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ABSTRACT

Silicones are a class of polymer with many biomedical applications, such as
maxillofacial prostheses, implants in plastic surgery, carirerdrug delivery systems and
components in medical equipment. This type of elastomer exhibits high thermal and oxidative
stability at high temperatures and maintain its elasticity and flexibility at very low
temperatures. However, silicone polymers araratterized by poor mechanical properties
and, therefore, reinforcing fillers must be added to overcome this drawback. The
incorporation of fillers with particle size in the nascale has an influence on the properties
of the deriving composites, even\ary low concentrations, which ensures the retention of
the other intrinsic properties.

In the present study, hybrid polysiloxane systems containing inorganic nanoparticles
were prepared, in an attempt to upgrade thermo mechanical properties and biibidmpat
and to optimize their behavior in biomedical applications. Hydroxyl and vinyl terminated
poly(dimethylsiloxane) (PDMS), following condensation and addition reaction respectively,
were the silicone base elastomers used in this work. The molecutgrt wé the silicones
matrices was another parameter studied in this work. Various types of fillers were used, i.e. an
organically modified montmorillonite, under the trade names Cloisite 20A and Cloisite 30B,
unmodified montmorillonite, treated silica, drpxyapatite and bioactive glass. In order to
identify the appropriate system for each biomedical application and, furthermore, to determine
the design parameters that may affect the overall performance of the material, some critical
properties of the hyi silicone systems were studied.

The effect of the filler on the vulcanization process is a key parameter for designing
nanocomposites, as it affects the manner and time of molding and, furthermore, the structure
and properties of final products. There arlimited number of reports in the literature, on the
effect of filler on the vulcanization process of elastomers and more specifically of
polysiloxanes. In our work, the effect of various inorganic reinforcing fillers on the curing
reaction of condensan type PDMS was studied by Brookfield viscometer, differential
scanning calorimetry (DSC) and infrared spectroscopy (FATR).

From the results of the above study, it was found that the introduction of all types of
fillers, leads to faster reaction raa@d completion, compared to that corresponding to pure
polysiloxane, whereas this effect becomes stronger as the molecular weight of the matrix
increases. The vulcanization reaction of medium molecular weight polysiloxane, as well as of
its nanocompositesvas recorded through DSC experiments with sinusoidal heating rate, by
varying the enthalpy of "cold" crystallization transition. It was observed that a decrease of the
enthalpy of crystallization takes place, due to the increase of-lankBg) sites, viich
restricts the mobility of free chain ends. A reduction of the reaction rate for pure PDMS was
observed for the first 200min, followed by an acceleration of the reaction, whereas the hybrid
systems showed a rather linear progress of the-tirdssg reaction. The comparative study
of the effect of various fillers showed that modified silica greatly accelerates the reaction, as
compared with the system of pure polysiloxane, followed by the modified montmorillonite
Cloisite 20A and modified montmorillol@ Cloisite 30B. The curing reaction was further
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studied by ATRinfrared spectroscopy, as well as by FTIR, focusing on the change of the
peak area 120000 cm', which corresponds to vibration of new crdis&ing sites (SiO-Si).

The effect of various imganic fillers on the vulcanization of vinyl terminated
polysiloxane was studied via the reaction exotherm recorded by DSC, as well as from the
changes of absorption peaks obtained by infrared spectroscopy. From the results of DSC
under isothermal and nesothermal conditions, it was found that the introduction of
unmodified montmorillonite into the silicone base elastomer accelerates the vulcanization
reaction, as compared with pure PDMS. The same effect takes places with hydroxyapatite,
silica and Cloigie 20A hybrids in descending order. There is a retardation in the curing rate
and the completiof reaction by Cloisite 30B nanocomposites, which is associated to the
increased of elastomer polarity caused by the organic modification. For the calcofation
kinetic parameters, such as activation energy, an autocatalytic model, the Kissinger and
Ozawa equations were adjusted to isothermal andsudhermal data, respectively.

