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Synthesis and microstructural properties of the
scaffold based on a 3-(trimethoxysilyl)propyl
methacrylate—POSS hybrid towards potential
tissue engineering applicationsy

t. John,*@ M. Janeta,® M. Rajczakowska,® J. Ejfler,? D. tydzba® and S. Szafert?

The aim of this work was to develop an efficient approach to prepare a macroporous scaffold for
sophisticated bone replacement, avoiding a long-lasting and complex methodology. Such a scaffold
based on the 3-(trimethoxysilyl)propyl methacrylate—POSS hybrid was synthesized via the reaction of 3-
(trimethoxysilyl)propyl methacrylate and the trifluoromethanesulfonate—POSS salt. The results show that
the chemical composition, structural dimensions, topography, and microstructural properties of the
scaffold fulfill the potential requirements for hard-tissue engineering. The microstructural properties
were evaluated with the use of X-ray microcomputed tomography (micro-CT) and nanoindentation
tests. The former makes it possible to estimate the geometrical measures of the microstructure
(porosity, thickness distribution, etc.), whereas the latter makes it possible to estimate the mechanical
properties of the constituents of the material (hardness, stiffness modulus, creep, etc.). The
aforementioned laboratory testing methods are modern techniques, currently being developed for

materials science, making it possible to determine the microstructural/measures of the analyzed system.

Introduction

Since 1936, when poly(methyl methacrylate) was developed,*
extensive studies have led to the preparation of its various
derivatives, including poly(3-(trimethoxysilyl)propyl methacry-
late) (pTMSPMA), poly(2-hydroxyethyl methacrylate) (pHEMA),
etc., and to the discovery of many useful commercial applica-
tions of these polymers, such as energy storage, high-
performance engineering plastics, functional coatings, and
biomaterials.” Such polymers and their composites have a long-
established role in medicine as restorative agents in the fabri-
cation of dental composites, contact lenses, drug release
systems, artificial skin, bone cements, and other tissue engi-
neering scaffolds.*® Besides the many advantages of these type
of polymer materials, there are also noticeable usage draw-
backs, which inter alia include high viscosity, large polymeri-
zation shrinkage, and poor mechanical properties. From this
point of view, considerable attention has been directed to
materials that will bypass such disadvantages. Here, copoly-
mers based on polyhedral oligomeric silsesquioxanes (POSS)
occupy a special position. POSS is a silicon compound whose
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repeating unit has the formula [RSiO;/,], (where R = H, Cl, or
a wide variety of organic groups; n = 6-18)." The term poly-
hedral derives from the precise geometry of the POSS cage,
which strongly resembles a polyhedron. The attractiveness of
such copolymers strictly derives from their properties,
including the potential ability to reduce both the viscosity and
the shrinkage of resulting copolymers and also improve their
thermal and mechanical properties." Moreover, thanks to their
nano-sized architecture, such systems offer an opportunity to
modify their side chains through the addition of multiple
organic groups tethered to their vertices. Furthermore, due to
their nanometer size, these particles can be incorporated into
polymeric materials with a unique capability to reinforce poly-
mers. POSS can be incorporated into polymer matrices via
physical blending or chemical cross-linking. The possibility of
chemically grafting POSS to various polymers makes it possible
to establish POSS/polymer interactions."* Finally, they provide
a multitude of possibilities for the synthesis of hyperbranched
dendrimer systems and not only.

Methacrylate-POSS is one of the first examples of hybrid
copolymers™* that have been synthesized by various methods.***¢
For instance, methyl methacrylate (MMA)/1-propylmethacrylate-
polyhedral oligomeric silsesquioxane copolymers synthesized via
atom transfer radical polymerization (ATRP) with CuBr as a cata-
lyst have been reported.”” Raus et al. have studied the homo-
polymerization by ATRP of a commercial mono-substituted
methacrylate-functionalized POSS (iBuPOSSMA) monomer to
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high molecular weights.”® Also Laine et al. have reported on ther-
mally curable and photocurable cage-like silsesquioxane hybrids
possessing R side chains not fully substituted by methacrylate
units. In that work, the authors postulated that the studied
methacrylate-functionalized cubes were highly reactive viscous
liquids that could be readily polymerized either photochemically
or thermally to produce solid hybrid polymers containing up to
65% silica." Poly(methyl methacrylate)/POSS hybrid networks can
also be obtained by the photoinitiated polymerization of methyl
methacrylate with diethanolamino-functionalized polyhedral
oligomeric silsesquioxanes.” In turn, Matéjka et al. have studied
the effect of various POSS, possessing numbers of side chains, on
thermomechanical properties of epoxy-POSS nanocomposites.”

The above-mentioned polymer-POSS composites constitute
representative examples of synthetic strategies that have been
developed to create such hybrids.?” In this paper, we continue
our studies in the field of functionalized POSS.***** The aim of
this work was to develop a simple and fast method to prepare an
interconnected porous scaffold for potential usage in bone
tissue engineering, avoiding time consuming and complex
methodologies. The most direct approach to achieve this goal
was the reaction between 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA) and a trifluoromethanesulfonate-POSS salt (JOAS-
POSS-NH;|CF3S03). The resulting organic-inorganic hybrid can
be thermally cured under mild conditions. The obtained hybrid
was used to form a three-dimensional macroporous scaffold
(pPTMSPMA-POSS) that fulfills the chemical and mechanical
requirements for potential bone replacement. Broad micro-
structural analyses of the resulting pTMSPMA-POSS were per-
formed with comparison to the properties of a polymer based
on pTMSPMA. We believe that our studies represent notable
evidence of the potential utility of the obtained scaffold as
a sophisticated substitute in hard-tissue engineering.

