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ARTICLE INFO ABSTRACT

Keywords: As a natural and abundant silica mineral, diatomite particles (SiO,-nH»0) have been used in several areas such

Diatomite as filtration, photonics, sound and heat insulation, filler material and drug delivery due to its abundance, in-
Scaffold expensive cost, unique morphology and porous structure. But up to date, diatomite incorporated silica based
Bone scaffolds have not been used for bone tissue engineering applications. In the present study, the goal was to
Chitosan . . . . . . . . . o .
sili combine the useful biomaterial properties of both chitosan and diatomite as biocomposite organic/inorganic
111ca

biomaterial for bone tissue engineering applications and optimize the silica content of the composites in order to
obtain optimum morphological structure, high mechanical properties, enlarged surface area and enhanced cell
proliferation. The effect of silica loading on the mechanical, morphological, chemical, and surface properties,
wettability and biocompatibility of composite scaffolds were investigated. In addition, in vitro cytotoxicity and
cellular activities including cell proliferation, ALP activity and biomineralization were investigated in order to
determine biological activity of the composite scaffolds. Diatomite particles lead to enhancement in the water
uptake capacity of scaffolds. Chitosan-silica composites exhibited 82-90% porosity. Wet chitosan-silica com-
posite scaffolds exhibited higher compression moduli when compared to pure chitosan scaffold in the range of
67.3-90.1 kPa. Average pore size range of chitosan-diatomite composite scaffolds was obtained as 218-319 um.
In vitro results indicated that chitosan-diatomite composites did not show any cytotoxic effect on 3T3, MG-63
and Saos-2 cell lines. Scaffolds were found to be favorable for osteoblast proliferation. Diatomite incorporation
showed promising effects on enhancing ALP activity as well as mineral formation on scaffold surface. Thus, the
prepared scaffolds in this study can be considered prospective material for bone tissue engineering applications.

1. Introduction

In recent studies, composites consisting biopolymers and silica
particles show potential in biomedical applications. Silicate nano-
particles have been extensively used to improve the mechanical prop-
erties of synthetic and natural polymers. These polymer nanocompo-
sites often show significant improvements in structure, modulus,
strength and toughness that cannot be achieved by using the polymer
alone. Thus, silicate nanoparticles are commonly used for biomedical
applications as reinforcements [1]. Besides, there have been a number
of studies that revealed the biological functions of silica supporting
bone cell adhesion and bone tissue formation by increasing the bioac-
tivity of composites. Silica has an important role in biomineralization of
bone tissue. The importance of Si on bone formation and calcification
has been demonstrated through in vitro and in vivo studies. High Si
contents have been detected in early stages of bone matrix calcification,
and aqueous Si induced precipitation of hydroxyapatite in bone tissue
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by enhancing the bone ingrowth as a calcifying agent and its in-
corporation in the HAp is considered to be a potential method for im-
proving the bioactivity of HAp [2]. Many studies investigating implants
containing bioactive silicate found that the implants induce bone for-
mation, stimulate osteogenic proliferation and activate bone-related
gene expression. In addition, studies showed that silica induced CaO
accumulation on the surface and nucleation of the apatite layer which is
an essential step in the formation and mineralization of hard tissues
[1,3,4].

Diatomaceous earth (SiO,-nH,0) (diatomite) is a natural occurring
mineral compound from skeletal remains of diatoms which are micro-
scobic (~1-500 um), non-motile, unicellular eukaryotic photosynthetic
microalgae encased within a unique cell wall composed of silica (hy-
drated silicon dioxide) [5-7]. These single celled microalgae with more
than 100,000 different species develop biomineralized external cell
walls with unique morphologies which are composed of amorphous
silica skeletons and organic materials [5,8,9]. This mineralized
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exoskeleton is termed as “frustule”. Diatom frustules are primarily
amorphous agglomerations of very small silica particles in the order of
a few ten nanometers. This type of SiO, can react with Ca(OH), and
produce calcium silicate hydrates (CSH) [10]. Diatomite has unique
physical characteristics, such as high permeability (0.1-10 mD) and
porosity (35-65%), small particle size, large specific surface area, low
thermal conductivity, density and high absorption capacity with well-
arranged pores on the outer or inner surfaces and a numerous sieve
pores being approximately 40 nm for exchanging nutrients and gases.
The porous structure of diatom frustules also increases their surface
area possibly reaching 200 m?/g [11]. It has intrinsic properties such as
relatively high melting-point, chemical inertness and small grain size
[5,8,12-17]. Diatomite surface is terminated by OH groups and oxygen
bridges. These groups act as adsorption sites on the surface [18].

The potential engineering and medical applications of diatom
frustules have recently proposed, including metal film membrane,
pinpoint drug delivery and nanopowder silica [5]. These frustules or
purified silica powders obtained from frustules can be used to reinforce
composites. A few studies exist regarding the use of diatoms for bio-
medical applications. Lopez-Alvarez et al. investigated the influence of
silicon substituted hydroxyapatite coatings on osteoblast-like SaOs-2
cell line. Diatomaceous earth and synthetic silica with commercial
hydroxyapatite were used to produce the Si-HAp coatings. In vitro cell
culture results indicated that Si—-HAp coating from diatomaceous earth
significantly favored osteoblast proliferation and activity in comparison
to the Si-HAp coating from synthetic silica [16]. Hertz et al. prepared
porous SiO, and SiO,/TiO, monoliths from Flux calcined diatomaceous
earth and found that samples containing only SiO, were proved to be
biocompatible for bone tissue engineering [19]. In a study, raw diato-
mite (RD) and calcined diatomite (CD) powders were purified by acid
treatments, and diatom microparticles (MPs) and nanoparticles (NPs)
were produced. In vitro cytotoxic effect of diatom-derived particles was
investigated. Results indicated that diatom particles had no cytotoxic
effect on 3T3 cells and purification route could impact the cytotoxicity,
especially in the case of microparticles [20].

In the present study, the goal was to combine the useful biomaterial
properties of both chitosan and silica as biocomposite organic/in-
organic biomaterials for bone tissue engineering applications. A
number of articles are available in the literature on the promising
properties of chitosan-silica composites. However, there is no literature
regarding bone tissue engineering studies on composite scaffolds com-
posed of natural silica source diatomite. This study is proposed to de-
sign novel chitosan-diatomite composites as scaffolds for bone tissue
engineering applications and optimize the diatomite content of the
composites to obtain optimum morphological structure, high mechan-
ical properties, enlarged surface area and enhanced cell proliferation.

