Iran. J. Chem. Chem. Eng. Research Article Vol. 42, No. 7, 2023

A Novel Porous Bone Scaffold
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Abstract: Porous bone scaffolds are made by various methods such as membrane lamination, space
holder, freeze-drying, and 3D printing techniques. With the advent of 3D printing, this method has emerged
as a new tool for designing porous scaffolds. The porous scaffolds are expected to have a multifunctional
effect and changing porosity patterns as an approach to integrating the mechanical properties of different
designs into a unique scaffold design. The knees, as a large joint, in addition to helping the limbs, also bear
the weight of the body. In this study, the bone scaffold was fabricated using materials such as
carboxymethyl chitosan (CCHI) and hyaluronic acid (HLA) using a three-dimensional bioprinter method
for repairing the knee joint bone. In this study, Scanning Electron Microscopy (SEM) analysis is used
to study morphology. In order to investigate the existing phases, phase changes due to different content
to determine the absence of space particles in the production scaffold and to determine the size of blocks
by X-Ray Diffraction (XRD). The MTT toxicity, apatite formation, as well as cell growth tests, were used
to evaluate the biocompatibility and biodegradability of the porous scaffold. The scaffold degradation rate
is determined after immersion in Simulated Body Fluid (SBF) as well as Phosphate Buffer Saline (PBS).
The outcome shows that the sample with 10 wt% HLA presents suitable mechanical and biological
properties compared to the pure sample.
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INTRODUCTION

Today, in medical science and tissue engineering,
biocompatible and absorbable polymeric materials are used
to repair and regenerate bone and cartilage tissue [1-3].
The main and most important function of bone is
to provide a hard and strong framework for the human
body, which in addition to protecting soft organs such as
the brain, heart, and lungs, allows the person to move
with the help of muscles [4-7]. However, the bone
function is not limited to these components. In addition
to providing the ability to move and provide mechanical
protection to vulnerable organs, bone also plays a vital
role in the hematopoietic process. In addition, there is
a close connection between this tissue and the immune
system. Because the source of type B lymphocytes,
which are responsible for producing the right antibodies
for the body's defenses can be the bone marrow [8-12].
Bone also acts as a source of calcium storage for the bone
and body. The presence of calcium ions is essential for
muscle contraction, blood coagulation, permeability of
cell membranes, transmission of nerve pulses, etc. [13-17].
Bone stores about 99% of the total calcium in the body
and the human body receives a significant amount
of calcium for its daily needs from this source [14-19].
In addition, calcium ions can control and balance
minerals in the body fluids [18-25]. The calcium
performance and all these tasks and functions are
responsible for bone. Bones are one of the dynamic
microstructures that can heal after a fracture or injury.
However, the severity of the injury should be considered
[26-36]. The bone with compact and spongy architecture
can be treated by artificial bone substitutes. Porous bone
has lower compressive strength than dense bone,
however, it is more resistant to impact force. Recently,
the fabrication of porous bone, implants have been
considered because of its similarity to bone tissue
and the higher similarity of the bone implant with the
bone structure leads to more suitable healing of the
damaged tissue [37-42].

Although bones are self-healing organs in the human
body, they have weak properties in many diseases such
as osteoporosis, bone marrow cancer, sarcoma, or severe
injuries caused by accidents. Porous scaffolds have good
mechanical properties in addition to bioactivity [43-52].
Porous bone scaffold is a new method of cancer
treatment, especially bone replacement for hyperthermia
treatment and bone fracture by orthopedic surgeons.
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Tissue engineering, known as the design and construction
of new tissue to evaluate the function of defective organs
or lost tissue. The principles of tissue engineering are
cellular, molecular biological expansion, and tissue formation
based on biological properties. The cells' function and
the structure of the extracellular matrix (ECM) create
a suitable environment for cell adhesion and maintenance
as a key concept [62-67].

Bone tissue engineering necessarily requires three
components such as bone progenitor cells, bone Growth
Factors (GFs), and scaffold for adhesion and maintenance
of cell function [68-71]. The most important advantage of
tissue engineering is that connective tissue can be
produced outside the body which cannot harm the living
body. Stem cells have a high potential for cell therapy and
tissue engineering due to their self-renewal properties and
ability to differentiate into different cells including
osteoblasts affected by host tissue or culture medium. One
of the methods of making absorbable polymer implants is
a 3D printer, which provides the possibility of printing
natural polymers in bone tissue engineering. The 3D
printers have been able to play the role of the link between
the science of tissue engineering materials. Therefore,
various methods have been developed to produce tissue
engineering scaffolds by 3D printing using computer
systems.

