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Abstract

Recently, usage of marine-derived materials in biomedical field has come into prominence due to their promising character-
istics such as biocompatibility, low immunogenicity and wide accessibility. Among these marine sources, cuttlebone has
been used as a valuable component with its trace elemental composition in traditional medicine. Recent studies have
focused on the use of cuttlebone as a bioactive agent for tissue engineering applications. In this study, hydroxyapatite
particles were obtained by hydrothermal synthesis of cuttlebone and incorporated to cellulose scaffolds to fabricate an
osteoconductive composite scaffold for bone regeneration. Elemental analysis of raw cuttlebone material from different
coastal zones and cuttlebone-derived HAp showed that various macro-, micro- and trace elements — Ca, P, Na, Mg, Cu, Sr,
Cl, K, S, Br; Fe and Zn were found in a very similar amount. Moreover, biologically unfavorable heavy metals, such as Ag,
Cd, Pb or V, were not detected in any cuttlebone specimen. Carbonated hydroxyapatite particle was further synthesized
from cuttlebone microparticles via hydrothermal treatment and used as a mineral filler for the preparation of cellulose-
based composite scaffolds. Interconnected highly porous structure of the scaffolds was confirmed by micro-computed
tomography. The mean pore size of the scaffolds was 510 um with a porosity of 85%. The scaffolds were mechanically
characterized with a compression test and cuttlebone-derived HAp incorporation enhanced the mechanical properties of
cellulose scaffolds. In vitro cell culture studies indicated that MG-63 cells proliferated well on scaffolds. In addition,
cuttlebone-derived hydroxyapatite significantly induced the ALP activity and osteocalcin secretion. Besides, HAp incorpo-
ration increased the surface mineralization which is the major step for bone tissue regeneration.
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The use of the cuttlebone as a natural filler in specific
biomedical areas is possible by preserving the structure
and composition of the cuttlebone or by modifying the
original material.

Cuttlebone is an endoskeleton of marine mollusca
Sepia and consists of principally Aragonite which is
the crystallized form of CaCO;.°> Cuttlebone is a
cheap, easily available natural biomaterial showing
similar chemical and crystal structure to coral.®

Cuttlebone has already been used for medical appli-
cations for many centuries in the traditional medicine
of China and India. It was established as a valuable
component of medicines for treating various diseases
including dermatological, gastrological, gynecological,
otorhinolaryngological and related health com-
plaints.”® Nowadays, the use of cuttlebone for bone
tissue engineering applications has come into promi-
nence due its physical and chemical characteristics.
Cuttlebone’s lamellar matrix structure providing high
porosity and ease of processability with its low cost
makes it ideal candidate as bone substitute for bone
tissue engineering applications.”

Hydroxyapatite (HAp) particles are extensively used
in scaffolds since they are the main component of inor-
ganic portion of the bone tissue.'” HAp particles serve
as a calcium and phosphate source which is required
for osteogenic differentiation.’ Synthesis of HAp from
natural calcium carbonate sources, like cuttlebone, is
very attractive for bone tissue engineering. Literature
findings indicate that cuttlebone and cuttlebone-
derived HAp particles showed better biocompatibility
when compared to synthetic Hap.>'*™'® Naturally
derived HAp particles are characterised as non-
stoichiometric HAp or carbonated HAp with biologi-
cally active trace elements, such as Mg, Sr and Na.'”18
The carbonated HAp particles have improved biocom-
patibility when compared to stoichiometrically pure
HAp since they are chemically similar to natural
human bone.'”?° In addition, it was indicated that
the cuttlebone-derived HAp incorporation induced
the mineralization of composite scaffolds.?’ HAp
could be extracted or synthesized from natural calcium
sources via alkaline hydrolysis, thermal calcination,
hydrothermal or microwave syntheses, also using sol—
gel or chemical precipitation methods. It was reported
that the HAp maintained the microporous structure of
the cuttlebone after hydrothermal conversion.’ Other
applications of calcium HAp include injectable
carboxymethylcellulose-based microspheres for vocal
fold pathologies treatment,” microparticles for anti-
wrinkle, facial rejuvenation treatment® and HAp-
based synthetic orbital implants.’

The aim of this work was to analyze the elemental
composition of cuttlebone specimens from different
coastal zones and to prepare osteoconductive

cellulose-based composite scaffold with cuttlebone-
derived hydroxyapatite (CB-HAp) filler for bone
tissue engineering applications. The CB- HAp particles
were obtained by hydrothermal synthesis from cuttle-
bone particles. The physical and chemical structure of
cuttlebone-derived HAp was characterized with FTIR,
XRD, SEM and XRF analyses. The morphology of the
cuttlebone-derived HAp incorporated cellulose scaf-
folds was determined with SEM and Micro CT analy-
ses. The mechanical properties of scaffolds were
determined with compression test. The in vitro cytotox-
icity, proliferation, alkaline phosphatase (ALP) activity
and osteocalcin (OCN) secretion of MG-63 cells on
composite scaffolds were investigated. The in vitro bio-
mineralization on composite scaffolds was determined
with EDX analysis, von Kossa and Alizarin
Red stainings.

