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In this study, natural silica source, diatomite, incorporated novel chitosan based compositemembraneswere fab-
ricated and characterized for bone tissue engineering applications as possible bone regeneration membrane. The
effect of diatomite loading on themechanical,morphological, chemical, thermal and surface properties, wettabil-
ity and in vitro cytotoxicity and cell proliferation on of composite membraneswere investigated and observed by
tensile test, atomic forcemicroscopy (AFM), Fourier transform infrared spectroscopy (FTIR), thermal gravimetric
analysis (TGA), protein adsorption assay, air/water contact angle analysis andWST-1 respectively. Swelling stud-
ies were also performed by water absorption capacity determination. Results showed that incorporation of diat-
omite to the chitosan matrix increased the surface roughness, swelling capacity and tensile modulus of
membranes. An increase of about 52% in Young's modulus was achieved for 10 wt% diatomite composite mem-
branes compared with chitosan membranes. High cell viability results were obtained with indirect extraction
method. Besides, in vitro cell proliferation and ALP activity results showed that diatom incorporation significantly
increased the ALP activity of Saos-2 cells cultured on chitosanmembranes. The novel compositemembranes pre-
pared in the present studywith tunable properties can be considered as a potential candidate as a scaffold in view
of its enhanced physical & chemical properties as well as biological activities for bone tissue engineering
applications.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Silicon is one of the trace elements present in nature as silicates and
silica (hydrated silicon dioxide), known to be essential in biological pro-
cesses for the production of structural materials and it is an essential el-
ement in connective tissue, especially in bone and cartilage for organic
matrix formation which is composed of collagen and glycosaminogly-
can. Silica offers many advantages over other inorganic materials,
being biocompatible, thermally and mechanically stable, resistant to
microbial attack and optically transparent [1,2,3]. Silicate nanoparticles
have been extensively used to improve the mechanical properties of
synthetic and natural polymers by showing 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 [2]. Besides, there
have been a number of studies that revealed the biological functions
of silica particles supporting bone cell adhesion, bone tissue formation
and biomineralization. High Si contents have been detected in early
stages of bonematrix calcification, and aqueous Si induced precipitation
inlioglu).
of hydroxyapatite (HAp) in bone tissue by enhancing the bone in
growth as a calcifying agent. Thus, silica incorporation is considered to
be a potential method improve mineralization and the bioactivity of
HAp in bone regeneration [3,4,5]. Additionally, in vitro studies showed
that silica particles effected bioactivity of scaffolds and increasing sili-
cate concentration favored cell proliferation, enhanced alkaline phos-
phatase activity and the expression of bone-specific genes of cells
cultured on scaffolds. Studies showed that silica induced CaO accumula-
tion on the surface and showed apatite forming ability in SBF which is
an essential step for bone tissue formation and mineralization process
[1,2,6,7,8,9,10].

Diatomaceous earth, or diatomite, is a natural silica material
consisting of an accumulation of skeletons formed as a protective cover-
ing by diatoms which are non-motile, unicellular eukaryotic photosyn-
thetic microalgae. Diatoms have unique physical characteristics, such as
high permeability due to their numerous microscopic well-arranged
pores and channels on the outer or inner surfaces and sieve pores
being approximately 40nm for exchangingnutrients and gases. This po-
rous structure results high specific surface area possibly reaching
200 m2/g, high adsorption capacity and low density [11]. Besides, it
has relatively low price and high abundance cause to be used as rein-
forcing fillers, filter aids, abrasives, insulating materials, membranes
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and biocatalytic proteins and cells [12,13,14,15]. Diatomite particles are
negatively charged, and possesses strong attractability for positively
charged species in aqueous solutions [16]. The silica surface contains
silanol groups which are active and tend to react with many polar or-
ganic compounds and various functional groups [17,18]. The extraordi-
nary 3D biosilica structure of the diatoms makes them ideal candidates
to be used asmultifunctional scaffoldswith the presence of free hydrox-
yl groups on the large surface area of the frustules which enable easy
functionalization with biological or chemical moieties [19]. These frus-
tules or the processing SiO2 nano powders from diatom frustules can
be used to reinforce biomaterials and for drug delivery applications
with with micro and nanoscale porosity, non-toxic structure [20,21].
Only a few studies have addressed the the potential engineering and
biomedical applications of diatom frustules as natural silica particles.
Lopez-Alvarez et al. investigated the influence of silicon substituted hy-
droxyapatite coatings on osteoblast-like SaOs-2 cell line by using diato-
maceous earth as silicon source. In vitro studies indicated that Si–HAp
coating from significantly favored osteoblast proliferation and activity
in comparison to the Si-HAp coating from synthetic silica [22]. Hertz
et al. prepared porous SiO2 and SiO2/TiO2 monoliths from flux calcined
diatomaceous earth and found that samples containing only SiO2 were
proved to be biocompatible for bone tissue engineering [23]. Le et al.
studied the potential of diatom particles as silicon-donor materials for
bone tissue engineering applications and purified diatom-derived mi-
croparticles (MPs) and nanoparticles (NPs) showed limited or no cyto-
toxic effect [4].