Experimental
1. General procedures and chemicals

3-(Trimethoxysilyl)propyl methacrylate (98%, Aldrich), (3-amino-
propyl)triethoxysilane ~ (99%,  Fluorochem), trifluorome-
thanesulfonic acid (99.9%, Apollo Scientific), acetic acid
(1.0 M, Avantor), white granulated sugar (Diamant, Pfeifer &
Langen Marketing, Poland), photoinitiator: 2-hydroxy-2-
methylpropiophenone (97%, Aldrich), and (NH,),CO; (cz.d.a
Avantor) were of reagent-grade quality and were used without
further purification. Amberlite IRA-400 ion-exchange resin
(40.0 g) was prepared by washing with water (4 x 200 mL), next
with 1 M NaOH (3 x 200 mL), again with water (6 x 200 mL), and
at the end with MeOH (elution solvent, 6 x 200 mL). The resin
was suspended in MeOH (200 mL) and chilled (—18 °C, 5 h)
before use. Chromium(m) acetylacetonate was prepared following
the described procedure.”® The synthesis of TMSPMA-POSS was
carried out under nitrogen gas flow, in a Schlenk line. The
glassware was pre-dried before use at 120 °C. The empty syringes
were purged with nitrogen gas before being used for injection of
the solvents and reagents. The progress of the reaction was
monitored by thin layer chromatography (TLC). TLC was per-
formed on Merck silica gel 60 F254 plates. Chromatograms were
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visualized using UV light (254 nm). For detection of unreacted
amine, the chromatograms were first dipped in a 5% (w/v)
solution of ninhydrin in 95% aqueous ethanol and then char-
red on a hot plate. Preparative separations were performed on
a Sepacore® chromatography system (Biichi Labortechnik) con-
sisting of two C-605 pump modules, a C-620 control unit, a C-640
UV-VIS detector, and a C-660 fraction collector. The system was
controlled by the SepacoreControl 1.3 software. Flash chroma-
tography separations were performed on pre-packed modified
silica gel C18 (40-63 pm) polypropylene cartridges (21.0 x 129
mm, Biichi) at a flow rate of 25 mL min~'. Samples were dis-
solved in methanol and injected through a six-way valve with
a 20 mL loop.

2. Syntheses

2.1. Synthesis of [OAS-POSS-NH;]CF;S0;. This compound
was prepared following the described procedure.*® To (3-ami-
nopropyl)triethoxysilane (2.34 mL, 2.17 g, 10.0 mmol), CF;SO;H
(0.5 M aqueous solution, 30 mL, 15.0 mmol) was added with
stirring at room temperature. The resulting solution was further
stirred for 3 h and then heated to ca. 50 °C in an open beaker
until the solvent had completely evaporated (3 h). The crude
product was heated at 100 °C for 1 h, then cooled down to room
temperature, and acetone (100 mL) was added. The precipitate
was isolated by filtration, washed with acetone (3 x 10 mL), and
dried in a vacuum oven (50 °C, 20 mbar, 48 h) to give [OAS-POSS-
NH;]|CF;S0; as white powder in 95% yield (2.24 g). Elemental
analysis caled (%) for C3,H;,F»4Ng036S5Sis (2081.67): C 18.46, H
3.49,N 5.38, S 12.32. Found: C 18.40, H 3.46, N 5.37, S 12.30. FT-
IR (em™", KBr pellets): vn_iz = 3041 (8), Ong, = 1615 (m), von =
1507 (m), vo_p = 1267 (), vsic = 1226 (M), vgi o5 = 1138 (s),
vso, = 103 (s), vs.x = 640 (s). HR-MS (ESI+, TOF, MeOH), m/z:
881.2898 [M + H — 8CF;SO;H]" (caled 881.2871), 441.1572 [M +
2H — 8CF;SO;H]*" (caled 441.1472), 294.4400 [M + 3H —
8CF3SO;HJ*" (caled 294.4339). "H NMR (500 MHz, DMSO-d,,
300 K): 6 = 7.57 (s, 24H, -NH;"), 2.75 (t, *Jun = 7.2 Hz, 16H,
-CH,NH;"), 1.60-1.51 (m, 16H, -SiCH,CH,CH,NH;"), 0.66 (t,
*Jun = 8.6 Hz, 16H, -SiCH,-). "*C{'"H} NMR (126 MHz, D,0,
300 K): 6 = 122.5 (q, Jor = 317 Hz, CF;S0;7), 44.4 (s,
-SiCH,CH,CH,NH;"), 23.3 (s, -SiCH,CH,CH,NH;"), 11.3 (s,
-SiCH,CH,CH,NH,"). *’Si{'"H} NMR (59.6 MHz, DMSO-d,, 300
K): 6 = —66.53 (s, T°). Temperature of decomposition to SiO,
(determined by TGA measurement), residue yield: 428 °C,
23.00% (caled 23.09%).

2.2. Synthesis of OAS-POSS-NH,. This compound was
prepared following the described procedure. [OAS-POSS-NH;]
CF;S0; was passed through Amberlite IRA-400 ion-exchange
resin produced OAS-POSS-NH,. Spectroscopic data stay with
agreement with those previously reported.* Elemental analysis
caled (%) for C,,HgsNgO1,Sis (881.50): C 32.70, H 7.32, N 12.71,
Cl 0. Found: C 32.52, H 7.41, N 12.65, Cl 0.

