Processing and Application of Ceramics 11 [1] (2017) 13-20 (G9) Bv-NC-ND |

DOI: 10.2298/PAC1701013A

Fabrication of porous bioceramics for bone tissue applications using
luffa cylindrical fibres (LCF) as template

Mazen Alshaaer'?*, Mohammed H. Kailani®, Nidaa Ababneh?, Saida A. Abu Mallouh?,
Bassam Sweileh?, Abdalla Awidi*

! Plasma Technology and Material Science Unit (PTMSU), Department of Physics, College of Science and
Humanitarian Studies, Prince Sattam Bin Abdul Aziz University, 11942 Alkharj, Saudi Arabia
2Geobiosciences, Geotechnologies and Geoengineering Research Center, University of Aveiro, Campus de
Santiago, 3810-193, Aveiro, Portugal

3Department of Chemistry, The University of Jordan, Amman 11942, Jordan

4Cell Therapy Center (CTC), The University of Jordan, Amman 11942, Jordan

>Hamdi Mango Center for Scientific Research, The University of Jordan, Amman 11942, Jordan

Received 5 October 2016; Received in revised form 29 November 2016; Accepted 2 February 2017

Abstract

Three-dimensionally ordered macroporous biomaterials containing hydroxyapatite were synthesized using nat-
ural luffa cylindrical fibres (with diameter of 100-400um) as templates. The preliminary evaluation of this
novel method for production of porous bioceramics showed promising potential applications in bone tissue
engineering. The produced bioceramics were subjected to microstructural, physical, mechanical, and in vitro
characterisation. Mercury intrusion porosimetry, supported by SEM analysis, showed the presence of bimodal
porosity (smaller pores with diameters of 10 to 30 um and cylindrical macropores with diameters from 100
to 400 um) and 60% of the interconnected porosity. These porous calcium phosphate ceramics proved to be
bioactive and exhibited mechanical properties comparable to those of natural spongy bones with compressive
strength up to 3 MPa and elastic modulus in compression around 0.05 GPa. In vitro characterization of the
porous ceramics showed cells attaching to the apatite crystals that make up the scaffold matrix. Cell adhe-
sion resulted in elongated and highly stretched cells within the macropores with focal adhesion points on the
scaffolds. Moreover, the cells adhered to the calcium phosphate cement (CPC) and developed cytoplasmic ex-
tensions as shown by SEM imagery. Their proliferation in the scaffolds in culture demonstrates that the scaffold
architecture is suitable for Mesenchymal stem cells seeding and growth.
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I. Introduction tive glass and composite materials combining bioactive
inorganic materials with biodegradable polymers [3-6].

Bioactive inorganic materials are capable of react-
ing with physiological fluids to form tenacious bonds
to bone through the formation of bone-like hydroxyap-
atite layers, which provide effective biological interac-
tion and fixation of bone tissue with the material sur-
face [5]. It is now widely accepted that to establish a
bond with bone, the biologically active mineral surface
layer should form at the material/bone interface [6-9].
Previous studies [10] show that three-dimensional (3D)
channels embedded into scaffolds play a vital role in cell
immobilization, proliferation and nutrient transfer. Ide-

The design and synthesis of scaffolds as cell carriers
have become an important research area in bone tissue
engineering. These scaffolds must be biocompatible, os-
teoconductive, osteoinductive and biodegradable, and
should moreover have appropriate biomechanical prop-
erties prior to the regeneration of the tissue [1,2]. Some
of the most promising biomaterials for application in
bone tissue engineering are bioceramic-based materials
such as hydroxyapatite (HA), calcium phosphate, bioac-
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ally, the scaffold’s 3D channels ensure sufficient nutri-
ent delivery and gas exchange to promote uniform cell
attachment and growth [11-16]. The flow channel of an
ideal scaffold would have anatomical features suited for
the growth and regeneration of the bone.

