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POSS, regarded as the smallest silica particle, is widely used as nanofiller in polymer systems. POSS-based
nanocomposites are deduced as novel materials having potency for biomedical applications owing to the
enhanced biocompatibility and physicochemical characteristics. The aim of this work was to integrate the
beneficial features of chitosan (CS) and OctaTMA-POSS nanoparticle to design nanocomposite for bone
tissue regeneration. The nanocomposite scaffolds were fabricated by freeze-drying. The effects of POSS
incorporation on morphology and structure of CS matrix were examined. Bioactivity and osteogenic
effects of the POSS nanoparticles were investigated with cytocompatibility, cell proliferation, alkaline

gﬁ)i/:gg;is. phosphatase activity, osteocalcin production and biomineralization assays. POSS incorporation altered
Nanocomposite the surface morphology by increasing surface roughness. Nanocomposite scaffolds with 82-90% porosity
POSS exhibited an increase in compression modulus of scaffolds (78-107 kPa) compared to control CS group
Bone (56 kPa). Results indicated that CS-POSS scaffolds were found cytocompatible with 3T3, MG-63 and
Scaffold Saos-2 cell lines. POSS incorporation showed promising effects on osteoblast adhesion and proliferation

as well as increasing ALP activity, octeocalcin secretion and biomineralization of cells.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recently, natural polymer-based nanocomposites have come
into prominence for bone tissue scaffold design. As a natural poly-
mer, chitosan (CS) have promising characteristics such as non-
toxicity, non-allergenicity, mucoadhesivity, biocompatibility and
biodegradability. Moreover, CS mimics the main extracellular
matrix components due to its similar structure with glycosamino-
glycans. The ease of processing of CS into porous structure is
another promising characteristic to fabricate a variety of scaffolds
[1,2]. However, it has a limitation with mechanical properties com-
pared to natural bone. Thus, CS is reinforced with an inorganic filler
in order to overcome this limitation [1,3,4]. Nanofillers provide
dramatic improvements in physical properties (thermal stability,
mechanical properties, swelling behaviour) of polymer matrix
and surface morphology by altering the structure at micro-
nanoscale. Besides, recently bioactive nanofillers have come into
prominence in scaffold designs for bone regeneration to provide
mimicry with bone structure.
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Among bioactive inorganic nanofillers, silica as the second most
abundant biogenic mineral, show positive characteristics (biocom-
patibility, tunable surface area, ease of modification) for biomedi-
cal applications [5,6]. Silicon is widely distributed throughout the
body especially in bone and connective tissue. It is extensively
bound to gylycosaminoglycans, which are the main constituents
in etxtracellular matrix (ECM) together with collagen and proteo-
glycans. Silicon supplementation is found as an effective treatment
in osteoporosis that increases bone mineral density (BMD) and
markers (pro-collagen type 1 N-terminal propeptide) that plays
role in bone formation [7].

Literature studies found out the potential of silica based
nanoparticles which show intrinsic bioactivity in hard tissue
regeneration by conducing osteoblast differentiation and restrain-
ing osteoclast differentiation [8]. Silica nanoparticle incorporation
in polymer matrix also supports bone cell adhesion and stimulates
osteogenic responses and gene expression, especially inducing CaO
deposition on material surface as well as providing enhancement
in the structure by improving mechanical properties [9-11].
Recent studies confirmed the stimulating effect of orthosilicic acid
on COL-1 secretion of human osteosarcoma and primary osteoblast
like cells which induces osteoblastic differentiation [12]. In addi-
tion to this result, Dong and co-workers investigated the effect of
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silicon on BMP-2/Smad1/5/RUNX2 signaling pathway in COL-1
secretion of MG-63 and U2-0OS cells and found that silicon
increased the ALP activity and biomineralization by inducing
COL-1 synthesis and osteocalcin secretion via BMP-2/Smad1/5/
RUNX2 signaling pathway. It is also known that silicon can
enhance calcium deposition at physiological doses. Literature stud-
ies also concluded that silicon bonds to calcium ions at the early
stage of bone calcification [13]. Besides, silica nanoparticle incor-
poration alters the surface topography which is an crucial factor
for cell attachment and spreading on biomaterial surface [14].

Particle size and morphology are significant characteristics that
effect the bioactivity of silica particles in osteoblast differentiation
[15]. The size of the nanoparticle also effects the surface roughness
that has major role on osteoblast-material interaction in bone
regeneration. However, nanoparticles weakly dispersed and tend
to agglomerate in matrix due to their incompatibility with polymer
structure. Thus, nanofillers are generally grafted or modified with
organic groups compatible with the polymer matrix to overcome
this problem [16]. Among modified silicate nanoparticles,
organosilicates (R, Si, Oisy) with R groups are defined as
silsesquioxanes. Polyhedral oligomeric silsesquioxane (POSS)
regarded as the smallest possible silica particle (1.5 nm), is highly
symmetrical molecule which possess hybrid (inorganic/organic)
well-defined cage structure composed of silicon/oxygen cage and
hydrocarbon functional groups attached to corner Si molecules. It
has intermediate (RSiO;s5) chemical composition, between silica
(Si0) and silicone (R,SiO) [17]. Thus, POSS nanoparticles could
be interfused in polymer effectively via copolymerization, grafting
or blending and shows performance region between polymers and
ceramics [18-22]. The structure and bulk properties of POSS/poly-
mer nanocomposites can be tailored by varying the R groups. The
changes obtained in material characteristics predominantly hinge
on the interactions between R groups and the polymer matrix serv-
ing as a reinforcing agent or a plasticizer [19,23-25]. POSS also
influences the surface chemistry (wettability) and alters the sur-
face roughness and topography of polymer matrix. These unique
properties make POSS a potential nanomaterial for stimulation of
biological responses at nanoscale. This stimulation leads to
improvement in cell attachment and response for apatite forma-
tion [11,19].