2. Material & method

Chitosan low molecular weight powder (50,000-190,000 Da), was
purchased from Sigma-Aldrich and used for preparation of composite
scaffolds and Diatomite (Celpure® P65, SiO,, 98%, Sigma-Aldrich) was
used as natural silica source for reinforcement. Acetic acid (analytical
grade, Sigma-Aldrich) was used as solvent preparation. Sodium hy-
droxide (NaOH-Sigma-Aldrich) was used for neutralization. BCA pro-
tein kit (Pierce, Thermofisher Scientific) and BSA (Bovine Serum
Albumin-Aldrich, Sigma) were used for protein adsorption. Lysozyme
(Aldrich, Sigma; from chicken egg white), sodium azide and phosphate
buffer solution (10x) (Sigma-Aldrich) were used for biodegradation
studies. Simulated body fluid (SBF) was prepared for biomineralization
tests. PBS (Phosphate Buffered Saline 10 X ) solution (Lonza) was used
for swelling studies. WST-1 assay (BioVision Inc.), Resazurin Cell
Viability Kit (Cell Signaling Technology Inc.) and fluorometric
STEMTAG™ Alkaline Phosphatase Activity Kit (Cell Biolabs Inc.) were
used for in vitro cell culture studies. Silver nitrate (Sigma, Aldrich),
sodium thiosulfate (Sigma, Aldrich) Alizarin Red S (Sigma, Aldrich)
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were used for von Kossa and Alizarin Red staining. Paraformaldehyde
(PFA, Merck), DAPI and Alexa Four 555 (Molecular Probes™, Thermo
Fisher Scientific) stains were used for fluorescence imaging.

2.1. Preparation of chitosan/diatomite composite scaffolds

Chitosan/diatomite composite scaffolds were prepared by freeze
drying method. Before use, diatomite particles were dried at 80 °C for
24h in order to remove moisture and prevent agglomeration. Chitosan-
silica composite dispersions were prepared by using separately pre-
pared chitosan solutions and silica dispersion in acetic acid (1% v/v).
Then they were mixed and sonicated with Misonix Ultrasonic Liquid
Processor for 30 min at 15°C and 35 Amplitude for homogenization.
Solution was poured into 24 and 48 well-plates for moulding. Then
prefreezed at —20 °C for 24 h. After prefreezing, samples were lyophi-
lizied at —46°C and 0.01 mbar vacuum. Freeze dried scaffolds were
then stored in dessicator for further use. 1 M NaOH aqueous solution
was used in order to neutralize remaining acetic acid residues. Prepared
chitosan-silica composites were immersed in and washed with distilled
water to remove remaining NaOH.

2.2. Characterization of chitosan/diatomite composite scaffolds

2.2.1. Mechanical analysis

Mechanical strength of chitosan/silica composite scaffolds were
measured by compression test according to the ASTM-D 5024-95a
standard with TA XT Plus Texture Analyzer (Stable Micro Systems).
Two experiment groups were designed for dry and wet conditions. Dry
samples and hydrated samples were tested with 5 specimens for each
group. Scaffolds were hydrated in PBS (pH = 7.4, at 37 °C) for 1 h prior
to testing and were kept immersed in PBS throughout the test.
Compressive stress-strain curves were plotted and compressive elastic
modulus (E*) and compressive strength (r*) were determined for all
scaffolds Mechanical compression data are described as an average of
five test specimens with standard error. Tests were performed with a
cross-head speed of 5 mm/min at room temperature and compressed up
to 75% of original height.

2.2.2. Scanning electron microscopy analysis

Chitosan/diatomite composite scaffolds were analysed by SEM in
order to observe surface morphology, pore size and distribution of
diatomite frustules in chitosan matrix. Before the analysis, samples
were coated with thin gold layer under argon gas by using Emitech
K550X. Then SEM analysis was performed with Quanta FEG 250 (at
7 x 10" ?mbar and 15mA). Image J software was used to evaluate
average pore size by using SEM images.

2.2.3. Porosity determination

Porosity of composite scaffolds was determined by mercury intru-
sion porosimeter (Micromeritics, AutoPore IV). Mercury is used in this
technique because it is a non-wetting liquid that does not intrude into
pore spaces except under sufficient pressure. The pressure required to
intrude mercury into the sample's pores is inversely proportional to the
size of the pores. Pore diameter-pressure relationship was evaluated by
Washburn equation:

D = —4y cos6/P @

where D: pore diameter; P: pressure [21-23].

Porosity and 3D architecture of composite scaffolds were also de-
termined by microtomography imaging using Scanco-uCT 50 (Scanco
Medicals, Switzerland) with penetrative X-rays of 45 kVp-88uA.
Scaffolds were scanned at a native resolution with air filter. 500 slices
was used for each specimen with 3 pm voxel size in order to investigate
the 3D structure of scaffolds.

Open porosity of scaffolds was also determined by liquid displace-
ment method. Scaffolds were immersed in a graduated cylinder with
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ethanol (V;). The cylinder is then incubated in vacuum oven to dis-
charge air from pores and provide ethanol enter through the pores.
Then, total volume (ethanol and scaffold) is recorded as V5. The volume
difference (Vo — V1) is calculated as the volume of the skeleton of the
scaffold. Finally, the scaffold is removed and the residual ethanol vo-
lume is measured as V3. The open porosity of the scaffold is evaluated
with the Eq. (2).

e= (-1 -V) 2

2.2.4. Protein adsorption assay

In this study, first, composite scaffolds were incubated with 0.1%
Bovine serum albumin (BSA) solution in order to determine the protein
quantity adsorbed on surface. Experiment was carried out in 24 well
plates. The sample specimens were incubated at 37 °C for 24 h and 48 h.
The amount of adsorbed proteins on scaffolds was determined by BCA
(Pierce, Rockford, IL) protein assay kit, using bovine serum albumin
(BSA) as standard. The microplate procedure was used for protein de-
termination adsorbed on samples.

2.2.5. Water absorption capacity

Swelling test was performed in order to obtain water uptake capa-
city of scaffolds in implanted tissue. Dry samples were weighed before
test (Wd), immersed in 1XPBS solution and incubated at 37 °C for 1h,
24h and 48h. Then, wet samples were removed from plate and
weighed (Ww). Extra solution on the surface was removed with filter
paper before weighing. Swelling % was determined with the following
equation:

Swelling% = (W, — W)/ W X 100 3)

2.2.6. Enzymatic degradation study

The enzymatic degradation of chitosan-silica composite scaffolds
was performed at 37 °C with phosphate-buffered solution (PBS, pH 7.4)
containing 1.5 pug/ml lysozyme in order to mimic human serum [43].
0.01% sodium azide was used to prevent bacterial contamination. The
degradation medium was refreshed every 48h periods to ensure con-
tinuous enzyme activity. Weight loss % of samples were investigated for
7, 14, 21 and 28 day incubation periods. The extent of enzymatic de-
gradation was expressed as percentage of weight loss of the dried
scaffolds after lysozyme treatment. Enzymatic biodegradation was in-
dicated by weight loss % calculated using Eq. (4) as shown below;

Weight Loss% = Wy — Wi/ W, 4

2.2.7. Mineralization study

In this study, mineralization process on composite scaffolds was
tested in modified SBF solution (m-SBF 1 X) in order to mimic the in
vivo condition [24]. Mineralization test with SBF was carried out by
maintaining pH and temperature of solution to match the required for
formation of an apatite mineral. During mineralization test, free cal-
cium and phosphate ion concentrations decrease as mineralization
progresses. Therefore, SBF medium was periodically refreshed for 48 h
periods to provide the circulation. SEM analysis was performed with
backscatter mode to investigate mineralization on scaffold surface.
Mineral formation is evaluated by characterizing the calcium phosphate
mineral formed on the material surface with EDX analysis.

