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ARTICLE INFO ABSTRACT

Nature creates soft and hard ingredients revealing outstanding properties by adjusting the ordered assembly of
simple primarily components from the nano- to the macro-scale. To simulate the important features of native
tissue architecture, wide researches are being performed to develop new biomimetic custom-made composite
scaffolds for tissue engineering. Here, we introduced a three-dimensional (3D) biomimetic scaffold based on the
cuttlefish bone (CB) as a sacrificial template for bone tissue engineering. By combination of nylon 6 (N6), various
amounts of baghdadite (BG) nanopowder and sacrificial template CB, a novel nanocomposite scaffolds was
successfully developed with hierarchical microstructure and open pores in the range size in long and minor axis
of 153-253 pm and 39-70 pm, respectively, depending on the BG content. In addition, incorporation of BG
improved the mechanical properties of the scaffolds. Noticeably, the compressive strength and compressive
modulus enhanced from 0.47 *+ 0.05 to 1.41 + 0.25 MPa and from 3.16 + 0.14 to 6.23 * 0.3 MPa, re-
spectively. Moreover, results demonstrated that the incorporation of BG nanoparticles in the N6 matrix sig-
nificantly improved bioactivity in simulated body fluid and increased degradation rate of N6 scaffold.
Additionally, 3D nanocomposite scaffolds disclosed meaningfully excellent cellular responses. It is envisioned
that the provided N6-BG nanocomposite scaffold might be a promising candidate for bone tissue engineering
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applications.

1. Introduction

Bone, as the major component of the human body's skeleton, is an
inorganic—organic biocomposite including collagen as the organic and
carbonated hydroxyapatite nanoparticles as the inorganic compounds
with hierarchical organization in three dimensions [1]. Bone could
interface with several injuries including fractures, tumors, osteoporosis
and osteonecrosis, which are often associated with pain, disability, high
morbidity and mortality [2,3]. Tissue engineering has shown enormous
potentials in development of biological alternatives for harvested and
damaged tissues [4].The main component of tissue engineering is three
dimensional (3D) scaffolds acting as a extracellular matrix for cells to
stimulate tissue regeneration [5].

While enormous advancement has been performed to design the
scaffolds via conventional approaches including phase separation [6,7]
and salt leaching [8], biomimetic scaffolds simulating the architectures
of extracellular matrix (ECM), have lately developed as a favorable
group of constructs for tissue regeneration [9]. Various techniques have
been applied to develop 3D biomimetic scaffolds consisting of electro-
spinning [10] and rapid prototyping (RP) [11,12] methods. Recently,
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fabrication of scaffolds using sacrificial templates has been reported to
mimic various tissues [13-15]. In this technique, the sacrificial tem-
plates act as a place holder and pore former within the precursor slurry
[16]. Various types of synthetic and organic materials are applied as the
sacrificial templates consisting of paraffin [17], polyurethane sponge
[18] and natural 3D nanofibrous bacterial cellulose [19] for bone tissue
engineering. Between them, the hard skeletons of animals and other
organisms are new and inexpensive constructs which could be useful as
the sacrificial templates. Between them, cuttlefish with lamellar struc-
ture of calcium carbonate (Aragonite) has recently been widely applied
as a source of hydroxyapatite (HA) [20,21]. In addition to chemical
composition, the homogeneous and interconnected porous structure of
cuttlefish bone (90% porosity) could make it promising as a sacrificial
template for fabrication of scaffold [20,22]. Moreover, in contrary to
most of previous sacrificial templates, the remaining of the trace
amounts of cuttlefish bone could not show diverse effects on the cell
function [20,22].

Various types of ceramics (i.e. HA [23], forsterite [24], diopside
[25], bredigite [23], wollastonite [26]) and polymers (i.e. chitosan
[27], polycaprolactone (PCL) [8,28], poly(lactic-co-glycolic) acid
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Fig. 1. The schematic showing the procedure of N6-BG scaffolds.

(PLGA) [29]) and their combinations have been applied for bone tissue
engineering. Recently, baghdadite (Ca3ZrSi»Oq, BG), as a calcium sili-
cate ceramic containing zirconium, has been considered as an appro-
priate material to build scaffolds for bone tissue engineering applica-
tions due to its excellent mechanical properties, in vitro and in vivo
bioactivity, resorbability, biocompatibility and increased cell interac-
tion compared to HA [30]. However, its brittleness and poor mechan-
ical stability have resulted in the development of various nanocompo-
site materials consisting of BG as a bioactive filler in a polymer matrix
[31-33]. For instance, Karamian et al. [33] developed HA-BG nano-
composite scaffolds coated by PCL/Bioglass and found that BG en-
hanced the mechanical strength of HA and the precipitation of bone-
like apatite during the soaking in simulated body fluid.