2.3. Synthesis of TMSPMA-POSS. 2.00 g (2.269 mmol) of
freshly prepared OAS-POSS-NH, was dissolved in methanol (50
mL). An excess of 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA; 21.57 mL, 40 eq., 22.54 g) was added to the resulting
solution. Then, the mixture was placed over molecular sieves

This journal is © The Royal Society of Chemistry 2016
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(4 A, 2 g) and refluxed under N, atmosphere for 24 hours. After
that time, it was cooled to room temperature, and the sieves
were isolated by filtration. The solvents and the unreacted
TMSPMA were evaporated, and the final product was dried in
vacuum to give TMSPMA-POSS as colorless liquid in 90% yield
(5.851 g). Elemental analysis caled (%) for C;04H54N505,5i16
(2865.14): C 43.55, H 7.87, N 3.91; found: C 43.61, H 7.82, N 3.92.
HRMS (ESI+, TOF, MeOH), m/z: 1433.5789 [M + 2H]*" (caled
1433.5792). *H NMR (500 MHz, CDCl;, 300 K) 6 4.21 (td, J =
12.2,2.7 Hz, 1H), 4.03 (td, J = 12.0, 3.8 Hz, 1H), 3.55 (s, 9H), 3.25
(dd, J = 12.5, 7.0 Hz, 1H), 2.90 (dd, J = 12.5, 7.0 Hz, 1H), 2.79-
2.84 (m, J = 13.3, 7.0 Hz, 1H), 2.74-2.65 (m, 1H), 2.59-2.52 (m,
1H), 1.76-1.39 (m, 4H), 1.37 (s, 1H), 1.23 (d, J = 6.8 Hz, 3H), 0.72
(dd,J = 12.3, 5.3 Hz, 1H), 0.61-0.65 (m, 1H), 0.53-0.37 (m, 2H).
3C NMR (125 MHz, CDCl;, 300 K) 6 = 177.1, 66.8, 49.8, 48.5,
40.4, 23.6, 23.1, 14.7, 10.8, 4.9. >*Si{'"H} NMR (59.6 MHz, CDCl;,
300 K): 6 = —42.8 (s, -Si(OCH3)3), —66.2 (s, SigO1,).

2.4. Hydrolysis of TMSPMA and TMSPMA-POSS. 10 mL of
1.0 M acetic acid was added to 5.00 g of TMSPMA, and the
mixture was stirred for 2 hours. Next, the resulting solution was
evaporated to oil-like consistency. The same protocol was
applied for the TMSPMA-POSS hybrid.

2.5. Polymerization of TMSPMA. TMSPMA was polymer-
ized according to the ATRP protocol. A photoinitiator was added
(2 wt%) to the ethanolic solution of TMSPMA, and then the
resulting solution was injected into the template. For mono-
liths, it was a small plastic plug with a proper cylindrical recess,
and, in the case of scaffolds, it was granulated sugar that was
placed in a plastic mold. We used 2-hydroxy-2-methyl-
propiophenone as the photoinitiator. Next, a sample was irra-
diated for 5 seconds using a BlueWave® 75W UV Light Curing
Spot Lamp (A = 280-450 nm).

3. Preparation of porous scaffolds using sugar template, and
monoliths

Appropriate sugar templates were prepared from commercially
available granulated sugar mixed with ammonium carbonate
(ca. 2 wt%), moistened with an evaporated copolymer solution,
and closely packed in cubic plastic molds. The sugar was left in
the molds at 70 °C for three days. The sugar template was then
washed out using warm distilled water (40-50 °C) until the
filtrate had no traces of sugar. The presence of sugar was
examined using the Molisch (a-naphthol) test. The chemical
basis of this reaction is the production of furfural derivatives on
heating carbohydrates with naphthols to give colored
compounds. A reddish violet appears in the presence of very
small amounts of carbohydrates. In the standard Molisch test
procedure, 0.5 mL of the filtrate was mixed with 5 mL of cold
75% H,S0,. Three drops of a 3% a-naphthol solution in ethanol
were added to the acid mixture. A yellow color was produced by
the addition of naphthol. After that, the mixture was warmed up
in a water bath at 80 °C. Depending on the amount of carbo-
hydrates, a red to blue-violet color appeared throughout the
whole mixture. In the absence of carbohydrates, the examined
solution remained yellow. After polymerization gelation, the
porogen was removed until the platform was flexible enough to
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be squeezed comfortably like sponge. When the porogen was
completely removed, samples were collected in a furnace and
warmed at 100 °C for 1 hour to form hard materials.

Monoliths were formed in the same conditions as
mentioned above but without using granulated sugar as
templates. Here, the resulting sols were transformed to small
plastic plugs with a proper cylindrical recess.

4. Methods

4.1. Nuclear magnetic resonance (NMR). 'H and **C NMR
spectra were recorded using a Bruker Avance 500 or a Bruker
Avance III 600 spectrometer equipped with broadband inverse
gradient probe heads. "H NMR spectra were collected at 500.13
MHz with a relaxation delay of 1.0 s and a pulse width of 7°.
Spectra were referenced to the residual solvent signals (DMSO-dg
2.50, CDCl; 7.26, HOD 4.79 for D,O ppm) as an internal reference.
3C NMR spectra were collected at 125.77 MHz with a relaxation
delay of 2.0 s and a pulse width of 15° and referenced to solvent
signals (("*CH3),SO 39.52, "*CDCl; 77.16 ppm). *°Si NMR spectra
were recorded on a Bruker AMX-300 spectrometer using Wildmad
PTFE-FEP (polytetra-fluoroethylene/fluorinated ethylene poly-
propylene copolymer) 5 mm tube liners and were collected at 59.62
MHz with a relaxation delay of 10.0 s and a pulse width of 13°.
Cr(acac); was added in a concentration of ~10~> mol L™" as
a shiftless relaxation agent. Chemical shifts were referenced to
tetramethylsilane (TMS) (6 = 0.00 ppm). For proton and carbon
assignments COSY, HMBC, and HMQC experiments were per-
formed on the Bruker Avance 500 spectrometer. Two-dimensional
NMR spectra were recorded with 2048 data points in the t, domain
and up to 2048 points in the t; domain, with a 1.0 s recovery delay.
All 2D spectra were recorded with gradient selection.