2.3. Invitro cell culture studies

3T3, MG 63, Saos-2 and hFOB cell lines were used. Cells were
maintained in DMEM and EMEM supplemented with 2 mM t-glutamine,
10% fetal bovine serum, 100 pg/ml streptomycin and 100 U/ml peni-
cillin in an atmosphere of 5% CO, at 37 °C. Sub-cultivation of cell lines
was performed for every 48 h.
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2.3.1. Cytotoxicity determination

In vitro cytotoxicity of composite scaffolds was evaluated by the
WST 1 assay by indirect extraction method according to ISO-10993
standard. Optical density was determined at 440 nm.

Cell viability % was determined by normalizing absorbance data of
samples with absorbance data of negative control. Cell viability was
calculated by using the equation:

Average absorbance value of treated samples

Cell viability% X 100

Average absorbance value of control

(5)

2.3.2. Invitro cell proliferation on composite scaffolds

MG 63 (Human osteosarcoma), Saos-2 (Human osteosarcoma) and
hFob (human osteoblast) cell lines were subcultivated for in vitro cell
culture studies. MG 63 cell line was cultivated in MEM Eagle's medium,
Saos-2 and hFOB cell lines were cultivated in DMEM medium.
Chitosan/diatomite scaffolds were sterilized with 70% (v/v) ethanol
before cell seeding overnight at room temperature in the laminar flow
cabinet. Then ethanol was removed and scaffolds were washed with
PBS thrice. Finally scaffolds were conditioned with cell culture medium
for 2h at 37 °C. 50000 cell/well were seeded on scaffolds (1 X 1lcm)
with 20 pl inoculation volume and incubated 4 h without medium to
obtain cell attachment on scaffold surface. During proliferation study,
scaffolds were incubated at 37 °C/5% CO, with 500 ul medium in 48
well plates and medium was changed twice a week. The fluorometric
resazurin cell viability kit (Cell Signaling Technology Inc.) was used to
detect cellular metabolic activity. The resorufin formed in the assay was
quantified by measuring the relative fluorescence units (RFU) using a
fluorosecence plate reader (Varioskan Flash) at 530-570 nm excitation
and 590-620 nm emission.

2.3.3. Cell attachment and spreading on scaffolds

Cell attachment and spreading on composite scaffolds was per-
formed with MG 63 cells and analysed by SEM analysis and fluores-
cence microscopy. MG-63 cells were incubated on scaffolds for 3 and
7 days. Cells were incubated for 7 and 10 days on scaffolds and fixed
with 3.7% paraformaldehyde (v/v) in PBS solution for 20 min at room
temperature before DAPI-Alexa fluor 555 staining. Then washed with
1 x PBS solution and permeabilized with 0.1% Triton X-100 for 5 min.
Dapi stain was used for detecting nuclei, whereas Alexa fluor 555 was
subjected to cell membrane. The stained cells were examined and vi-
sualized by fluorescent microscopy. Quantification of the fluorescence
intensity of DAPI stained cells on scaffold surface was analysed with
Image J program. In addition, MG-63 cells incubated on scaffolds for
3 days were analysed with SEM. The fixed cells on the surfaces were
dehydrated in ethanol graded series (50%, 70%, 80%, 90% and 100%)
before SEM analysis.

2.3.4. Determination of alkaline phosphatase (ALP) activity and
osteocalcin production

Cells were cultured with osteogenic medium on composite scaffolds
for ALP activity and osteocalcin determination. Intracellular ALP ac-
tivity of cells were quantified by fluorometric StemTAG™ ALP activity
kit at 7, 14, 21 and 28 day incubation periods. Cell culture medium was
aspirated and scaffolds were washed with cold PBS solution. Cells were
incubated with cell lysis buffer for 20 min at 4 °C and centrifuged at
12000g for 20 min. Supernatant was used as cell lysate. 50 pl cell lysate
and 50l 1x substrate solution (pNNP) were incubated at 37 °C for
30 min. The absorbance of mixture was measured by fluorescence plate
reader (Varioskan Flash) at 480 nm excitation and 520 nm emission.
Osteocalcin (OCN) production of MG-63 and Saos-2 cells incubated on
scaffolds was measured using Sandwich-ELISA assay (Human OC/BGP
(Osteocalcin) ELISA Kit, Elabscience). The culture media of scaffold
groups were extracted for 21 and 28 days of incubation.
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2.3.5. Determination of in vitro mineralization with Alizarin Red and Von
Kossa staining

Von kossa and alizarin red staining protocols were used to detect
phosphate and calcium mineral formation by cells incubated on com-
posite scaffolds. The von Kossa reaction remains the routine method for
demonstrating calcium deposits in tissue with two-step reaction based
on tissue calcium substitution, bound to phosphates by silver ions and
the subsequent visualization of silver cations reacting with calcium
deposit components [25,26]. Alizarin red staining is commonly used to
detect and quantify calcium, while von Kossa staining is used to vi-
sualize phosphate within the deposited mineral [27]. Cells on scaffolds
were fixed with 3.7% paraformaldehyde for 20 min at room tempera-
ture. Scaffolds were incubated with 1% (w/v) aqueous silver nitrate
solution silver nitrate solution for 30 min under UV light in laminar
flow cabinet. Then silver nitrate solution was aspirated, scaffolds were
rinsed with distilled water and incubated with 5% (w/v) sodium thio-
sulfate solution for 5min at room temperature to remove unreacted
silver. Scaffolds were stained with 2% (w/v) aqueous alizarin red S
solution (pH 4.1) by incubating at room temperature in the dark for
30 min. After incubation, alizarin red S solution was aspirated, scaffolds
were rinsed with distilled water several times. Stained scaffolds were
observed under stereomicroscope (SOIF DA 0737). In addition, semi
quantitative analysis of calcium deposition on scaffolds was determined
by alizarin red extraction and spectrophotometric analysis at 405 nm.

2.4. Statistical analysis

All experiments were repeated thrice and samples were evaluated in
triplicate. The experimental data is expressed as the standard deviation
of the mean (SEM). Statistical analysis of mechanic test and swelling
data were carried out using One-way ANOVA with Tukey's multiple
comparison test (p < 0.05). Statistical analyses of in vitro studies were
carried out using two way ANOVA with Tukey's multiple comparison
test (p < 0.05).

3. Results and discussion
3.1. Characterization

3.1.1. Mechanical characterization with compression test

Mechanical characterization of chitosan/diatomite composite scaf-
folds were determined by compression test according to the ASTM-D
5024-95a standard. Compression modulus and strength of composite
scaffolds groups containing up to 40% diatomite were determined in
both dry condition as well as in wet conditions in order to mimic the in
vitro condition. Mechanical properties of dry and wet chitosan/diato-
mite composite scaffolds were presented in Table 1. In dry condition,
chitosan-diatomite composite scaffolds exhibited lower modulus and
compressive strength when compared to pure chitosan scaffolds
(Fig. 1a). Compression test results indicated that, diatomite reinforce-
ment showed no significant effect on compression modulus and com-
pressive strength. At lower concentrations (1-3%) and higher con-
centrations (20-40%) diatomite frustules having various non-uniform
morphologies caused agglomerations and heterogenic distribution on
scaffold structure. However, increasing diatomite concentration from
1wt% up to 10 wt% enhanced the modulus of composite scaffolds.
Above 10 wt% diatomite, moduli of composite scaffolds decreased with
increasing diatomite concentrations. This decrease may arise from
larger and brittle pore wall surfaces coated with diatomite particles.
Besides, mechanical properties of a biomaterial are strongly related
with its porosity and pore morphology [28]. Although porosity is an
important factor for bone ingrowth, and permeability, higher pore size
and porosity impair the mechanical properties by conducing decrease in
compressive strength level [29-31].