In another word, in order to improve the biofunctionally of scaffolds
for bone tissue engineering, the polymer matrices need to have desir-
able mechanical properties, biocompatibility and biodegradation.
Nylon 6 (N6) as a synthetic polymer, has been recently used as a bio-
material in tissue engineering applications, due to its biocompatibility
as well as physical and mechanical properties [34,35]. Nirmala et al.
[36] developed chitosan blended N6 nanofibrous membranes. They
found that while N6 fibrous membrane revealed good biocompatibility,
incorporation of chitosan improved its biological properties. In another
study, Shen et al. [37] reported the appropriate mechanical properties
of biphasic calcium phosphate/N6. N6 structurally mimics the collagen
protein in its backbone structure and reveals supreme mechanical
properties due to the powerful hydrogen bonding between the chains
and high regularity in the crystalline phase provide. Moreover, due to
high polarity, it may create chemical bonds with inorganic fillers
[38-41]. In order to control the degradation rate of this polymer, lim-
ited researches have focused on the nanocomposite scaffolds based on
N6 polymers.

The aim of this research was to develop novel biomimetic nano-
composite scaffolds consisting of N6 with high mechanical properties
and BG having great biological properties using a cuttlefish bone sa-
crificial template-based technique. Moreover, the role of various
amounts of BG nanopowder on the physical, mechanical and biological
properties of the scaffolds was studied. It is expected that the combi-
nation of cuttlefish bone with highly interconnected porosity could
provide a promising scaffold for bone tissue engineering applications.

2. Material and methods
2.1. Synthesize of baghdadite nanopowders
Baghdadite (Ca3ZrSi»Oo, BG) nanopowder was synthesized by the

sol-gel technique, as previously described [31]. Firstly, tetraethyl or-
thosilicate (TEOS, (CoHs0),Si, Sigma-Aldrich Co), ethanol (Merck) and

2 M HNOj (Sigma-Aldrich) with the molar ratio of TEOS:Ethanol:HNO3
equals to 1:8:0.16 were mixed by stirring for 30 min. Afterward, zir-
conia oxide nitrate (ZrO(NO3),, Sigma Aldrich Co) and calcium nitrate
tetrahydrate (Ca(NO3)>4H,0, Sigma Aldrich Co) were added into the
mixture (molar ratio: ZrO(NO3),:Ca(NO3)»4H,O:TEOS = 1:3:2) and
solution was stirred for 5 h at room temperature. Following the reac-
tion, the obtained clear solution was kept at a constant temperature of
60 °C for 1 day and dried at 100 °C for 2 days to obtain a dry gel.
Eventually, the gel was calcined at 1150 °C for 3 h to obtain the BG
powder. The powder was milled using a planetary ball mill (Retsch PM
400, Germany) for 1 h with rotational speed of 250 rpm, to provide
uniform particle size.

2.2. Preparation of the cuttlefish bone blocks as the sacrificial template

Cuttlefish bone (CB) used in this study was obtained from Persian
Gulf (19 cm long). This bone contains a thick external wall and an in-
ternal lamellae matrix. The internal layer consists of parallel sheet
structure which interconnected, leading to its greatly porous char-
acteristic. Therefore, the dorsal shield was removed and the remaining
lamellar segment was carefully cut into small pieces with appropriate
shape and dimensions (5 mm X 5 mm X 7 mm) using a lancet. The
samples were consequently treated with 8% aqueous solution of sodium
hypochlorite (NaClO, Sigma-Aldrich) for 12 h at room temperature in
order to remove organic components. After washing with distilled
water, the CB blocks were dried at 40 °C for 48 h.

2.3. Fabrication of N6-BG nanocomposite scaffolds

The procedure of N6-BG scaffold fabrication is schematically pre-
sented in Fig. 1. Primarily, 10 wt% N6 (Nylon 6, Sigma-Aldrich) solu-
tion in m-cresol (Sigma-Aldrich) and various amounts of BG powder (0,
3, 5 and 10 wt%) was prepared, mixed for 5 h at 30 °C and subsequently
ultra-sonicated for 4 h to get homogeneous solution. Consequently, as
prepared and dried CB blocks were put in a flat-bottom flask with
stopcock septum port connected to the vacuum system. Afterwards, the
stopcock was opened to suck the N6-BG/m-cresol solution over the
porous CB. The aim of impregnation in a vacuum was to ensure that the
solutions could easily flow into the pores via removing the air out of
them. After 4 h, the vacuum was stopped to allow the air pressure to
force the N6-BG/m-cresol solution into the pores of the CB. In the next
step, as prepared N6-BG/m-cresol/CB system was soaked in pure
acetone (Sigma-Aldrich) to remove the m-cresol and then immersed
them in distilled water. The N6-BG/CB complex was freeze-dried for 8 h
to remove the water and the remained solvent, completely. After that,
the CB was gently removed from the system by soaking the N6-BG/CB
samples in 0.2 M HCI solution for 5 days. The solution was refreshed
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every two days. Finally, the scaffolds were dried by heating at 35 °C for
1 day. According to BG content (0, 3, 5 and 10 wt%), the samples were
named as N6-0BG, N6-3BG, N6-5BG and N6-10BG, respectively.