4.2. Fourier-transform infrared spectra (FTIR). Fourier-
transform infrared spectra (FTIR) were recorded on a Bruker
Vertex 70 FTIR spectrometer in the transmission mode. The
FTIR sample chamber was flushed continuously with N, prior to
data acquisition in the range 4000-400 cm™ " with a precision of
+1 cm™". The spectra of the samples were recorded as Nujol
mulls sandwiched between CsI plates or as KBr pellets. Optical
grade, random cuttings of KBr were ground with 1.0 wt% of the
sample to be analyzed and pressed KBr pellets.

4.3. High resolution and accurate mass spectra (HR-MS).
High resolution and accurate mass spectra were carried out on
a Bruker microTOF-Q spectrometer (Bruker Daltonics, Bremen,
Germany) equipped with an ESI source. Samples were dissolved
in methanol. The experimental parameters were as follows:
scan range: 200-2500 m/z; drying gas: nitrogen; temperature:
200 °C; ion source voltage: 4500 V; in-source collision energy:
10 eV. The instrument operated in the positive ion mode and
was calibrated externally with the Tunemix mixture (Bruker
Daltonics, Germany). Analyte solutions were introduced at
a flow rate of 4.0 L min . The Compass Data Analysis (Bruker
Daltonics, Germany) software was used to determine the
formulae of the compounds. The distance between the isotopic
peaks allowed the calculation of the charge of the analyzed ions.

4.4. Scanning electron microscope (SEM). SEM images
were collected on a Hitachi S-3400N-II variable-pressure
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scanning electron microscope. Samples were sputter-coated
with 7 nm Au to facilitate viewing by SEM. Energy dispersive
X-ray (EDX) spectra were obtained using a EDS Thermo Scien-
tific Ultra Dry system.

4.5. Elemental analyses. Elemental analyses (C, H, and N)
were performed using a Vario EL III element analyzer. The
quantitative analysis of sulfur (S) was carried out using the
Mikro-K-Elemental analysis by means of Schoeniger's method.

4.6. Thermogravimetry (TG-DTA). Thermogravimetry and
differential thermal analyses (simultaneous TG-DTA) were
recorded with a Setaram SETSYS 16/18 instrument. The cali-
brations of temperature and weight were performed following
the procedure reported in the instruction manual of the
equipment using indium (NIST SRM 2232) as the standard
material for temperature and a set of exactly weighed samples
supplied by Shimadzu for weight. All the equipment calibra-
tions were repeated every two weeks. Samples for thermogravi-
metric characterization were placed in open alumina crucibles
in synthetic air (60% N,, 40% O,) or dynamic nitrogen atmo-
sphere (flow rate: 1 dm® h™"). A heating rate of 10 °C min~" was
applied, and all samples were studied between 30 and 1000 °C.
The decomposition onset temperature was determined as at the
maximum rate of weight loss (T,,,) for first weight loss. The
purity of all novel compounds was determined by combustion
analysis, which confirmed that they were at least 99.8% pure.

5. Micro-structural analyses

5.1. X-ray microtomography. The geometrical measures of
the microstructure, i.e. porosity, structure thickness, etc., were
examined with the use of X-ray microtomography. A Bruker
Skyscan 1172 device was applied.

X-ray micro-computed tomography is a technique making it
possible to produce images of the internal structure of mate-
rials. X-ray micro-CT is used e.g. in soil research,* food char-
acterization,”® rock and concrete investigation,” and, more
often, in medical sciences.**** During the test, the X-ray beam is
transmitted through the sample while it rotates on the stage
within the preset value of the unit angle. The images are
recorded on the scintillator that transforms energy from
incoming particles into light. The intensity I of the transmitted
X-ray beam, according to Beer's law, meets that relationship:

I()C) = 1067MX7 (1)

where I, is the initial intensity of the beam and u is the mate-
rial's linear attenuation coefficient:

w = > fikipis (2)

where i denotes an atomic element, p; is the density of the
material, f; is its atomic weight, u; represents the mass attenu-
ation coefficient of the beam energy.

The application of X-ray micro-CT to the analysis of material
microstructure requires the adjustment of settings such as the
unit angle, filter use, voltage, X-ray source power, etc. In addi-
tion, the mathematical reconstruction process is necessary to
obtain cross-sections of the sample.*
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5.2. Nanoindentation technique. The mechanical micro-
structural parameters, namely hardness and Young's modulus,
were evaluated by means of the nanoindentation technique
with the use of an Anton Paar TTX-NHT instrument.

Nanoindentation is a test method for the determination of
the mechanical properties of the material in the nanoscale and
the microscale. It was developed by Doerner and Nix* and later
by Oliver and Pharr.?*¢

It makes it possible to determine the hardness of the mate-
rial investigated and its elastic modulus from depth sensing
indentation (DSI) load-displacement data. The method was
successfully applied to the characterization of the mechanical
properties of the materials, e.g. the determination of human
bone mechanical properties in the microscale and the nano-
scale.’’** The principle of the nanoindentation method is based
on pressing a hard diamond tip with a known geometry (in this
case, a Berkovich triangular pyramid) into the sample (Fig. 1b).
The load is increased until the preset value, depending on the
type of material, etc. As a result of the test, load-versus-
displacement curves are obtained as presented in Fig. 1a. Based
on the aforementioned curve the following parameters are
acquired: maximum loading, Pp,,; maximum displacement,
hmax; permanent penetration depth, hf; and elastic unloading
stiffness, S = dP/dh. Young's modulus can be estimated from
the following equation:

| 11—
E*  Epr

1-— Vin2

)
Ein

(3)

where E* is the elastic modulus calculated from the unloading
curve slope, Ei,, and »;,, Err, and v are Young's modulus and
Poisson's ratio of the indenter (for the diamond tip - 1000 GPa,
0.07) and the material under study, respectively.*® Poisson's
ratio of the investigated material has to be assumed; in this
study, » = 0.3. The hardness of the material can be estimated
according to the following equation:*®

P max

H, IT = Amax ) (4)

where P, is the maximum load, and A, ,x is the maximum
imprint area. The calculation of A, is performed by the
indenter software using the iterative method.