An extensive study of the thermomechanical properties was also made, in order to
correlate the structure and properties of these nanocomposites. The resulting structure of
montmorillonite nanocomposites was studied bya) diffraction (XRD) and it is confirmed
that polymer chains penetrate between flake platelets and, as the cohterganic
modification increases, it is easier to disperse the filler into the polymer matrix.

From thermogravimetric analysis (TGA) it was found that the introduction of the two
organically modified clays (Cloisite 20A and Cloisite 30B) in condensapotysiloxanes,
independently of their molecular weight, led to significantly enhanced thermal stability of the
obtained nanocomposites, as suggested by the increase of the onset and maximum
degradation rate temperature in all examined concentrationsl®@0°C. A similar behavior
was determined with the incorporation of nano hydroxyapatite, whereas the incorporation of
silica and bioactive glass reduced the thermal stability of the material. The incorporation of
the two types of organically modifiesiontmorillonite (Cloisite 20A and Cloisite 30B) to
addition polysiloxane matrix, led to a reduction of thermal stability compared to pure
polysiloxane.

As observed by DSC, the introduction of all types of fillers used in this work, decreases
the temperatue o f ccoldeée crystallization in conder
molecular weights, whereas the glass transition and melting temperatures remain intact. In
addition, there is a small tendency of decrease in the crystallization and meltialpiest of
the nanocomposites as compared with pure silicone.

In order to study the mechanical properties of the polysiloxane nanocomposites, tensile
stress tests were conducted. The addition of Cloisite 20A to the low molecular weight
condensation polysikane nanocomposites leads to higher increase of tensile stress as
compared with that of composites with bioactive glass, silica and Cloisite 30B, while
hydroxyapatite does not present a reinforcing effect. The modulus of elasticity greatly
increases by #incorporation of the two types of organically modified montmorillonites as
well as with silica, but remains almost stable by the addition of hydroxyapatite and bioactive
glass. The reinforcing action of the studied commercial montmorillonites is alBoeeshin
the higher molecular weights of condensation polysiloxane, with Cloisite 20A showing the
maximum reinforcing effect. In the addition type polysiloxane nanocomposites a small
increase of mechanical properties was observed, with Cloisite 20A bgaig the best
reinforcement. On the other hand, the modulus didshow any significant change within the



range of the studied systems. The surface hardness and resistance to tearing of the
nanocomposites are increased, in all the studied samplesnddrporation of Cloisite 20A

led to higher values in all the range of molecular weights of both types of polysiloxane, as
compared to the other types of fillers studied in this work. A small decrease in the tear
resistance was determined in the compositeslica and hydroxyapatite.

In order to explore the effect of the polysiloxane network density on the properties of the
reinforced hybrid systems, swelling experiments in toluene at room temperature were run.
From the above experiment, it is observedlearease in the percentage of swelling, in all
types of polysiloxane as well as with the introduction of all types of fillers, while this
decrease is enhanced as the concentration of nanofiller increases. A significant decrease of the
swelling ratio in conposites of condensation polysiloxanes reinforced with Cloisite 20A was
observed, in comparison to the nanocomposites with Cloisite 30B. Moreover, the
incorporation of silica and hydroxyapatite leads to a significant decrease of swelling ratio, in
compari®n to the pure polysiloxane.

All the examinedpolysiloxane nanocomposites were tested ftireir behavior in
selected biomedical applications, considering biocompatibility and other critical design
parameters. Regarding the clinical problems encounteredhen use of silicones in
maxillofacial prosthetics applications, accelerated aging experiments were conducted in
condensation polysiloxanes and their nanocomposites reinforced with organically modified
montmorillonite (Cloisite 30B) and in reference specgmsef pure siliconelThe results of this
study, suggest that reinforcing of pure silicone with organically modified montmorillonite
Cloisite 30B leads to more stable structures with a smaller decrease of mechanical properties.
Furthermore, the density oblymer network is diminished after the exposure of pure silicone
to accelerated aging, while this parameter seems to remain unaffected in the case of the
respective nanocomposites. It can be concluded by the study of the total color change, that the
introduction of Cloisite 30B highly improves the color stability of the yellow and green
pigmented polysiloxane.

