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The scaffolds, which morphologically and physiologically mimic natural features of the bone, are of a high
demand for regenerative medicine. To address this challenge, bioactive porous silicon/wollastonite (SC) scaffold
has been developed for potential bone tissue engineering applications. Additive manufacturing through the se-
lective laser melting approach has been exploited to fabricate computer-aided designed scaffolds with a pore size
of 400 um. To increase the biocompatibility and osteogenic properties of SC scaffolds, the hydrogel based on a
mixture of four mono-substituted hydroxyapatites (sSHAp) and biopolymer chitosan (CHT) has been incorporated
into SC by impregnation and freeze-gelation method. The pore size of 400 pm of SC has provided enough space

for the impregnation of polymer solution and composite (CHT/sHAp) suspension to form highly porous hydrogel
within pores. By the combination of SC and CHT/sHAp, both cell attachment and homogeneous proliferation on
SC scaffold as well as mechanical properties of CHT/sHAp hydrogel have been improved.

1. Introduction

The natural bone tissue is composed of a mineralogical phase,
calcium-deficient carbonated hydroxyapatite (HAp), which represents
65-70% of the matrix and an organic phase (collagen, glycoproteins,
proteoglycans, sialoproteins, etc.), which comprises the remaining
25-30% of the total bone matrix [1]. The natural HAp is substituted with
various ions (e.g. Na®, Mg?*, sr?*, Mg?*, zn?*, K*, CO%"), which are
highly important for the physiochemical and biological properties of a
hard tissue [2]. The biomimetic approach is a new pathway in bone
tissue engineering requiring bio-mimicry of the natural bone tissue in
chemical composition, physical structure and mechanical properties [3].

As biological apatites are characterized by various ionic substitutions
that are crucial for bone metabolism, a large number of studies are
focused on the synthesis and characterization of biomimetic ionic
substituted HAp to be used as a bioactive phase in biomaterials for bone
regeneration [4]. The flexible hexagonal structure of HAp can incorpo-
rate a great variety of cationic (Sr2+, Na®, K%, Mg2+, Zn2+, Ag*, etc.) and
anionic (CO3 ™, Si043~, Se0%~, Se03~, F~, Cl~, Br™, etc.) substitutions [5].

The introduction of trace elements within HAp lattice and bone grafts
can lead to antimicrobial, osteogenic, and anticancer properties ob-
tained by selective substitutions and mimicking the elemental content of
biological apatites [6]. As a lot of efforts are put into mimicking the
inorganic phase of the bone tissue, the same effort is directed towards
mimicking the organic phase, which later combination leads to com-
posite material with a similar complex structure as natural bone tissue.
Naturally derived polymers (e.g. collagen, gelatin, chitosan, glycos-
aminoglycans, silk fibrin) have been widely used in a variety of tissue
engineering applications as they can mimic natural extracellular matrix.
As natural polymers are building components of biological tissues, they
demonstrate excellent biocompatibility in vivo and present a range of
ligands and peptides that facilitate cell adhesion and osteogenic differ-
entiation [3]. One of the most widely studied biopolymers is chitosan
(CHT), a natural amino polysaccharide with a unique structure and
multidimensional properties suitable for a wide range of applications in
biomedicine [7]. It is composed of randomly distributed -(1-4)-linked
p-glucosamine (glucosamine) and N-acetyl-p-glucosamine (N-acetylglu-
cosamine) structure units, structurally similar to glycosaminoglycan, a
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key component of the bone matrix and cell surface that modulate the
bioavailability and activity of various osteoclastic and osteogenic factors
[4,8-10]. Biopolymer CHT can be considered as a linear polyelectrolyte
with a high charge density which can interact with negatively charged
species (e.g. proteins) [11]. Chitosan and hydroxyapatite-based com-
posites (CHT/HAp) have been widely studied as potential scaffolds for
bone tissue engineering (BTE) applications. However, the CHT/HAp
scaffolds can be used for the bone regeneration process at bone defects
that are placed in the part of the human bone which is not subject to
mechanical stresses and loads [3,12]. The challenge of BTE is to develop
a scaffold with appropriate porosity, pore size distribution and me-
chanical strength to allow the cell migration, adhesion, growth, prolif-
eration and differentiation into the osteoblast phenotype [3,13]. The
highly porous scaffold based on CHT and HAps substituted with Sr,
Mg%*, Zn?" and SeO%~ ions (sHAp) has been studied in our previous
research [14]. It has been determined that CHT/sHAp composite scaf-
fold acts as three-dimensional (3D) support for human mesenchymal
stem cells proliferation and differentiation into osteoblasts cells.
Expression of characteristic bone genes, alkaline phosphatase, bone
sialoprotein, collagen type I, dentin matrix protein I and phosphate
deposits, along with newly formed bone tissue, indicated that extracel-
lular matrix mineralization took place during 21 days of cell culture
[14].