From a morphological standpoint, scaffolds must fea-
ture adequate porosity, having a well-developed net-
work of interconnected pores over 100 um in order to
promote cell penetration, tissue ingrowth and vascular-
ization [15]. Further necessary features are a controlled
bioactivity, a bio-resorbability rate compatible with the
spontaneous bone regeneration rate, a mechanical be-
haviour comparable with that of the natural bone, and
a porous network suitable for cell penetration, tissue
ingrowth and vascularization [17]. Higher pore sizes
(>100 um) are required for enhanced new bone forma-
tion, greater bone ingrowth and the development of cap-
illaries. In terms of vascularization, pore size has been
appeared to influence the progression of osteogenesis.
A fine pore network would favour hypoxic conditions
and induce osteochondral formation before osteogene-
sis, while macro pores that are well-vascularized lead to
direct osteogenesis (without preceding cartilage forma-
tion) [6]. Yet higher scaffold porosity results in reduced
mechanical properties, thus indicating an upper limit
for functional pore size and porosity. This means that
a balance must be reached depending on the repair rate,
remodeling rate and/or rate of degradation of the scaf-
fold material [6]; and the scaffold design calls for op-
timal porosity enabling sufficiently appropriate perme-
ability (i.e., pore interconnectivity) for waste removal
and nutrient supply along with adequate stiffness and
strength to sustain the loads transmitted to the scaffold
from the surrounding healthy bone [16]. Most studies
suggest that a pore distance in the range of 100—400 um
is satisfactory [3], and pores ought to be interconnected.

Mazali and Alves [4] introduced an inorganic replica
of the fibrous network of luffa sponge for the produc-
tion of a porous medium. The authors synthesized HA
porous ceramic for different applications, particularly
medical ones, and found that the template proposed
(luffa cylindrical fibres), allowed for the preparation of
inorganic replicas of very desirable size, on the centime-
ter scale. However, this porous scale is not appropriate
for bone tissue engineering [3]. Therefore, our research
focuses on using only a homogeneous and symmetrical
portion of the luffa cylindrica.

The aim of this contribution is to present a new de-
sign of porous calcium phosphate (i.e. hydroxyapatite)
ceramics, characterized with bimodal pore structure and
open cylindrical macropores, for bone tissue engineer-
ing. The CaP phase selected for this work was HA in
view for its chemical likeness to bone mineral. The
model could be adapted for use with other CaP pow-
ders, such as TCP, which offer the advantage of faster
dissolution under physiological conditions. The fabrica-
tion of these porous bioceramics was based on sintering
calcium phosphate cement coated on luffa cylindrical fi-
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bres (LCF). The sponge gourd, the fruit of LCF, has a
ligneous netting system in which the fibrous cords are
disposed in a multidirectional array, forming a natural
mat. The studies by Gianpietro et al. [17] and Akhtar
et al. [18,19] involved LCF composed of 60% cellu-
lose, 30% hemicellulose and 10% lignin. In the present
study, the outer core of the network of dried fruits of
luffa cylindrical fibres is introduced as a template to pro-
duce three-dimensional interconnected porous ceramics
with cylindrical pores suitable for bone tissue engineer-
ing. The produced scaffolds were evaluated in vitro. The
pore size, geometry, and porosity of ceramic scaffolds
prepared using this method can be easily controlled by
selecting the desired diameter of the LCF, from 100 to
400 um. The use of this renewable resource material to
produce bioceramic scaffolds is spreading worldwide,
given its low cost, attractive network structure, and the
fibres geometry and range of diameters.

II. Materials and methods

2.1. Fabrication of porous scaffolds

The luffa sponge was obtained from dried fruits of
luffa cylindrical fibre (LCF). Only the outer core was
used as the replica to obtain the desired pore size (100—
400 wm). The homogeneous outer core of the sponge
was cut into discs with diameter of 20 mm and thickness
of 5 mm, which were then washed in warm water several
times. The luffa discs were immersed in sodium hydrox-
ide solution (2 M) for 2 h at 120 °C to remove the waxy
and gummy content [19]. The obtained fibre discs were
washed with distilled water and dried at 80 °C during
24 h. Fine dried wood chips (bulk density 0.38 g/cm?)
with sizes from 100 to 400 um were prepared and mixed
with the luffa fibres to obtain the 3D structure.

The tetra calcium phosphate (TTCP) powder was pre-
pared from the reaction of dicalcium pyrophosphate
(Ca,P,0,) (Merck, Germany) and calcium carbonate
(CaCO;) (Merck, Germany) with a weight ratio of 1 :
1.27 [17,20,21]. Dicalcium pyrophosphate and calcium
carbonate powders were mixed and ball milled for one
hour without applying too much force. The powders
were then heated at 1500 °C in a box furnace for 1h
and then the red-hot alumina boat containing the pow-
der was taken out and immediately placed into a des-
iccator and covered until it reached room temperature.
The obtained powder (TTCP) was only lightly ground
and homogenized in an agate mortar for few minutes.