To our knowledge, there is no study related to the diatom incorpo-
rated scaffolds for tissue engineering applications. As awell-known nat-
ural polymer, chitosan has beenwidely used for bone tissue engineering
applications due to its good biocompatibility with its amino and hy-
droxyl groups, broad antimicrobial activity and biodegradability. Be-
sides, its structural similarity to glycosaminoglycans promotes
osteoblast adhesion, growth and mineral rich matrix deposition [24,
25,26,27]. However, it has some limitations such as low tensile strength
and modulus range when compared with natural bone. Common
approach to overcome this mechanical incompatibility with bone is to
use an inorganic reinforcement agents in the polymermatrix. Therefore,
the present study aims to combine the useful biomaterial properties
of both chitosan and diatomite as a natural silica as biocomposite
organic/inorganic biomaterials for bone tissue engineering applications
and to investigate the effect of diatomite loading on the mechanical,
chemical, and swelling properties, morphological and surfacewettability
of composites as well as in vitro cytotoxicity and cellular activities
including cell proliferation and cell differentiation.

2. Material and method

Chitosan low molecular weight powder (50,000–190,000 Da), was
purchased from Sigma-Aldrich and used for preparation of composite
membranes and Diatomite (Celpure® P65, SiO2, 98%, Sigma-Aldrich)
was used as natural silica source for reinforcement. Acetic acid
(analytical grade, Sigma-Aldrich) was used as solvent preparation.
WST-1 ready to use cell proliferation reagent (BioVision Inc.) and
StemTAGALPAssay kit (Cell Biolabs Inc.)was used for in vitro cell culture
assays. DAPI (Cell Signaling Technology) and Alexa Fluor 488 (Thermo
Fisher Scientific, Molecular Probes) were used for fluorescence staining.

2.1. Preparation of chitosan/diatomite composite membranes

Chitosan/diatomite composite membranes were prepared by sol-
vent casting method. Chitosan solution (1 wt%) was prepared by dis-
solving chitosan in 1% v /v acetic acid and diatomite was dispersed in
acetic acid for 24 h, separately and then mixed solution was homoge-
nized with sonication method (Misonix Ultrasonic Liquid Processor;
30min, 15 °C, 35 Amplitude). Chitosan/diatomite composite dispersion
was poured into petri dishes and dried at ambient condition. Finally,
samples were dried in vacuum oven at 37 °C. Membrane thickness
was measured by micrometer caliper and found in the range of 70-85
μm.

2.2. Characterization of chitosan/diatomite membranes

2.2.1. Surface characterization of chitosan/diatomite compositemembranes

2.2.1.1. AFM analysis. Atomic force microscopy (AFM) imaging was per-
formed by using Nanoscope SPM (Digital Instruments Inc., USA). Point
probe cantilever tip was used in contact mode by the accompanying
software to determine the surface morphology and roughness of mem-
brane surfaces. The roughness parameters of each sample was evaluat-
ed on three scanned areas of 5 μm × 5 μm each.

2.2.1.2. SEM analysis. The surfacemorphology onmembranes and diato-
mite polymer matrix interaction from cross-sections were investigated
by using Quanta FEG scanning electron microscopy (FEI, Thermo Fisher
Scientific). Samples were coated with a thin layer of gold with a current
of 15 mA under vacuum before analysis.