2.4. Characterization of N6-BG nanocomposite scaffolds

The morphology of BG nanopowder and scaffolds as well as the BG
distribution in the scaffolds were investigated using scanning electron
microscopy (SEM, Philips, XL30) equipped with energy dispersive
spectroscopy (EDS). Before SEM imaging, the samples were sputter
coated via a thin film gold. Furthermore, the range of pore size of
scaffolds was measured from the SEM images by image analysis soft-
ware (Image J, National Institutes of Health, USA). Moreover, trans-
mission electron microscope (TEM, EM208S) was applied to evaluate
the morphology and particle size of the BG powders. The phase com-
position of the CB, BG powder and the scaffolds was investigated using
X-ray diffraction technique (XRD, X0 Pert Pro X-ray diffractometer,
Phillips, Netherlands). Furthermore, the average crystallite size of the
BG nanopowder was estimated by using Scherrer equation (Eq. (1))
[42]:

kA 1
Inf=In— +1
nf=In L ncos@ (@)

where A is the wavelength of Cu Ka radiation (1.5404 [o\), 0 is the dif-
fraction angle (°), B is the full width of the peaks at half-maximum for
the BG and L is the crystallite size (nm).

Moreover, the functional groups of CB, BG nanopowder and the
scaffolds were determined by Fourier transform infrared spectroscopy
(FTIR, JASCO 680 PLUSE) in the 400-4000 cm ™! range. In addition,
the porosity of the scaffolds was measured via Archimedes' method,
according to the following equation (Eq. (2)) [43]:

Ww - WD
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where W, is the wet weight, Wy, is the dry weight and Wjs is the wet
weight of scaffolds suspended in ethanol. In order to further specify the
porosity characteristics, total area fractures of porosities in different
nanocomposite scaffolds were calculated from the SEM images using
Image J software.

The compressive properties of the scaffolds were carried out in dry
condition. The samples (n = 4) with the dimension of
5mm X 5 mm X 7 mm were compressed to 70% of strain using a
universal testing machine (Hounsfield, H25KS) with a load cell capacity
of 1 kN and rate of 0.5 mm.s ™', The stress-strain curves were plotted
and then compressive modulus and compressive strength were calcu-
lated. Compressive modulus was estimated from the slope of the linear
section of the stress-strain curves. Moreover, the compressive strength
was determined at the maximum point of each curve. Furthermore,
thermogravimetric analysis (TGA) (Rheometric scientific) was per-
formed to determine the actual weight of the loaded BG nanopowder in
the scaffolds.

2.5. In vitro bioactivity evolution of N6-BG nanocomposite scaffolds

In vitro bioactivity of samples was evaluated via soaking in simu-
lated body fluid (SBF) solution, prepared as described by Bohner et al.
[44]. N6-BG scaffolds consisting of various amounts of BG nanopowder
(n = 4) with dimension of 5 mm X 5mm X 10 mm were immersed in
SBF solution (pH 7.4) at 37 °C for 21 days. During the soaking, the pH
value of SBF solutions was measured using a pH meter (Metrohm,
Switzerland 827). Moreover, SEM, EDS and XRD analysis were applied
to investigate the apatite-formation ability on the surface of samples. In
addition, the concentration of Ca and P ions of SBF solution was esti-
mated after 21 days soaking of samples, using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (AES; Varian, USA).
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2.6. The degradation rate evaluation of N6-BG nanocomposite scaffold

In vitro degradation was also investigated by immersing the pre-
weighed scaffolds from each N6-BG scaffold (n = 3) in phosphate
buffer saline solution (pH 7.4) at 37 °C. After 3, 7, 14, 21 and 28 days,
the samples were removed from the PBS solution, washed in distilled
water and dried in vacuum oven at 37 °C for 24 h. The weight loss was
calculated by the following equation (Eq. (3)) [45].

Weight loss (%) = Wo = Wi X 100

Wo 3)
where W, is the initial weight of N6-BG scaffolds and W, is the dry
weight after t time (3, 7, 14, 21 and 28 days) of degradation test. In
addition, the surface morphology of the scaffolds after 28 days soaking
in PBS solution was investigated via SEM technique, as described be-
fore.

2.7. Cell culture

To investigate the biocompatibility of the nanocomposite scaffolds,
MG63 cell-line, purchased from Royan Institute, Iran, was applied. The
cells were cultured in complete culture medium consisting of DMEM
supplemented with10% fetal bovine serum (FBS) and 1% streptomycin/
penicillin at 37 °C and 5% CO, in a humidified atmosphere. All com-
ponents were supplied by Bioidea, Iran. Prior to cell seeding, 3D na-
nocomposite scaffolds were sterilized in 70% ethanol solution and ul-
traviolent (UV) radiation exposure. Subsequently, 5000 cells/well were
seeded on the samples (n = 3) and tissue culture plate (TCP, control)
and incubated at 37 °C and 5% CO, for 5 days. Culture medium was
refreshed every 2 days.