The TTCP powder was mixed with luffa fibres (luffa
fibre/TTCP weight ratio of 0.05) and with wood chip
fibres (wood chip/TTCP weight ratio of 0.17) to ob-
tain CPC (calcium phosphate cement) powder. The CPC
powder was then blended with diammonium hydrogen-
phosphate ((NH,),HPO,, 33.3wt.%) hardening solu-
tion with TTCP concentration of 0.34 ml/g. The hard-
ened CPC was removed from the mold and immersed
into Hanks’ physiological solution at 37 °C for 2 days to
increase its strength. Afterward, the scaffolds were fired
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at 1100 °C for 2 h, with a heating and then cooling rate
of 3 °C/min to remove the luffa fibres and wood chips.

2.2. Characterization of scaffolds

Scanning electron microscope, SEM (Inspect F50,
FEI, USA) was used to examine the specimens. The
Mesenchymal stem cells (MSCs) attached to the scaf-
folds were rinsed twice with 2 ml of 1X PBS and fixed
with 2% gluteraldehyde for one day at 4 °C. The scaf-
folds were then subjected to graded alcohol dehydra-
tions, and they were air dried using filter papers, then
sputter-coated with platinum. Matrices without cells
were used as controls.

X-ray diffraction (XRD) was used to identify the mi-
crostructural phases of the reaction products such as the
TTCP powder, the set CPC and the sintered CPC. Be-
fore the XRD analysis, the samples were ground into
fine powders and each powder was put in a specimen
holder for the diffractometer (Shimadzu XRD-6000 us-
ing CuKa radiation at 20 mA, 40kV, Japan). Scans were
performed from 5° to 80° at a rate of 2°/min.

Pore structure of the scaffolds (1-400 um) was de-
termined by mercury intrusion porosimetry (PoreMas-
ter, USA), i.e. differential mercury intrusion volume re-
lated to the applied pressure. The scaffolds were placed
in a closed cell (Penetrometer) and evacuated. The total
porosity (TP) of the scaffold was determined from bulk
density (pp) (ration between sample weight and volume)
and skeletal density for solid fraction (p() obtained by

Helium-pycnometry:
. @)
Lo

The dimensions and the weight of each scaffold were
measured and recorded through a Vernier caliper and an
electronic balance, respectively.

The compressive strength of the scaffold was mea-
sured using rubber pads placed on the top and the bot-
tom surfaces of each scaffold [21]. The rubber-padded
scaffold was then placed in a CBR tester (CONTROLS,
Italy) to conduct a compressive test. The rubber pads
were used to ensure a uniform distribution of the applied
load onto the sample. A crosshead speed of 0.2 mm/min
was used for the compressive tests. The material’s

TP = 100-(1 (1)

stress-strain curve shows a linear region where the ma-
terial follows Hooke’s Law. Hence, for this region:

@

where E refers to Young’s modulus for compression,
and ¢ is the strain caused by the compressive stress.

o=F-¢

2.3. Invitro characterization of scaffolds

MSC Cell Isolation — MSCs were isolated from
human bone marrow aspirates via density gradi-
ent centrifugation. The cells were expanded in non-
differentiating MSC growth medium (CCM) consisting
of a-minimal essential medium (e-MEM), with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin
(PEN-STREP) and 2 mM glutamine. The cells were in-
cubated at 37 °C with 5% CO,. After they reached 90%
confluence, the cells were harvested by rinsing with
0.25% trypsin and 0.03% EDTA solution; they were ex-
panded into a second passage until they reached 80%
confluence, and then trypsinized and cryopreserved in
liquid nitrogen. These cells were designated as passage
1 (P1) cells.

Osteogenic Differentiation — The cells were seeded
in 12 multi-well plates for an estimated 80% conflu-
ence. Each experiment comprised 12 cultures — 6 under
osteogenic conditions and 6 controls under normal cell
culture conditions (CCM). To induce the osteogenic dif-
ferentiation of the MSCs, the cultures were maintained
in osteogenic media consisting of 60 uM ascorbic acid,
10mM g-glycerol phosphate and 100nM dexametha-
sone. The medium was changed every 2-3 days. After
21 days of differentiation experiments, with and without
osteogenic media, the cells were evaluated via Alizarin
Red Staining (ARS) and silver nitrate.