Materials and methods

Materials

Cuttlebone samples were purchased from Vital Pet
Products Ltd (UK) and also collected manually from
the seashores of Sohar (Sultanate of Oman) in 2013,
Trapani (Italy) in 2015, Caldes d’Estrac (Spain) in 2016
and Pyra (Cyprus) in 2017. Ammonium dihydrogen
phosphate (Merck) was used for hydrothermal synthe-
sis. Cellulose acetate (Mn~50,000, Sigma-Aldrich) was
used for scaffold preparation. Minimum essential
medium (MEM, Sigma-Aldrich), fetal bovine serum
(FBS-Lonza) penicillin—streptomycin solution and
L-glutamine (Lonza) were used for cell culture studies.
L-ascorbic acid and f-glycerophosphate (Sigma-
Aldrich) were used for osteogenic medium preparation.
Silver nitrate, sodium thiosulfate and Alizarin Red S
(ARS) (Sigma- Aldrich) were used for von Kossa and
ARS staining. Water-soluble tetrazolium (WST-1)
ready to use cell proliferation reagent (BioVision
Inc.), ALP-Enzyline PAL optimise kit (Biomerieux
Inc.) were used for in vitro assays.

Synthesis of HAp and characterization of
cuttlebone materials

Cuttlebone pieces (UK product) were crushed, milled
using vibrating cup mill Pulverisette 9 (Fritsch GmbH,
Germany) and sieved using sieve shaker Haver EML
digital plus (Haver&Boecker, Germany). The fraction
of the particle size <80 pm was collected.
Hydrothermal synthesis was performed by mixing cut-
tlebone microparticles and NH4H,>PO, suspended solu-
tion (1:0.6 molar ratio) for 2 h. Cuttlebone powder was
assigned as CaCO;, because cuttlebone consists of
approximately 90% of CaCOs in aragonite form.>?
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Amount of materials for the hydrothermal reaction
was calculated to reach Ca/P molar ratio 1.67 with
regard to HAp. The reaction was carried out at non-
stirred pressure vessel (PARR Instrument Company,
USA), keeping the suspension inside a 50 mL PTFE
vessel at 200°C temperature for 8 h, 100 bar.

Fourier-transform infrared (FTIR) spectroscopy
analysis was performed using an FTIR spectrometer
(Perkin-Elmer, USA). The samples were prepared by
mixing the finely powdered material with KBr in an
agate mortar at a 1:50 ratio and pressing the mixture
into homogeneous pellets. Mid-infrared spectral range
data, corresponding to 4000—400 cm~ !, was used: the
resolution was 4 cm ™",

X-ray diffractometer (Bruker AXS, Germany) was
used for X-ray powder diffraction (XRD) analysis. The
morphology of samples was observed by scanning
electron microscopy (SEM, FEI Quanta 200 FEG)
technique. The elemental composition was evaluated
by X-ray fluorescence (XRF) spectrometric analysis
using Bruker X-ray S8 Tiger WD (Bruker AXS
GmbH, Germany) and the Spectra”™ quant-
express method.

Preparation of 3D cellulose-based scaffold
with CB-HAp

A cellulose gel was prepared as described previous-
ly.>*2* Briefly, CB-HAp powder (7 g) was mechanically
mixed with 150 mL of cellulose gel for 30 min. The
porous structure of the scaffolds was achieved using
the freeze-drying technique (Christ Alpha 24 LSC
freeze-dryer, Germany). Cylindrical samples of
approx. 1.0 cm in height and 1.5 cm in diameter were
prepared. Regenerated cellulose/CB-HAp sample was
assigned as RC/CB-HAp scaffold and regenerated cel-
lulose (RC) scaffold was used as a control group.

Characterization of the scaffolds

Morphology. Morphometric parameters of RC/CB-HAp
scaffold were characterized by micro-computed tomog-
raphy (LCT, Scanco Medical AG, Switzerland) system.
Morphometric parameters of the scaffolds were defined
using “general scientific” terms instead of terms for
bone samples.

Percent object volume (Object volume/total volume:
0bj.V|TV), specific surface (Obj.S/Obj.V) and structure
thickness (St.7h), used to refer to percent bone volume
(BV]TV), specific surface of bone (BS/BV) and trabec-
ular thickness (77.Th), respectively, were computed
from 3D images. The porosity and pore sizes of the
scaffolds were determined directly from two-
dimensional (2D) images. Structure separation (Sz.Sp)
and structure linear density (St.Li.Dn) parameters,

used to refer to trabecular separation (7r.Sp) and tra-
becular number (75h.N), respectively, were calculated
from the primary indices®’

St.Sp = 2(TV-0bj.V)/Obj.S (1)

where TV is a total VOI (volume of interest) volume,
mm?; Obj.V is an object volume, mm?; and Ob;.S is an
object surface area, mm?>.