Polymer/POSS nanocomposites can be utilized as, biomedical
devices and biomaterials having tunable degradation rates
required for tissue engineering applications [4,11]. So far, limited
literature studies have been found with respect to polymer-POSS
nanocomposites for bone and cartilage regeneration [4,24-27].

In our previous study, CS-POSS nanocomposite membranes as
2D structure showed promising effects on osteoblast-like cell
attachment and proliferation for guided bone regeneration [28].
Hence, in this study, it is aimed to design a novel porous 3D CS-
POSS nanocomposite scaffold to mimic the bone tissue which can
induce biomineralization with unique silica hybrid structures as
well as enhancing cell-material interaction at nanoscale. In vitro
bioactivity of nanocomposite scaffolds was investigated exten-
sively with MG-63 and Saos-2 as model cell lines showing different
osteoblastic responses as well as human osteoblast cells (hFob).
The effect of POSS incorporation on mechanical, physical and mor-
phological properties of CS was evaluated. In addition, in vitro stud-
ies were performed to determine the cytotoxicity, bioactivity and
osteogenic effects of POSS nanoparticles on bone tissue
regeneration.

2. Material & method

Low molecular weight chitosan (50,000-190,000 Da; Sigma-
Aldrich) and POSS Octa TMA® (Hybrid Plastics) were used for fab-

rication of nanocomposite scaffolds. Pierce BCA protein assay
(Thermofisher Scientific) and Bovine Serum Albumin (BSA;
Sigma-Aldrich) were used to detect protein adsorption. WST-1
(BioVision Inc.) and Resazurin (Cell Signaling Technology Inc.) cell
viability kits, StemTAG™ Alkaline Phosphatase Activity (ALP) Kit
(Cell Biolabs Inc.) and Human OC/BGP (Osteocalcin) ELISA Kit
(Elabscience) were used for in vitro studies.

2.1. Scaffold fabrication

CS-POSS scaffolds were fabricated via freeze drying technique.
POSS nanoparticles were incubated at 80 °C for 24 h to prevent
moisture and agglomeration. CS was dissolved in 1% v/v acetic acid
solution. POSS nanoparticles were dispersed in water. Then, CS
solution and POSS dispersion were mixed. Ultrasonication method
(Misonix Ultrasonic Liquid Processor, 30 min at 15 °C, 35 Ampli-
tude) was used to distribute POSS nanoparticles in polymer matrix
homogenously. Solution was moulded in well-plates and pre-
freezed at —20°C for 24 h. Then CS-POSS solution was freeze-
dried for 48 h (Labconco Freezone, —46 °C, 0.01 mBar) and kept
in dessicator. Fabricated scaffolds were neutralized with 1 M NaOH
solution and washed with distilled water to remove residual NaOH.

2.2. Scaffold characterization

2.2.1. Particle size distribution, morphology and surface roughness

Morphology of POSS nanoparticles were dispersed with 0.001
and 0.0001% dilutions on TED Pella (UC-A on holey 400 mesh Cu)
grids and observed with STEM. Average particle size of dispersed
POSS nanoparticles was measured with Image ] software. DLS anal-
ysis was performed (Malvern Zeta-sizer Nano ZS) to determine the
hydrodynamic sizes of POSS nanoparticles. 1% w/v POSS disper-
sions were prepared with deionized water and incubated in ultra-
sonic bath for 5 min before testing. POSS nanoparticle morphology
was observed with AFM analysis with tapping mode. In addition,
CS-POSS membranes which were prepared by solvent casting tech-
nique were analysed to investigate the alterations on surface
topography and roughness of CS matrix with POSS incorporation.
The AFM topographic data and surface roughness (Rq) were ana-
lyzed quantitatively from three different areas with 5 x 5 um
dimensions. Nanoscope software (Digital Instruments Inc., USA)
was used for calculations.

2.2.2. Scanning electron microscopy (SEM)

Scaffold morphology, pore wall surface structure and average
lateral pore size were observed with SEM (Quanta FEG 250) analy-
sis. Scaffolds were sputter-coated with thin gold layer (Emitech
K550X) before analysis. Lateral pore size calculation was carried
out with Image ] software.

2.2.3. Fourier transform infrared spectroscopy (FTIR)

The chemical structure, characteristic peaks of POSS nanocages
and alterations on chemical bonds of chitosan matrix after POSS
incorporation were investigated with fourier transform infrared
spectroscopy with ATR instrument (FTIR-ATR, Perkin Elmer) at
wavenumber range of 4000-450 cm™! with resolution of 16 cm™!
and scan number of 20.

2.2.4. Determination of scaffold porosity

Total porosity % and macro-micro pore range of scaffolds were
evaluated via mercury intrusion porosimeter (Micromeritics,
AutoPore V). Scaffolds were analysed with low pressure to prevent
the disruption of structure. MicroCT (Scanco-pCT 50) analysis was
used to observe the 3D architecture and evaluate total porosity.
Analysis was performed with native resolution at 45 kVp-88uA.
Scaffolds were scanned through 500 slices using 3 pum voxel size.
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Liquid displacement technique was used to evaluate open porosity.
Sample was immersed in ethanol (V) and placed in vacuum oven
to allow ethanol to penetrate the pores. Measured volume was
recorded as V,. Then scaffold was taken off. After scaffold removal,
volume of remaining ethanol was measured (V3). Open porosity of
sample was calculated using the Eq. (1).