The aim of the present research is to produce a 3D scaffold with
suitable microstructure, bioactive components, biocompatibility and
mechanical properties for bone tissue defects where mechanical support
for surrounding tissue is needed. Two previously obtained materials
were combined to meet desired properties of the final scaffold [14,15].
The 3D scaffold based on silicon and pseudowollastonite (high--
temperature polymorph of wollastonite) has been produced by the se-
lective laser melting (SLM) method and used as a bioactive construct
demonstrating the appropriate characteristics for a potential application
in hard tissue engineering [15]. To further increase the osteogenic
ability of silicon/pseudowollastonite scaffolds (SC) and increase the
mechanical performance of CHT/sHAp composite, CHT/sHAp was
incorporated in SC scaffold by impregnation and freeze-gelation
method. A mixture of mono-substituted HAps (with Sr2*, Zn?*, MgZ*
and SeO3  ions) was used to mimic natural HAp. To the best of our
knowledge, this is the first time that a highly porous scaffold based on
CHT/sHAp is combined with scaffolds obtained by the SLM method.

2. Materials and methods
2.1. Silicon-wollastonite scaffold fabrication

The SC scaffold was fabricated according to our previous study [15].
In brief, the 3D scaffold of 6 mm in height and 5 mm in diameter was
fabricated according to a computer aided design (CAD) with a pore
diameter of 400 pm. The mixture of silicon (30 wt%) and wollastonite
(70 wt%) was used as fabricating material. Scaffolds were fabricated by
the 3D printer (ReaLizer GmbH SLM-50) with optimized process pa-
rameters with a layer thickness of 25 pm, hatch distance of 60 pm, and
point distance of 10 pm at a scanning speed of 80 mm/s. The process was
performed in argon atmosphere (99.999 vol%) to avoid the formation of
undesirable crystalline phases. After 3D fabrication, loose powder
adhered to the scaffolds was removed by a sonication process for 15 min
in ethanol.

2.2. Chitosan/substituted-hydroxyapatite suspension

The cuttlefish bones (Sepia officinalis L.) from the Adriatic Sea were
heat treated at 800 °C for 3 h in order to obtain calcium oxide (CaO)
from calcium carbonate (CaCO3) and remove the organic matrix. The
CaO obtained from cuttlefish bones has been used as a source of Ca®*
ions for HAp precipitation.

The mono-substituted HAp powders (with 5 mol% of Sr2+, SeO%’,
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Zn?" and Mg?" ions) were synthesized by the wet precipitation method
according to our previous studies with minor changes [14]. In brief, the
HAp was prepared by dissolving the CaO and strontium nitrate (Sr
(NOs3)2, Sigma-Aldrich), sodium selenite pentahydrate (NazSeOs - 5H»0,
Sigma Aldrich), zinc nitrate hexahydrate (Zn(NOs), - 6H,0, Honeywell)
or magnesium chloride hexahydrate (MgCl, - 6H20, KEMIG) in demin-
eralized water. Urea phosphate (UPH, CO(NHj);-H3POy,
Sigma-Aldrich) was added into the solution to gain (Ca + Sr)/P and
Ca/(P + Se) molar ratio 1.67, required for stoichiometric HAp. Stirring
was continued for 5 days at 50 °C followed by overnight aging at room
temperature (T = 23.5 °C £+ 0.5). Ammonium dihydrogen phosphate
(NH4H3POy4; Lachner) was added into the solution to gain (Ca + Zn)/P
and (Ca + Zn)/P molar ratio 1.67. Stirring was continued for 3 days at
60 °C followed by overnight aging at room temperature. The final pH
values of all prepared suspensions were higher than 8, favorable for HAp
formation [16]. The corresponding concentrations of the reactants in the
starting reaction solutions are listed in Table 1. Supernatant and HAp
particles were separated by filtering without washing and dried at room
temperature (T = 23.5 °C + 0.5). The powdered samples were prepared
by hand grinding using a mortar and pestle. The as-prepared mono--
substituted HAp powders were used for obtaining CHT/sHAp composite
scaffolds. The mass fraction of each mono-substituted HAp in the HAp
mixture, used for obtaining the composite, was the same (25 wt%). The
HAp mixture of mono-substituted HAps was homogenized by hand
grinding using a mortar and pestle in ethanol for 15 min.