St.Li.Dn = 0.50bj.S/TV )

Mechanical properties. Mechanical properties of CB-
HAp reinforced scaffolds were determined with com-
pression test in dry and wet conditions according to the
ASTM5024-95a standard. Compression test was per-
formed under 50 kgf loading with 5 mm/min rate.
Scaffolds were compressed up to 75% strain. In wet
condition, scaffolds were hydrated with PBS solution
to observe their structure and mechanical endurance in
body condition.

In vitro cell culture studies

Scaffolds were sterilized with 70% ethanol solution
before in vitro tests. The human osteosarcoma MG-
63 cell line was used as osteoblast model for in
vitro studies.

In vitro cytotoxicity. The in vitro cytotoxicity was evalu-
ated by WST-1 assay for 24, 48 and 72-h incubation
periods. Indirect extraction method was used according
to the ISO-10993 standard. The cell viability was inves-
tigated by interacting the cell monolayer with the
extraction medium of scaffolds. Extraction medium
was prepared by incubating sterilized scaffolds in
MEM at 37°C for 24 h. MG-63 cells were seeded on
96-well plates with a density of 10° cells/mL and extrac-
tion medium was used as an incubation medium for 72
h. Cells incubated with cell culture medium (MEM)
were used as negative control group. The cytotoxicity
of the scaffolds was measured spectrophotometrically
at 440 nm for 24 h, 48 h and 72 h. The cell viability %
is calculated as

Absorbance of sample
Absorbance of NC

Cell viability % = x 100 (3)

where NC is the negative control.

Cell proliferation assay. MG-63 cells with a density of
2.5 % 10° cells/scaffold were seeded on scaffold surface
with 20 pl inoculation volume. Then, scaffolds were
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incubated for 4 h at 37°C to provide cell attachment.
After 4 h, the culture medium was added subsequently,
and scaffolds were incubated at 37°C, humidified with
5% CO, atmosphere. The cell culture medium was
refreshed twice a week. Cell proliferation was evaluated
with WST-1 Cell Viability Kit (BioVision Inc.) and the
absorbance of supernatants was measured at 440 nm.

ALP activity. ALP is an important osteoblastic isoenzyme
for the determination of early osteogenic differentia-
tion. Therefore, ALP activity was detected for 7, 14
and 21 days of incubation. MG-63 cells were seeded
on scaffolds at a density of 2.5 x 10° cell/scaffold and
cultivated with osteogenic medium. The medium was
refreshed twice a week. The absorbance of the medium
was measured by a plate reader (Varioskan Flash) at
405 nm to detect the extracellular ALP activity.

OCN determination with ELISA. OCN production of MG-
63 cells incubated on scaffolds was measured using
Sandwich-ELISA assay (Human OC/BGP
(Osteocalcin) ELISA Kit, Elabscience). The culture
media extracted from scaffolds were analyzed for 21
and 28 days of incubation periods.

In vitro biomineralization of MG-63 cells on cellulose-HAp scaf-
fold. Biomineralization is a process in which release of
biomolecules controls the nucleation and growth of
minerals such as carbonates and phosphates.®® It is a
key step in bone tissue formation with the accumula-
tion of calcium and phosphate minerals. Thus, MG-63
cells incubated on scaffolds for 14 days and analyzed
with SEM to observe biomineralization on scaffold
surface. Samples were coated with a thin gold layer
under Argon gas by using Emitech K550X before the
analysis. SEM analysis was performed with Quanta
FEG 250 (at 7 x 1072 mbar and 15 mA). The analysis
was performed with backscatter mode to investigate
the biomineralization. Ca and P minerals accumulated
on scaffold surface were evaluated by EDX analysis.
Mineral formation by cells on scaffolds surface was
qualitatively detected with von Kossa and ARS stain-
ings. Scaffolds incubated in osteogenic medium for 21
days were washed with 1x PBS solution thrice and
treated with 3.7% paraformaldehyde for fixation.
Calcium deposition was determined by von Kossa
staining indirectly with the observation of phosphate-
bonded calcium minerals. Therefore, ARS staining is
used with von Kossa which directly detects calcium
mineral formation. Scaffolds were treated with 1%
(w/v) aqueous silver nitrate solution under UV light
for 30 min for von Kossa staining. The solution was
removed, and scaffolds were washed with distilled
water. Finally, scaffolds were incubated with 5% (w/
v) sodium thiosulfate solution to remove unreacted

silver. Filtered 2% (w/v) aqueous ARS solution
(pH=4.1) was used for ARS staining procedure.
Scaffolds were incubated with the ARS solution for
30 min in the dark and washed with distilled water
several times. Stained samples were observed under ste-
reomicroscope (SOIF DA 0737). Semi-quantitative
analysis of calcium deposition on scaffolds was inves-
tigated by ARS extraction method. Extraction media
were measured spectrophotometrically at 405 nm to
determine the calcium deposition differences.

Statistical analysis

All the data were reported as mean with standard error
of three replicates. Analyses were evaluated with two-
way analysis of variance (ANOVA) and the signifi-
cance (P < 0.05) was determined by GraphPad-Prism6.