Wang and coworkers investigated the mechanical properties of si-
lica-chitosan hybrid porous scaffolds and indicated that high porosity
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Table 1
Mechanical properties of dry and wet chitosan/diatomite composite scaffolds.
Data was reported as mean * SE of five samples.

Groups Compression

Compression modulus Compressive strength

(kPa) (kPa)

Dry samples

Chitosan 36 = 0.55 128.8 = 1.47

Chitosan-1% diatomite 17.4 + 1.88 109 =+ 3.02

Chitosan-3% diatomite 26.3 = 1.37 107 + 2.48

Chitosan-5% diatomite 30.8 = 1.77 103.2 = 1.22

Chitosan-10% 28.2 = 1.19 127.8 = 2.76
diatomite

Chitosan-20% 25.6 = 0.8 121 + 3.55
diatomite

Chitosan-40% 20.6 = 1.37 128 + 2.81
diatomite

Wet samples

Chitosan 56.3 = 7.42 72 = 4.03

Chitosan-5% diatomite 67.3 = 1.41 62 + 5.10

Chitosan-10% 65 *= 4.10 59 = 0.94
diatomite

Chitosan-20% 90.1 = 10.25 64.3 + 2.68
diatomite

Chitosan-40% 81.4 + 3.01 61.7 + 2.23
diatomite

Chitosan-5% diatomite 67.3 = 1.41 62 + 5.10

caused low compressive strengths in the freeze cast hybrid scaffolds in
the range of 150-250 kPa along the freezing direction [32]. In another
study, Wang et al. studied effect of silica concentration on mechanical
properties of chitosan/silica composite scaffolds. Increasing the in-
organic 3-Glycidoxypropyl trimethoxysilane (GPTMS: 4060 GC1)
quantities resulted in the elastic-brittle deformation behavior. In-
creasing the amount of inorganic from 40% to 60% increased the yield
strength from 66 kPa to 94kPa [33]. Similarly, in our study, in dry
condition, increasing diatomite concentrations had a negative effect on
mechanical properties of composite scaffolds due to having large pores
and high porosity. Compression modulus and strength of chitosan-dia-
tomite composite scaffolds changed in a range of 17.4-20.6 and
109-128 kPa respectively. The difference between chitosan control
group and 1, 3, 10, 20 and 40 wt% diatomite incorporated chitosan
groups was found to be statistically significant at p < 0.0001.

In second experiment group, scaffolds were conditioned in PBS
(pH 7.4) solution for 1h at room temperature before compression test.
Wet scaffolds exhibited a flexible structure during compression.
Scaffolds regained their initial shape and size after compression. In
contrary to dry condition results, wet chitosan-diatomite composite
scaffold exhibited significantly higher compression moduli in the range
of 67.3-90.1 kPa when compared to pure chitosan scaffold (56.3 kPa)
(Fig. 1b). Statistically, no significant difference was obtained between
wet chitosan and chitosan-diatomite composite groups, except 20 wt%
diatomite loaded composites.

3.1.2. Morphology and structure of composite scaffolds

Pore size is an important factor in the progression of osteogenesis
due to the fact that it induces vascularization in bone tissue growth.
Generally, cancellous bone has a porous structure in a range of 30-90%.
Macro pores of scaffold provide favorable vascularization and results in
osteogenesis. In vitro studies showed that, lower porosity stimulated
osteogenesis by enhancing cell proliferation and inducing cell ag-
gregation. On the other hand, higher porosity and pore size result in
better bone ingrowth in vivo. The minimum requirement for pore size
was considered to be approximately 100 um regarding cell size, mi-
gration requirement and transport. Recently, in vitro and in vivo studies
indicated that pore size and interconnection larger than 300 um are
suitable for sufficient vascularization of graft [29,34]. Porosity of
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scaffold depends on macro and micropores. Microporosity provides
larger surface area inducing protein adsorption and ion exchange for
apatite formation. On the other hand, macroporosity affects the os-
teogenesis [35]. In literature, the optimum pore size of a scaffold is
defined as in the range of 75-250 um for bone tissue formation [36].

Chitosan/diatomite composite scaffolds were analysed in order to
observe surface structure, pore size and distribution of diatomite par-
ticles in chitosan matrix. Surface structure, morphology and size dis-
tribution of lateral pores of composite scaffolds were determined by
scanning electron microscopy (SEM). Lateral pore sizes were calculated
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Fig. 4. Scanning electron micrographs of chitosan/diatomite scaffolds with 100X, 250 x and 500 x magnifications: 1% diatomite (a); 3% diatomite (b); 5%
diatomite (c); 10% diatomite (d); 20% diatomite (e); 40% diatomite (f).

Table 2
Lateral pore size distribution of chitosan and chitosan/diatomite com-
posite scaffolds.

Scaffold groups Average pore size (um)

Chitosan 213 * 44
Chitosan-1% diatomite 297 * 102.4
Chitosan-3% diatomite 218 + 448
Chitosan-5% diatomite 260 * 65
Chitosan-10% diatomite 319 = 76
Chitosan-20% diatomite 287 + 49.4
Chitosan-40% diatomite 219 = 56.3

by using Image J software. The diverse morphology of porous diatom
frustules with different microstructural properties on scaffold surface is
presented in Fig. 2. Diatom frustules showed a pore size range of 0.3 pm
to 5um in their structure.

SEM images of pure chitosan scaffolds showed that highly porous
microstructure was obtained with freeze-drying method. Chitosan
scaffolds exhibited uniform interconnected open pores with an average
pore size of 213 + 44 um (Fig. 3). SEM images of chitosan-diatomite
composite scaffolds also showed uniform highly porous structures.
Average pore sizes were determined by using cross-section image of
scaffolds. When compared with pure chitosan scaffold, surface area of
pore walls increased and pore morphology of composite scaffolds
changed with increasing diatomite content (Fig. 4). It was observed that
pore size and morphology is affected by diatomite particles con-
centration and its dispersion level in polymer matrix. Average pore size
range was obtained between 218 and 319 um. Lateral pore size dis-
tributions of chitosan and chitosan/diatomite composite scaffolds are
depicted in Table 2. An increase in diatomite content increased the pore
size when compared to pure chitosan scaffolds. However, pore size
increased up to 10 wt% diatomite contents. Above this concentration,
pore size of the composite scaffold slightly decreased. In addition,

above this concentration, surface morphology of the pores changed
with increasing diatom content significantly. However, 20 wt% and
40 wt% diatomite contents showed uniform distributions of diatom
frustules on surface which lead to favorable surface topography for cell
adhesion and proliferation (Fig. 5).