The appropriate amount of chitosan was added to 0.40 wt% acetic
acid solution to obtain 1.2 wt% chitosan solution at ambient tempera-
ture. The appropriate amount of HAp mixture was added to obtain HAp/
chitosan weight ratio of 30/70. Mixture of HAp powders and chitosan
solution were homogenized for 10 min by stirring at 1700 rpm and 5 min
in the ultrasonic bath.

2.3. Composite scaffold

Porous composite scaffolds were obtained by the freeze-gelation
method as reported previously with slight modification [17]. The 3D
fabricated SC scaffolds were impregnated with CHT solution and
CHT/sHAp suspension under vacuum (p = 0.12 bar) for 20 min by
impregnation pump (CitoVac, Struers). The used volume of CHT solu-
tion and CHT/sHAp suspension for SC scaffolds impregnation was
selected to fully cover scaffolds in the vacuum chamber. After impreg-
nation, scaffolds were frozen (—30 °C) and subsequently immersed into
a gelation medium of 1 M NaOH/ethanol at —30 °C for 24 h to induce
the gelation of chitosan. The samples were rinsed in ethanol (96 wt%) at
—30 °C for 24 h, washed with distilled water, frozen, and freeze-dried
(Kambié¢, LIO-5 PLT). The non-impregnated SC scaffold was used as a
control. The composite scaffold preparation is illustrated in Fig. 1. Ob-
tained composite scaffolds based on silicon (Si), pseudowollastonite
(PWoll), CHT and sHAp are referred as described in Table 2.

2.4. Scaffolds characterization

The mixture of mono-substituted HAp powders (sHAp) was charac-
terized by X-ray diffraction (XRD) analysis using Shimadzu XRD-6000
diffractometer with Cu Ka (1.5406 .7\) radiation operated at 40 kV and

Table 1
Quantities of reactants for the synthesis of substituted HAp powders.

CaO UPH/NH4H,PO4 Substituents precursors
(mM) (mM) (mM)
5 mol% Sr*" 181.00 114.09 9.53
5 mol% Zn** 181.00 114.09 9.53
5mol% Mg?"  181.00 114.09 9.53
5 mol% 199.00 113.05 6.11
Se03~
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Fig. 1. Schematic illustration SC_CHT/sHAp scaffolds preparation. The first step involves 3D printing of SC scaffold by SLM method, followed by impregnation of
CHT/sHAp suspension and freeze gelation. The final step includes washing, freezing and freeze drying.

Table 2
Composite scaffolds based on silicon-pseudowollastonite, chitosan and multi-
substituted HAp.

Phase composition Substitution level (mol%) Scaffold
Si, PWoll - SC
Si, PWoll, CHT - SC_CHT

Si, PWoll, CHT, sHAp 5 mol% Sr?*, Se03~, Mg?", Zn** SC_CHT/sHAp

30 mA. The diffraction patterns were collected in the 20 range 20-60°,
with a step size of 0.02° and exposure of 2 s. Whole-powder-pattern
decomposition refinement studies were performed as previously
described in our studies [18] using the software DIFFRAC.SUITE TOPAS
V.5.0. with the fundamental parameters approach. Identification of the
phases was performed by comparing the experimental XRD patterns to
standards compiled by the International Centre for Diffraction Data. For
HAp the ICDD card 09-432 was used. The structural parameters of HAp,
reported by Veselinovi¢ et al. [19] have been used as the initial values in
the refinements.