Results

Characteristics of cuttlebone material

Trace elements in cuttlebone of different coastal
regions were detected by XRF technique, which is gen-
erally assumed as a precise sophisticated analytical tool
for the evaluation of elemental composition of materi-
als. Macro- and microelements, such as Ca, P, Mg, Sr,
Fe, Na, Cl, S, K, Cu and Br, were determined in cut-
tlebone samples (Table 1). The lamellar and dorsal cut-
tlebone layers featured similar elemental compositions.
Elemental composition of human bone*” and CB-HAp
(this study) was given for comparison. The amount of
phosphorus in prepared CB-HAp was found as 12%
which is almost the same as in human bone (15%).

According to data on the elemental composition of
cuttlebone specimens from different coastal areas, trace
elements, such as Si (0.02 +0.005), P (0.134+0.03), Mg
(0.21£0.04), S (0.22+0.1), Sr (0.46+0.06) and Na
(0.89 £0.24), occurred in very similar amounts. Only
the concentration of chlorine varied approx. within
0.04-2.31% for different specimens. Most of these ele-
ments are essential for the proper bone metabolic pro-
cesses and wound injury regeneration. Trace amounts
of Cu, Zn or Fe that were found in cuttlebone speci-
mens are also beneficial for metabolic processes in a
living organism. Moreover, biologically unfavorable
heavy metals, such as Ag, Cd, Pb or V, were not
detected in any specimen. XRF analysis data revealed
the presence of trace elements in cuttlebone-derived
HAp, such as Sr, Mg, Si, S, and Fe. These trace ele-
ments could positively influence the enzymatic activity
of the bone, as well as cartilage formation and collagen
synthesis in vivo.*®
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Table 1. Elemental composition (%) of human bone, cuttlebone specimens from different coastal zones and cuttlebone-derived

hydroxyapatite.
Cuttlebone

Sohar,

Sultanate Trapani, C. d’Estrac, Pyra,
Element Human bone? UK of Oman Italy Spain Cyprus CB-HAp
Calcium 34.8 47.36 53.9 55.5 53.1 51.4 483104
Phosphorus 15.2 0.07 0.12 0.15 0.15 0.15 119+12
Sodium 0.90 051 0.86 0.94 1.13 1.03 -
Magnesium 0.72 0.16 0.19 0.25 0.21 0.26 0.15+0.07
Silicon - - 0.03 0.02 0.02 0.02 0.02 £0.01
Copper 0.0003 0.0023 0.0043 0.005 - 0.0041 +0.00007
Fluoride 0.03 - - - - -
Strontium - 0.42 0.46 0.53 0.50 0.39 0.47 +0.01
Chlorine 0.13 1.62 1.87 0.04 2.31 2.25 -
Potassium 0.03 0.05 0.05 0.01 0.07 0.08
Sulphur - 0.33 0.21 0.05 0.25 0.25 0.0062 +0.0008
Iron 0.01 0.01 0.0067 - - 0.024+0.01
Bromine 0.0071 0.0106 - 0.0134 0.02 -
Zinc 0.0126 0.07 0.05 0.0079 0.09 0.06 0.0036 +0.0024

100 um

I 15 um !

Figure |. Cuttlebone-derived materials: cuttlebone pieces (a); microphotographs of cuttlebone powder (b, c); cuttlebone powder
after hydrothermal treatment using 0.6 M (NH4)2HPO4 solution (d); microphotographs of CB-HAp particles (e, f).

CB-HAp was synthesized via hydrothermal reaction
from cuttlebone microparticles (Figure 1(a) to (d)),
used as a source of calcium carbonate (equation (4))

10 CaCO; + 6(NHy),HPO, — Cajo(POy),(OH),
+H,0+CO; 1

4)

The obtained results show that the Ca/P ratio in
cuttlebone and cuttlebone-derived HAp was 197.4
and 4.05, respectively. The calcium and phosphorus
ratio in the human bone and in cuttlebone-derived
HAp is similar: 2.29 and 4.05, respectively.
Cuttlebone powder particles less than 100 um in diam-
eter were ready to agglomerate, probably because of
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Figure 2. XRD patterns (a) and FTIR spectra (b) of cuttlebone and cuttlebone after hydrothermal treatment.

the hygroscopic nature of chitin which is present in the
structure of cuttlebone.”> A microsphere shape of the
material (~1-2 pum size) which is typical of HAp
occurred after hydrothermal synthesis® (Figure 1(e)
and (f)).