2.2.1.3. Surface wettability. The static water contact angles of pure chito-
san and all composite membranes weremeasuredwith Attension Theta
Lite optical tensiometer. Samples (1 cmwidth and 5 cm length) for each
group were prepared before the measurement. Ultrapure water was
used as liquid phase and drop size was set to 6 μl. All data presented
were determined as the mean values of five independent
measurements.

2.2.1.4. Protein adsorption. Chitosan/POSS composite membranes were
incubated in protein solution in order to determine the proteins adsorp-
tion on surface. Sampleswere treated by PBS for 30min before the incu-
bation processwith protein solution. Bovine serumalbumin (BSA) (0.1%
w/v) was used asmodel protein. The sample specimenswere incubated
at 37 °C for 24 h, and 48 h. The amount of adsorbed proteins on mem-
branes was determined by a commercial protein assay kit, BCA (Pierce,
Rockford, IL), using bovine serum albumin (BSA) as standards [28].

2.2.2. Chemical and thermal characterization

2.2.2.1. Fourier transform infrared spectroscopy (FTIR). Alterations on
bond structures of composite membranes were determined by ATR-
FTIR spectroscopy. Analysis was performed with Shimadzu FTIR -
8400S Fourier transform infrared spectrophotometer. All spectra were
obtained from 400 to 4000 cm−1 at 4 cm−1 resolution.

2.2.2.2. Thermal gravimetric analysis (TGA). Thermogravimetric analysis
(Perkin Elmer Diomand TG/DTA) was used to evaluate the thermal sta-
bility of the composites. Analyses were carried out in a nitrogen atmo-
sphere from 30 °C to 650 °C at a heating rate of 10 °C/min.

2.2.3. Mechanical characterization of chitosan/diatomite composite
membranes

Mechanical properties of chitosan/silica composite membranes
weremeasured by tensile testing according to the ASTMD882–02 Stan-
dard. Before themeasurement, for each group five samples (1 cmwidth
and 5 cm length) were prepared. Thickness of tested membranes was
measured with an electronic digital micrometer (293–821. Mitutoyo)
with 1 μm sensitivity by taking the average of four different points. TA
XT Plus Texture Analyzer equipped with a 5 kgf load cell was used for
determination of stress–strain data of the samples. Initial gauge length
and cross-head speed were set as 100 mm and 10 mm/min. Ultimate
tensile strength, strain at break, and Young's modulus of the samples
were calculated from strain-stress data. The resulting data were report-
ed as the average of at least 5 samples.



Fig. 1. AFM images of pure chitosan membrane. Phase (left) and topography (right).
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2.2.4. Water absorption capacity of chitosan/diatomite composite
membranes

Swelling test is performed in order to obtain swelling behavior of
chitosan/diatomite composite membranes in implanted tissue. Briefly,
dry samples were firstly weighted and noted as Wd samples. Then, they
were swollen in 1× PBS (phosphate buffered saline) (PBS) at 37 °C for
1 h, 24 h and 48 h periods. Following the incubation, they were removed
and extra solution on the surfacewas removedbypressing onfilter paper.
Wet samples (Ww) were weighted. Swelling ratio (SR) (or degree of
swelling) was then determined with Eq. 1 [29]. The results were given
as mean SR ± standard deviation.

SR ¼ Ww−Wd
Wd

ðEq: 1Þ
Fig. 2. Atomic force microscopy (AFM) image of chitosan/diatomite composite membranes (10
(c) and 10% diatomite (d) content respectively. Surface roughness is induced by agglomeration
2.3. In vitro studies

2.3.1. Cytotoxicity
Cytotoxicity of composite membranes was evaluated by the WST-1

[4–3-(4-Iodophenyl)-2-(4-Nitrophenyl)-2H-5-Tetrazolio]-1,3-Benzene
Disulfonate] colorimetric assay based on the conversion of stable tetra-
zolium to a soluble formazan by a complex cellular mechanism that oc-
curs primarily at the cell surface [30]. This bioreduction is largely
dependent on the glycolytic production of NAD(P)H in viable cells.