The morphology of composite scaffolds was imaged by the scanning
electron microscope Zeiss EVO MA 15 (SEM) at electron beam energy of
10 keV. Previously to imaging, samples were sputter coated with gold
and palladium for 120 s. The SEM equipped with EDS (SEM Zeiss EVO
Ma 15) with a voltage of up 20 kV was used to determine the elemental
composition of prepared scaffolds.

The Fourier transform infrared spectra (FTIR) of composite scaffolds
were recorded by attenuated total reflectance (ATR) spectrometer for
solids with a diamond crystal (Bruker Vertex 70) at 20 °C over the
spectral range of 4000-400 cm ', with 32 scans and 4 cm ™! of resolu-
tion. The FTIR spectra of CHT and HAp were used as controls.

Thermogravimetric (TGA) and differential scanning calorimetry
(DCS) analyses were performed on Netzch STA 409 instrument. Mea-
surements were performed with a constant synthetic air flow of 30 cm®
min~! from 20 °C to 1000 °C at a heating rate of 10 °C min .

2.5. Compression tests

The cylindrical porous samples of 6 mm in diameter and 5 mm in
height were tested under compression using the servo-hydraulic model
8500 universal testing machine (Instron Itd.) at applied strain rate of 0.5
mm min~'. The compressive load and displacement were recorded at
each 0.1 s intervals during testing. Maximum compressive strength was
determined using software associated with the testing machine. All the
compressive strength measurements on the scaffolds were performed at
room temperature (T = 22.5 °C + 0.5) and the measurements were
performed in triplicates.

2.6. Biological evaluation

Obtained scaffolds were sterilised in 96% ethanol for 24 h. After
sterilisation, scaffolds were washed 4 times with phosphate buffer saline
(PBS, Gibco, Thermo Fisher Scientific) and transported into polystyrene
24-well plate with a hydrophobic surface (Corning, Sigma Aldrich).

Cell suspension of the human embryonic kidney 293 (HEK 293) cells
was applied on each scaffold in a concentration of 5-10° cells/20 pL in
Dulbecco’s Modified Eagle Medium (high glucose) with 10% FBS and
1% penicillin/streptomycin (Capricon). Scaffolds with seeded cells were
incubated for 30 min in the cell culture incubator to allow cell attach-
ment and migration inside the scaffold. Following the incubation period,
the medium was added to a final volume of 1 mL per well. The cells were
kept in a humidified atmosphere with 5% CO; at 37 °C and the culture
medium was changed every three days.

Qualitative cell viability and distribution were evaluated by live/
dead assay using Live/Dead® Viability/Cytotoxicity Kit (Invitrogen)
after 1 and 7 days of cell culture. Cultured samples were washed two
times with sterile PBS and incubated with 2 pmol/L calcein acetox-
ymethyl (calcein-AM) and 4 pmol/L ethidium homodimer (EthD1) in a
humidified atmosphere with 5% CO2 at 37 °C for 30 min. Live cells
(stained in green) and dead cells (stained in red) were analysed by
fluorescence microscope Axiovert 200 M (Zeiss, Gottingen) with Axio-
Vision software 4.5.



A. Ressler et al.
2.7. Statistical analysis

The values for mechanical analysis were presented as the mean +
standard deviation and analysed with Student’s t-test, in which differ-
ences were considered statically significant when p < 0.05 and p < 0.01.