The X-ray diffraction pattern of cuttlebone powder
shows characteristic peaks of aragonite at 26°, 33° and
45° (Figure 2(a)). Peaks of low intensity at 10°-25°
could be attributed to f-chitin.?**° The conversion of
cuttlebone powder into HAp after hydrothermal syn-
thesis by treatment with (NH4),HPO,4 was analyzed by
using XRD and compared to the XRD pattern of
untreated cuttlebone. The XRD pattern of the material
after hydrothermal synthesis shows characteristic peaks
of HAp according to the powder diffraction file No.
01-089-4405 for HAp at 10.7°, 22.8°, 25.7°, 28.0°,
32.1°, 34.0°, 39.7°, 46.6°, 49.4°, 56.9°, 63.1° and
64.9°. The main indices characteristic to HAp are
presented in this pattern. Some characteristic peaks of
aragonite are also present in this pattern, but the inten-
sities are low compared with the peaks of untreated
cuttlebone powder. The XRD data confirmed that the
product obtained via hydrothermal synthesis of cuttle-
bone particles consisted of 81% HAp and
19% aragonite.

FTIR spectra showed the characteristic absorption
peaks assigned to aragonite at 1077 cm™' for vy, a dou-
blet at 713 cm™ ! and 700 cm ™! for v, and 856 cm ™! for
v> (Figure 2(b)). With regard to carbonate ions, the
peaks at 1790 cm™' for v, and 2519 cm™' and
1481 cm ! for v are also visible. A broad absorption
band in the 3650-3200 cm ' range was assigned to the
stretching vibration of O—H groups. A weak absorp-
tion peak at 1630 cm ™' was attributed to amide groups
thus confirming the presence of chitin.?*?%3! The vibra-
tional frequencies of C—O—C at the f-glucoside linkage
were observed at 1164 cm™' and 895 cm '*? The

absorption peaks of the PO,*~ group at 565 cm ™',

606 cm ™', 960 cm~!, 1029 cm~' and 1090 cm ™' were
observed in the FTIR spectrum of cuttlebone after
hydrothermal treatment. Only very low absorption
peaks of aragonite are visible in the spectrum of cuttle-
bone powder after hydrothermal synthesis. The pres-
ence of absorption peaks of the phosphate group in
FTIR spectra and XRD characteristic peaks confirmed
the formation of HAp from cuttlebone microparticles.

Cellulose-based scaffolds with CB-HAp

CB-HAp microparticles were used for the preparation
of the cellulose-based scaffolds (RC/CB-HAp).
Structure and morphometric parameters of RC scaf-
fold were used for comparison.

RC/CB-HAp composite scaffolds had more com-
pact structure than that of the RC scaffold because
of the formation of smaller pores (Figure 3(a)). The
addition of CB-HAp microparticles had an influence
on the reduction of the mean pore size of the scaffold
(RC/CB-HAp): 750 um and 510 um for RC scaffold
and RC/CB-Hap scaffold, respectively. The porosity of
the composite scaffold was determined by the distinct
pore size distribution (Figure 3(b)). It was found that
high percentage of the pores in the RC/CB-HAp scaf-
fold was in 300-700 um range (67% of all the pore
volume). The percentage of pores in 10-100 um and
>800 um was negligible. No pores larger than 1000
pm were observed in the RC/CB-HAp scaf-
fold structure.

Morphometric indices of the scaffolds were evaluat-
ed using pCT scanning. The obtained data were com-
pared with bone parameters at different trabecular
regions (Table 2). Immobilizing CB-HAp micropar-
ticles into the RC gel increased porosity of the frame-
work compared with RC scaffold

Specific surface (0Ob;.S/Obj.V) value of the RC/CB-
HAp composite was two times larger compared with
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Figure 3. Morphology of the RC/CB-HAp scaffold: 3D image, evaluated by uCT (a); pore size distribution within the scaffold (b).

Table 2. Morphometric indices of the scaffolds and descriptive statistics of some parameters of human trabecular bone.

Scaffold or bone region

5th vertebral Ultra-distal Mandibular
Morphometric indices RC/CB-HAp RC body33 radius* c<>ndy|e35
Obj.VITV, % 14.10 24.87 22.95 23.00 -
Obj.S/Obj.V, mm~! 33.37 14.50 - - -
St.Th, mm 0.09 0.21 0.10 0.10 0.11-0.22
St.Sp, mm 0.36 0.42 0.31 0.34 0.56-0.85
StLiDn, mm™' 2.36 1.80 2.20 2.40 1.16-1.67
Mean pore size, pim 510 750 - - -
Porosity, % 85.9 75.0 - - 72.6-87.4

ODbj.VITV: percent object volume; Obj.S/Obj.V: specific surface; St.Th: structure thickness; St.Sp: structure separation; St.Li.Dn: structure linear density.

RC scaffold. Figure 4 depicts a detailed 2D view of the
internal structure of the RC/CB-HAp scaffold. The
porous structure with interconnected pores could be
observed from the cross-section view of the scaffolds.

The shape of pores is non-symmetric and randomly
ordered; pores connect with each other by structuring
pervious canals. This fact argues in favour of rapid
angiogenesis, as well as acceleration of scaffold
mineralization.

Mechanical characterization

Compression test results of RC and RC/CB-HAp scaf-
folds are depicted in Figure 5(a) and (b). CB-Hap-
reinforced scaffolds showed higher mechanical strength
and endured higher stress at dry condition.
Compression modulus of control (0.0496 MPa) and
Hap- (0.048 MPa) incorporated scaffolds were similar
to each other. In wet conditions, higher mechanical
strength and compression modulus were observed on

the RC/CB-HAp scaffolds. Hydrated scaffolds showed
more elastic behavior compared to dry scaffolds.