5 o

_ | = Scaffold
~—— Resin
4 —_—

Load [mN]
N w
I

I
0 500 1000
Displacement [nm]

a b

Fig. 1 Typical load—displacement curve for the scaffold material and
the resin in the pores (a) and the nanoindentation set (b).
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5.3. Compressive mechanical tests. The compressive
mechanical tests were performed with an ElectroForce 5100
BioDynamic Test Instrument from the BOSE company. The
obtained data were the average values of uniaxial compressive
strength [Pa] £+ deviation.

Results and discussion

1. Synthesis and characterization of 3-(trimethoxysilyl)
propyl methacrylate-POSS hybrid

In the first approach, we prepared a trifluoromethanesulfonate—
POSS salt [OAS-POSS-NH;]CF;S0; that was used for further
synthesis of an octafunctionalized POSS derivative based on
3-(trimethoxysilyl)propyl methacrylate. [OAS-POSS-NH;]CF;S0;
was obtained in hydrolytic condensation using (3-aminopropyl)
triethoxysilane (APTES) and 1.5 equivalents of tri-
fluoromethanesulfonic acid (CF3SOz;H) (Scheme 1).

Such a starting ionic compound was selected as the most
promising material for subsequent synthetic investigations. It
does not form a hygroscopic material, which appeared to be
more difficult to handle in further manipulations. Moreover, its
attractiveness derives from the fact that this compound can be
utilized to obtain cube-like aminopropylsilsesquioxane (OAS-
POSS). It should be noted that it is much better to generate
molecular OAS-POSS in an immediate transformation starting
from crystalline, air-stable salt directly before the synthesis of
the target product. Another drawback of using OAS-POSS
instead of [OAS-POSS-NH;]CF;SO; is that the aminopropyl
derivative constantly evolves in solution.*® The structure of the
ionic salt was unambiguously confirmed with multinuclear
(*H, C, *°si) NMR spectroscopy and high-resolution mass
spectrometry HR-MS (see Experimental section and ESIY).

[OAS-POSS-NH;]CF;S0; was used for the preparation of an
organic-inorganic hybrid compound. To modify the ionic
POSS salt, we used 3-(methoxysilyl)propyl methacrylate. This
reaction demonstrated that [OAS-POSS-NH;]CF;SO; consti-
tutes an ideal platform for the controlled synthesis of well-
defined cage-like homo-octasilsesquioxanes functionalized

8CF3503

\—o

NHgi \S;g /r.J
0/£ AS(\)\/%/S\
F

[OAS-POSS-NH,]CF;SO;

"SNH,  CF3SOsH, H,0 _Amberlte o

NHZL% f 5
o—
—O—; NN
\s.f TL ]
_O
/s\

;E:;%jﬁ L

OAS-POSS
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3 (29Si) /ppm
Fig. 2 2°Si NMR (59.6 MHz, DMSO-de, 300 K) spectra of (a) [OAS-
POSS-NH3zICF3SOs, (b) TMSPMA—POSS, and (c) TMSPMA—POSS after

hydrolysis/condensation. Chemical shifts were referenced to tetra-
methylsilane (TMS) (6 0.0).

by TMSPMA (Scheme 1). 3-(Trimethoxysilyl)propyl methac-
rylate is already used in various medical applications, e.g. as
a dental restorative material.*

During synthesis, an excess of TMSPMA was used in order to
achieve the full octafunctionalization of the silicon cage (Tj).
After the reaction, the unreacted monomer was simply removed
by evaporation. The >°Si NMR spectrum of the resulting
TMSPMA-POSS exhibited two symmetrical peaks at 6 = —66.2
ppm as expected for the cubic siloxane SigO;, structure, and at
6 = —42.8 ppm, attributed to methoxysilyl -Si(OCH;); moieties
(Fig. 2).

Si(OCHj3); fragments allow further condensation and poly-
condensation reactions, which bind together hybrid units after
thermal curing (Scheme 2). The presence of other Si signals that
would be assigned to other POSS cages, such as Ty, or Ty,, was
excluded, which strongly indicates that only one type of silicon
atom is engaged in the formation of the polyhedral structure of
the TMSPMA-POSS hybrid and is strictly comprised of three
siloxane -Si-O-Si- units. Moreover, no silanol -Si-OH groups
(before hydrolysis) were observed that would confirm the

\O O/
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Scheme 1 Synthesis of [OAS-POSS-NH3]CF3SO3, OAS-POSS, and TMSPMA-POSS.
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formation of an open cage-like structure. In this respect, also
the mass spectrum {HRMS (ESI+, TOF/CHCL): m/z (%):
1433.5789 [M + 2H]*" (caled 1433.5792)} confirmed the presence
of a closed frame structure of eight silicon atoms. The inher-
ence of organic side chains was examined by 'H and **C NMR
spectroscopy (see Experimental section).

