s modulus and the hardness. Further characterisation is
needed to assess the ultimate strength. Thus, Young’s modu-
lus, modulus of toughness and ultimate strength of BG, 1100 and
PTMSPMA/SiO, were evaluated by uniaxial compression (Figure
3). Elastic deformation followed by brittle failure was observed
for sol-gel derived 1100 and melt derived BG. For both samples,
small cracks along the direction of the load appeared and prop-
agated when the compressive stress exceeded 100 MPa, leading
to brittle failure at low strain of 4.5+1.2 % (Table 1). BG had a
higher compression modulus than 1100 with E=10.56+2.30 and
E=7.97+1.59 GPa respectively. The mechanical properties of sol-
gel silica glasses are directly influenced by the thermal stabilisa-
tion parameters and porosity.®3 Here, 1100 was only dried up to
60°C, resulting in mesoporous silica gel monoliths. Consequently,
1100 had lower mechanical properties than dense melt-derived
BG. This is confirmed by the modulus of toughness, Uy, which
is a measure of the energy absorbed by the material before com-
plete failure (Table 1).38 Uy for BG was 150 % larger (Ur= 0.73
GPa) than that of 1100. Mechanical properties recorded for 1100
and BG were in the same order of magnitude to that reported in
the literature. 63.64
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pTMSPMA/SiO, had a different mode of deformation com-
pared to BG and I100, with clear ductile behaviour. After elas-
tic deformation, the yield strength was reached at 5.2 % of strain
and 129.9+12.4 MPa of compressive stress, and was subsequently
followed by plastic deformation with strengthening (strain hard-
ening). Thus, pTMSPMA/SiO; had much higher toughness than
its inorganic analogue, 1100, with a modulus of toughness 550 %
greater. It is likely that this ductility originated from the mobil-
ity of silica particles (from the condensation of TEOS) within the
pTMSPMA mesh upon compression, allowing the hybrid to strain
up to 14.2 % before fracture. pTMSPMA provided a molecular
reinforcement to the silica matrix through covalent bonding. This
substantial increase in toughness and strain to failure might be
the key to increase the rather limited fatigue failure (limit of re-
sistivity to cyclic-loading) characteristic of bioactive glasses and
therefore avoid mechanical failure after grafting. However, the
validation of this hypothesis is beyond the scope of this paper.

2.4 Evaluation of the in Vvitro
pTMSPMA/SiO, hybrid

In vitro experiments were conducted to determine whether

PTMSPMA/SiO, hybrids have the potential to be used as bone im-

plant: Apatite nucleation ability and measurement of osteoblast

viability. These tests are not indicative of in vivo performance, yet

can be used as reference for future design. The results obtained

for hybrid were compared with 1100 and BG.

performance of

2.4.1 Calcium-phosphate nucleation:

pTMSPMA/SiO, hybrid was immersed in simulated body fluid
(SBF) over 2 wk to investigate its ability to nucleate a calcium
phosphate layer.3> This measurement is not to be related to the
potential in vivo performance of the hybrid but to understand the
change in chemistry (surface and ionic concentrations) upon im-
mersion in media that have the same ionic strength that the body
fluid present in a bone defect.%® Variations in the concentration
of silicon, calcium and phosphorus in SBF were monitored using
ICP-OES along with the pH. Changes in surface chemistry were
analysed by FTIR, XRD and SEM (Figure 4). Blank SBF, BG and
1100 were incubated under the same conditions and used as a
control. Upon immersion, the pH of SBFp; increased from 7.45
to 8.17 due to the exchange of the cations (Ca?* and Nat) from
the glass with the H3O™ in solution whereas for 1100 and hybrid,
the pH remained within the buffering capacity of the media. % All
solutions increased in silicon concentration following the same
trend, reaching 50.4+0.4, 49.54+0.3 and 40.0+1.3 ug mL~! for
SBFpgG, SBF;100 and SBFpp,i4, at 2 wks, respectively.