Furthermore, the release of hydrophilic metronidazole from polysiloxane systems and
the corresponding nanocomposites with Cloisite 30B was investig&he incorporation of
the organically modified montmorillonite red
The increase of molecular weight of polysiloxanes, which is associated with a decrease of the
network density, decreases the rate tredof release rate, which shows that the diffusion is
not the main transport mechanism of metronidazole, for this specific matrix system.

This behavior can be due to the formation of propanol;arbguct of the vulcanization
reaction, whoseoncentration increases with the increase of hydroxyl end groups in the low
molecular systems, as well as with the mechanism of solvation of the drug and the creation of
channels that contribute to the process of diffusion. Comparing the two differestdpe
polysiloxane, it is found that low molecular weight addition polysiloxane leads to lower levels
of drug release as compared with the corresponding molecular weight of condensation
polysiloxane.

Immersion in simulated body fluid experiments was peréatmn order to identify the
creation of hydroxyapatite on the surface of the material, for thdrminvestigation of bie
compatibility of the hybrid polysiloxane systems. The presence of calcium phosfieat#a
days of immersion in the fluid is s=tained by the results obtained bganning electron
microscoyy. This behavior is also confirmed by FTIRcanning electron microscopy coupled
with elemental analysis EDAX, showed hydroxyapatite surface cores, in all the examined
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systems, particularly after 40 days of immersion in the solution. This observation is important
because the formation of hydroxyapatayer favors the interfacial bonding of polysiloxane
prostheses and implants with the surrounding bone and soft tissues.

Finally, the cell viability (fibroblasts 3T3 and osteoblasts MG 63) was performed by the
quantification of active mitochondrions the studied cells (MTT assay) and by the study of
cells morphology with an optical microscope. From the obtained results, it is indicated that
the presence of all examined fillers leads to an increase of cell viability as compared with the
environment ofpure polysiloxane, leading at the same time to strong cell attachment,
especially after the first 24 hours. In addition, biocompatibility was correlated with the type of
filler and the type of the examined cell cultures.

In this work, it was studied the laanization reaction for various condensation and
addition type polysiloxane nanocomposites with different techniques and useful data for the
design and control of reaction were obtainéd.addition to the characterization of the
structure and thermomedatfiaal properties of silicone nanocomposites containing
montorillonite, critical properties for their biomedical applications were investigated.
Moreover, a comparative study was made with composites reinforced with other bioactive
ceramics, such as bioaati glass, a filler recently referred to as a mean of modification of
biodegradable biomedical polymers. Various design parameters were examined, regarding the
type of silicone and filler, which will provide the tools for optimal design of final products
based on biomaterials. Consequently, the use of the appropriate type of montmorillonite as
biomedical silicone filler might ensure highly upgraded thermal stability, high mechanical
strength as well as biocompatibility similar to that provided by othercbiea fillers
(hydroxyapatite and bioactive glasBjoactive glass is a new alternative for the modification
of biomedical polysiloxanes, despite the fact that it does not significantly improve the
mechanical behavior but enhances biocompatibility of plaiyane matrix.
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4.2 Yyp100d i a0gd
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90% e£99) UL, @
j aUUyy o0G( 7.35Ibs/ft’
Fge oUley3 13.55Ibg/ft’
ggoashUd "YgoashUJqU 1.77g/cc

4.2.3.2Cloisite 30B
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stoshUdUyd UsdgUsUFeeE 2JY & e 88U BlaboU altiUkess c8h.3 Us U 4 .
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4.2.3.3Nanofil 116

geNanofl 116 UasUs y3Ud Ggusehd e63Ucey) saaa
Ue G U3 alelbassUUba3z Ua U 4. 9.