To study the morphology of the cells seeded on the samples, after
5 days of culture, the scaffolds were washed with PBS solution and were
fixed using 2.5% glutaraldehyde (Sigma). Consequently, the samples
were dehydrated in various concentrations of ethanol solution (30, 50,
70, 90 and 96%) for 10 min, respectively. Finally, the samples were
dried in a desiccator overnight and the morphology of cells was ex-
amined using SEM imaging. The relative viability of cells cultured on
the 3D scaffolds was investigated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT) assay (Sigma). After 1, 3 and
5 days, the culture medium was discarded and MTT solution (0.5 g/ml)
was added to the samples (n = 3) and control. After 4 h incubation, as-
prepared dark blue formazan crystals were dissolved in dimethyl sulf-
oxide (DMSO, Sigma) and kept for 30 min at 37 °C. Afterward, a certain
amount of dissolved formazan solution of various samples was moved
to a 96-well plate and the optical density (OD) of each well was mea-
sured via a microplate reader (BioTek, Model ELX800, USA) at a wa-
velength of 630 nm. Finally, the relative cell survival (% control) was
calculated based on the Eq. (4) [46]:

XSample - Xb % 100

Xe = Xp 4

where Xgmple is the absorbance of the samples, X;, and X. are the ab-
sorbance of the blank (DMSO) and control (TCP), respectively.

Relative cell survival (%control) =

2.8. Statistical analysis
The data in this study was evaluated via one-way ANOVA analysis
using GraphPad Prism Software (V.6) and were expressed as mean =
standard deviation (SD) in each experiment. Differences were de-
termined statistically significant with a P-value < 0.05.
3. Result and discussion

3.1. Characterization of baghdadite nanopowder

Before fabrication of nanocomposite scaffolds, BG nanopowder was



V. Abbasian, et al.

=]

800 -‘

* Baghdadite
= Gittinsite

600+

400+

Intensity

2004

40 45 50

cV  Spot Magn
23 16000x

Dot WD
SE\ﬂﬂ Thm

Transmittance

Materials Science & Engineering C 109 (2020) 110549

=l

0.90

0.75

0.60

0.45

Si-O-Si
T T T

Si-O-Zr
T

400 1200 1000 800

Wavenumber (cm™)

600

Fig. 2. Characterization of BG nanopowder synthesized via sol-gel process: (a) XRD pattern, (b) FTIR spectrum, (c) SEM image and (d) TEM micrograph of BG

nanopowder.

synthesized. XRD pattern of BG nanopowder (Fig. 2a) shows that there
is a good agreement with the standard card of pure BG (JCPD: 00-047-
1854) and the synthesized powder, conforming BG nanopowder was
synthesized as the main phase. However, the secondary phase with
insignificant intensity could also be detected which was related to
Gittinsite (JCPD: 01-084-2099). Furthermore, the average crystallite
size of the BG nanopowder calculated by Scherrer equation was esti-
mated about 24 *= 1 nm. FTIR spectrum of nanopowder (Fig. 2b) also
confirmed the formation of BG nanopowder. The spectrum consisted of
two characteristics peaks at 450-600 cm ~?, attributed to Ca—O bond
and the absorption peak centering at 636 cm ™!, related to the vibration
of the Si—O—Si group. In addition, the peaks covering the range of
800-1250 cm ! revealed the presence of the isolated groups of SiOs.
Furthermore, the peaks detected in the frequency of 1050 cm ™' were
corresponded to the Si—O—Zr vibration [47,48]. SEM image (Fig. 2c)
also showed BG nanopowder had a spherical morphology with the
agglomerated particles smaller than 0.83 =+ 0.03 pm. In addition,
according to TEM image (Fig. 2d), BG nanopowder consisted of sphe-
rical-like particles in the range of 19-29 nm. The average size of BG
nanoparticles was also estimated about 23 + 3 nm.

3.2. Characterization of cuttlefish bone

Cuttlefish bone was applied as the sacrificial template for the fab-
rication of the scaffolds. Fig. 3a, b shows the structure of row internal
cuttlefish bone in perpendicular direction to the lamellas in different
magnifications confirming the presence of thin organic component (8-
chitin) between the inorganic materials (aragonite) in the main struc-
ture (indicated by red arrow) [20]. This organic component was re-
moved after soaking the CB structure in NaClO overnight (Fig. 3¢ and
d). As a consequence, the lamella structure of CB consisting of nu-
merous regular parallel sheets separated by pillars was discovered,
which was similar to previous studies [20]. This natural porous struc-
ture with interconnected porosities (Fig. 3d) comprised of pores with
size of 274 = 68 um in the long axis and 83 * 13 um in the minor
axis of the pores. Moreover, the porosity of CB was estimated about
91 * 2%. This structure could be beneficial to facilitate the nutrients
transfer, cell ingrowth and migration [49].