In vitro cytotoxicity of chitosan/diatomite composite membranes on
3T3fibroblast and Saos-2 osteosarcoma cell lineswas determined by in-
direct extraction method (ISO 10993 Standard). Cell lines were main-
tained in DMEM supplemented with 2 mM L-glutamine, 10% fetal
bovine serum, 100 μg/ml streptomycin and 100 U/ml penicillin in an at-
mosphere of 5% CO2 at 37 °C. Subcultivation was performed every 48 h.
0 μm scanning area). Surface topography 1% diatomite (a), 3% diatomite (b), 5% diatomite
of diatomite particles on the surface.



Fig. 3. AFM phase images of chitosan/diatomite composite membranes with deflection mode (100 μm scanning area): 1% diatomite (a), 3% diatomite (b), 5% diatomite (c) and 10% wt
diatomite (d).
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Experiments were performed in triplicate. Optical density determined
at 440 nmwas normalized to cell viability %.

In vitro cell proliferation on chitosan/diatomite composite mem-
branes was also assessed by WST-1 assay. Specimens were sterilized
with 70% ethanol for 24 h, washed with 1× PBS and conditioned with
cell culture medium for 2 h before cell seeding. 50000cell/well were
seeded on membranes (1x1cm) with 20 μl inoculation volume. Finally,
Saos-2 cells cultured on samples were incubated at 37 °C / 5% CO2

with 1 ml DMEM medium. l Culture medium was changed twice a
week during the proliferation.
2.3.2. Cell attachment and proliferation on membranes
Cell proliferation onmembraneswasdeterminedwithWST-1 viabil-

ity assay for different incubation times (1,3,5,7,10 and 14 day). Cell
spreading and proliferation on membrane surface was determined by
fluorescence microscopy with dapi/phalloidin staining.
2.3.3. Alkaline phosphatase activity
Alkaline phosphatase activity of Saos-2 cells cultured onmembranes

were quantified by fluorometric StemTAG™ALP activity kit for 7th and
2th day incubation periods.
Table 1
Surface Roughness of pure chitosan and chitosan/diatomite composite membranes ±SD
for three measurements.

Membrane Groups Roughness(Rq) (nm) Surface Area Difference %

Chitosan 2.38 ± 0.12 0.00
1% Diatomite 114.7 ± 7.54 1.3 ± 0.21
3% Diatomite 265 ± 46.07 3.8 ± 0.24
5% Diatomite 257.3 ± 23.10 4.4 ± 0.04
10% Diatomite 380.7 ± 35.74 10.9 ± 1.45
2.4. Statisctical analysis

All experimentswere repeated thrice and sampleswere 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 b 0.05). Statistical analyses of in vitro studies were
carried out using two way ANOVA with Tukey's multiple comparison
test (p b 0.05).
3. Results and discussion

3.1. Surface properties

3.1.1. AFM analysis
The surface characteristics of a biomaterial can effect the cell behav-

ior at different levels such as growth, differentiation and apoptosis. Cy-
toskeletal organization of cells on material surface is generally
determined by cell-surface interaction.Therefore, micro and
nanotopography on a biomaterial surface is an important factor for
cell proliferation [31]. The surface properties and adsorption capacity
of diatomite are highly governed by the presence of water and structur-
ally connected to the crystal mesh of the diatomite, forming active hy-
droxyl groups [19]. The interaction between the diatomite filler and
the polymer matrix specify reinforcement level in composite. Thus, op-
timum performance is obtained when the reinforcement is uniformly
dispersed in the structure and interact stronglywith the organicmatrix.
In order to observe this dispersion and interaction offillerwith the poly-
mer matrix, AFM analysis was performed with contact mode. Besides
the effect of highly porous diatomite filler particles on surface rough-
nesswas determined by AFManalysis. Figs. 1–3 show the surface topog-
raphy and phase images of chitosan and chitosan composites,
respectively. As it can be seen in Fig. 1 and Fig. 2, the AFM images