&= (Vi1 =V3)/(Va-V3) (1)

2.2.5. Mechanical test

Compression test was performed in dry and wet conditions (TA
XT Plus Texture Analyzer, ASTM-D 5024-95a standard) to investi-
gate the mechanical properties of CS-POSS scaffolds. In wet condi-
tion, scaffolds were incubated PBS solution for 1 h prior to testing.
Scaffolds were compressed up to 75% of original height with 5 mm/
min cross-head speed.

2.2.6. Protein adsorption assay

Bovine serum albumin (BSA) solution was used for protein
adsorption assay as standard. Samples were incubated in 0.1%
BSA solution at 37 °C for 24 h. Protein assay was perfomed with
BCA kit according to microplate procedure.

2.2.7. Enzymatic degradation

CS-POSS scaffolds were incubated in 1x PBS solution (pH 7.4) at
37 °C with 1.5 ug/mL lysozyme to mimic the concentration in
serum [29]. Sodium azide (0.01%) was added to enzymatic degra-
dation solution to inhibit possible contamination. Enzymatic solu-
tion was changed three times a week to prevent the loss of
enzymatic activity. Samples were taken off from solution at 7,
14,21 and 28 days of incubation and dried. Weight loss % was eval-
uated using Eq. (2) as shown below; where W, and W, are dry and
wet weight of the samples, respectively.

Weight Loss % = Wo — W, /W, 2)

2.2.8. Swelling study

The effect of POSS nanoparticles on water uptake capacity of CS
scaffolds was evaluated via swelling study. Scaffolds were incu-
bated in 1x PBS solution at 37 °C for 24 h. Dry weights of scaffolds
were measured before incubation (Wd). Wet samples were
weighed (Ww) after incubation. Swelling % was evaluated using
Eq. (3):

Swelling % = (Ww — Wd)/Wd x 100 (3)

2.2.9. Mineralization study

Exogenous mineralization on scaffolds was determined by incu-
bating in m-SBF solutions (1x and 10x m-SBF) at 37 °C to simulate
the in vivo condition [30,31]. Mineralization study was evaluated
for 14-21 days. SBF medium was changed every 48 h to provide
the circulation and prevent the decrease of free calcium and phos-
phate ions during mineralization process. Mineral formation and
calcium phosphate ratio on scaffold surface were observed via
SEM, EDX and XRD analyses.

2.3. In vitro studies

MG-63, Saos-2 and hFob cell lines were used for in vitro studies
MG-63 cell line was cultivated with MEM Eagle’s whereas, DMEM
was used for Saos-2 and hFob cells.

2.3.1. Cell attachment and spreading
MG-63 cells were seeded on scaffolds and incubated for 7 days
to observe cell attachment and spreading. Cell fixation, fluores-

cence staining and sample dehydration protocols were performed
as mentioned in our previous study [32].

2.3.2. Cytotoxicity determination

WST-1 cell viability kit was used to investigate the cytotoxicity
of scaffolds. Scaffolds were extracted in cell culture medium for
24 h with respect to 1SO-10993 protocol. Extraction medium was
used to culture cells for 72 h. Cell viability % was calculated using

Eq. (4).

Average absorbance wvalue of treated samples
Average absorbance value of control

x 100

Cell viability % =

(4)

2.3.3. In vitro cell proliferation on composite scaffolds

Sterilization was carried out with incubation of scaffolds in 70%
(v/v) ethanol overnight. Cell seeding on scaffolds was mentioned in
our previous study in detail [32]. Fluorometric resazurin assay was
carried out to detect cell proliferation with quantification of resor-
ufin formation as relative fluorescence units (RFU).

2.3.4. Alkaline phosphatase (ALP) activity and osteocalcin secretion

hFob, MG-63 and Saos-2 cells were cultivated with osteogenic
medium for 28 days. Intracellular ALP activity was evaluated with
StemTAG™ ALP assay. Osteocalcin (OC) secretion was evaluated
with Human OC/BGP ELISA assay by extracting cultivation medium
from scaffolds.

2.3.5. In vitro biomineralization

Calcium and phosphate depositions were observed with Von
Kossa (vK) and Alizarin Red S (ARS) staining methods [33]. Before
staining, cell fixation was performed as mentioned in section
2.3.1. Scaffolds were stained with vK by incubation in 1% (w/v)
aqueous silver nitrate (Sigma-Aldrich) for 30 min under UV light.
Then samples were washed with distilled water and immersed in
5% (w/v) sodium thiosulfate (Sigma-Aldrich) for 5 min to eliminate
unreacted silver. Calcium deposition on scaffolds was investigated
with 2% (w/v) aqueous ARS (pH 4.1) staining. Scaffolds were incu-
bated in the dark for 30 min and rinsed with distilled water several
times. Calcium and phosphate depositions were viewed through
stereomicroscope (Olympus SOIF DA 0737). ARS extracts were also
analysed spectrophotometrically (405 nm) to specify the calcium
mineral deposition difference semi-quantitatively.

2.4. Statistical analysis

All experimental groups were evaluated with three replicates.
The experimental data was given with the standard error of mean
(SEM). Results were analysed with one-way and two-way analysis
of variance (ANOVA) using Tukey’s multiple comparison test
(p<0.05).