XRD patterns of CB structure, before and after NaClO treatment, are
also presented in Fig. 3e. XRD pattern of untreated CB consisted of the
aragonite phase (JCPD: 96-901-3802). However, compared to the

standard aragonite phase, the relative intensity of the peaks extra-
ordinarily changed which could be due to the particular layered
structure of aragonite established via the biomineralization of CB in the
sea [21]. Moreover, XRD patterns also confirmed the absence of the
extra phases relevant to calcite or other oxide phases. After NaClO
treatment, XRD pattern of CB was not changed confirming that organic
removing did not impress the chemical structure of CB. FTIR spectrum
of CB (Fig. 3f) also confirmed the aragonite structure of CB. A doublet
peaks at 700 and 712 cm ™' were related to the in-plane bending mode
of C—O (v4 mode) of aragonite. Moreover, the characteristic peaks at
857 cm ™! and 1082 cm ™' could be related to the C—O out-of-plane
bending (v, mode) and carbonate symmetrical plane bending (v; mode)
vibration, respectively. Finally, the strongest peak centered at
1490 cm ™! was corresponded to asymmetrical stretching (v3 mode) of
aragonite structure [50].

3.3. Characterization of N6-BG nanocomposite scaffolds

SEM images of various N6-BG scaffolds containing 0 wt% BG (N6-
0BG), 3 wt% BG (N6-3BG), 5 wt% BG (N6-5BG) and 10 wt% BG (N6-
10BG), after CB removal are presented in Fig. 4a. It was found that pure
polymeric and all nanocomposite scaffolds consisted of elliptical mac-
ropores similar to CB structure. Particularly, the scaffold consisting of
10 wt% BG could mimic the chamber-like microstructure of CB with
high length-to-width ratio. Furthermore, higher magnification images
of nanocomposite scaffolds confirmed the formation of interconnected
pores.

The role of BG concentration on the porosity of the scaffolds was
also evaluated via Image J software (Fig. 4b, c). Results showed that the
porosity of the scaffolds (Fig. 4b) significantly decreased from
90 = 2% to 70 * 1% and area fraction of porosities (Fig. 4c) reduced
from 76 * 2% to 57 = 4%, as the BG content increased from 0 to
10 wt% (P < 0.05), partly owing to more BG content that coat on the
skeleton of the N6 matrix and thus hamper the pore growth [51]. It
should be noted that this porosity is high enough to be applied in the
field of bone tissue engineering scaffold [52]. Diba et al. [53] fabricated
the forsterite-PCL nanocomposite scaffolds via solvent-casting/particle-
leaching method, and found that the porosity of scaffolds reduced with
increasing forsterite content. Moreover, the range of pore size in long
axis (Supplementary Fig. S1) was not significantly changed. For in-
stance, pore size in long axis of N6-0BG was 130-240 pm which was
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changed to 180-340 pum (N6-3BG), 180-225 pum (N6-5BG) and
153-253 pm (N6-10BG), after incorporation of BG nanopowder. This
pore size distribution shifted to lower values as the BG content in-
creased in the nanocomposite scaffolds, indicating that the addition of
BG assisted in the formation of pores with smaller sizes in both long and
minor axis. The importance of this effect was examined via assessment
of the average pore size of the scaffolds in the long and minor axis
(Fig. 4d). It could be found that while all scaffolds revealed a slightly
larger pore size in the long axis than in the minor axis, due to mor-
phology of CB template, N6-BG scaffolds revealed lower pore sizes in
both the long axis and the minor axis and this difference enhanced with
increasing BG content. These results further confirmed the significant
effect of BG on the formation of a chamber-like pore structure mi-
micking the CB structure. Zhou et al. [54] fabricated HA/Ethylene-
Vinyl Acetate/Polyamide 66 composite scaffolds by the injection-
molding method. The results showed that the pore size of the scaffolds
decreased with increasing HA content. According to above results, we
could conclude that the microstructure of N6-BG scaffold consisting
10 wt% BG was favorable, owing to highly porous structure with a well-
developed network of interconnected pores. According to previous re-
sults, the highly porous structure could stimulate the osteogenesis in
vivo, as bone regeneration comprises penetration of cells from the
surrounding tissue and vascularization. Moreover, 100 um is typically
selected as the minimum prerequisite for pore size to allow cell mi-
gration, vascularization, and transport procedures [55].

Fig. 5a shows the amounts of Ca, and Zr elements in the N6-BG
scaffolds consisting of 3, 5 and 10 wt% BG, extracted from EDS analysis.
Results showed that BG nanopowder containing Ca and Zr was well

4
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distributed in the N6 matrix, Moreover, atomic percentage of Ca in-
creased from 10% to 36% and atomic percentage of Zr enhanced from
3% to 10% as the amount of BG in the scaffolds increased from 3 to
10 wt%, respectively (Fig. 5b). It could be found that the Ca/Zr ratio
was near to that of BG confirming the presence of this component in the
structure. However, Ca/Zr ratio enhanced to about 3.6 at N6-10BG
scaffold which might be due to the presence of residual mass of CB
template. The reduced pore size of N6-10BG (Fig. 4) might prevent from
the complete removing of the CB from the scaffold.