Cell Seeding on the Scaffolds — Cryopreserved (P1)
cells were re-plated at a seeding density of 4000
cells/cm? in alpha MEM as described above. At near
confluency, P2 cells were harvested with 0.25% trypsin
in EDTA and resuspended at a density of 2x10° cells/ml
alpha-MEM plus 1% penicillin/streptomycin. The cal-
cium phosphate scaffolds were sterilized in 70% ethanol
for 24 h and then incubated with cell culture media con-
taining 10% FBS for at least 4 h. The MSCs were seeded
into the scaffolds with a cell seeding density of 200 000
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Figure 1. SEM micrographs of treated luffa fibres: a) treated luffa fibre mat, b) fibre network and c) surface morphology of
luffa fibres
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cells/per scaffold. The MSCs were cultured with os-
teogenic medium and cell culture medium as a standard
control to verify their proliferative and differentiation
potential at 37 °C and 5% CO, for 4 weeks. The media
was changed every 3—4 days.

IT1. Results and discussion

3.1. Structure of porous calcium phosphate scaffold

The homogenous treated outer cores of luffa cylin-
drical fibres (Fig. 1a) are well connected and have di-
ameters around 100 to 400 um (Fig. 1). These sizes and
the connected fibre structure are within the requirements
[16] for use as a template for the interconnected macro-
pores of the bioceramic scaffold. As can be seen in Fig.
Ic, the natural fibres are cylindrical and have rough sur-
faces. The large spaces between the fibres were filled
with wood chips to increase the overall macroporos-
ity, and to extend the luffa mat into a three dimensional
structure.

When the luffa sponge was submerged in the CPC
slurry, the calcium phosphate particles carried by the
aqueous solution were able to coat the luffa fibres and
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Figure 2. XRD patterns of CPC powder, sintered CPC and
sintered porous calcium phosphate sample (scaffold)

the embedded wood chips. Since the CPC slurry was
made of TTCP powder plus the (NH,),HPO, solution,
the coating process was completed before the start of
the setting reaction (i.e. the reaction between TTCP and
Na,HPO, solution to form poorly crystallized hydrox-
yapatite). The LCF and wood chips coated with CPC
were left at 37 °C under hydrothermal conditions for 1 h.
After the setting reaction, the slurry-coated LFC was
dried in the air at room temperature. The setting reac-
tion to form the hydroxyapatite phase made the CPC
framework strong enough to stand freely, without sag-
ging or distortion due to weight. Previous studies [4]
report that a full decomposition and evaporation of LCF
take place around 600 °C, leaving a pure inorganic ma-
trix. The degradation reactions and evaporation of the
LFC components take place under the sintering temper-
ature [4]. Therefore this material will not have any in-
fluence on the biological properties of the end products.

The XRD analysis (Fig. 2) revealed that TTCP
is formed as the main phase in the CPC powder
through heating the mixture of pyro-calcium phosphate
(Ca,P,0,) and calcium carbonate (CaCO,) at 1500 °C
for 5h, followed by quenching in air. Moreover, this
CPC powder contained a few peaks corresponding to
HA. The peaks are strong and sharp, indicating a rela-
tively high crystallinity of the powder.

After hardening the CPC sample contains the hydrox-
yapatite phase (Fig. 2) in the form of HA nano-crystals
(Fig. 3a), but some residual TTCP were still left behind
(Fig. 2). In addition, the residual TTCP phase was de-
pleted to a great extent due to the formation of hydrox-
yapatite. The high backgrounds of the middle XRD pat-
tern (Fig. 2) at 30-35° and 45-55° indicate the presence
of amorphous or poorly crystalline CaP phase, mainly
CDHA (calcium-deficient HA) as shown by the EDS
measurements with a Ca/P ratio of 1.6. High crystalline
stoichiometric HA exhibit low solubility in water or
body fluids whereas CDHA are more soluble [1]. There-
fore the CDHA is more soluble and more efficient in
inducing bone like apatite than HA.

Upon sintering the scaffold at 1100 °C for 2 h, there
was a dramatic change in the calcium phosphate grain

Figure 3. SEM images of: a) CPC surface after immersion for 2 days in SBF and b) sintered hydroxyapatite at 1100 °C
(1: pores, 2: nano size hydroxyapatite layers, 3: hydroxyapatite grains)
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Figure 4. SEM micrographs of fracture surface of the sintered porous calcium phosphate. Evaluation of porosity and LCF-like
flow channel network along a cross-section (a), a longitudinal section (b) and pore structure of the porous scaffold (c)

morphology due to the grain growth (Fig. 3). During
sintering the cement particles were joined together, but
the CPC framework was not damaged by thermal re-
moval of the LCF and WS at 1100 °C (Fig. 3b). Nev-
ertheless, after sintering at 1100 °C for 2 h, equal-axed
hydroxyapatite grains were formed even though macro-
pores remained in the structures (Fig. 3b). In addition to
the hydroxyapatite and the residual TTCP, some S-TCP
was found in the sintered CPC at 1100 °C indicating a
certain degree of thermal decomposition of the hydrox-
yapatite phase into the tricalcium phosphate phase (Fig.
2). However, all these phases are a group of reactive bio-
materials.