In the next step, TMSPMA-POSS was hydrolyzed, which was
possible thanks to the presence of methoxysilyl groups; the
presence of Si-OH groups was confirmed by a signal located at
6 = 13.61 ppm in the proton NMR spectrum. Furthermore, in
the *°Si NMR, the chemical shift at 6 = —42.8 ppm deriving
from -Si(OCH3); moieties disappeared and three new signals
appeared, located at 6 = —48.5, —56.8, and —58.2 ppm, which
can be attributed to -Si(OH);, -Si(O)(OH),, and -Si(O),(OH),
respectively. The siloxane-cage Si-atom signal is located at 6 =
—66.4 ppm and is slightly shifted compared to the Si chemical
shift of the OAS-POSS substrate (—66.5 ppm). In this manner,
after the hydrolysis and condensation reactions, this material
formed a transparent sol (Scheme 2).

2. Three-dimensional macroporous scaffold preparation

In the next stage of our studies, resulting TMSPMA-POSS was
used for the formation of a three-dimensional macroporous
scaffold (Fig. 3); such a structure was formed using sugar
templates (see Experimental section; paragraph 3).**> To that
aim, the obtained sol was transferred to plastic molds filled
with granulated sugar, which was doped with ca. 2 wt%
ammonium carbonate. After the saturation of granulated
sugar by an “oily” composite, the material was first gelled at
40 °C and then aged for three days. After a flexible gel
appeared, the sugar template was removed using de-ionized
water at 60 °C and by gentle squeezing. The presence of sugar
in the scaffold was examined by the Molisch test (see Experi-
mental section; paragraph 3). Then, TMSPMA-POSS was
thermally condensed to produce a clear, hard, and

66042 | RSC Adv., 2016, 6, 66037-66047

reproducible hybrid scaffold (Fig. 3a). In further studies, the
properties of the material based on condensed TMSPMA-POSS
was compared to a pure pTMSPMA polymer for both scaffolds
and monoliths. Sugar constitutes an easily-leachable porogen
and enables the formation of macropores with a broad range
of sizes (150-600 pum) that guarantee the formation of a tissue
platform ideal for natural cell/tissue ingrowth, mass transport,
and osteoinductive agent attachment.”* Also, the roughness of
the scaffold's surface is an important factor that affects cell
adhesion abilities, including proliferation.*® For instance,
Ericson et al. studied the bonding strength between an
implant and natural bone and clearly proved that this
phenomenon is greater for rough materials due to the favor-
able cell adhesion.**

Fig. 3 shows the SEM images (b-d) of the resulting thermally
cured TMSPMA-POSS scaffold. It can be seen that its structure

Fig. 3 (a) Photograph of pTMSPMA—-POSS-based scaffolds; (b)—-(d)
SEM images of pTMSPMA-POSS scaffold.

This journal is © The Royal Society of Chemistry 2016
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is macroporous and possesses interconnected channels. Pore
sizes are in the range 150-600 um, whereas their thickness is
about 6-8 um. The roughness of the surface was achieved by the
presence of (NH,),CO; in the porogen, which spontaneously
liberated ammonia and carbon dioxide during thermal
decomposition at ca. 60 °C, additionally serving as an agent that
opened non-interconnected macropores.**

3. Thermal properties

Thermogravimetric TG-DTA studies show that the pTMSPMA
polymer is stable up to 249 °C, and the highest rate of decom-
position is reached at 420 °C. In turn, pTMSPMA-POSS has T,
at 274 °C, and its stability is notably higher. On the TG curve,
there are two distinct weight losses observed at 365 and 656 °C,
respectively. The DSC curves do not suggest any phase transi-
tions (see ESIY).

4. Structural properties

4.1. Microstructural analyses. The designed scaffolds were
investigated in order to obtain their geometrical characteristics
as well as the mechanical parameters, crucial in terms of their
future application. The design of materials for tissue repair has
to fulfill particular requirements, both mechanical and biolog-
ical, allowing sufficient tissue ingrowth.** In this work, our
considerations are limited to chemical and mechanical aspects.
It should be emphasized, that the structural parameters asso-
ciated with porosity and pore connectivity are of great impor-
tance due to their influence on cell migration. Those
characteristics and their functions are listed in Table 1.

On the other hand, the mechanical parameters, e.g. the
compression strength or Young's modulus, of the scaffold
should correspond to the parameters of the tissue as the
loading scheme that is subjected to a critical design factor. The
parameters of various types of human tissues, e.g. trabecular
bone, cortical bone, and soft tissue, differ significantly. There-
fore, it is important to evaluate the mechanical properties of the
scaffolds under study to compare them to the parameters of
human tissues.

The tests were performed at the macro and the micro scales.
Macro scale investigations consisted in the axial compression

Table 1 Scaffold properties and their associated functions?*®

Material parameter Function

Surface area/
volume ratio (SAVS)

Important with respect to the ability of
cells to attach to scaffold pore walls

Pore size Related to cell adhesion as well as cell
migration

Pore interconnectivity Allowing the cell movement through the
scaffold

Porosity and pore
arrangement
Scaffold anisotropy

Permeability of the material

Affects the migration, shape, and alignment
of cells; a significant parameter describing
permeability; necessary in the case of
anisotropic tissue

This journal is © The Royal Society of Chemistry 2016
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Mechanical parameters

Axial compression test

Macro scale

Compressive strength
Young Modulus

Nancindentation Structural parameters

Hardness
Young Modulus

X-ray micro-CT analysis

Porosity
Pore size distribution
Poare shape distribution
Pore connectivity
Structure thickness

Micro scale

Fig. 4 The scope of the experimental campaign.

test. Here, the bulk and foam-like samples were considered. At
the micro scale, both mechanical and structural parameters
were evaluated with the use of nanoindentation and X-ray
microtomography, respectively. The graphical scheme of the
experiments performed on the materials is presented in Fig. 4.