To confirm the incorporation of BG nanopowder in the N6 scaffold,
XRD patterns of various scaffolds consisting of different amounts of BG
were investigated (Fig. 6a). Two sharp peaks appeared at 20 = 20.2°
(200 reflection) and 23.6° (002 and 202 reflection) were corresponded
to the a-phase of pure N6 polymer, confirming that the final treatment
for removing the CB scaffold did not change the N6 polymer property.
There were no peaks corresponding to another crystalline phase such as
y and [B-crystallite phase in pure N6 and polymer scaffolds [56]. Two
characteristic peaks of BG nanoparticles appeared at 26 = 28.3° and
31.5° in N6-10BG scaffold, confirming the presence of BG nanoparticles
in the scaffold. Moreover, N6 revealed two strong peaks at 20 = 20.2°
(200) and 23.6° (002, 202 doublet) related to the a-crystalline form of
N6. Our results indicated that the intensity of two characteristic peaks
of N6 decreased significantly, with increasing BG content. It might be
due to the interaction occurred between N6 and BG nanoparticles
leading to disarrangement of the hydrogen bonded sheets of the a-phase
related to N6 leading to reduced crystallinity of N6 [57].

FTIR spectrum of pure N6 and BG powders as well as N6-0BG and
N6-10BG scaffolds in the range of 400-4000 cm ~ ! presented in Fig. 6b

E N6-0BG N6-3BG N6-5BG N6-10BG

Area fracture of porosi

3 5
BG content (%)

3
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|
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Fig. 4. (a) SEM images of N6-BG scaffolds containing various amounts of BG (0, 3, 5 and 10 wt%). Values of (b) the total porosity and (c) the area fracture of pores of
N6-BG scaffolds. (d) Mean long axis pore size and minor axis pore size of N6-BG scaffolds with different amounts of BG.
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Fig. 5. (a) EDS mapping and (b) values of atomic percentage of Ca and Zr of nanocomposite scaffolds consisting of different BG contents, after CB removal.

also revealed the characteristic peaks of N6 at 3270 cm ™! attributed to
N—H stretching vibration, at 1670 cm ™! and 1552 cm ™! related to C=
O stretching vibration (amide I band) and the combination of N—H
bending vibration and C—N stretching vibration (amide II band), re-
spectively [58]. Moreover, a pair of peaks at ~2920 and 2852 cm ™!
were related to C—H bond [59]. It could be concluded that some ad-
sorption peaks of N6 changed in the scaffolds. For instance, amide II
bond recognized at about 1535 cm ™! slightly moved to lower wave-
number after incorporation of BG nanopowder, confirming molecule
interaction such as hydrogen bonding formed between the BG and N6
[58]. Furthermore, the absorption bands detected at 690 cm ™! and
850 cm ™! were attributed to Si—O—Si and Si—O vibrations of BG, re-
spectively, confirming the presence of BG in the composite scaffold.
Moreover, a new peak could be detected at 1380 cm ™! corresponded to
—COO" stretching vibration in the nanocomposite. It might be due to
the interaction between Ca of BG and the —COO group of N6. These
interactions could have robust effect on the interface performance and
mechanical characteristics of the nanocomposite [60]. In addition,
compared to the spectra of N6 and BG powders, the characteristic peaks

a
Ic

Transmittance (a.u)

Relative intensity

Pure N6

‘ z o NG-0BG |

Pure BG

of the components were not significantly modulated, confirming in-
ability of the treatment processes to deteriorate these structures.

In order to estimate the actual amounts of BG in the scaffolds (N6-
0BG, N6-5BG and N6-10BG), TGA was performed and the remained
weight of scaffolds after completely burning out of N6 content was
estimated (Fig. 6¢). It could be found that all scaffolds were stable up to
390 °C and consequently decomposed. The decomposition temperature
range of all scaffolds was in the range of 397-507 °C. In addition, the
TGA thermograms revealed that all scaffolds revealed different residual
content, depending on the BG content. While N6-0BG scaffold left < 2%
residual content, it was significantly enhanced to 5.8% and 10.2% for
N6-5BG and N6-10BG, respectively. Our results demonstrated that the
BG nanopowder theoretically added to the polymer solution was ap-
proximately near to that of in the scaffolds.