In vitro cytotoxicity

In vitro cytotoxicity results indicated that RC/CB-HAp
scaffold showed slightly lower cell viability compared
to RC scaffold (Figure 6(a)). Cell viability result of RC/
CB-HAp was found to be statistically significant in
comparison to RC at 48 and 72 h. The cell viability
range after 72 h of incubation varied between 55 and
67% indicating that the scaffolds are non-toxic to MG-
63 cells.

Cell proliferation

MG-63 cells successfully proliferated on CB-HAp
incorporated scaffolds for 14 days of incubation with
a gradual increase observed during 3, 7, 10 and 14 days
of incubation (Figure 6(b)). However, significant
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Figure 4. 2D overview images of RC/CB-HAp scaffold: xy plane (a); xz plane (b).
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Figure 5. Maximum stress, mechanical strength and compression modulus of scaffolds in dry (a) and wet condition (b).

increase in MG-63 proliferation was observed at 7th
and 14th day.

ALP activity

ALP activity of MG-63 cells was evaluated with the
colorimetric ALP activity assay for 7, 14 and 21 days.
The ALP activity difference between groups in all incu-
bation periods was found statistically significant.
During the incubation period, MG-63 cells expressed
slightly increasing ALP activity on control group,
whereas significant increase in ALP activity was

observed for RC/CB-HAp scaffolds with incubation
time (Figure 7).

OCN secretion

Figure 8 shows the osteocalcin (OC) production of
MG-63 cells on RC and RC-CB/HAp scaffolds for
14 and 21 days. Results indicated that OC secretion
of MG-63 cells was found to be significantly higher
on HAp incorporated RC-CB scaffolds for 21 day
of incubation.
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Figure 6. Cell viability % of MG-63 cells incubated with scaffold extracts for 24 h, 48 h, and 72 h (a); MG-63 proliferation on scaffolds
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Figure 7. ALP activity of MG-63 cells cultured on scaffolds for
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Figure 8. Osteocalcin production of MG-63 cells on RC and
RC-CB/Hap scaffolds for 14 and 21 days incubation periods.

In vitro biomineralization of MG-63 cells on scaffold

According to SEM images, the RC/CB-HAp scaffolds
showed enhanced mineral coating when compared to
RC scaffolds (Figure 9). In addition, EDX mapping
results of RC/CB-HAp scaffolds indicated that Ca

and P ion accumulation was significantly higher than
RC scaffolds (Figure 10).

According to the stereoimages, significantly higher
calcium and phosphate depositions were observed on
the HAp-reinforced RC scaffolds when it is compared
to RC control group. Von Kossa staining demonstrat-
ed high phosphate accumulation on RC/CB-HAp scaf-
folds, whereas the control group showed trace amount
of brown stain on the peripheral region of the scaffold
(Figure 11). In addition, ARS staining images showed
higher calcium accumulation on RC/CB-HAp scaf-
folds, while calcium mineral deposition was not
observed on RC construct (Figure 12). Semi-
quantification of ARS staining implied that HAp
incorporation significantly induced the calcium deposi-
tion on scaffolds (P < 0.05) (Figure 13).

Discussion

Bioactivity potential of cuttlebone filler

The safety of marine-derived materials is generally
related to the anthropogenic contaminants. Growing
urban development could negatively affect the coastal
environment, and also marine-derived materials, that
could be used for biomedical applications. Herein,
data on possible occurrence/accumulation of heavy
metals in cuttlefish bone are presented; and its relation
to the safety aspects of cuttlebone is discussed.

The changeable elemental composition of naturally
derived materials is generally assumed as a drawback
compared with analogous synthesized materials.
However, the results of our study showed that varia-
tion of elements in cuttlebone material from different
coastal zones was marginal. According to data, trace
elements, such as Si, P, Mg, S, Sr and Na, occurred in
very similar amounts. Only concentration of chlorine
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Figure 9. Biomineralization on the surface of RC (a) and RC/CB-HAp (b) scaffolds for 14th day.
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Figure 10. Elemental analysis of RC and RC/CB-HAp scaffolds for 14th day: Ca (a, c), P (b, d) mapping with EDX analysis.
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Figure 12. Alizarin Red S (ARS) staining of RC (a) and RC/CB-HAp (b) scaffolds, respectively.
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Figure 13. Semi-quantification of calcium deposition on scaf-
folds for 21 days of incubation.

varied within 0.04-2.31% for specimens of different
origin. Most of these elements are essential for proper
bone metabolic processes and wound injury regenera-
tion. Trace amounts of Cu, Zn or Fe that were found in
cuttlebone specimen are also beneficial for metabolic
processes in the living organism.*®