Fig. 4. SEM images of chitosan-diatomite composite membrane surfaces: chitosan-1%diatomite (a); chitosan-10%diatomite (b).
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show differences in surface properties of composite membranes com-
pared to chitosan membrane. The surface was smooth for chitosan
membranes, showing negligible topographic features. On the other
Fig. 5. SEM images of chitosan and chitosan-diatomite composites: Cross sectional area of ch
diatomite (j,k,l) with 50,10 and 5 μm scale. Black arrows show the upper layer and red arrows
hand, the surface morphology of composites differs with increasing di-
atomite concentration (Fig. 2 and Fig. 3). When compared with pure
chitosanmembrane, diatomitefiller incorporation increased the surface
itosan (a,b,c); chitosan-1% diatomite (d,e,f); chitosan-5% diatomite(g,h,i); chitosan-10%
depict cross-sectional part of membranes.
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roughness, a significant factor for cell adhesion and proliferation onma-
terial surface (Fig. 2). The deflection phase images showed the diato-
mite particles embedded and dispersed in polymer matrix (Fig. 3).
The surface roughness data of chitosan and chitosan/diatomite compos-
ite membranes were listed in Table 1.

AFM phase images of chitosan/diatomite composite membranes
(Fig. 3) showed that diatomite frustules with various morphology dis-
tributed on polymer surface inducing roughness. Besides, uniform dis-
tributions were observed on surface with increasing diatomite content
(5–10%). AFM analysis of cell skeleton of diatom in the literature
showed that outer layer of the skeleton showed a granular nanostruc-
ture composed of 100–200 nm spherically shaped fused silica particles
and a surface topography with holes with a 200–300 nm size range
[32]. Similarly, diatom frustules distributed on composites showed a
pore size range of 0.3 μm to 5 μm in their structure (Fig. 3). Diatomite
frustules with diverse porous structures showed higher roughness on
chitosan surface.

3.1.2. SEM analysis
Scanning electron microghraphs showed that diatomite particles

were embedded on the surface, upper layer of the membrane. Fig. 4 in-
dicated that diatomite particles uniformly dispersed on surface with
low concentration (1%) when compared to high concentration (10%).
This could be due to the particle–particle interactions of diatomite
with each other and start to agglomerate on the surface.

Cross-sectional areas of the chitosan and composite membranes
were observed with SEM analysis and depicted in Fig. 5. As seen in
Fig. 5, diatomite particles were only dispersed and embedded on the
upper surface of the membrane and particles can be seen more easily
on the surface as the diatomite loading increases. Thus, chitosan-diato-
mite membranes act as a barrier membrane consisting of two different
layers. Upper layer shows a favorable structure for osteoblast attach-
ment and proliferation (depicted with black arrow) and sublayer
shows a uniform, dense structure to act as a barrier for fibroblastmigra-
tion to the bone defect site.

3.1.3. Surface wettability
The hydrophilicity obtained on the surface of the material is an im-

portant factor that determines the affinity for cell adhesion. Generally,
hydrophilic surface is considered to be appropriate for cell proliferation
[33]. Protein adhesionwhich initiates the cell-surface interaction, is lim-
ited on highly hydrophobic and hydrophilic surfaces. Extracellular ma-
trix protein adsorption is better on highly hydrophilic surface.
However, cell-cell interaction decreases and this prevents monolayer
formation due to the stronger substrate-cell interaction. Thus, moder-
ately wettable surfaces induce cell adhesion and proliferation [34,35,
36]. Static air-water contact angle data of composite membranes were
measured in order to determine the hydrophilicity (Table 2). Diatomite
particles dispersed on the upper surface of the membrane with increas-
ing content did not have amajor effect on the surface wettability. Incor-
poration of diatomite particles into chitosan matrix slightly decreased
the contact angle up to 3% (w/w) diatomite. Slight increase in contact
angle was observed for 10% diatomite incorporated samples, due to
the diatomite agglomerations on surface. However, all composite mem-
branes showed moderately hydrophilic surface properties with contact
Table 2
Water contact angle of chitosan and compositemembranes. The data ofwater contact an-
gle was shown as the mean ± SD for three measurements.

Membrane Groups Static air-water Contact Angle (°)

Chitosan 77.9 ± 5.6
1% Diatomite 73.7 ± 1.72
3% Diatomite 73.5 ± 1.71
5% Diatomite 77 ± 2.5
10% Diatomite 79.1 ± 0.63
angle data below 90°. Thus, composite membranes showed appropriate
surface properties for protein and cell adhesion.