3. Results and discussion
3.1. Trace elements in HAp powder

The XRD pattern of the mixture of mono-substituted HAps (Fig. 2a)
shows characteristic peaks of the crystalline HAp phase (ICDD
09-0432). No additional peaks characteristic for strontium, selenium,
magnesium and zinc compounds are observed. EDX analysis has been
used to confirm the atomic composition of the HAp mixture. EDX spectra
(Fig. 2b) confirmed the presence of Sr?*, Mg?*, Zn?** and SeO%~ ions. In
addition, Na " ions were detected as a result of using cuttlefish bone as a
source of Ca®' ionms. In our previous research [18], the chemical
composition of non-substituted HAp obtained from cuttlefish bone
(CaO) was determined by inductively coupled plasma mass spectrom-
etry (ICP-MS) and the presence of sr*t (0.49 mol%), Mg2+ (0.60 mol%)
and Na™ (0.74 mol%) substitutions were confirmed. Detected carbon
might be related to the presence of CO3~ substitution in HAp lattice
[18]. As the HAp powders were synthesized from CaO, CO3~ substitu-
tion in HAp lattice is a result of the high reactivity of Ca®" precursor and
the presence of CO, in the process of synthesis at atmospheric condi-
tions. The trace elements have been found to play a key role in bone
regeneration. Zn?" and Sr?* ions have a dual mode of action where they
stimulate the osteoblastic bone-building process and inhibit the osteo-
clastic resorption process [6]. Mg ions are crucial in the early stage of
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Fig. 2. (a) Whole-powder-pattern decomposition refinement study of the
powder X-ray diffraction pattern. The blue line is experimental data and the red
line calculated intensities. (b) EDX of the mixture of four mono-substituted
HAps (sHAp). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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bone formation, while SeO%’ ions have shown anti-tumor, anti-oxidant
and anti-bacterial effects which are highly important for materials with
potential applications in bone tissue engineering [20-22]. By selecting
target ions and optimization of substitution levels, the produced mate-
rials can have unique properties for specific applications; for example,
osteogenic biomaterial with antibacterial and selective anticancer
properties can be obtained.

3.2. Composite scaffolds microstructure

The microstructure of prepared composite scaffolds (SC, SC_CCHT and
SC_CHT/sHAp) has been examined by SEM imaging (Fig. 3). As shown in
Fig. 3a, the SC scaffold with a pore size of ~400 pm (depicted in red)
replicated the scaffolds microstructure specified with CAD 3D design as
reported in our work [15]. The microstructures of composite scaffolds
reveal highly porous structures with interconnected pores of the chito-
san in SC_CHT (Fig. 3b), with homogeneously dispersed HAp particles in
the polymer matrix observed in SC_CHT/sHAp scaffold (Fig. 3c). As
previously determined in our study [14], the freeze-gelation of
CHT/sHAp solution leads to the formation of the pores in the range from
~35 to ~350 pm. The pore size of 400 pm of SC has provided enough
space for the impregnation of polymer solution and the formation of
highly porous hydrogel within SC pores. The macroporosity (>100-400
pm) and pore interconnectivity pathways promote osteogenesis by
enhancing cell migration, vascularization and diffusion of nutrients,
oxygen and metabolic waste, while microporosity (<20 pm) is important
for cell seeding, capillaries growth and cell-cell interactions [3].

3.3. FTIR analysis

FTIR spectra (Fig. 4) of the prepared scaffolds and controls (CHT and
HAp) are shown in the range 400-1200 cm ™", where all bands signifi-
cant for the developed materials were detected. HAp powder shows
characteristic phosphate (PO?{) bands at 1020 and 1072 cm™! (vs,
attributed to the asymmetric stretching vibration of P-O), 557 and 602
cm ! (v4, attributed to asymmetric bending vibrations of O-P-O) and
956 cm ! (v1, associated to the symmetric stretching vibration of P-O)
[23]. Additionally, the absorption bands at 525, 918 and 1113 cm !are
attributed to the characteristic absorption of a HPO3~ group that can be
assigned to the amorphous calcium phosphate (ACP) phase [24]. In our
previous study [18], when CaO obtained from cuttlefish bone has been
used for HAp precipitation, 11.38 wt% of ACP phase has been detected
along with HAp. However, detected HPOZ~ group cannot only be asso-
ciated with ACP phase as HPOZ~ substitutions are possible within HAp
lattice, as well. Absorption band at 875 (v, out of plane bending) is
ascribed to the carbonate (CO%’) ions indicating that tetrahedral PO?{
sites in the HAp lattice are replaced partially by co% (B-type of sub-
stitution) typical for biological apatite [25]. FTIR spectra of CHT show
typical bands of chitosan C-O-C in glycosidic linkage in the range
896-1157 cm ™! [26].