3.1.3. Porosity determination: mercury porosimeter, micro-CT analysis and
liquid displacement method

Adjusting the pore size is a crucial factor in scaffold design. Larger
pores may be able to enhance the mass transport and neo-vasculariza-
tion within the implants, whereas smaller pores are preferred to provide
larger surface per volume ratio. Some specific pore sizes can enhance
the cellular activity, but optimal size and geometry are highly depen-
dent on specific cell types grown on injured sites. For bone in-growth,
the optimal pore size is in the range of 75-250 um [36]. Mercury por-
osimetry is a characterization technique investigating only open pores
between 500 pm and 3.5 nm in a size range [22]. However, sample may
collapse and compressed during the analysis causing error in mea-
surements. Mercury porosimetry also has a limitation of measuring the
largest entrance towards a pore. Therefore, this measurement may not
represent the actual inner size of pore which may be larger than the
entrance diameter [23]. In this study, scaffold porosity was determined
by using three different methods; mercury porosimeter, liquid dis-
placement and micro-CT analysis due the limitations exist in each
measurement. Recently several studies used Micro CT analysis to de-
termine the porosity and three-dimensional structure of scaffolds [37].
Scaffolds with intricate interior structures and different spatial loca-
tions can be analysed using micro CT [23]. Open micro/macro pore size
range and porosity of the scaffolds were determined by mercury por-
osimeter under low pressure in order to prevent possible compression
and disruption whereas, 3-D structure and porosity of scaffolds were
analysed by micro-CT (Table 3). In addition, open porosity % of scaf-
folds were verified with liquid displacement method.

Chitosan-diatomite composite scaffolds showed a morphology

HFW | ——— 40 pm ———

ar| 149 ym iy

&

Fig. 5. Distribution of diatom frustules on scaffold surface: 1% diatomite (a); 3% diatomite (b); 5% diatomite (c); 10% diatomite (d); 20% diatomite (e); 40%

diatomite (f) with 1000 X and 2500 X magnifications.
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Porosity% of scaffolds determined by mercury porosimeter, micro-CT analysis and open porosity of scaffolds by liquid displacement method.

Groups Mercury porosimeter Micro-CT Liquid displacement
Micro-pore range (um) Macro-pore range (um) Porosity (%) Porosity (%) Open porosity (%)

Chitosan 10-70 110-390 89.25 87.5 77

Chitosan-5% diatomite 13-71 105-267 86.70 86.71 85

Chitosan-20% diatomite 10-98 124-278 90.80 90.76 81.3

Chitosan-40% diatomite 10-85 108-225 86.81 - 81.7

Imm

Imm

Imm

Fig. 6. Micro CT images of chitosan (a), chitosan-5% diatomite (b) and 20% diatomite (c) scaffolds showing morphology, 3D colored pore distribution and cross

section respectively.

including micropores and macropores concerning the mercury por-
osimeter results. Results indicated that all scaffold groups showed high
porosity % in a range of 87-91%. As seen in Table 3, micropores size
ranges were found to be similar between groups obtained in the range
of 10 to 98 um. However, macropores size ranges differed within
groups. Increasing diatomite concentrations from 20% to 40% de-
creased the size of macropores in the structure. Results indicate that
chitosan-diatomite scaffolds can mimic the structure of cancellous bone
and provide required porosity % for bone cell growth. Fig. 6 depicted
the three dimensional structure, morphology and interconnections of 5
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and 20 wt% diatomite incorporated chitosan composite scaffolds. Micro
CT images showed that all chitosan-diatomite composites exhibited
highly porous structure. The results were found good agreement with
those found by mercury porosimeter. Chitosan-5% diatomite composite
showed a homogeneous distribution of larger pores. However, in-
creasing diatomite concentration altered the pore size distribution.
Chitosan-20% diatomite composite scaffold exhibited smaller pores at
the center whereas, larger pores at the peripheral region. Liquid dis-
placement method gave slightly lower porosity % (81-85%) compared
to other two methods. This could be due to the lower vacuum pressure
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Fig. 7. a: Protein adsorption for 24 h; b: weight loss% of the chitosan/diatomite scaffolds for 7, 21 and 28 day respectively. (p < 0,0001 is represented as ****).

Table 4
Swelling ratio of chitosan/diatomite composite scaffolds. The data is
presented as the mean *+ SE for three measurements.

Groups Swelling ratio (24 h)
Chitosan 26.8 = 0.34
Chitosan-1% diatomite 25.3 = 0.66
Chitosan-3% diatomite 27.5 = 0.24
Chitosan-5% diatomite 29.7 = 0.44
Chitosan-10% diatomite 37.1 = 0.41
Chitosan-20% diatomite 41.3 = 1.84
Chitosan-40% diatomite 44.22 = 2.62

applied on scaffolds to provide liquid enter through the pores and
channels.

3.1.4. Protein adsorption on scaffold surface

The cell-substrate interaction by protein binding is the major factor
during cell adhesion. This binding process determines the cell response
on biomaterial surface [38]. After cell adhesion, cell monolayer is
formed and cell-cell interactions come into prominence for cell migra-
tion and proliferation in tissue formation [39]. The understanding of
protein-material interaction in biomaterial design provides a correla-
tion between biomaterial and in vivo tissue responses at the defect site
[40]. When biomaterial contacts with a fluid containing soluble pro-
teins (blood, body fluid or cell culture media), protein adsorption on
material surface takes place. Thus, cell does not contact the molecular
structure of biomaterial when seeded. They contact and interact with
the adsorbed protein layer. In this study, protein adsorption on both
types of chitosan scaffolds was determined by using BCA colorimetric
protein assay kit for 24 h. Protein adsorption on neat chitosan scaffolds
was obtained as 108 pg/ml. For chitosan-diatomite composite scaffolds,
protein adsorption increased up to 10% diatomite content and max-
imum adsorbed protein amount was determined as 264 ug/ml (Fig. 7-
a). 5% and 10% diatomite incorporation significantly enhanced protein
adsorption compared to control group. Above this concentration, the
protein adsorption decreased. This decrease may result from micro-
structure and pore surface alterations with increasing diatomite con-
centration. Our results are in good agreement with the study of Sow-
janya et al. It was found that chitosan/alginate/nano-silica scaffolds
showed a remarkable increase in the proteins adsorption at the initial
period of 1h incubation compared to chitosan/alginate scaffolds [41].

3.1.5. Water uptake capacity determination

Water uptake capacity of a biomaterial plays an important role
when interacting with body fluids. Biomaterial must have hydrophilic
character in order to provide a chemical interaction with the body
fluids contents (i.e. proteins). Besides, blood or body fluid must be
absorbed efficiently by the graft at the defect site. Swelling ratio of
chitosan composite scaffolds were calculated using Eq. (2) and depicted

282

in Table 4. Diatomite frustules are composed of silica particles and have
hydrophilic character. Thus, incorporation of diatomite particles in
chitosan matrix leads to enhancement in the water uptake capacity. The
pore size and pore surface area differences obtained with increasing
silica content effected swelling behavior of scaffolds positively. Water
uptake capacity of scaffolds increased with increasing diatomite con-
centration in a range of 26.8-44.2 (Table 4).