Depletion in calcium or phosphorus concentration is known to
be a good indicator of calcium phosphate nucleation onto the sur-
face of bioactive glasses.3%%7 Here, BG and 1100 behaved as de-
scribed in the literature with limited bioactivity observed for 1100
and rapid variation in the ionic strength of SBF upon immersion
of BG due to the nucleation of a calcium-phosphate layer on its
surface. 8% Due to the similarity between 1100 and the inor-
ganic component of pTMSPMA/SiO,, their apatite forming abil-
ity was expected to be at a similar rate. However, after 1 week of
immersion, the level of calcium and phosphorus dropped signif-

This journal is © The Royal Society of Chemistry [year]



Table 1 Summary of the mechanical properties of BG, 1100 and 150, 30 kD.

compression of trabecular and cortical bones are given as a comparison. 60~

a pTMSPMA/SIO, hybrid in uniaxial compression. The properties in
62

Entry Young’s modulus Modulus of Yield strength Ultimate strength
E (GPa) toughness, Uy (GPa) Stress (MPa) Strain (%) Stress (MPa) Strain (%)
Cortical bone 7-30 0.5-1.5 0.5-1 100-230 100-230 1-3
Trabecular bone 0.5-0.05 - - - 2-12 5-7
BG 10.56+2.30 0.73 - - 345.8 4.2
1100 7.97+£1.59 0.48 - - 210.2 4.9
pTMSPMA/SiO, 3.14+0.41 2.64 129.9 5.2 301.3 14.2
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Fig. 4 a) pH and silicon, calcium and phosphorus concentration profiles upon immersion in SBF of BG, 1100 and pTMSPMA/SiO, hybrid over 2 wk, b)
and c) are the change in surface chemistry observed at different time points by FTIR and XRD, respectively. d) SEM images of surfaces of BG, 1100

and pTMSPMA/SIO; hybrid (150, p TMSPMA at 30 kDa) after 2 wks in SBF.

icantly for pTMSPMA/SiO, hybrid compared to the SBF control
and 1100, with concentration reaching 16.4+3.7 ug mL~! for P
and 60.445.8 ug mL~! for Ca at 2 wks of immersion, suggesting
that a calcium-phosphate layer was forming on the surface of the
hybrid.

This journal is © The Royal Society of Chemistry [year]

To ensure that the depletion in calcium and phosphorus level
was not due to an instability of the SBF solution but to the nu-
cleation of a calcium-phosphate (Ca-P) crystal onto the surface
of the hybrid, FTIR, XRD and SEM were conducted on the col-
lected powder after immersion (Figure 4). Before soaking in SBF,

Journal Name, [year], [vol.], 1-11 |7



a) -------- 1SO 10993 threefold

ON ; 100 . - ]000%: Dilution
2 =5 h
< o 025%
2 8 .....................
5 2 507 .
=
N
0 m
3 100 - s
s
% § ....................
=2 501 .
5 —
0 m
o-MEM  PE PU Samples

b) 12
[ 1100
] pTMSPMANSIO,
: 0 8 _ +
=
£
S
Z
04+
0 T T

Day 1 Day 3 Day 7

Fig. 5 a) Cell viability (MC3T3 cell line) test following the ISO 10993-5 and -12, every set of data is normalised to the optical density of the culture
media; «-MEM = standard culture media, PE = polyethylene (-ve control), PU = polyurethane (+ve control), * indicates p<0.05, N=3 for all tests.
Percentages given in PU and samples bars represents different dilution factors of the dissolution product with fresh culture media. b) MTT assay over
7 d of culture comparing the proliferation of p TMSPMA/SIO, hybrid (150, p TMSPMA at 30 kDa) and 1100.

Table 2 {-potential of 1100 and pTMSPMA/SiO, hybrid (150, p TMSPMA
at 30 kDa) after immersion in 5 mM TRIS solution. Measurements were
taken 5 min after dispersion in PBS (pH=7.4).