Miramand et al.*’ determined variation of heavy
metal concentrations in Sepia officinalis by atomic
absorption spectrophotometry. It was found that diges-
tive gland of cuttlefish serves as a major organ for
heavy metal storage during the life cycle of a cuttlefish.
Generally, the concentrations of heavy metals in cut-
tlebones, such as Ag, Cd, Pb and V, were close to the
detection limit and remarkably lower compared to a
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whole-body mass. In their study, Farraj et al.*® deter-

mined the concentrations of Zn, Cu, Pb, Ni, Cr and Cd
in a mantle of cuttlefish Sepia pharaonis. The authors
highlighted the fact that the levels of heavy metals in
cuttlefish mantle showed no risk for the customers
because were lower/agreeable than the Maximum
Permissible Levels established by various authorities
and organizations. Additionally, the authors postulat-
ed that a digestive gland and edible parts (mantle and
arms) are targeted parts of a cuttlefish body for heavy
metals, such as Pb, Ni and Cd, accumulation.
Oppositely, the presence of Zn, Cu and Cr in cuttlefish
organs is essential for homeostasis of physiological
functions within the lifecycle of an animal. For exam-
ple, zinc is an important trace element for any living
organisms, because it is a structural component of pro-
teins, positively affecting a number of protein func-
tions. The presence of copper is related to a protein
hemocyanin, which is essential for the respiration of
cuttlefish. Chromium is generally known as an essential
trace element for glucose tolerance. It needs to be
emphasized that acceptable doses of Zn, Cu, Cr and
V are rather beneficial, and not untoward, in the treat-
ment of various diseases and conditions.>>** Moreover,
biologically unfavorable heavy metals, such as Ag, Cd,
Pb or V were not detected in any specimen.

In bone tissue engineering, numerous studies
described the attempts to enhance bioactivity and
osteoconductivity of synthetic stoichiometric HAp by
introducing various biologically active ions.*'* The
bioactivity of cuttlebone-derived HAp (CB-HAp) and
synthetic HAp granules was compared.'? It was found
that after seven days the cells cultured on CB-HAp
granules had almost 2-fold higher ALP activity com-
pared to their activity on synthetic HAp granules. The
results indicate that there is higher biocompatibility of
CB-HAp comparing with a synthetic compound.

Bone homeostasis is mostly related to a quantitative
expression, particular ratios and specific properties of
the inorganic fraction. Trace elements also influence
the enzymatic activity of bone, as well as cartilage for-
mation and collagen synthesis.** Moreover, food sup-
plements with minerals are well-established for
improving health disorders, such as bone trauma,
hypertensive disease, diabetes mellitus, post-operative
periods, etc. The list of trace minerals beneficial for
human health includes, but is not limited to B, Cr,
Mo, Se, V, Co, Zn, Cu and Fe.** To summarize,
inorganic elements of cuttlebone are all considered to
be valuable from biomedical and pharmaceutical
perspective.

Carbonated HAp or other substituted HAp is ben-
eficial for bone scaffold design, because this bioactive
material possesses better mechanical strength than pure
Hap.** Moreover, biologically active trace elements

were observed in the composition of CB-HAp.
Strontium, magnesium, silicon, sulphur, iron and zinc
were found in a CB-HAp. These trace elements could
positively influence the enzymatic activity of bone,
bone formation and regeneration processes, as well as
cartilage formation and collagen synthesis in vivo.** As
could be noticed, calcium and phosphorus concentra-
tions are actually the same in human bone and CB-
HAp composition (Table 1). Strontium is usually pre-
sented in a composition of human bone. It is also the
main component in drugs for osteoporosis, because it
stimulates bone formation.*® To sum up, non-
stoichiometric carbonated HAp with nature-adjusted
bioactive elements was synthesized from cuttlebone
microparticles. The material could therefore be used
for development of composite scaffolds or as a final
bone grafting material.

The multi-scale range of pores in RC/CB-HAp scaf-
folds more likely mimics the structure of natural bone
(Figure 3(b)). Porosity values (%) of the RC/CB-HAp
scaffold correlated well with the values of trabecular
bone values at different sites (Table 2). Additionally,
larger SS/SV value that was observed for RC/CB-HAp
scaffold, should more likely facilitate cell adhesion,
proliferation and differentiation.>">

Mechanical characterization

The mechanical properties of the prepared scaffolds
were tested in both dry and wet conditions. In dry
conditions, the compression modulus of the dry RC
and RC/CB-HAp scaffolds were close to each other.
Dry scaffolds did not show an elastic behavior while
they were compressed (Figure 5). In literature, numer-
ous studies indicated that HAp reinforcement increased
the mechanical properties of scaffolds.**>° Similarly, in
this study, the increase in maximum stress, mechanical
strength and the compression modulus was observed
with HAp incorporation. Incorporation of HAp into
RC enhanced the mechanical strength from 1503.2 N/
m to 2668.3 N/m (% 78 increase) and compression
modulus from 3.8 MPa to 7.2 MPa (%89 increase) in
wet conditions.