3. Results and discussion
3.1. Characterization

3.1.1. Particle size distribution, morphology

Particle size is one of the important characteristics of silica
nanoparticles that takes part in their intrinsic bioactivity in bone
regeneration. Thus, morphology and size of POSS nanoparticles
were investigated with STEM and DLS analyses. POSS nanoparticles
possessed hydrodynamic size range of 1-250 nm by means of
intensity. Non-aggregated POSS nanoparticles (15%) were observed
with an average size of 1 nm similar to the literature [18]. In addi-



646 S. Tamburaci, F. Tihminlioglu/ International Journal of Biological Macromolecules 142 (2020) 643-657

tion, 70% of POSS particles were found as aggregated forms
(250 nm) due to the strong interaction between their reactive
groups. The tendency of POSS nanoparticles to agglomeration is
also observed as small aggregations (%15) with an average size of
12 nm similar to literature [34]. STEM images indicated that POSS
agglomerations were observed with an average size of
65+ 11.4 nm at 1:1000 dilution and POSS nanoparticles were dis-
persed at 1:10,000 dilution with an average size of 45+ 7.4 nm
(Fig. 1). The effect of silica nanoparticle size on osteoblast differen-
tiation was investigated by Ha and co-workers. Results revealed
that the change in silica nanoparticle size showed significant
effects on osteoblast activity. They obtained highest inducing effect
on osteoblast activity with 50 nm silica nanoparticles [15]. Thus,
POSS nanoparticles incorporated in CS matrix were observed in
effective size range.

POSS nanoparticles
(STEM)

g 7.3nm 13.7 nm
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——
&=
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-7.6 nm -13.0 nm
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3.1.2. Surface morphology and roughness

POSS nanoparticle morphology was also investigated with AFM
analysis. POSS nanoparticles were dispersed in ultrapure water
with 107° dilution ratio and dropped on coverslip. AFM images
showed that POSS nanoparticles possessed spherical morphology
with 30 + 6.9 nm average particle size. Alterations on surface mor-
phology of CS matrix with POSS incorporation was observed with
CS-POSS membranes. POSS nanoparticles were distributed in poly-
mer matrix by ultrasonic homogenization. AFM images showed
that POSS nanoparticles altered the surface morphology by
increasing roughness (Fig. 1). Mean roughness for CS membranes
was found as 3.58 + 0.1 nm. POSS nanoparticles were homoge-
nously distributed on CS matrix for 10% (w/w) concentration. How-
ever, at 20% (w/w) concentration, POSS nanoparticles tend to
interact with their organic R groups and started to agglomerate

-20.0 nm

CS/POSS membrane

21.1nm

Fig. 1. STEM images of POSS nanoparticles with 1/1000 (a and b) and 1/10,000 (c) dispersions; AFM images of POSS nanoparticles and CS-POSS membranes, respectively.
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CS-20% POSS CS-10% POSS CS-5% POSS CS-3% POSS CS-1% POSS CS

CS-40% POSS

Fig. 2. Scanning electron micrographs of scaffolds with 100x, 250x and 1000x magnifications: CS; CS-1%POSS; CS-3%POSS; CS-5%PO0SS; CS-10%POSS; CS-20%POSS; CS-40%
POSS respectively. Lateral pore size distribution and average pore size of groups were depicted on SEM images.
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Fig. 3. FTIR spectra of CS, POSS and CS-POSS nanocomposite scaffolds.
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Fig. 4. Micro CT images of CS, CS-5%P0SS, CS-10%POSS, CS-20%P0OSS and CS-40%POSS scaffolds (3D structure and colored pore size distribution). Total porosity, micro, and
macro pore range of scaffolds were given respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

in polymer matrix. These agglomerations caused non-homogenous
distributions on surface and they were observed as embedded
structures in polymer matrix. Thus, mean roughness of surface
decreased slightly from 8.4 nm * 0.01 to 6.3 £ 1.74 nm.

3.1.3. Scaffold morphology

SEM images showed that highly porous uniform CS-POSS scaf-
folds were fabricated via lyophilization technique. CS scaffolds pos-
sessed uniform porous structure with interconnections and
average pore size was obtained as 213 +44 um (Fig. 2a). POSS
incorporation did not alter the microstructure and overall porosity
of CS scaffold (Fig. 2). Average pore size of CS-POSS scaffolds were
obtained in a range of 150-190 pm. However, at high POSS concen-
trations (20-40%) morphology changed and pore wall surfaces
enlarged (Fig. 2 (f, g)). Similarly, the silica phase (TEOS, GPTMS)
is indicated as a continuous phase which cover the chitosan pore
walls without affecting the porosity significantly [35].

3.1.4. FTIR analysis

FTIR spectra of POSS, CS and CS-POSS nanocomposite scaffolds
were shown in Fig. 3. Tetramethyl ammonium (NMe,) functional-
ized POSS has a nanocage structure which is composed of rigid
tetragonal Si—O cage having —ON(CHj3), groups in each corner.
The spectra results show the characteristic peaks of POSS nano-
cages at 470-570 cm™! as Si—O—Si asymmetric stretching and
bending vibrations. Peak at 1096 cm™~! is attributed to strong and
symmetric Si—O—Si stretching absorption band of silsesquioxane
cage. Torsional vibration of NMe, groups was observed at
945 cm~!. Absorbing peaks at 1480 cm™! are also attributed to
the stretching vibration of organic NMe, group. Characteristic
peaks of NMe,4 group were also observed at CS-POSS nanocompos-
ites with high POSS contents. Basic characteristic peaks of chitosan
were shown as C—H stretching at 2840 vibrations and stretching
vibrations of OH groups at 3330 cm™ . In addition, the bands at
1620 cm™!, 1530 cm™~! and 1340 cm™'were attributed to Amide I,
—NH, bending and Amide III, respectively. FTIR spectra of CS-
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Fig. 5. Swelling ratio (a) and protein adsorption of scaffolds for 24 h (b); Scaffold weight loss % for 28 days (c), Compression moduli of scaffolds in dry (d) and wet (e)

conditions; Open porosity of scaffolds (f) were depicted respectively.