3.1.6. Enzymatic degradation

Ideally, the degradation rate of the scaffold should be matched with
neo-tissue formation rate in order to procure a smooth transition of the
load transfer from the scaffold to the newly formed tissue. However,
studies showed that the degradation rate differs with the type and
composition of the polymer, conditions of loading and ambient en-
vironment. The enzymatic degradation rate proceeds from the surface
of the polymer. Therefore, surface area and porosity of the scaffold are
major factors to control the degradation rate [36]. In literature, lyso-
zyme enzyme has been used for degradation studies of chitosan. The
degradation process of chitosan is generally dependent on the degree of
acetylation. Highly acetylated chitosan shows faster degradation rate
[42]. It is well known that, in human serum, N-acetylated chitosan is
mainly depolymerized enzymatically by lysozyme which biodegrades
the polysaccharide by hydrolyzing the glycosidic bonds present in the
chemical structure [43]. Since chitosan is hydrophilic polymer, its de-
gradation is due to bulk erosion. Diffusion of water into chitosan ma-
trices is faster than degradation, therefore, chitosan matrices first begin
to swell prior to degradation. Ren and co-workers reported that chit-
osan has two main degradation stages. In first stage chitosan interacts
with water in the lysozyme solution, swells and this hydration process
initiates the bond cleavage causing degradation and weight loss in
second stage [44]. Fig. 7(b) shows the weight loss% of scaffolds in
7-21-28 day of incubation periods. In this study, similarly chitosan-
diatomite composite groups first began to absorb enzymatic solution
and swell at the first stage of degradation (1-7 days) as Ren et al. re-
ported for chitosan matrices. Then chitosan-diatomite groups showed a
similar increase in weight loss % trend compared to results of Ren and
coworkers for 7-28 day of incubation. Higher weight loss% were ob-
tained in the first 3 weeks due to the high degree of acetylation of
chitosan (75-85%). Chitosan-diatomite (1-10 wt%) composite scaffolds
degraded in a range of 12% to 30%weight loss with 7-28 day of in-
cubation Diatomite up to 10% significantly increased the weight loss%
compared to chitosan scaffold. All diatomite groups showed similar
degradation behavior between 7 and 28 day and increasing diatomite
concentration increased the degradation rate. However, above 10%
diatomite loading, a decrease on degradation rate was observed from
21 to 28 day of incubation. Chitosan-20% diatomite and chitosan-40%
diatomite showed a significant decrease in weight loss% from 40 to
24.3 and 32.7 to 28% respectively between 21 and 28 day when com-
pared to chitosan. This may stem from possible mineralization on
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Fig. 8. Scanning electron micrographs of scaffolds incubated in SBF solution for 7 and 21 day respectively, 2500 X (50 pm scale): chitosan (a); 5% diatomite (b); 10%
diatomite; 20% diatomite (c); 40% diatomite (d).

Table 5
Ca/P ratio of Chitosan/diatomite composite scaffolds for 7 and 21 day in-
cubations.

Groups Ca/P ratio (7 days) Ca/P ratio (21 days)
Chitosan 1.73 2.3

Chitosan-5% diatomite 1.4 2

Chitosan-10% diatomite 3.7 2

Chitosan-20% diatomite 1.89 3

Chitosan-40% diatomite 3.6 5

composite surface with high diatomite concentration. Wan et al. in-
dicated that the scaffold weight loss% changes with pore size and
porosity that large pores and high porosity leads to higher weight loss
%. Besides the weight loss% does not change linearly with the de-
gradation time. Thus, scaffolds tend to degrade relatively fast in the first
weeks. During this period, lysozyme can cleave chitosan molecules on
the surface layer of scaffolds [45]. Similarly in this study, higher weight
loss% was obtained for chitosan/diatomite composites in the first
3 weeks.

3.1.7. Mineralization on scaffold surface

SEM images indicated that, mineralization as apatite deposition
which is the initiator of mineralization process was prominently de-
termined on chitosan-diatomite composite scaffold surfaces. Globular
shaped apatite aggregation grown on the pore walls was observed on
chitosan scaffolds (Fig. 8a). On diatomite reinforced scaffolds, the dense
apatite crystals are formed and organised as layers homogeneously
covering the scaffold surface. Apatite crystals are observed in the form
of clusters of needles on 5% diatomite incorporated scaffolds. EDX
spectral analysis of the precipitates of composite scaffolds showed a Ca/
P ratio similar to stoichiometric Ca/P (1.67) ratio of bone mineral.
Composite surfaces showed a better mineral coating compared to neat
chitosan (Fig. 8b, c, d, e). Increasing diatomite concentrations and
soaking time increased mineral formation on scaffold surface. Ca ion
accumulation was found to be significantly higher than phosphate ion
accumulation on composite surfaces and increases with silica content
(Table 5).

This fact may arise from calcium silicate formation on surface in-
stead of calcium phosphate formation. The degradation of the silica
network leads to the formation of Si-OH groups at the bioactive com-
posite-solution interface. The Si-OH groups are involved in the apatite
deposition through the hydration and dissolution of the silica network
itself. Thus, it was concluded that silica particles initiated this mineral
formation. Sowjanya et al. reported that nano-silica particles in CS/Alg/
nSiO, scaffolds may initiate formation of a calcium phosphate layer due

*%

to electrostatic interactions of negatively charged Si-O units which are
formed by Si-OH dissociation, with the positively charged calcium ions
in the SBF solution. As a result, calcium silicate layer was formed and
exhibited a positive charge interacting with the negatively charged
phosphate ions. By this way amorphous calcium phosphate formation
was observed [41].

In literature it is indicated that silanol (Si-OH) groups, have favor-
able sites for the calcium phosphate nucleation. Moreover, in SBF so-
lution the water molecules react with the Si—O—Si bond to form ad-
ditional Si-OH groups. The silanol groups first chelate the calcium ions
(Ca®*). Then clusters of critical size are formed by adsorbing phos-
phates. These functional groups induce apatite nucleation, and the re-
leased Ca®* and Na* ions accelerate apatite nucleation by inducing the
ionic activity product (IAP) of apatite in the fluid. It has been suggested
the calcium silicate continuously gains more positive charges until it
begins to interact with the negatively charged phosphate ions in the SBF
fluid to form amorphous calcium phosphate. This amorphous material
would then be transformed into the crystalline apatite Si-OH groups
were found to be effective in apatite nucleation. Therefore, the miner-
alization process is induced by Si-OH groups which are specific surface
functional groups and serve as effective sites for heterogeneous nu-
cleation of Ca-P [46,47].