FTIR spectra of SC scaffold show characteristic bands for wollas-
tonite at 1022 and 1065 cm ! corresponding to the asymmetric
stretching mode of Si-O-Si, 645 cm™! assigned to the symmetric
stretching vibration of Si-O-Si and absorption bands located at 455
em ! and 564 cm ™! corresponding to the bending vibrational mode of
Si—O-Si. Additional bands characteristic for wollastonite are observed at
984, 937 and 920 cm™! corresponding to stretching non-bridging Si-0,
and 710 cm™! stretching bridging Si-O(Si) characteristic for the pres-
ence of 3-membered ring [27,28]. The FTIR spectra of composite scaf-
folds (SC_CHT and SC_CHT/sHAp) show characteristic bands for
wollastonite, while the additional peaks and changes are the result of
additional phases in the scaffolds, CHT and HAp. The presence of the
HAp phase within chitosan matrix in the CHT/sHAp scaffold has been
confirmed in our previous study [14]. However, in the range 800-1200
cm ! it is hard to distinguish which band corresponds to a certain phase
of wollastonite, HAp and CHT as all show characteristic bands in that
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Fig. 3. Microscopic imaging of SC, SC_CHT and SC_CHT/sHAp scaffolds. The pores of 400 pm are depicted in red squares. Scale bar: 500 (a), 100 (b) and 20 pm (c).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. FTIR spectra of prepared SC (a), SC_CHT (b) and SC_CHT/sHAp (c)
scaffolds. Chitosan (CHT) and hydroxyapatite (HAp) were used as controls.

range. In addition, the low amount (as explained below) of HAp phase in
the final SC_CHT/sHAp cannot be excluded as a reason for not detecting
clear bands characteristic for PO3~ groups in HAp lattice.

3.4. EDX and element mapping of the prepared materials

EDX spectra (Fig. 5a) of HAp particles within the polymer matrix in
SC_CHT/sHAp, confirmed the presence of calcium, phosphorus, oxygen,
carbon and silicon in SC_CHT/sHAp. Additionally, the presence of so-
dium, selenium, magnesium, zinc and strontium ions has been detected
as a result of preparing the mixture of four different mono-substituted
HAps and biogenic source for HAp synthesis. The process of impregna-
tion, neutralization and washing of the SC_CHT/sHAp scaffolds did not
influence trace element content in HAp phase. As expected, EDX element
mapping illustrates calcium (red) and phosphorus (yellow) detected in
the HAp particles within the polymer matrix. Further, the carbon
(illustrated in green) is observed in the polymer matrix and HAp parti-
cles, and could originate from chitosan or be a result of CO%~ substitu-
tion of HAp. The silicon, illustrated in blue, is observed within the
chitosan matrix and it might be a result of silicon and wollastonite
dissolution during material preparation. SC_.CHT/sHAp scaffold prepa-
ration involves impregnation of the SC scaffold with CHT/sHAp solution
(pH = 5.23) and neutralization in the NaOH/EtOH medium (pH > 10).
The mineral dissolution and precipitation are influenced by H' (acid
system) or OH™ (base system) environment [29]. Wollastonite (CaSiO3)
dissolution in acetic acid was described in the study by Ptacek et al. [30]
according to Eq. (1):

CaSiO3 + 2CH;COOH — Ca®* + 2CH3C00™ + Si0,+H,0 @

However, the SEM analysis did not reveal additional SiO particles
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Fig. 5. EDX spectra (a) and elemental mapping (b) of calcium, phosphorus, carbon and silicon for HAp particles in composite scaffold SC_CHT/sHAp. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