The analysis of the structural properties was performed with
the use of X-ray micro-CT. Cylindrical specimens from each type
of scaffold material with a 10 mm diameter were investigated. A
Skyscan 1172 Micro-CT Scanner was used. In the current study,
both pTMSPMA and pTMSPMA-POSS samples were rotated
from 0 to 360°, and the unit rotation angle was 0.1°. The three-
dimensional structure of the samples was obtained after
a reconstruction procedure performed by NRecon software
based on the Feldkamp algorithm. The size of each pixel was 4
um. The obtained images were 8 bit bitmaps with the gray scale
values of 0 and 255 corresponding to black and white color,
respectively.

The images were subjected to image processing techniques.
Firstly, a median filter was applied, followed by the binarization
procedure with the use of the Otsu method.*” As a result, the set
of segmented binary images was obtained, which enabled the
analysis of the structural parameters. The micro-CT image
processing and the analysis scheme are presented in Fig. 5.

The results of the experiment are shown in Fig. 6. The
porosity (total, open, and closed) as function of the height of the
sample is displayed in Fig. 6a-c. It is visible that pTMSPMA-
POSS has a higher porosity value than pTMSPMA. There are no
visible trends; each material has a constant porosity along its
height. In addition, the pore size and structure thickness (strut
size) distribution was estimated. The calculation of size distri-
bution involves two stages. First, a “skeletonization” is per-
formed to identify the medial axis of all structures. It is followed

Reconstructed
gray scale volume

2D reconstructed gray

’ 3D pore analysis
scale images

Pore segmentation
{Otsu method)

«=3.0 mm—»

Frequency

Diameter

Fig. 5 Micro-CT image processing and analysis scheme.
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Fig. 6 (a) Porosity changes along the z-axis of the specimens. (b)
Open porosity changes along the z-axis of the specimens. (c) Closed
porosity changes along the z-axis of the specimens. (d) Structure
thickness distribution. (e) Pore size (equivalent spherical diameter)
distribution. (f) Pore shape (sphericity) distribution. (g) Sauter diameter
distribution. (h) Surface area/volume ratio of pore distribution.
Abbreviations: S1 = pTMSPMA; S2 = pTMSPMA-POSS.

by a “sphere-fitting” measurement for all the voxels lying along
this axis. Local thickness for a point in a solid is defined as the
diameter of the largest sphere which fulfills two conditions: the
sphere encloses the point (but the point is not necessarily the
center of the sphere), and the sphere is entirely bounded within
the solid surfaces. The mean pore size for pTMSPMA is 390 pm,
whereas for pTMSPMA-POSS it is bigger, approximately 480
um. The structure thickness distributions show that
pTMSPMA-POSS has lower standard deviation, and the mean
strut size is around 180 pm.

In terms of pore shapes both samples are alike with the
sphericity around 0.8, which indicates a shape close to spher-
ical. The next analyzed parameter was the Sauter diameter,
defined as the diameter of a sphere that has the same volume/
surface area ratio as the particle of interest, which can be
calculated according to the following formula:*®

AP
T

dy = (5)
where A}, is the particle surface area. The distributions of the
Sauter diameters of the pores are shown in Fig. 6g. It is note-
worthy that the results for pTMSPMA suggest a varied pore
structure with some large pores, whereas pTMSPMA-POSS has
a relatively homogeneous structure with a high number of small
pores. In addition, the surface area to volume ratio (SAV) was
investigated, which is, as mentioned earlier, an important

Table 2 Scaffold structural parameters
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parameter with respect to the ability of cells to attach to scaffold
pore walls. The distributions clearly show that the samples
differ significantly: pTMSPMA has a mean SAV of around 75
mm " with high variance of the results; pTMSPMA-POSS is
characterized by a higher mean SAV (122 mm™') with
a “condensed” distribution. The mean values of the aforemen-
tioned structural parameters are listed in Table 2. The exem-
plary images and 3D reconstructions of the materials are shown
in Fig. 7.

5. Mechanical properties

At the micro scale, the mechanical parameters of the scaffolds
were evaluated by means of the nanoindentation technique.
The Anton Paar TTX-NHT nanoindenter was applied in this
study. Both samples were tested with a force of 5 mN, with
aloading scheme consisting of two cycles. The nanoindentation
tests were performed on a square grid every 20 um consisting of
100 measurements, both in the scaffold skeleton and in pores,
filled with epoxy resin during sample preparation. The results
obtained from the test are presented in Fig. 8a and 9a for
samples pTMSPMA and pTMSPMA-POSS, respectively. In order

3D reconstruction of sample S1

3D reconstruction of sample S2

Fig. 7 Transverse, conical images, and 3D reconstructions of the
samples: (a) pTMSPMA (S1) and (b) pTMSPMA—-POSS (S2).

Structural parameters

Porosity ~ Open porosity ~ Closed porosity =~ Mean pore size ~ Mean strut diameter
Sample [%] [%)] [%] [mm] [mm] Mean sphericity ~ SAV [mm ']
pTMSPMA 50.34 49.57 1.52 0.39 0.23 0.76 75.6
pTMSPMA-POSS 57.68 57.38 0.70 0.48 0.18 0.80 122.2

66044 | RSC Adv., 2016, 6, 66037-66047
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Fig.9 The segmentation procedure for sample pTMSPMA—-PQOSS (S2).

to perform a deconvolution process, i.e. to separate the prop-
erties of the materials under study from those of the epoxy
resin, the histograms of the elastic work were analyzed. It was
noticed that the materials exhibited a completely different load-
displacement relation (Fig. 1a black line) than the epoxy resin
(Fig. 1a green line), indicating that the deformation process was
characterized by a small part of the energy dissipation. Based on
that observation, the values of Young's modulus and hardness
were segmented. The histograms applied in the procedure
mentioned above are shown in Fig. 8 and 9 for samples
pTMSPMA and pTMSPMA-POSS, respectively. The histograms
of the hardness and Young's modulus are presented in Fig. 10a
and b. It is visible that the distributions for pTMSPMA and
pTMSPMA-POSS differ significantly. In addition, the Young's
modulus versus hardness diagram is shown in Fig. 10c.