Ya 3 Us Utdu stf Mehaddill 46
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4.2.3.5 mosezUalisse Usg gy sUasyg

gU Uye 6 689deysU GryreUUausU UlUsesaUsltaesg Usg
Ue 6} 90e rtemidlROEAU Udd Oegus ; Da@ds guy haGdebU
Uyje 8 8sdeyslU eU UseUdgealosdeadg,; 6ho¥gded algl

cdesoayd slushUqUUJ:

Hs C\ /CH

a’ \c:

FeceeU¢gpas 96 6adqid Uxs GreUUsutars Uesg uUseaUsitaasg

YasUaUdushUYUUYg Uxs Uye 6 8sdeysrs GyxeUUsilavrs Us

Aerosil R972

AKotlsoe (BEBGY] 110 N2

ByjoUssoah ¢y 0.6-1.2wt.%
zyle egyolUdasd 16 nm
HgoeshUJqUU ~509/I

3oy UbdaU <0.5wt. %

] "LtaUsU oYy egd <2.0wt. %
pH 3.655

U} sUa Ussi® U( | >99.8 wt %

4.2.3.6 dmdksyguiUsse

¢ boesaelU) UBUssae iUaed ~@6g cBomplive ¢ eUmssstesd d & 0
gadUUsose, oaUs bHUGasUUUs ogjard GUes lUsezUadl
a3Us €990, MU0y e Ux3s 45¢

d
U

YasUaUFi40D%d Udd bosesltuj UlGUsoeaed g¥Yaasg.
ds ¢ U} Uil Ua@apalive)

Sio, 53 wt%
Na,O 23 wt%
CaOoO 20 wt%
P,Os 4 wt%
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4.2.4 zUUMEBositUUshad (
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Metronidazole, MET

Fg3alL3geaes 2-Methyl-5-nitroimidazolel-ethanol
z6)9Uafd Ui CeHoN5O5
z6)39Uafh bYy 171.15

OUUyeeoay UGalU U 28 AC
z6y) e 9JguilUUaas0ce®

4.2.5 @woUesi Udd ¢ecasgys3os

Bs susfhUqUUd ~eayoelUUesd Udd e©d Ussitcge
U0 UyaU wbwsUGey UUsa¥ eyaU Uszalegidd yaUbU
GoaUai Ud, UseacgWMadche Bldedelllhd allij-sd oaUs @
UseaeglUsaseg "~ Ujegls¥YeesUUs “~ Uy Us¥YUr:

CH3

FceelU jd.eloloie lUeee Usg UsasglUsasg.

basUaUdgusdhU400g Usg UsasgUsacg.
#B8aB8QgYy 3986

ze619sUafhd U C7Hs (CsHsCHa)
z639Uaf bY 92.14 g/mol
"YgeshUqUU 0.8669 g/mL, liquid
Zde Uae Ue| 193 AC
Fde Uas by U 110. 6 AC
ps Uag Ufh BHU U 0479/l (262 5 AC)
taL udUd 0.590 cP at
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1 0.6 0.784 0.876 - - -

2 1.2 1.569 1.752 - 1.2 1.2

35 2.1 2.745 3.066 - - -

5 3.0 3.922 4.380 3.0 3.0 3.0

8 4.8 6.275 7.007 4.8 4.8 4.8

10 6.0 7.843 8.759 6.0 - -

12 - - - 7.2 - -

20 - - - 12.0 - -
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2 NaHCO; 0.350 g
3 KCI 0.224 g
4 KoHPO*3H,0 0.228 g
5 MgCl,*6H,0 0.305 g
6 1M-HCI 40 ml
7 CaCb 0.278
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9 (CH,OH);CNH, 6.057
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