3.1.4. Protein adsorption
The cell-substrate interaction the major factor during cell adhesion.

Protein adsorption on surface is a major process for cell-matrix interac-
tion via regulation of cell migration, spreading and proliferation. When
biomaterial contacts with a fluid containing soluble proteins (blood,
body fluid or cell culturemedia), protein adsorption onmaterial surface
takes place. Thus, cell do not contact the molecular structure of bioma-
terialwhen seeded. They contact and interactwith the adsorbed protein
layer [36,37]. In this study, protein adsorption on membranes was de-
termined by using BCA colorimetric protein assay kit for 24 h. Results
showed that diatomite incorporation enhanced protein adsorption on
the surface of chitosan membranes and membranes adsorbed protein
gradually with time except 10% wt diatomite loaded samples This may
arises due to the slight increase in contact angle on surface. Maximum
protein adsorption was observed as 194.5 μg/ml with 5% wt diatomite
for 24 h (Fig. 6).

3.2. Chemical and thermal properties

3.2.1. FTIR analysis
Chitosan/diatomite composite membranes were subjected to FTIR

spectroscopy to observe the differences in bond structure with diato-
mite incorporation to polymer matrix. The infrared spectra of diatomite
powder and chitosan/diatomite composites are presented in Fig. 7. Sim-
ilar to synthetic amorphous silicas, the reactivity of diatomite is identi-
fied with the presence of primary reactive sites hydroxyl groups on
their surface [38]. Khraisheh et al. clarified the importance of the various
functional groups, available on the surface of diatom, on themechanism
of adsorption. Diatomite surface has OH groups and oxygen bridges
which act as adsorption sites on its surface. The adsorption site groups
are free silanol (−SiOH), geminal free silanol (Si(OH)2), OH groups
act as adsorption sites and bound through the hydrogen bond. Diato-
mite also has siloxane groups (−Si-O-Si-bridges) with oxygen atoms
on its surface [18]. Basic characteristic peaks of chitosan NH2 bending
at 1600–1635 cm1, N\\H bending at 1580 cm−1 and NH streching at
3000–2500 cm−1 were seen in FTIR spectra. Chitosan showed a band
appearing in the spectrum were due to stretching vibrations of OH
groups in the range from of 3547–2850 cm−1. FTIR analysis of chito-
san/diatom composite membranes showed Si-O-Si bond peaks at
460 cm−1 and Si\\Obond peaks at 470 and1050 cm−1when compared
with pure chitosan film due to the diatomite incorporation. Diatomite
particles show two characteristic absorptions at 1050 cm−1 and
470 cm−1, which are assigned to Si-O-Si stretching and bending vibra-
tion, respectively. The intensity of Si-O-Si and Si\\O peaks increased
with diatom content in polymer.
Fig. 6. Adsorption of BSA on chitosan/diatomite composite membranes for 24 h and 48 h
periods.



Fig. 7. FTIR spectra of diatomite powder and chitosan/diatomite composite membranes.
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3.2.2. Thermal gravimetric analysis
To determine the thermal decomposition behavior and study the ef-

fect of silica reinforcement on thermal stability of the chitosan-diato-
mite nanocomposites, thermogravimetric analysis (TGA) was carried
out. The thermal stability of chitosan/diatomite composites depends
on diatomite-polymer surface interactions and the amount of diatomite
particles. Fig. 8 shows the TGA thermograms of the chitosan and the
composite membranes with different diatomite filler content. The re-
sults indicate that composite membranes exhibited similar TG trends.
Initial weight loss % was observed for all groups at 100 °C, due to vapor-
ization of water from the samples. The second weight loss % occurred
between 300 °C and 315 °C related to thermal degradation of polymer
structure (depolymerization of chitosan). The presence of diatomite
did not affect thedegradationmechanism aswell as of degradation tem-
perature of chitosan composites. Mendioroz et al. revealed that thermal
degredation process of diatomites consisting of generally three main
steps. The first main step, between 25 °C and 100 ± 10 °C is related
withmechanically trapped or absorbedwater and degradation quantity
depends on the particle size and surface area of the samples [39]. Chito-
san shows slower weight loss in the region between 160 °C and 270 °C
due to the decomposition of lowmolecular weight species. Thermal de-
composition of chitosan is observed in the region between 170 °C and
450 °C regarding to the complex dehydration of the saccharide rings,
Fig. 8. TGA thermogram of chitosan/diatomite composite membranes under nitrogen
environment.
depolymerization, and decomposition of the acetylated and
deacetylated units of the polymer [40]. Due to structural water loss,
the second degradation step, appears between 100 and 350± 20 °C, re-
latedwith the nature of the opaline phasewhich is themain component
of diatomite and a highly disordered, nearly amorphous, natural hy-
drous silica. The third step, occurs at 750 ± 80 °C, due to the decompo-
sition of alkali metal and alkaline earth metal carbonates in diatomite.
Their nature and concentration in diatomite structure determine the
differences in decomposition temperature of the samples [39]. Our re-
sults show that thermal decomposition temperature is not effected
with diatomite incorporation.