3.2. Morphological and mechanical characterization

Porous calcium phosphate ceramic with a LCF-like
structure was prepared by heating at 1100 °C which re-
sulted in burn out of the LCF template and consolida-
tion of the calcium phosphates. The products exhibit
porous structures corresponding to negative replication
of LCF and wood chips. The fabricated scaffold with a
LCF-like flow channel network is shown in Fig. 4a. An-
other feature of the sintered porous CPC was the pres-
ence of well-connected cylindrical channels, with diam-
eters between 100 and 400 pm inside the struts. Mor-
phological analysis on cross- and longitudinal-sections
of these LCF-like channels is presented in Fig.4b. The
sintered porous CPC contained mainly hydroxyapatite
phase with macropores (as a replica of the wood chips
and fibres in the LCF) in the overall structure, and
smaller open pores in the struts. This design of bioce-
ramic scaffolds with well-connected cylindrical chan-
nels, or highly effective porosity, is intended to favour
an increase in the mass transport of nutrients and oxy-
gen, as well as enhance removal of waste products for
cell growth.

Pore interconnectivity first arises through the con-
nected LCF mat and the contact point between adjacent
grains (Fig. 4b), yet also due to the presence of smaller
pores (up to 30um) induced by the phase conversion
mechanism [22]. The macropore network within these
channel walls can be observed in Fig. 4c. The cross-
section image in Fig. 4b reveals a continuous LFC-like
channel within the scaffold.

To confirm the qualitative morphological evaluation
performed by SEM, a quantitative estimation of poros-
ity characteristics was performed by mercury intrusion
porosimetry (MIP). As can be seen in Fig. 5, MIP
shows a bimodal distribution of pore size, character-
ized by pores of a few micrometers in diameter along
with macropores of the order of hundreds of microm-
eters. It is apparent that the total open pore volume
is nearly 60% of the scaffold volume (Fig. 5a). The
calculations and measurements of volume, weight, and
bulk density indicate a total porosity around 61%. The
skeletal density, determined by helium pycnometer, is
around 3.162 g/cm3. Thus, around 97% of the pores are
connected [27,28]. The porosity consists of the smaller
pores (33%), with diameters ranging from 10 to 30 um
and larger pores, ranging from 100 to 400 pm (50%). In
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Figure 5. Mercury intrusion porosimetry of bioceramic
scaffold: a) cuamulative pore size distribution and
b) incremental pore size
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Table 1. Comparison of the bioceramic scaffold and cancellous bones [21,25,26]

Materials Compressive  Total porosity Bulk density Macropore size  Elastic modulus
strength [MPal [%] [g/em’] [pm] [GPa]
Bioceramic scaffold 3 62 1.21 100-400 0.05
Cancellous bones 0.2-80 30-90 1-1.4 200—400 0.01-2

35 T Utimate compressive strength

3.0 4+ o
Proportional limit

25 +
2.0 +
15 +

Slope ~50 MPa
1.0 4

Compressive stress [MPa]

0.5 +

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain [%]

0.0
0.00

Figure 6. Representative linear part of stress-strain
responses to the compression test of scaffold

this structure, the large macropores are suitable for the
accommodation of osteoblast and undifferentiated bone
mesenchymal stem cells, while the smaller pores serve
as interconnection bridges between adjacent macrop-
ores, able to promote nutrient and metabolite exchange
[23,24], thus improving the structural interconnectivity.

One of the most important requirements of an ideal
bone substitute is mechanical behaviour matching that
of the bone tissue to be restored. An accurate mime-
sis of specific mechanical properties, such as the elastic
modulus, may be crucial for an effective reproduction
of the functional response of natural tissue, especially
in load-bearing applications. In the past decade, the use
of polymers such as PLA, PGA and PCL has become a
popular strategy for the provision of biodegradable sup-
ports for orthopedic applications [17]. However, their
deficient mechanical properties limit their use, mainly
to a restricted number of non-load-bearing applications
[22].