Frequency

38 46

42
E, [GPa]
a

Fig. 10 Young's modulus (a and b) and hardness distribution (c).

Table 3 Nanoindentation results

Mechanical parameters

Sample Young's modulus [GPa] Hardness [GPa]
pTMSPMA 3.91 £ 0.34 0.46 + 0.08
pTMSPMA-POSS 4.36 £ 0.57 0.57 £ 0.13

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 Maps of Young's modulus, Ei, and hardness, H,r, for (a)
pTMSPMA (S1) and (b) p TMSPMA—-POSS (S2).

The mean values of Young's modulus and hardness together
with the standard deviations are listed in Table 3 pTMSPMA-
POSS has higher Young's modulus and hardness than
PTMSPMA. In addition, the maps of the mechanical parameters
of the investigated area are presented in Fig. 11.

The macro mechanical response of the material was tested
on two types of cylindrical specimens, namely scaffold-like and
monolith ones, with diameters of 12 and 8 mm, respectively.
Here, the uniaxial compression test was performed and the
maximum loading force was acquired, for each test. The loading
rate was constant. The results of the experiment are listed in
Table 4.

Young's modulus evaluated with the use of the nano-
indentation technique is the mechanical property of the skel-
eton of the composite. The overall effective Young's modulus is
the mechanical parameter of the composite. In general, it is
a function of Young's modulus of the skeleton and the geometry
of the microstructure. Applying the well-known micro-
mechanics relations,* i.e. the Hashin-Shtrikman upper bound,
the maximum value of the overall Young's modulus of the
scaffold under investigation can be estimated.

Based on the performed calculation, the overall Young's
modulus for pTMSPMA was estimated to be lower than 1.3 GPa,
whereas for pTMSPMA-POSS it was estimated to be lower than
1.16 GPa. The complexity of the microstructure of the materials
under study indicates that the overall Young's modulus of the
composites is within the range of several hundred MPa. It is

Table 4 Uniaxial compressive strength [MPa] results

Sample Scaffolds Monoliths
pTMSPMA 0.82 £ 0.22 1.2 £0.16
pTMSPMA-POSS 0.21 £ 0.03 1.8 + 0.05

RSC Adv., 2016, 6, 66037-66047 | 66045
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Table 5 Mechanical properties of the target tissues

Young's
modulus [GPa]

Compressive

Type of tissue strength [MPa]

Cortical bone®® 7-30 100-230
Cancellous bone®® 0.05-0.5 2-12
Cartilage® 0.2-0.3 0.01-3
Collagen tendon®° 1.5 0.14
Amorphous CaP (PLGA)*! 0.065 —

HA (PLLA)>! 0.01-0.014 0.39

HA (PLGA)™! 0.002-0.0075 0.07-0.22
Bioglass (PLGA)*" 0.051 0.42
Gelatin scaffolds™° 0.028 4.3
Composite scaffolds based on 0.0025-0.0045 0.21-0.36

gelatin and partially hydrolyzed
alpha-tricalcium phosphate®®

necessary, however, to verify this parameter by means of labo-
ratory mechanical tests at the macro scale. The estimated values
of Young's modulus in the scaffolds under study are a sign of
a very good material with respect to mechanical parameters,
compared to other types of tissue engineering materials.
The mechanical parameters, namely Young's modulus and
compressive strength, of human tissue and hard-tissue engi-
neering materials, found in the literature, are listed in Table 5.

It should be emphasized that the deformational character-
istics of the material observed in the nanoindentation tests
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Fig. 12 Load-displacement curves for the scaffold material (left) and
for the tooth tissue (right).
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Fig. 13 Influence of the applied load on the value of elastic energy
(left) and plastic energy (right) for the scaffold and the tooth tissue.
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indicate reversible/elastic deformation, ie. the deformation
process is characterized by a small part of energy dissipation. At
the same time, the aforementioned characteristic are in a rela-
tively wide range of load and displacement. This phenomenon
is visible in Fig. 12 and 13, where the designed scaffold is
compared with the tooth enamel tissue.

Conclusions

Research concerning the development of novel biomaterials
that mimic nature and may serve as the potential platform for
hard-tissue regeneration is currently one of the most promising
directions in modern implantology. In this work, we presented
our brand new results regarding the elaboration of an efficient
synthetic strategy to prepare macroporous scaffolds for poten-
tial usage in bone tissue engineering. The resulting organic—
inorganic hybrid is based on 3-(trimethoxysilyl)propyl methac-
rylate and octafunctionalized cage-like polyhedral oligomeric
silsesquioxane. It should be noted that in vitro studies carried
out on POSS constitute a strong evidence for their low cytotox-
icity.*” In this manner, we obtained a material that fulfills the
requirements for medical materials including chemical
composition (safety components that are already used in
medicine), porous structure (allows mass transport, cell
migration, and proliferation), topography (affects adhesion
abilities), and mechanical properties. A special characteristic of
the investigated material is its surprisingly high elasticity,
connected with the fact that the mechanical deformation
process is, mainly, a reversible one. Only a small portion of the
external mechanical work is dissipated by the irreversible
(plastic) processes. The comparison of the elastic modulus of
the developed scaffolds with other materials presented in the
literature indicates its high usefulness for hard-tissue engi-
neering. However, for the full examination of the resulting
material towards its utilization as a scaffold for potential
applications in medicine, the performance of biological studies
is necessary. Investigations along these lines are currently
underway.
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