3.3. Mechanical properties

Inorganic reinforcements in polymermatrix is generally used for im-
proving the mechanical strength and modulus of structure. This im-
proving effect of reinforcement depends on size, shape, and dispersion
of particles in polymer matrix [41]. Tension test of membranes were
performed according toASTMD882-02 standard. The effect of diatomite
addition on the mechanical properties of the composite membranes
were investigated. The neat chitosanmembrane had a Young'smodulus
of 13,5 MPa whereas . Young's moduli of the composite membranes
increased significantly with increasing amount of diatomite
particles attaining a maximum value of 25,9 ± 0,77 MPa at 10%
diatomite(w/w) (Fig. 9). An increase of about 52% in tensile modulus
was obtained when compared with chitosan membrane.
Fig. 9. Young's moduli of chitosan/diatomite composites with increasing diatomite
content.



Fig. 10. In vitro cytotoxicity results of chitosan/diatomite composite membranes on 3T3
cell line (a) and Saos-2 cell line (b).

229S. Tamburaci, F. Tihminlioglu / Materials Science and Engineering C 80 (2017) 222–231
3.4. Swelling properties

Water absorption capacity of a biomaterial is an important factor in
order to absorb body fluids at the defect site. Swelling % of chitosan and
compositemembraneswere determined for 1 h and 24 h incubation pe-
riods (Table 3). Swelling study results indicated that diatomite filler en-
hanced the swelling capacity of chitosan. 5% diatomite incorporated
composite membranes showed the highest swelling ratio for both 1 h
and 24 h. Similarly in literature, silica loading in chitin and chitosan
polymers increased the swelling properties of the material positively
[7,42].

Increasing diatomite concentrations enhanced the water absorption
capacity of compositemembranes due to the hydrophilic nature of diat-
omite particles. However at 10% diatomite concentration swelling ca-
pacity of membranes decreased. This may arise from microstructural
alterations due to the non-uniform dispersion of diatomite particles
on membrane surface.

3.5. In vitro studies

3.5.1. Cytotoxicity of chitosan/diatomite membranes
In vitro cytotoxicity of composite membranes was evaluated by

using indirect extraction method (ISO 10993). Composite membranes
were extracted for 24 h in culture medium at 37 °C according to ISO
10993 standards. Absorbance values obtained with WST 1 assay are
normalized to control group as cell viability %. Results indicated that chi-
tosan/diatomite membrane extracts did not show any cytotoxic effect
on 3T3 fibroblast and Saos-2 cells. High cell viability % results were ob-
tained for all incubation periods. Increasing diatomite content did not
show toxic effect on cells. (Fig. 10). Cell viability results showed that, di-
atomite particles had a proliferative effect on Saos-2 cells when com-
pared to chitosan control group. For Saos-2 cells, the cell viability
results of diatomite loaded groups were found to be statistically signifi-
cant for 72 h when compared to chitosan membrane.

3.5.2. Cell attachment and proliferation
Fig. 11 shows the absorbance values determined byWST 1 assay for

Saos-2 osteoblastic cell proliferation on chitosan/diatomitemembranes.
Results showed that diatomite incorporation increased cell proliferation
onmembrane surface. Cell proliferation on chitosan/diatomite compos-
ites were found to be significantly higher than that on the neat chitosan
membrane. Diatomite incorporation to chitosan polymer matrix signif-
icantly enhances the osteoblast-like cell proliferation onmembrane sur-
face. Proliferation increase on 10% diatomite loaded composite
membrane was found to be statistically significant for 7th and 10th
day of incubation when compared to chitosan membrane. For 14th
day, both 3% and 10% diatomite loaded groups proliferation increase
was found to be statistically significant.