3.2. In vitro studies

3.2.1. Cytotoxicity determination

WST 1 assay was performed on 3T3 cell line as specified in ISO
standards for biocompatibility of materials. In addition, cytotoxicity
determination was performed on MG-63 and Saos-2 cell lines which
were used as bone cell models for in vitro cell culture studies.
Cytotoxicity assay was not performed on Hfob cell line due to its lower
proliferation rate and different incubation conditions (33 °C) compared
to MG-63 and Saos-2 osteosarcoma cell lines. Cells seeded on 96-well
plates were observed with microscope during incubation periods. In
vitro cytotoxicity results were depicted in Fig. 9. Cell viability results
indicated that chitosan/diatomite scaffolds didn't show any cytotoxic
effect on 3T3, MG-63 and Saos-2 cell lines. In addition, chitosan-dia-
tomite composite scaffolds showed proliferative effect on 3T3 cell line
with high diatomite concentrations (5-40%). For Saos-2 cell line, in-
creasing diatomite loading in 20-40% range decreased cell viability for
24 h incubation. However, increasing diatomite loading between 1 and
10 wt%, increased the cell viability for 24 h incubation. MG-63 cells
interacted with 10-20% diatomite groups showed an increasing trend
with incubation time and high cell viability was observed. Concerning
the statistical differences and high cell viability results, diatomite
concentrations between 5 and 20% had a positive effect on both MG-63
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Fig. 9. 3T3 (a), MG-63 (b) and Saos-2 (c) cell viability % results of chitosan-diatomite composite scaffolds for 24, 48 and 72h incubation periods (*represents

significant differences).
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Fig. 10. Dapi-brightfield images of MG-63 cells on chitosan (a, b) chitosan-5% diatomite (c, d) 20% diatomite (e, f) scaffolds for 7 days and 10 days respectively (10 x

magnification-100 um scale).

5% Diatomite Chitosan

20% Diatomite

Fig. 11. Dapi-Alexa fluor 555 images of MG-63 cells on chitosan (a, b, ¢, d) chitosan-5% diatomite (e, f, g, h) 20% diatomite (i, j, k, 1) scaffolds for 7 days with 20 x

(20 pm scale) and 40 x (10 um scale) magnifications.

and Saos-2 cell lines. Thus, diatomite concentration was used in the
range of 5-40% for cell culture studies. In literature, in vitro cyto-
compatibility studies reported that the developed polymer-nSiO, na-
nocomposites showed nontoxic behavior. Results indicated that the
toxicity of nSiO, could be highly reduced by blending it into compo-
sites, and nanocomposite scaffolds were found to be biocompatible with
MG63, hMSCs, bMSCs cell lines [48].

3.2.2. Cell attachment and spreading on scaffold

Osteoblast/material interaction depends on the surface aspects of
materials which can be defined regarding their topography, chemistry
or surface energy. These surface characteristics determine the adsorp-
tion of biological molecules to the material surface and the orientation
of adsorbed molecules [49]. Surface topography has been shown to
affect cell/biomaterial interaction. Studies reported that enhanced cell
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Fig. 12. DAPI intensity data of chitosan and chitosan-diatomite composite
scaffolds at 7th and 10th day.

attachment was obtained on textured polymer substrates. Cells pre-
ferentially adhere to the edges of pores (10 um in diameter) and pillars
(50 um in depth) and also stretch between closely positioned features.
Defining the topographic parameters has an influence on cell-bioma-
terial adhesion, by improving cell attachment and spreading [50].
Figs. 10-11 shows the florescence images of MG-63 cells attached on
chitosan/diatomite scaffold surface with dapi-brightfield and dapi-
alexa fluor 555 modes respectively. In this study, cell attachment and
spreading study results showed that diatomite particles had a positive
effect on cell attachment due to the change surface topography and
surface roughness increase as investigated in our previous study on
composite membranes [51]. Fluorescence images showed that cells
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were attached and spread well with cytoplasmic elongations on surfaces
(Fig. 11d, h, 1) and pore walls (Fig. 11c, g, k) of composite scaffolds.
Fig. 12 shows the mean intensity data of DAPI staining of 100 pm scale
images. DAPI intensity significantly increased on 5% diatomite loaded
scaffolds for 7 day compared to chitosan. All groups showed an in-
creasing trend with incubation period.

Improvement on cell attachment and spreading for chitosan-diato-
mite composite scaffolds were also confirmed by SEM images
(Figs. 13-14). SEM images of 7th day showed that MG-63 cells attached
and spread on the surface of pores and pore walls by forming miner-
alized layer on the surface of the scaffold (Fig. 14). Attached cells
showed a typical osteoblastic phenotype having elongated polygonal
and flat structures expressing filopodias in contact with the scaffold
surface. MG-63 cells were also investigated with detailed SEM images at
higher magnifications (Figs. 13-14).

3.2.3. Cell proliferation on composite scaffolds

In vitro cell proliferation studies were performed 7, 14, 21 and
28 day incubation periods with hFOB, MG 63 and Saos-2 cell lines
which are generally used as in vitro models for bone regeneration stu-
dies. Highly sensitive fluorometric rezasurin assay was used to de-
termine cellular metabolic activity on scaffolds. Although osteosarcoma
cells show osteoblastic properties, they differ in various terms, con-
cerning proliferation kinetics and the osteoid production [52]. h FOB
cell line mimics healthy human osteoblast cells with its morphology and
osteogenic properties by comparison with osteosarcoma cell lines.
Therefore, in this study, the effect of diatomite frustules was in-
vestigated on hFob proliferation. Studies indicated that MG-63 cell line
may provide a good alternative for initial attachment to various ma-
terials. MG-63 cells were also found to be appropriate for studying the
regulation and production of osteocalcin. Contrary to this, MG-63 cells
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Fig. 13. Scanning electron micrographs showing MG-63 cells attached on chitosan (a, b) and chitosan-5% diatomite (c, d) and 20% diatomite (e, f) scaffold surface

for 3 days (10 pm scale).
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Fig. 14. Scanning electron micrographs of MG-63 cells attached on chitosan, chitosan-5% diatomite and chitosan-20% diatomite scaffold surfaces for 3 days (a, b, ¢)
and 7 days (d, e, f) respectively: Chitosan (100, 50, 20 pm), chitosan-5% diatomite (200, 50, 20 pm), chitosan-20% diatomite (100, 40, 20 um).

were not very representative regarding proliferation and alkaline
phosphatase activities [53]. Pautke and co-workers reported that os-
teosarcoma cell lines lack physiological features such as contact in-
hibition. Therefore, cell growth in culture is not restricted to mono-
layers. They have a typical characteristic of the malignant nature

altering cellular functions like cell-to-cell communication [52]. In vitro
proliferation of hFob, MG-63 and Saos-2 cells on chitosan-diatomite
scaffolds were depicted in Fig. 15(a, b, c) respectively. Results showed
that h FOB cells proliferated on composite scaffolds during 28 day of
incubation. Increasing diatomite concentrations showed a positive
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Fig. 15. Proliferation of hFob (a), MG-63 (b) and Saos-2 (c) cells; ALP activity of hFob (d), MG-63 (e) and Saos-2 (f) cells for 28 day; osteocalcin production of MG-63

(g) and Saos-2 (h) cells for 21 and 28 days.

effect on hFOB proliferation. As expected, MG-63 osteosarcoma cells
showed an increasing proliferation trend on composite scaffolds with
incubation time. MG-63 cells proliferated rapidly on composite scaf-
folds compared to chitosan control group on 14th day of incubation.
Saos-2 osteosarcoma cells also showed an upward trend, highly pro-
liferating on scaffolds at the end of 21 day with increasing diatomite
concentrations.