Incubation (days) Cr100 (mV) Chybria (V)
0 -17.2+2.4 -14.2+0.4
3 -15.3+4.3 -17.4+2.1
7 -16.3+1.2 -20.1+4.1
14 -14.840.8 -26.7+ 1.1

all samples presented similar FTIR spectra with strong absorption
bands at 1020 and 800 cm™! due to their Si-O-Si silica network.
XRD patterns were also similar with amorphous halos at 6 ~ 32°
for BG and 6 ~ 22° for 1100 and pTMSPMA/SiO, hybrid. BG
induced nucleation and crystallisation of Ca-P within 3 d of im-
mersion in SBF, due to the local increase in pH due to ion ex-
change of cations from the glass with protons from the SBF, and
the abundance of Si-OH groups on it surface that acts as nucle-
ation sites. Crystallisation of the Ca-P layer is associated with
the FTIR detection of P-O bending bands at 565 and 605 cm™!
and stretching band at 1030 cm™!, characteristic of the tetrahe-
dral PO?[ groups in a crystal orthophosphate lattice, and sharp
X-ray diffraction peaks at 6 ~ 26° and 6 ~ 32°, confirming hy-
droxycarbonated apatite (HCA) formation (ICSD 01-084-1998).
Similar features were detected on the surface of the hybrid after
2 wk, confirming that the drop in phosphorus and calcium levels
was due the nucleation of HCA. Additionally, the hybrid and BG
were fully covered by the characteristic HCA needle-like crystals
as shown by SEM (Figure 4-d). However, the mechanism that led
to the formation of this Ca-P layer differed to BG, as the hybrid
did not contain any calcium and the pH remained approximately
constant over the incubation period. The introduction of the poly-
mer into the sol-gel process improved apatite forming ability over
that of I100.

To get a better insight on the difference in apatite forming abil-
ity between 1100 and hybrid, the effect of the silica release on
the surface charge of 1100 and pTMSPMA/SiO, was monitored
by measuring the {-potential of the powder collected after im-
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mersion in 5 mM TRIS-HCI, redispersed in PBS (Table 2). The
surface charge of 1100 did not significantly vary upon immer-
sion in buffered water, over the 2 wks of incubation, with a mean
value of §jjgp= -15.9+1.1 mV, as seen previously for sol-gel silica
glass.”%71 The pTMSPMA/SiO, hybrid behaved differently, with
a steady decrease in {-potential from -14.2+0.4 mV to -26.7+1.1
mV over the 2 wks of incubation. The potential reached at 1 wk
was comparable to poly(methyl methacrylate) measured under
similar ionic strength and pH conditions, suggesting that, upon
release of soluble silica from the condensed TEOS, a polymer rich
layer was formed on the surface of the hybrid.”%73 In addition,
Zainuddin et al. demonstrated by 'H NMR that in presence of
Ca?*, the ester groups of polymethacrylates can form a ion-dipole
complex, inducing calcification.”# This corroborates the drop ob-
served in {-potential as the complexation of cations lowers the
potential but also gives an insight on the mechanism Ca-P nucle-
ation onto the surface of the hybrid, which is preferential on nega-
tively charge surfaces. Moreover, Tanahashi and Matsuda showed
that the polar affinity of cations for ester groups is a better in-
ducer of apatite growth than silanol (Si-OH) moieties.”> Thus we
can hypothesise the following mechanism: upon immersion of
pTMSPMA/SiO, hybrid in SBF, silica was released from its sur-
face, generating a pTMSPMA rich layer, which induced complex-
ation of Ca?t through polar interactions with the ester groups
from methacrylate, which induced the nucleation of a Ca-P layer.

2.4.2 Cell Viability:

The behaviour/fate of preosteoblast cells (MC3T3-E1)
was assessed by exposition to the dissolution products of
pTMSPMA/SiO, hybrid and I100 or when seeded directly onto
the samples. Here, BG was not used as a control due to the
large difference in composition with pTMSPMA/SiO; hybrid or
1100. It is noteworthy to mention that the samples tested here
were not pre-conditioned. Thus, an MTT assay was performed
in accordance to ISO 10993-5 and 10993-12 to evaluate the
cytotoxicity of the samples using their dissolution products. In
ISO 10993 (Biological evaluation of medical devices), reduction