POSS groups showed that POSS nanocages did not chemically
interact with chitosan matrix.

3.1.5. Total and open porosity determination

An ideal bone scaffold must have interconntected micro and
macro porous structure to provide optimum microenvironment
for cell bioactivity and tissue regeneration. Microporosity
(<100 pm) takes part in biomimetic structure of the biomaterial
as well as the surface roughness and micropores can enhance
cell-material interaction on surface. The macroporosity (100-
500 pm) is required for vascularization and bone in-growth [36].
Open porosity, macro and micro pore ranges of scaffolds were
determined with mercury porosimeter and data were given in sup-
plementary file (Supplementary Table S1). However, mercury
intrusion in polymeric scaffolds may lead to disruption of pore
walls with applied pressure. Thus, liquid displacement method
was used to verify the open porosity % of scaffolds. Results showed
that CS-POSS scaffolds exhibited high porosity % with similar trend
in different methods (Table S1). CS-POSS nanocomposites exhib-
ited open porosity range as 79-90% and POSS nanocage addition
to chitosan matrix slightly increased the porosity % of the structure
(Fig. 5f).

CS-POSS scaffolds were also observed with micro-CT. CS-POSS
scaffolds showed a morphology having micro-macro pores with
high porosity range (83-88%) (Fig. 4). Increasing POSS concentra-
tions decreased macropore size in the structure. Scaffolds showed
a morphology with high porosity and interconnected pores
whereas, increasing POSS content from 5 to 20 wt% changed the
3D structure with lower porosity (82.6%) and increased the pore
size (Fig. 4). Pore wall surfaces increased and interconnections
between pores decreased with increasing POSS content. This
change in pore surface may arise from possible agglomerations of
POSS nanoparticles on surface as indicated in AFM results. Simi-
larly, 3D structure of silica-chitosan scaffolds was investigated by
micro CT. High amount of silica caused a condensed silica network
formation which interrupted ice crystallization and reduced the

pathway of growing ice crystals [37]. Similarly, Lu and co-
workers fabricated hydroxypropyl chitosan/nanohydroxyapatite(
n-HA) composite scaffolds and investigated the effect of n-HA con-
tent on porosity of scaffolds with micro-CT analysis. Results indi-
cated that scaffold porosity decreased with increasing n-HA in
polymer matrix [38]. 3D images indicated that scaffolds were fab-
ricated as highly interconnected porous structures. Consequently,
CS-POSS scaffolds were found to have appropriate porous structure
to mimic trabecular bone having a porosity range of 50-90% and
can allow cell migration, nutrient supply for bone cell growth [39].

3.1.6. Mechanical characterization

Compression moduli and strength of CS-POSS nanocomposites
were evaluated in dry and wet state (Fig. 5). Dry CS-POSS scaffolds
showed low modulus and mechanical strength compared to CS
group. Besides, increasing POSS content induced a positive effect
on mechanical characteristics up to 20%. Above this concentration,
compression modulus decreased. In higher concentrations, ten-
dency of POSS nanoparticles to bond with eachother through their
R groups and to agglomerate in polymer matrix may affect the
homogenity of nanocomposite structure. CS-POSS scaffolds pos-
sessed compression moduli and strength in a range of 13.5-
20 kPa and 74-114.4 kPa, respectively. Statistically significant dif-
ference was obtained between CS and CS-POSS scaffolds
(p<0.0001). In contrary to dry condition, wet CS-POSS scaffolds
showed higher compression moduli. POSS incorporation caused
an elastic behaviour during compression and regaining the initial
shape after compression. Increasing POSS content from 5 to 40%
caused an increase in compression modulus of CS changing from
56.3 to 107.6 kPa with maximum POSS concentration. Wet CS-
POSS groups (20% and 40%) possessed significantly higher moduli
compared to CS (p <0.05). In literature, the mechanical strength
properties of CS-silica (40-60%) hybrid porous scaffolds were
found in the range of 150-250 kPa due to the high porosity along
the freezing direction [37]. Increasing silica content caused
elastic-brittle deformation behaviour [40].
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3.1.7. Protein adsorption

Protein adsorption capacity of a biomaterial is one of the main
factors that affect its biocompatibility. The cell-material interac-
tion on surface is considered as the major factor for cell attachment
and serum proteins play important role in cell adhesion [41]. This
interaction provided by protein adsorption on material surface, is
induced by body fluid absorption of biomaterial at the defect site.
After this absorption process, cells-adsorbed protein layer interac-
tion initiates on material surface [42]. Protein adsorption on CS
surface was measured as 108 pg/ml. Highest protein adsorption
was determined in CS-5%POSS scaffolds with 223 pg/ml (Fig. 4).
The increase in protein adsorption arises from the enhanced sur-
face area due to POSS nanoparticle incorporation. Similarly, litera-
ture studies show that silica incorporation enhances the protein
adsorption on the scaffold surface [43,44].