on the chitosan surface as a result of CaSiO3 dissolution. In addition, indicates that the presence of silicon in the polymer matrix might not be
EDX elemental mapping detected silicon in the polymer matrix, while at the result of SiO5 precipitation. However, the precipitation of nanometer
the parts where HAp was detected, the silicon was not found. This SiO; particles, that cannot be detected by SEM and XRD analysis, cannot
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be fully excluded. In this case, the chitosan acts as a template for nano-
SiO; precipitation. Turaferri et al. [31] studied the mechanism of chi-
tosan adsorption on silica from aqueous solution at different pH values.
As explained, in mild acidic solutions, chitosan behaves as a weakly
charged polyelectrolyte, whereby electrostatic attraction is the main
driving force for adsorption. Another possible explanation for detected
silicon in the polymer matrix is partial solubility of Si in the NaOH
(neutralization medium) and, consequently, the absorption of dissolved
silicon ions by the chitosan matrix [32]. Chitosan is known to have a
good complexing ability through the specific interactions of amino
(-NHy2) and hydroxyl (-OH) groups that enable them to form strong
interactions with heavy metals via coordination bonds [33]. However,
due to the lack of studies on the adsorption process between chitosan
and Si, future studies should be focused on understanding the mecha-
nism of interactions. The presence of Si-OH layer on the surface of the
biomaterials can enhance cell adhesion, as these groups could promote
the functional representation of the integrin-binding domain of adsor-
bed proteins [34]. It seems from Fig. 5b that calcium and phosphorus are
present not only within the HAp particles, but also in small concentra-
tions in the matrix. It can be assumed that a part of the sHAp particles
dissolved during homogenization with chitosan solution, due to acidic
conditions [35], and that during the neutralization process in the gela-
tion medium in situ precipitation of calcium phosphates occurred.

3.5. XRD and thermal analysis of composite scaffolds

TGA (Fig. 6a) and DSC (Fig. 6b) analyses were performed to deter-
mine the amount of CHT in the prepared composite scaffolds. The dif-
ference in TGA curves between SC and SC_CHT/sHAp scaffolds can be
assigned to the decomposition of CHT occurring in the range of
180-400 °C. An increase in the weight after heating above 600 °C,
especially after ~850 °C, indicates that changes in the phases occurred.
After the composite scaffold preparation process, the crystalline phases
detected in the SC_CHT/sHAp scaffold were silicon (63.98 wt%, ICSD
00-027-1402), pseudowollastonite (33.94 wt%, ICSD 04-012-1776), and
wollastonite (2.08 wt%, ICSD 04-016-5334), the phases characteristic
for SC scaffold (Fig. 6¢). No additional crystalline phases were formed
during SC_CHT/sHAp composite scaffold preparation. HAp phase was
not detected by the XRD due to its low amount in the final SC_CHT/sHAp
composite scaffold. Based on TGA analysis the amount of HAp phase of
0.06 wt% was estimated. After TGA/DSC analysis, the same crystalline
phases were detected, however weight percentage of silicon decreased
to 51.31 wt%, while the weight percentage for pseudowollastonite and
wollastonite increased to 43.09 and 5.60 wt%, respectively (Fig. 6d).
The SLM process of scaffold fabrication was performed under the high
purity argon in order to avoid oxidation. TGA/DSC analyses were per-
formed in the air flow resulting in the oxidation and increase of
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pseudowollastonite and wollastonite phase content.

3.6. Compression test

In Fig. 7a, the stress-strain curves of the obtained scaffolds are
demonstrated. The stress-strain curves for composite materials (SC_CHT
and SC_CHT/sHAp) begin with a linear elastic response followed by
nonlinear behaviour with the applied stress as previously described
[15]. The curves have a positive slope up to the highest stress, followed
by a plunging trend pointing at the cracks development within scaffolds.
The changes in the compressive strength of obtained scaffolds are shown
in Fig. 7b. It can be observed that the compressive strength of composite
scaffolds significantly decreased compared to the scaffold SC. The
compressive strength decreased from 36.70 MPa for SC, to 30.75 and
30.25 MPa for SC_CHT and SC/CHT/sHAp, respectively. As previously
mentioned, composite scaffold preparation involves steps where scaf-
folds are immersed in acid and basic solutions. The dissolution of silicon
results in a decrease of compressive strength of SC_CHT and
SC/CHT/sHAp scaffolds. The compressive strength of the composite
scaffolds is greater than the strength of a trabecular bone (2-12 MPa)
but less than the stress of cortical bone (100-230 MPa) [36-38]. The
mechanical strength is a critical feature in bone regeneration and it is
primarily controlled by pore volume and characteristics of used mate-
rials [13]. The current challenge in scaffold design for regeneration of
large bone defects under load is to create a structure with large and
interconnected pores while providing a compressive strength compa-
rable to cortical bone [39]. Reported compressive modulus and strength
of chitosan scaffolds differ vastly, and fall in the ranges of 0.0038-2.56
MPa and 0.059-0.125 MPa, respectively [40]. In our previous study
[41], mechanical analyses of CHT/HAp scaffolds, with different weight
ratios, have been performed. No substantial change in mechanical
properties was achieved with HAp addition. For the CHT/HAp (70/30)
scaffold compressive modulus of 4.8 + 0.7 kPa was estimated that is
significantly lower than the compressive modulus of bone, indicating
that scaffolds can be used in small-size bone defects in no load-bearing
applications. However, the SC_CHT/sHAp composite scaffold has
higher mechanical properties and therefore can be used for a wider
range of critical size bone defects.