3.2.4. Alkalen phosphatase activity (ALP) determination

ALP studies were performed with MG-63, Saos-2 and hFob cell lines
in osteogenic medium to determine the different osteogenic responses
of these cell lines on composite scaffolds. Literature studies reported
that, although MG-63 cells were identified as expressing a similar in-
tegrin subunit profile to hFOB cells, they had low ALP enzyme activity
and did not mineralize [54,55]. Saos-2 cells with a mature osteoblast
phenotype, possessed a high matrix mineralization capacity and
showed higher ALP activity than other osteosarcoma cell lines, such as
MG-63 [56]. Saldana and co-workers indicated that Saos-2 showed si-
milar ALP activity compared to human primary osteoblast cells at the
early time points, but 120-fold higher ALP activity was observed after
14 day incubation [55]. Cytokine and growth factor expression of SaOs-
2 cells have been shown to be similar to primary normal human os-
teoblast cells [57]. SaOs-2 cells have been shown to express receptors
specifically for parathyroid hormone (PTH) and calcitrol similar when
compared to osteoblasts in vitro and in vivo [58]. As a consequence,
SaOs-2 cells show responses resembling hFob cells more closely,
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regarding the expression of osteoblastic factors [59].

ALP activity of hFOB, MG-63 and Saos-2 cells on chitosan-diatomite
scaffolds were shown in Fig. 15(d, e, f) respectively. Results indicated
that addition of diatomite frustules enhanced the ALP activity of hFob
and Saos-2 cells at early stages. High ALP activity results were obtained
on chitosan-diatomite scaffolds for 7 and 14 day incubation periods.
Increasing diatomite concentrations showed a positive effect on Saos-2
cell at 14th day and increased the ALP activity. Above 10% diatomite
ALP activity of hFOB cells decreased. As expected, ALP activity de-
creased with incubation time. Consequently, Saos-2 and hFOB cell lines
showed similar responses in terms of ALP activity as indicated in lit-
erature studies. MG-63 cells exhibited ALP activity at the late term of
incubation. However, much higher ALP concentrations were obtained
with MG-63 cell line compared to Saos-2 and hFOB cell lines. ALP ac-
tivity of MG-63 cells increased on 5% and 10% chitosan-diatomite
groups compared to control chitosan group. Above 10% diatomite ad-
dition led to decrease in ALP activity composite groups. At higher
diatomite concentrations (20% and 40%) ALP activity of MG-63 cells
decreased due to the possible mineralization with high silica con-
centration on surface. In contradiction to Saos-2 cell line, an increase in
ALP activity was observed at the late stages of incubation for MG-63
cells. Statistically no significant difference was found between groups.
In this study, incorporation of diatomite particles showed a positive
effect on ALP activity of h FOB, Saos-2 and MG-63 cell lines. Since,
osteocalcin is an important mineralization marker in osteoblast differ-
entiation, osteocalcin secretion of cells incubated on chitosan-diatomite
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Fig. 16. Stereoimages of von Kossa and alizarin red stainings (2 X magnification) and semi-quantitative determination of calcium deposition with alizarin red
extraction. Chitosan (a, b; ¢, d), chitosan-5% diatomite (e, f; g, h) and chitosan-20% diatomite scaffolds (i, j; k, 1) for 28th day: MG-63 (a, c, €; g, i, k) and Saos-2 cells

(b, d, £ h, j, 1) respectively.

composite scaffolds were analysed with Human Osteocalcin ELISA
assay. Fig. 15(g, h) shows the osteocalcin (OC) production of MG-63
and Saos-2 cells on composite scaffolds for 21 and 28 days. Results
indicated that OC secretion of MG-63 cells was found to be significantly
higher on 10% and 40% diatomite incorporated scaffolds showing an
increasing trend with incubation time. However, OC secretion of Saos-2
cells was significantly higher for 5% and 10% diatomite incorporated
scaffold. In summary, incorporation of diatomite particles showed a
positive effect on OC secretion of Saos-2 and MG-63 cell lines on the
scaffolds.

3.2.5. Biomineralization determination with von Kossa and Alizarin Red
staining

Von Kossa and Alizarin Red S stained scaffolds were observed under
stereomicroscopy. In addition, cross section of scaffold is observed and
mineral formation was detected at the inner parts of all scaffolds.
Fig. 15 shows mineral formation of MG-63 and Saos-2 cells on chitosan
and chitosan-diatomite scaffolds with von Kossa and Alizarin Red
staining for 28th day incubation. Slight amount of phosphate mineral
formation was observed on MG-63 seeded chitosan scaffolds. Von Kossa
stained composite scaffolds showed that 5% and 20% diatomite in-
corporation induced biomineralization of MG-63 cells on chitosan
scaffolds. However, mineral formation was heterogenous changing
concentrations at the center and peripheral regions due to the dis-
tribution of cells. This may stem from the morphology differences
(porosity and pore size distribution) of composite scaffolds. On the
other hand, Saos-2 cells prominently induced mineral formation on
chitosan scaffolds. Von Kossa stained composite scaffolds showed that

289

Saos-2 cells were distributed homogenously and induced mineral for-
mation on chitosan-diatomite scaffolds. Stereomicroscopy images de-
picted in Fig. 16 showed that MG-63 and Saos-2 cells induced miner-
alization on chitosan and chitosan-diatomite scaffolds (5%-20%) for
28 day incubation period. Scaffolds were cut into slices by surgical
blade to observe the color change. However a distinctive difference of
color change couldn't be observed between groups and incubation times
as observed in von kossa and alizarin red staining. Consequently, mi-
neral formation was detected on all composite groups. Therefore, Ali-
zarin Red extraction method was used to determine the mineral for-
mation difference between groups (Fig. 16). Semi quantitative results
obtained from spectrophotometric measurements showed that diato-
mite incorporation enhanced the mineralization at early incubation
period on surface compared to chitosan scaffold. Absorbance results
indicated that 10% and 20% diatomite incorporated scaffolds enhanced
the mineralization significantly at 21th day for both MG-63 and Saos-2
cells.

4. Conclusion

In this study, the novel biosilica loaded porous chitosan scaffolds
were successfully prepared by lypholization technique. The effects of
diatomite loading on the mechanical, morphological, chemical, and
surface properties, wettability and biocompatibility of composites on
different osteoblast cell lines were investigated. The obtained results
showed that chitosan-biosilica composite scaffolds were highly porous
morphology including micropores and macropores with a porosity
range in the range of 87-91%. Although diatomite addition decreased
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the compressive mechanical strength & moduli of the dry composites,
wet chitosan-diatomite composite scaffolds exhibited higher compres-
sion moduli when compared to pure chitosan scaffold in the range of
67.3-90.1 kPa. In addition, mineralization studies indicated that bio-
silica particles initiated the mineral formation on scaffold surface. Cell
attachment and proliferation study results showed that chitosan-dia-
tomite composites were found to be favorable for osteoblast prolifera-
tion. Diatomite frustules had a positive effect on cell attachment by
altering surface topography. Diatomite incorporation showed high ALP
activity and enhanced biomineralization on scaffold surface. Therefore,
as a natural silica source, diatomite frustules can be used as a potential
reinforcement in polymeric biomaterials for bone tissue applications.
However, further studies must be conducted to determine the osteo-
genic effects of diatomite particles in vivo.
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