In vitro studies

The in vitro cytotoxicity assay was performed to deter-
mine the possible cytotoxic effect of scaffolds to MG-
63 cell line. The decrement in 72 h occurred but the
viability of all groups was higher than 50%. The cell
proliferation assay was performed to observe the effect
of HAp incorporation to RC scaffolds on MG-63 cell
line (Figure 6). Recently, the effect of ion-doped HAp
particles on the biological activity of biomaterials has
been studied and it was observed that bivalent Mg,
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Zn and Si ions improved the biocompatibility of HAp
and supported the osteogenic differentiation of cells.>*"
35 In this study, these trace elements were detected in
cuttlebone-derived HAp particles and enhanced the
bioactivity via inducing biomineralization on the sur-
face. Our results indicated that MG-63 cells proliferat-
ed well on the CB-HAp incorporated RC scaffolds and
showed a similar trend for both groups at 10 days of
incubation. A significant increase in proliferation was
seen for RC/CB-HAPp scaffolds after 10 days. Similarly,
Liuyun et al.> investigated in vitro cell proliferation on
nano-Hap-incorporated chitosan/carboxymethylcellu-
lose scaffolds and showed that scaffolds provided
good biocompatibility with MG-63 cell line. In another
study, Tao et al.”’ investigated the effect of HAp par-
ticles transformed from cuttlebone on marrow stromal
osteoblast proliferation and indicated that cells prolif-
erated well on the HAp particles. At the initial stages of
mineralization process, ALP is the marker enzyme that
controls the osteoblast differentiation by regulating the
formation of inorganic phosphate. After the beginning
of mineralization process, enzyme levels do not
increase, and the mineralized matrix formation occurs
with the HAp crystal formation.>® ALP activity results
showed that CB-Hap incorporation induced the ALP
activity of MG-63 cells on scaffolds and in good agree-
ment with in vitro biomineralization study results
(Figure 7).

OC is an important marker for osteoblast differen-
tiation and initiates the biomineralization in bone
regeneration. MG-63 is used as an appropriate model
cell line for studying the OCN secretion.>® Therefore, in
this study, OC secretion of MG-63 cells on scaffolds
was investigated with sandwich ELISA assay. At an
early period of biomineralization (14th day), similar
OC concentrations were obtained for scaffolds.
Results showed that HAp incorporation enhanced the
OC production of MG-63 cells. OC secretion on RC/
CB-HAp scaffolds was found significantly higher than
the control group (RC scaffold) at 21 days of incuba-
tion. SEM analysis was used to observe the mineral
deposition on surface qualitatively. SEM images indi-
cated that HAp incorporation increased the mineral
formation on scaffold surface effectively at the early
stage of incubation (Figure 9). In addition, EDX anal-
ysis was performed to detect the calcium and phos-
phate deposition on the surface that is important for
the HAp nucleation in biomineralization process. SEM
images showed that carbonated HAp incorporation
prominently affected the biomineralization of MG-63
cells on scaffold surface by inducing mineral formation
on the material surface. Elemental analysis results dem-
onstrated that scaffolds include elements such as C and
O, derived from the cellulosic structure, while Ca and P
resulted from biomineralization of MG-63 cells on

scaffold surface (Figure 10). In a study, it was conclud-
ed that HAp incorporation supported the mineral
nucleation on PCL scaffolds.®® Since HAp is the main
mineral present in the composite structure of bone, it
was concluded that RC/CB-HAp scaffolds provided a
convenient microenvironment for biomineralization.
Von Kossa and ARS studies were performed to
observe phosphate and calcium deposition of MG-63
cells on scaffold surface incubated with osteogenic
medium. The significant difference in groups was
observed due to the enhanced biomineralization of
RC/CB-HAp scaffolds (Figures 11 and 12). In a
study, ARS staining was performed to observe the
effect of HAp incorporation in collagen/chitosan
fibers and it was revealed that HAp particles enhanced
the calcium deposition on scaffolds.®! Therefore, the
von Kossa and ARS staining indicated that the biomin-
eralization significantly increased with the HAp incor-
poration into the matrix, which supported the SEM
and EDX results (Figure 13).

Conclusion

In-depth elemental analysis of cuttlebone revealed that
various bioinorganic elements were typical for cuttle-
bone from different coastal zones. However, any bio-
logically unfavorable heavy metals, such as Ag, Cd, Pb
or V, were not detected. In this study, cuttlebone
microparticles were used as a starting material for
preparation of osteoconductive porous scaffold from
regenerated cellulose and CB-HAp. Incorporation of
CB-HAp enhanced the mechanical properties of cellu-
lose scaffolds in both dry and wet conditions. Trace
elements such as Mg, Si and Zn found in the cuttlebone
composition induced the biological activity of HAp
particles. In vitro studies showed that CB-HAp par-
ticles did not show any cytotoxic effect on MG-63
cell lines. Cells successfully proliferated on RC/CB-
HAp scaffolds and these results supported the cyto-
compatibility of fabricated scaffolds. Besides, incorpo-
ration of CB-HAp significantly increased the calcium/
phosphate deposition and induced the biomineraliza-
tion process which is the major step for bone tissue
regeneration.
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