This journal is © The Royal Society of Chemistry [year]



pTMSPMA/SiO:

50 um

50 um

Fig. 6 a) b) Confocal images of 1100 and pTMSPMA/SIO, hybrid (150,
pTMSPMA at 30 kDa) of MC3T3 cells 24 h after seeding where F-actin
filament (red) were counter-stained with Alexa Fluor 568-conjugated
phalloidin and DNA (blue) was counter stained with DAPI; ¢), d), e) and
f) are SEM images of MC3T3 cells, 24 h after seeding. The arrows are
pointing towards filopodia.

of cell viability exceeding more than 30 % in comparison to
non-toxic controls is considered cytotoxic. The results confirmed
that both 1100 and pTMSPMA/SiO, did not induce any cytotoxic
effects on MC3T3 cells in vitro (Figure 5-a). In addition, cells
were capable of proliferation steadily over a period of 7 d in
the presence of dissolution products of either pTMSPMA/SIO,
or 1100, obtained from 3 d incubation in a-MEM at 75 mg
mL~! (Figure 5-b). Cells cultured in pTMSPMA/SiO, dissolution
products appeared to have a higher metabolic activity up to 7
d in comparison to those cultured in 1100 dissolution products.
However, the differences were not statistically significant.

Cell attachment on 1100 and pTMSPMA/SiO, disks were exam-
ined by immunohistochemistry (IHC) and SEM (Figure 6). Fol-
lowing 24 h of culture, MC3T3 cells on pTMSPMA/SiO, disks
demonstrated notably more robust expression of F-actin in com-
parison to those on 1100 disks (Figure 5- A & B). The formation
of higher order structures such as stress fibres was only visible
in MC3T3 cells cultured on pTMSPMA/SiO, disks, suggesting es-
tablished cell-cell and cell-ECM interactions.”® In addition, SEM
imaging confirmed the existence of filopodia only in MC3T3 cells
cultured on pTMSPMA/SiO, disks (Figure 5-C & B). The for-
mation of focal adhesions suggest that, in comparison to 1100,
PTMSPMA/SiO, is a superior material for promoting cellular at-

This journal is © The Royal Society of Chemistry [year]

tachment, which plays central role in tissue regeneration.”” It is
reported that cellular viability and survival is reduced if the ex-
tent of cell spreading area is very small (i.e. attachment of round
cells without formation of focal contacts).”® Limited spreading
in MC3T3 cells cultured on I100 disks can be correlated to the
reduced cellular metabolic activity observed in MTT assays. The
size and shape of the spreading of cells on biomaterials, along
with the number, shape and distribution of focal adhesions are
dependent on a number of factors including surface charge, me-
chanical properties, wettability, surface roughness/topography,
solubility, porosity, pH and the presence of functional groups. 7980
Furthermore, different cell types react differently to biomateri-
als.81-83 Therefore, it is difficult to draw a conclusive explanation
for the different cell behaviour of MC3T3 cells when cultured on
pTMSPMA/SiO, and 1100 disks. The combination of a more hy-
drophilic, negatively charged surface and the inherent chemistry
of pTMSPMA is likely to contribute to the improved cell attach-
ment and spreading.

3 Conclusions

Here pTMSPMA/SiO, class II hybrids were successfully synthe-
sised. The addition of a high cross linking density polymer into
the sol-gel significantly improved the mechanical properties com-
pared to sol-gel silica gel by changing the mode of deformation
from brittle to ductile while retaining high specific area, meso-
porosity and ability to deliver soluble silica. The presence of the
polymer also improved the bone-like apatite forming ability com-
pared to silica gel due to a decrease in the surface charge of the
hybrid, which increased the rate of nucleation of bone like min-
eral on its surface. Improved cellular attachment was observed
on the hybrid without apparent adverse cytotoxicity as compared
to 1100. Thus, pTMSPMA/SiO, hybrids have great potential for
producing scaffolds with enhanced elasticity for bone regenera-
tion while delivering soluble silica to the defect site and efficiently
welcoming surrounding osteogenic cells.
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