3.4. Mechanical behavior of N6-BG scaffolds

The synthetic scaffolds for tissue engineering applications must
have mechanical properties as close as possible to that of surrounding
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Fig. 6. Characterization of N6-BG Scaffolds: (a) XRD patterns of pure N6 and N6-BG scaffolds consisting of various amounts of BG, (b) FTIR spectra of pure N6 and BG
powders as well as N6-OBG and N6-10BG scaffolds. (¢) TGA analysis of nanocomposite scaffolds consisting of 0, 5 and 10 wt% BG. (d) Stress-strain curve, (e)
compressive strength and (f) compressive modulus of nanocomposite scaffolds (*: P < 0.05).
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tissue. Fig. 6d represents the stress-strain curves of N6-BG nano-
composite scaffolds containing 0, 3, 5 and 10 wt% BG. The stress-strain
curve of CB structure was also presented compared with scaffolds. Our
results showed that the CB structure revealed a typical brittle behavior.
The stress-strain curve related to CB consisted of an initial linear por-
tion, a maximum stress point and catastrophic failure occurred. All
stress-strain curves related to 3D scaffolds were almost identical,
showing the stages of initial stiff deformation at small strain followed
by yield point and a nearly constant stress plateau at significantly large
strain. The third portion of the curves was only well-defined for the
scaffolds containing 5 and 10 wt% BG (N6-5BG, N6-10BG). During the
compression stress, the cells started to collapse at an approximately
invariant load by elastic buckling, or fracture, depending on the cell
wall component. When all cells collapsed, additional deformation
presses differing cell walls against each other leading to increase the
stress severely. This last stage is referred to as densification [61]. Ac-
cording to the stress-strain curves, compressive strength (Fig. 6e) and
compressive modulus (Fig. 6f) were estimated. Our results revealed that
the compressive strength and compressive modulus significantly en-
hanced from 0.47 = 0.05 MPa to 1.41 =+ 0.25 MPa and from
3.16 + 0.14 MPato 6.23 * 0.3 MPa, respectively, with increasing BG
content upon 10 wt% (P < 0.05). The compressive strength of nano-
composite scaffolds specially N6-10BG was in the range of compressive
strength of cancellous bone. It is clear that the presence of BG nano-
powder as a stiff filler improved the mechanical behavior of composite
scaffold. The improved mechanical properties of the nanocomposite
scaffolds could be due to the uniform distribution of BG in the N6
matrix without any agglomeration and interface interaction between
N6 and inorganic BG phase. In addition, reduced porosity of nano-
composite scaffolds with increasing BG content could result in im-
proved mechanical properties of the scaffolds. This result was similarly
reported in previous studies. For instance, Shen et al. [37] found that
the addition of biphasic calcium phosphates (BCP) as a hard re-
inforcement in the N6 scaffold increased the compressive strength from
0.62 MPa to 1.86 MPa. However, the relatively low compressive
modulus reported for the scaffolds in this report could be attributed to
the special pore structure and high porosity acquired with the scaffold
fabrication procedure. Moreover, it could be found that both com-
pressive strength and compressive modulus were less than those of CB
structure reported before, conforming the CB removal from the scaf-
folds.

3.5. Invitro bioactivity and biodegradation evaluation of N6-BGs scaffolds

In order to investigate the ability of the scaffolds to in vivo bone
formation stimulation, in vitro bioactivity was performed [62]. The
apatite formation ability of N6-BG scaffolds was investigated via
soaking in SBF solution for 21 days at 37 * 0.5 °C. The surface mor-
phology and EDS spectrum of the samples after 21 days soaking are
shown in Fig. 7a and b. Results revealed the precipitation of calcium
phosphate nodules on the scaffold surfaces after immersion in SBF for
21 days. However, the morphology of these precipitates was different,
depending on the BG content. While the surface of N6-0BG scaffold was
completely covered by ball-like particles, needle like precipitates along
with cauliflower-like particles were covered N6-BG scaffolds. These
morphologies were similarly detected for other nanocomposite bioac-
tive scaffolds [62]. The EDX spectrum of these samples confirmed that
shows these particles were composed of calcium and phosphorus with
various atomic percentages, depending on the BG content in the scaf-
folds. It needs to mention that because of overlapping of gold and
phosphorus peaks, the exact amounts of phosphorus could not be
measured, correctly. Nevertheless, the EDS spectra indicated that cal-
cium atomic percentage increased as a function of BG content. For
example, Ca atomic percentage of N6-3BG and N6-10BG scaffolds was
1.8% and 3.4%, respectively. Moreover, XRD pattern of N6-10BG
scaffold after 21 days of soaking in SBF solution (Fig. 8a) confirmed the
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presence of HA on the scaffold surface after 21 days of soaking in SBF
solution.

The variations of pH value of SBF solution during 21 days soaking of
the scaffolds are illustrated in Fig. 8b. While the pH value of SBF so-
lution during soaking of N6-0BG scaffold was not significantly changed,
it slightly enhanced during the soaking of nanocomposite scaffolds, and
consequently reduced and reached a stable value. The profile changes
of pH in SBF solution was similar to that of the CaO-SiO, based
bioactive ceramics (such as wollastonite [63] and diopside [64]).
Hence, the apatite formation mechanism on the 3D scaffolds containing
BG might be similar to that of CaO-SiO, based bioactive ceramics. The
increase in the pH value in the first 10 days might be due to the release
of Ca®*, Zr** and Si** ions in SBF solution, exchange of these ions
with H* or H30™ of the solution and formation of negatively charged
groups of silanol (Si—OH) and Zr—OH [48]. Consequently, nucleation
of Ca—P was performed leading to the formation of bone-like apatite on
the surface of scaffolds. In order to investigate the changes of Ca and P
concentration in SBF solution, after 21 days of soaking of samples, ICP
test was performed. According to Fig. 8c, due to the migration of Ca and
P elements during the deposition of bioactive minerals on the surface,
the concentration of the mentioned elements decreased compared to
control group (the concentration of Ca and P in SBF solution was
2.5 mM and 1 mM, respectively). Furthermore, the concentration of
phosphorous and calcium ions reduced as a function of BG content in
various scaffolds confirming the enhanced bioactivity of samples. For
instance, while the concentration of phosphorous and calcium ions of
the solution containing N6-OBG sample was about 0.54 and 1.3 mM,
respectively, they were reduced to 0.43 and 0.86 mM, respectively,
when N6-10BG sample was soaked.