Flourescence imaging was performed to investigate the cell attach-
ment on the diatomite embedded surface. Saos-2 cells cultured on chi-
tosan and chitosan/composite membranes for 7 days were stained
with dapi/phalloidin and visualized by florescence microscopy (Figs.
12 and 13). Florescence images showed that number of Saos-2 cells at-
tached and spread on composite membranes are significantly higher
than that on chitosan membrane.
Table 3
Swelling% of chitosan/diatomite compositemembraneswith increasing diatomite particle
content.

Membrane groups Swelling % 1 h Swelling % 24 h

Chitosan 165 ± 0,1 162 ± 0,1
1% Diatomite 213 ± 0,12 163 ± 0,1
3% Diatomite 207 ± 0,69 179 ± 0,29
5% Diatomite 356 ± 0,21 323 ± 0,81
10% Diatomite 209 ± 0,11 205 ± 0,13
Microscopic observations revealed that Saos-2 cells were attached
on surface and spread on chitosan-diatomite membrane. Phalloidin
stained cytoplasmic extensions of Saos-2 cells shown in Fig. 12 indicat-
ed that Saos-2 cells presented a well-spread morphology and interac-
tion with surface and each other on diatomite loaded membranes
(Fig. 13).

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 [43]. Defining these topographic parameters
has an influence on cell-biomaterial adhesion, by improving cell attach-
ment and spreading [44] Fig. 12 also shows that Saos-2 cells spread
around the diatomite particles on the chitosan membrane surface.

3.5.3. Alkaline phosphatase activity
The ALP activity of composite membranes was evaluated for 7 and

21 day incubation periods. Fig. 14 shows the ALP concentration obtain-
ed from Saos-2 cultures on membranes. Results showed that diatomite
particles with 3% (w/w) increased the ALP actitivty of cells compared to
chitosan membrane at 21th day of incubation. All groups showed
Fig. 11. Saos-2 proliferation on chitosan/POSS composite membranes.



Fig. 12. Florescence images of Saos-2 cells cultured on chitosan-diatomite 3% (a) and chitosan-diatomite 10% composite membranes (b) for 7 days. (Dapi-brightfield-20×magnification).

Fig. 13. Florescence microscopy images of Saos-2 cells cultured on chitosan membranes (a,b) and chitosan-diatomite 10% composite membranes (c,d) for 7 days with 10× and 20×
magnifications respectively.

Fig. 14. ALP activity of Saos-2 cells cultured on chitosan/diatomite composite membranes
for 7 and 21 days.
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statistically significant ALP activity differences for 7th ad 21th day incu-
bation periods(p b |0.05).

4. Conclusions

In this study, diatomite particles with their unique structure and fa-
vorable properties were used as ideal candidates for hard tissue regen-
eration applications. N0ovel chitosan-diatomite composite membranes
were prepared with solvent casting technique. AFM, FTIR, Protein ad-
sorption, contact angle analyses and mechanical tests were applied to
investigate the effects of diatomite loading on physical and chemical
properties of composite membranes. Results of this study showed that
diatomite incorporation improved the improved the surface area and
roughness, swelling properties, and protein adsorption capacities of chi-
tosan membranes which are important factors for osteoblast adhesion
and proliferation. Furthermore, cytotoxicity results revealed that chito-
san/diatomite compositemembranes showed no cytotoxic effect on 3T3
and Saos-2 cell lines and possessed good biocompatibility. In vitro cell
culture studies indicated that diatomite incorporation increased osteo-
blastic Saos-2 cell spreading and proliferation on membranes. In addi-
tion, ALP activity of Saos-2 cells increased remarkably for 7 and 21 day
incubation periods for 3 wt% diatomite loaded samples. In conclusion,
chitosan membranes reinforced with diatomite particles would consti-
tute a novel and desirable composite biomaterial with its enhanced
properties and high biological activity for bone tissue engineering
applications.
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