3.1.8. Enzymatic degradation

Lysozyme is mostly used for degradation studies of CS and
depolymerizes N-acetylated CS in human serum by breaking its
glycosidic bonds via hydrolysis [29]. This degradation process is
related with the acetylation degree of CS where high acetylation
induces faster degradation [45]. Since it is hydrophilic polymer,
water diffusion into CS is faster than degradation causing bulk ero-
sion. CS is degraded in two stages: it interacts with water and
swells in first stage which initiates the cleavage of chemical bonds
and causes degradation. In second stage, CS is degraded and weight
loss is observed [46]. Similarly, CS-POSS scaffolds absorbed enzy-
matic solution and swelled at first period of incubation (1-7 days),
then showed an increase in weight loss % trend at 7-28 days
(Fig. 5¢). High degree of acetylation of CS (75-85%) induced a dras-
tic increase in weight loss % for 21 days. This arises from cleavage
of CS bonds with lysozyme on scaffold surface [47]. Consequently,
scaffolds showed comparatively faster degradation rate in the first
weeks. Similarly, the biodegradation of CS films showed that the
degradation rate generally appeared to slow down after initial
weight loss. It is concluded that degradation rate decrease was
observed due to the loss of appropriate hexasaccharide sequences
and the lack of consecutive N-acetylglucosamine residues with
very low degree of acetylation (DA) during the process [29]. In
addition, POSS nanoparticles increased the degradation rate of CS
scaffolds due to the possible dissolution from the surface as men-
tioned in literature [44,48]. CS-20%POSS groups distinctly showed
the highest weight loss at 21th day of incubation. This increase
in weight loss may arise from its dissimilarity in 3D structure
which was observed in micro-CT analysis.

3.1.9. Water uptake capacity

Swelling property has a significant function at the defect site
during the interaction with body fluids. Biomaterial should possess
hydrophilic structure to perform efficent absorption of body fluid
and blood to interact with the body fluid contents (i.e. proteins,
minerals). Thus, this process leads to protein adsorption on mate-
rial surface which induces the interaction of biomaterial with sur-
rounding cells. Therefore, water uptake capacity and protein
adsorption properties are highly interrelated factors in biomaterial
design. In this study, scaffolds were incubated in 1 x PBS solution at
37 °C to simulate body fluid conditions. The swelling ratio of CS
matrix increased in the range of 29.1-32 due to POSS incorporation
(Fig. 5a). Similarly, in literature, silica loading in polymer matrix
enhanced the water uptake capacity positively due to its hydrophi-
lic structure [9,49].

3.1.10. Mineralization on material surface

Biomineralization is the major process for bone regeneration
that controls the release of ions for Ca/P nucleation and mineral
growth as apatite deposition [50]. Mineralization studies on CS-

POSS nanocomposites were performed with different m-SBF solu-
tions (1x and 10x). SEM images, EDX and XRD data of scaffolds
immersed in 1x and 10x SBF solution were given in supplemen-
tary file (Supplementary Figs. ST and S2). Ideal stochiometric ratio
of Ca:P in hydroxyapatite structure is 1.67. However, bone actually
exhibits a Ca:P ratio ranging from 1.3:1 to 1.9:1. This deviation
mainly arises from the carbonated groups, substitution of other
cations, and protonation of phosphate groups in the crystal lattice
[51]. SEM images of CS scaffolds immersed in 1x m-SBF showed
that globular apatite formation was obtained with heterogeneous
distribution on surface. However, POSS incorporated scaffolds
immersend in 1x SBF solution induced both globular and need-
like apatite crystals and these structures coated CS-POSS surface
after 7-21 days of incubation. EDX analysis of 5-10%POSS incorpo-
rated scaffolds which were incubated in 1x m-SBF solution
showed similarity with stochiometric Ca/P (1.67) of bone mineral
at 7th day. However, at higher POSS concentrations (20-40%), sig-
nificantly higher Ca deposition was observed on nanocomposite
surfaces due to the possible calcium silicate formation. Silica net-
works degrade, and this causes silanol (Si—OH) formation on mate-
rial surface which takes part in apatite formation through
hydration and dissolution. These Si—OH groups posssess proper
sites for Ca/P nucleation which chelate the calcium ions (Ca®*). Cal-
cium silicate formations consecutively gain more positive charges
and interact with phosphate ions. Then, amorphous calcium phos-
phate (ACP) is formed by this interaction. Clusters which reached
critical size, trigger apatite nucleation, finally nano-crystalline apa-
tite layer is formed [43,44]. Similarly, literature studies indicated
that the mineralization initiated with silanol groups which have
specific surface sites, serving a function in Ca/P nucleation
[48,52-54]. The effect of POSS nanoparticles and bioactive glass
particles were compared on the bioactivity of dental adhesive by
observing Ca/P precipitation. It was indicated that POSS nanoparti-
cles rendered the bioactivity [25]. Mineralization study was also
performed in 10x m-SBF solution for 14 days of incubation. SEM
images of CS-POSS scaffold surfaces at 7 and 14th days of incuba-
tion were observed with SEM and given in supplementary file
(Supplementary Fig. S2). SEM images with higher magnification
showed that, apatite formation was not observed on CS scaffolds
at 7th day. However, globular apatite formation was observed on
CS-POSS scaffold surface as coated layer at 14 days of immersion
in 10x m-SBF (Fig. 6). This calcium-phosphate formation as globu-
lar apatite layer transforms into thermodynamically stable crys-
talline form by dissolution and recrystallization process. At 14th
day of immersion, apatite globules were located on CS-POSS scaf-
folds surface homogenously and apatite layer was observed on
40% POSS incorporated scaffolds. XRD patterns of mineralized scaf-
folds immersed in 10x m-SBF were depicted in Fig. 6. The charac-
teristic peaks of this CaP formation indexed as (002), (21 1) and
(222) were observed on scaffold surfaces [55]. XRD patterns
10x SBF immersion showed crystalline structure of globular CaP
layer on CS-POSS scaffold surface. Characteristic peaks were
obtained as (002),(102),(211),(310),(113)and (22 2)planes
of hydroxyapatite. Consequently, POSS nanoparticles provided cal-
cium silicate formation which induced apatite formation on scaf-
fold surface.