Attached bone cells

Crlitudrical
L ACropote

Figure 6 shows the representative linear part of stress-
strain response of the fabricated bioceramic scaffold.
This diagram shows that the scaffold exhibits a com-
pressive strength of 3 MPa. The elastic modulus of the
scaffold in compression, ~50 MPa, was obtained from
the slope of the stress-strain curve. The bulk density of
the scaffold is 1.21 g/cm?, and the total porosity is 62%.
Because the mechanical and physical properties of the
scaffold lie within the range of those of cancellous bone,
as shown in Table 1, this can be considered a promising
scaffold material for hard tissue regeneration.

3.3. Preliminary evaluation of biocompatibility of
scaffolds

The bioceramic scaffolds were prepared for in vitro
cultivation. Mesenchymal stem cells (MSCs) were
seeded on the 3D scaffolds and maintained with os-
teogenic medium for 1 month. After 1 month, most
pores were filled with new tissue mass, as observed by
SEM. The HA matrices visually demonstrated high cell
density on the surfaces of the matrix within the cylindri-
cal macropores as seen in Figs. 7a and 7b.

Figures 8a and 8b show cells attached to the apatite
crystals that make up the scaffold matrix. Cell adhesion
resulted in elongated and highly stretched cells within
the macropores, with focal adhesion points on the scaf-
folds (Fig. 9). Moreover, the cells adhered to the CPC
and developed cytoplasmic extensions, visible in Fig. 9,
with a proliferation in the culture demonstrating that the
scaffold architecture was suitable for MSC seeding and
growth. The increased porosity and interpore connec-
tivity of the biomaterial give rise to high density and
multiple layers of cells. The newly forming bone tissue
follows the outline of the bioactive HA surface (Fig. 9),
while the bone matrix consists of hydroxyapatite crys-

Hano-HA matnx

Figure 7. SEM of bone cells and tissues present within the cylindrical macropores of the scaffold: a) low magnification and
b) enlarged insert
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Figure 8. SEM micrographs showing: a) osteoblast cell attached to the surface of the bioceramic scaffold and b) the cell
attaching to the apatite crystals that make up the bioceramic matrix (C: cell, HA: hydroxyapatite matrix)

Figure 9. Formation of new bone tissue, as the cellular
processes extend over the underlying scaffold matrix with
cytoplasmic extensions (C: cytoplasmic extension, P:
macropore, B: new bone tissues and minerals)

tals containing calcium and phosphorus. These factors
provide important indications of osteogenic differentia-
tion.

IV. Conclusions

The present study introduces a new methodology for
preparing porous calcium phosphate ceramics for bone
tissue engineering. We developed a degradable porous
scaffold, prepared using the homogeneous outer core of
luffa cylindrical fibre (LCF) as the replication method.
The advantage of the method was the attainment of
high pore interconnectivity with acceptable mechanical
properties. The resulting bioceramic material, with its
novel bimodal pore structure, represents a valid means
of achieving adequate porosity requirements while pro-
viding adequate support in load-bearing applications.

This proposal for preparing porous bioceramic scaf-
folds is as quick and versatile as conventional tech-
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nologies. The method produced porous hydroxyapatite-
based calcium phosphate ceramics with bimodal pore
structure (consisting of macropores ranging from 100 to
400 um and smaller pores with diemeter 10 to 30 um),
and 60% of open porosity. The preliminary in vitro char-
acterization demonstrates the formation of new bone tis-
sue, as the cellular processes extend over the underly-
ing scaffold matrix with cytoplasmic extensions. In this
structure, the macropores are suitable for the accom-
modation of osteoblast and undifferentiated bone mes-
enchymal stem cells, while the smaller pores serve as
interconnection bridges between adjacent macropores,
able to promote nutrient and metabolite exchange, thus
improving the structural interconnectivity. The elastic
modulus of the scaffold in compression is ~50 MPa, and
the bulk density of the scaffold is 1.21 g/cm?®. Because
the mechanical and physical properties of the scaffold
lie within the range of those of cancellous bone, this can
be considered as a promising scaffold material for hard
tissue regeneration.

The in vitro investigations reported that cells attached
to the apatite crystals that make up the scaffold ma-
trix. Moreover, the cells adhered to the CPC and de-
veloped cytoplasmic extensions, demonstrating that the
scaffold architecture was suitable for MSC seeding and
growth. These factors provide important indications of
osteogenic differentiation.
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