In vitro degradation behavior of scaffolds is a significant factor in
bone tissue regeneration. Fig. 8d shows the weight loss of the N6-BG
scaffolds consisting of various amounts of BG in PBS solution as a
function of immersion time. Our result revealed that pure polymeric
scaffold did not show any significant weight loss. The weight loss of N6-
0BG scaffold after 28 days of soaking in PBS was only about 4.5 + 1 wt
%. The previous studies also revealed that N6 was mainly non-de-
gradable, due to its powerful inter-chain interactions caused by the
hydrogen bonds between molecular chains and high regularity in the
crystalline phase [41]. In contrary to pure polymeric scaffold, the
weight loss of N6-BG scaffolds enhanced as a function of soaking time
and BG content. Noticeably, after 28 days of soaking, the weight loss of
N6-10BG scaffold reached to 15.4 = 2 wt%. The enhanced weight loss
of nanocomposite scaffolds with increasing BG content might be due to
hydrophilic nature of BG nanopowder. Consequently, enhanced PBS
absorption resulted in greater ion release leading to enhanced amide
bond breakage due to higher amorphous regions and hydrolysis of
polymeric parts of nanocomposites.

3.6. Cell culture

To determine the role of BG nanopowder on the biological proper-
ties of N6-BG scaffolds, MG63 cells were cultured on the samples. SEM
images of cells cultured on samples for 5 days are represented in Fig. 9a.
The red arrows in the figures indicated the cells attached and spread on
the surface of the scaffolds. Nevertheless, the cell spreading was dif-
ferent based on the BG concentration. The MG63 cells adhered to the
surface of the nanocomposite scaffolds specially at N6-5BG and N6-
10BG, while a fewer number of cells were attached on the surface of
pure polymeric scaffold (N6-0BG). Moreover, most of the cells attached
on the N6-0BG scaffold were spherical and agglomerated together.
Previous studies revealed that the N6 polymer had no negative effect on
the adherence and growth of cells due to its chemical structure mi-
micking that of collagen protein in extracellular matrix. In this regard,
the presence of amide and carboxyl in the structure of N6 could direct
the cell growth, and encourage the bone formation [65]. Our results
revealed that incorporation of BG improved the cell spreading.
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Fig. 7. In vitro bioactivity evaluation of N6-BG Scaffolds:
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Moreover, the MTT assay results (Fig. 9b) revealed that the viability of
cells cultured on the N6-BG increased meaningfully with increasing BG
content. Moreover, it was evident that the cell viability on all scaffolds
increased gradually with increasing culture time. For instance, the
viability of cells cultured on the N6-10BG remarkably increased from
104 = 12 (%control) to 131 =+ 7 (%control), after 5 days of culture
(P < 0.05). This result was similarly reported in the previous in-
vestigations on the bone cement of PMMA containing BG nanopowder
[66]. This cellular behavior could be due to an increase in the con-
centration of Si, Ca, and Zr ions in the culture media due to the dis-
solution which increased the cellular activity. Recent studies revealed
that the silica groups in the bioceramics provid negatively charges due
to its lower isoelectric point. As a consequence, these silanol groups
could interact with various functional groups facilitating the cell
growth and spreading [8].

4. Conclusion

The aim of this investigation was to fabricate novel nanocomposite
scaffolds containing N6 and baghdadite (BG) nanopowder using cut-
tlefish bone as the sacrificial template. The effects of N6 and BG na-
nopowder concentration on the physical, mechanical and biological
properties of the scaffolds were studied. Incorporation of BG nano-
powders to the N6 matrix resulted in the formation of the scaffolds with
interconnected open pores which mimicked the chamber-like structure
of cuttlefish bone. Furthermore, the incorporation of BG nanopowder to
the N6 matrix improved the compressive strength and modulus of na-
nocomposite scaffolds comparing to pure N6 scaffolds. Moreover, BG
nanopowder remarkably improved bioactivity, and degradation ability
of 3D nanocomposite scaffolds. Finally, MG63 cells attachment,
spreading and proliferation significantly promoted on N6-BG scaffold.
Our results represented that N6-BG nanocomposite scaffolds could be
an appropriate structure for bone tissue engineering at the optimal
concentration of BG (10%).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2019.110549.
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