3.2. In vitro studies

3.2.1. Cell attachment and spreading

Cell attachment and spreading on material surface are critical
factors for cell proliferation and differentiation processes.
Enhanced cell attachment and spreading can trigger alterations
on intracellular tension and promote the osteogenesis through
upregulating the expression of runt-related transcription factor 2
(RUNX2), bone morphogenetic protein 2 (BMP2) and osteocalcin
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Fig. 6. Scanning electron micrographs, EDX and XRD patterns of apatite formation on CS, CS-POSS nanocomposites immersed in 10x m-SBF at 14th day respectively.

(OCN) as osteogenic markers [56,57]. Generally, osteoblast attach-
ment to biomaterial surface depends on the material properties
regarding its surface chemistry, topography and energy which
affects the adsorption of biological molecules on material surface.
Especially topography has a signifcant effect on cell-surface inter-
action by improving cell attachment and spreading [58,59]. DAPI-
brightfield images showed that POSS incorporation enhanced
MG-63 cell attachment and uniform cell spreading compared to
CS scaffold (Fig. 7a, e, and g). Fluorescence microscopy images
(DAPI-Alexa fluor 555) indicated that MG-63 cells were attached
and spread on scaffold surface successfully, subsequently they
formed clusters with cell to cell interaction. This positive effect
arises from POSS incorporation which alters the surface topogra-
phy and increases surface roughness. High magnification images

demonstrated that MG-63 cells were colonized in close contact
with each other and adhered to the pore wall surface with elonga-
tions of actin filaments (Fig. 7c, f, and i). SEM images also con-
firmed that MG-63 cells showed high affinity to POSS
incorporated chitosan surface by showing good attachment,
spreading and forming clusters on pore walls of scaffold surface

(Fig. 7).

3.2.2. In vitro cytotoxicity

In this study, 3T3 cell line was used to determine the cytocom-
patibility of nanocomposites with respect to ISO 10993 standards.
MG-63 and Saos-2 cells were also investigated as model cell lines
for cytotoxicity experiments. Results stated that CS-POSS
nanocomposites were found cytocompatible with NIH 3T3 cell line.
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In addition, 5-40% POSS incorporation showed a significant prolif- 72 h periods. Statistically significant differences were observed
erative effect on cells in 24 h. This proliferation led to slight viabil- between 3%, 10% and 20% POSS in 48 h (Fig. 8a-c). Similarly, liter-
ity decrease further, caused by the contact inhibition for 48 h and ature studies reported nontoxic behaviour for various polymer-
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CS-POSS scaffolds at 14, 21 and 28 days. (* represents significant differences).

nSiO, nanocomposites and indicated that nSiO, toxicity could be
significantly reduced by blending with polymers to form nanocom-

[61]. MG-63 cells are known as appropriate model cells for studies
with regard to the regulation and osteocalcin secretion. However,

posites [60].

3.2.3. Cell proliferation and ALP activity

they are not identified as representative model cells with respect
to proliferation and alkaline phosphatase activity [62]. Therefore,
CS-POSS scaffolds were investigated with three different cell lines
(hFob, MG 63 and Saos-2) having different osteoblastic properties.

Although osteoblast-like cell lines are known as cell models for
bone regeneration, they show different osteoblastic responses con-
cerning several properties such as proliferation kinetics and the
osteoid production. However, hFob cells mimic the human osteo-
blasts by exhibiting similar morphology and osteogenic properties

hFob cells showed a similar proliferation trend for all groups
(Fig. 8d). Contrary to literature, MG-63 cells showed a good prolif-
eration an upward trend on CS-POSS (5-10%) scaffolds compared
to CS group (Fig. 8e). Saos-2 cells also exhibited an ascending pro-
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liferation trend with increasing POSS content (Fig. 8f). POSS
agglomerations inducing heterogenity on scaffold structure and
increasing organic R groups (metyl ammonium) of POSS may lead
to low cell proliferation on scaffolds with higher POSS concentra-
tions. Flourescence microscopy and SEM images also supported
results of proliferation studies. MG-63 cells cultivated on CS-
POSS nanocomposites formed clusters and showed osteoblastic
morphology. Similarly, Keller and co-wokers investigated the effect
of silica nanoparticle incorporation in 3D chitosan-scaffolds and
concluded that silica nanoparticles promoted osteoblastic spheroid
formation and cell proliferation [63].