3.7. Cytocompatibility assesment of the scaffolds

The live/dead assay was determined after 1 and 7 days of HEK 293
cell culture and is shown in Fig. 8. HEK 293 cells are commonly used cell
lines in biomedical research since they are easy to grow and maintain
offering very high reproducibility. After 1 day of the cell culture, the
HEK 293 attachment on SC_CHT and SC_CHT/sHAp scaffolds was
enhanced compared to the SC scaffold. After 7 days of cell culture, HEK
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Fig. 7. Experimental stress-strain response (a) and changes in a compressive strength (b) of prepared scaffolds (n = 3). Significant difference between two groups: *

(p < 0.05) and **(p < 0.01).
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SC_CHT/sHAp

Fig. 8. Live/dead staining of seeded cells. The cell viability and distribution on obtained scaffolds after 1 and 7 days of culture. HEK 293 cells proliferation around the
pore of the SC scaffold is depicted in orange arrows. Live cells are stained in green, dead cells are stained in red. Scale bar: 100 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

293 cells (orange arrows) proliferated around the pore wall of the SC
scaffold, while on the SC_CHT and SC_CHT/sHAp scaffolds cell prolif-
eration was enhanced. Due to the presence of CHT/sHAp hydrogel
within the pores, cell attachment and proliferation within pores are
allowed, as hydrogel enables cell migration. Obtained micro- and mac-
roporosity of CHT/sHAp hydrogel within SC scaffold pores enable cell
seeding and migration, cell-cell and cell-matrix interaction. However,
the migration of the cells through the scaffold volume needs to be
confirmed by additional biological analysis. Further, as naturally
derived polymers are components or have a similar structure as the
organic part of natural bone tissue, they demonstrate appropriate
biocompatibility and present a range of ligands and peptides that
facilitate bone cell adhesion and osteospecific function [3]. After 1 day
of cell culture, only a few dead cells were detected, while after 7 days of
cell culture agglomerated dead cells were detected as a result of cell
overgrowth at this part of the scaffolds. However, cell death due to
overgrowth is not connected to material toxicity. The live/dead assay
points out the advantages of combining SC scaffold with CHT/sHAp
hydrogel to increase cell attachment and homogeneous proliferation.
However, the osteogenic potential of the obtained composite scaffolds
needs to be confirmed by using stem cells under dynamic conditions by
using a perfusion bioreactor.

4. Conclusions

In our previous study, a biomimetic CHT/sHAp scaffold was devel-
oped in order to achieve molecular, structural and biological compati-
bility similar to that of natural bone tissue to facilitate bone

regeneration. However, the produced highly porous CHT/sHAp hydro-
gel substituted with key role elements (Sr?*, Mg?*, Zn?*, Se0%") were
suitable for non-load bearing applications (e.g. maxillofacial defects). To
increase both the mechanical properties of CHT/sHAp hydrogel and the
biocompatibility of the SC scaffold, the composite SC_CHT/sHAp scaf-
fold was obtained by impregnation and freeze gelation method. The
composite scaffolds can be used for load-bearing applications due to the
adequate compressive strength of ~30.25 MPa. Results indicate that the
presence of chitosan in prepared scaffolds has a beneficial effect on cell
attachment and proliferation. By ensuring both microporosity and
macroporosity, obtained scaffolds ensure the environment for efficient
cell seeding, migration and proliferation, vascularization and diffusion
of nutrients and metabolic waste. The presented SC_CHT/sHAp scaffolds
exhibit promising properties for the development of artificial bone graft
substitutes.
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