ALP activity is known as a significant osteogenic differentiation
marker at the early stages of bone tissue regeneration. It is
reported that, MG-63 cells show low ALP activity and do not min-
eralise despite being identified as having similar integrin subunit
profile to hFob cells [64,65]. However, Saos-2 cells possess higher
ALP activity and matrix mineralisation capacity with a more
mature osteoblast phenotype [66]. It is also indicated that Saos-2
cells exhibited similar ALP levels at the early stage and growth fac-
tor expression to human primary osteoblast cells [65,67-69]. Saos-
2 cells on CS-POSS scaffolds showed higher ALP activity at the early
incubation periods as expected (7-14 day). (Fig. 8i). At 14th day, 5-
10% POSS incorporation significantly increased ALP production of
Saos-2 cells. The ALP activity of hFob cells incubated on CS-5% POSS
scaffolds exhibited significantly higher ALP production at 7th day

(Fig. 8g). However, all POSS incorporated groups showed higher
ALP activity compared to CS group for 7th and 14th day. MG-63
cells secreted ALP at higher levels at the end of cultivation period
(Fig. 8h). Nevertheless, ALP activity of MG-63 cells on CS-POSS
scaffolds exhibited different increasing trend with incubation time
in contrast with Saos-2 and hFob cells. Similar effect of nSiO, par-
ticles on osteogenic activity was reported by incorporation to chi-
tosan/gelatin matrix [43]. In conclusion, hFob and Saos-2 cell lines
exhibited similar responses with respect to ALP production as sta-
ted in literature. Contrary to the literature studies, MG-63 cells
secreted higher amounts of ALP at the late term of cultivation.

3.2.4. Osteocalcin (0OC) secretion

OC is secreted at late terms of differentiation and known as a
significant osteogenic marker for biomineralization Saos-2 cells
secreted higher osteocalcin concentrations for both 21 and 28 days
of incubation compared to MG-63 and hFob cell lines. hFob and
Saos-2 cells cultivated on 5-10%POSS incorporated scaffolds
secreted higher OC compared to chitosan scaffolds at 14th day.
In addition, hFob and MG-63 cells produced higher OC on 5-10%
POSS groups at 21th day of incubation (Fig. 8j, k and 1). Conse-
quently, POSS incorporation promoted OC secretion of cells. Thus,
POSS nanoparticles showed positive effect on biomineralization
process by inducing OC secretion. This promoting effect may arise
from the surface roughness and nanotopographic alterations
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obtained with POSS nanoparticle incorporation. Surface alterations
can affect cell-material interactions due to cytoskeleton rearrange-
ment and focal adhesion contacts (FACs) formation. Similarly, Fili-
powska and co-workers investigated the effet of silica particles in
chitosan/collagen based hydrogels and indicated that silica parti-
cles promoted the osteogenic differentiation of hBMSCs by induc-
ing OC expression [70].

3.2.5. Biomineralization

Surface and cross section of scaffolds are observed to detect
mineral formation at the outer and inner parts (Fig. 9). Cell-free
scaffold groups were stained and observed under stereomicroscope
to compare with cell incubated groups and indicate the color
change resulting from biomineralization. Stereoimages showed
that cell-free groups slightly absorbed silver nitrate and ARS dye.
However, no significant color change was observed. Phosphate
deposition was homogeneously distributed on CS scaffolds.
Stereoimages showed that POSS incorporation induced mineral
formation of cells. Phosphate deposition was heterogenously accu-
mulated at central and peripheral regions of CS-20%POSS group
due to non-homogenous cell distribution. This anisotropic distri-
bution may arise from morphological variations regarding to the
pore size differences in structure as indicated in micro CT images.
Stereoimages indicated that CS-POSS nanocomposites induced cal-
cium deposition of MG-63 and Saos-2 cells. However, distinctive
colour difference couldn’t be observed due to the possible dye
absorbtion of chitosan matrix. Thus, ARS extracts were analysed
semi-quantitatively to distinguish the calcium mineral deposition
difference with POSS incorporation and indicate the difference
between groups. Results showed that, POSS incorporation
enhanced calcium deposition on MG-63 cell cultured scaffolds for
28 days. This increase may arise from the pre-osteoblastic nature
of MG- 63 cells. This pre-osteoblastic characteristic leads to high
proliferation potential causing cell density effect on osteoblastic
markers. Thus, MG-63 cells are found inconsistent for mature
osteoblastic biomineralization [64,65,69]. However, Saos-2 cells
show mature osteoblast phenotype and induce biomineralization
by expressing osteoblastic markers such as osteocalcin (OC), bone
sialoprotein (BSP) and type I collagen [61,66]. Saos-2 cells induced
calcium deposition at 21th day of incubation with increasing POSS
concentration up to 20%POSS (Fig. 10). The Ca deposition of Saos-2
cells decreased on CS-40%POSS compared to other groups. This
may arise from the possible agglomerations of POSS nanoparticles
in chitosan matrix. This may affect the mechanical strength and
cell-material interaction in biomineralization process. The
decrease in mechanical strength is discussed previously in Fig. 5,
Section 3.1.6.

4. Conclusion

This study showed that, POSS nanoparticles have promising
effects as a bioactive reinforcement for bone regeneration. POSS
incorporation induced favorable effects on cell attachment by
altering topography and enhancing surface roughness which are
important factors for osteoblast differentiation. CS-POSS scaffolds
showed highly porous (82-90%) uniform structures and supplied
suitable environment for cell proliferation. Besides, POSS incorpo-
ration enhanced the mechanical properties, water uptake capacity
of CS scaffolds as well as inducing the mineral deposition and apa-
tite formation on surface. POSS nanoparticles were found to be
cytocompatible with fibroblast and osteoblast-like cells. CS-POSS
scaffolds enhanced important osteogenic markers for bone regen-
eration as ALP activity, osteocalcin secretion and mineral forma-
tion. Consequently, POSS nanoparticles could be considered as a
promising bioactive agent for bone tissue engineering. Further-

more, different POSS structures could be used as reinforcements
and the effect of this structural differences can be examined to
design novel nanocomposites.
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