EXPERIMENTAL SECTION

In this study, a porous scaffold made of 3D printing
methods with good accuracy and structure with the
desired texture. Also, the speed of preparation of porous
scaffold is very high and economical. The 3D printing
methods usually have two main stages such as the
production of a computer design for the desired organ and
the second stage is the implementation of this design
by 3D printers for bone substitutes. To prepare the novel
bio-nanocomposite, 30 grams of carboxymethyl chitosan
(CCHI) and 10 cc of glutaraldehyde were added to the
standard glass tube. Then, to create cross-links for the
bio-nanocomposite, the polymers were dissolved in the
68 cc polymers and mixed for 4 hours on the magnetic
stirrer. After that two 2 Bio-Oss Tablet drugs weighing
2 grams were mixed into the solution and kept on the
magnetic stirrer.The samples were prepared by 0, 5,
and 10 wt% of hyaluronic acid (HLA) added
to the solution. After preparing the bio nanocomposite,
the samples were prepared by 3D Bioprinter of
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Table 1: A list of raw materials for the preparation of porous scaffold

Jasemi A. et al.

4 Materials Amount Abbreviation )
Carboxymethyl chitosan 30g CCHI
Hyaluronic Acid 30g HLA
Glutaraldehyde 10cc
Distilled water 1L
\_Bio-Ossteointegradation 109 Bio-Oss J

OMIDAFARINAN company X Fab3 with the cubic
geometry designed by solid work. The aim of this
research was to fabricate and evaluate a 3D porous
scaffold using a 3D bioprinter machine for the repair
of knee joints using Bio-Oss bone supplement. The
prepared samples were examined for compressive
strength  tests, porosity measurement, bioactivity,
and biodegradability evaluations. The materials
characterization such as scanning Electron Microscope
(SEM), X-Ray Diffraction (XRD), and Fourier-
Transform InfraRed (FT-IR) Spectroscopy techniques at
Biomaterials and Medicine Chemistry Research Centre,
Aja University of Medical Sciences. The biocompatible
properties of the porous scaffold and apatite formation
for biological investigation are considered in this study.
The sample preparation was done according to the starting
materials according to Table 1. The XRD analysis
was done by the Philips X’ part at a distance of 0 to 90°
and in the range 26. The X’ pert High score plus software
was also used to determine the size of the crystals. Using
this test, we can check the amount of agglomeration and
determine the particle size. To perform the SEM analysis,
the LEO-435VP device was used at an applied voltage
of 30 kW. The bioactivity evaluation and their rate
of apatite formation as well as the evaluation of pH
of scaffolds with 0, 5, and 10% of hyaluronic acid
was considered in the Simulated Body Fluid (SBF) which
is a very similar composition to human body blood
developed by Kokubo et al [79]. This solution has
a concentration similar to human blood plasma, which
is maintained under temperature and physiological pH of
the body. Phosphate Buffer Saline (PBS) is a water-based
saline solution consisting of sodium chloride, sodium
phosphate, and in some formulation potassium chloride
and potassium phosphate. In this test, 5 PBS tablets
are dissolved in 90 mL of deionized water and after
complete dissolution of the tablets, the volume of the
solution is increased to 1000 mL. The PBS in this
solution helps to keep the pH of the solution constant, and
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also because it is both concentrated with the body's
biological substances and the solution is non-toxic,
it has many uses for the human body [80]. The solution
should be stored in a sterile space under the hood using a
0.22-micron filter at 4°C. The mechanical strength was
performed to evaluate the tensile strength and bearing
capacity of the porous scaffold according to ASTM
standards. The mechanical performance of the porous
scaffold was done in order to control the quality and
predict how a substance may react under other types of
forces. The stress-strain curve is plotted based on the amount
of applied force elongation, so the test output is a
stress/strain curve that indicates the behavior of the
material under tension.

The tendency of a fluid to spread on the surface of
a solid in the presence of other miscible salts is called
wettability. By measuring the angle of contact of the solid
with the liquid, this tendency to spread on the solid surface
can be measured. This contact angle is between
the numbers 0 and 180°, with an angle of O representing
a more complete and an angle of 180° representing
an absolute non-absolute. As the angle decreases,
the properties of the fluid increase. This test shows the wetting
of scaffolds made with different weight percentages
of hyaluronic acid.

RESULTS AND DISCUSSION
XRD analysis

To investigate the phase of prepared sample and the
pure materials, it is shown that the presence of amorphous
materials in porous CCHI-HLA scaffold with 0, 5 and 10 wt%
of HLA has amorphous architecture as shown in Fig. 1.
The XRD pattern shows that the sample with higher
amount of HLA has a lower sharp peak.

Fig. 1 shows that only large peaks, characteristic of
amorphous structures for the three samples. Also, it shows
the presence of high crystallinity in the final membranes
which can be ruled out. Also, the FT-IR was performed
using FTIR-JASCO680 PLUS device.

SEM analysis

The SEM analysis was used to evaluate the amount and
size of porosity as well as the morphology of porous
CCHI-HLA porous scaffolds containing 0, 5, and 10 wt%
of HLA. The amount of porosity on the surface of the
sample, the size of the cavities, the relationship of the
porosity, and the porosity shape can be seen by SEM analysis.
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Fig. 1: XRD pattern of the optimal sample for bone scaffold
with CCHI and various amounts of HLA
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Fig. 2: SEM image of porous bone scaffold with CCHI-HLA
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Fig. 3: FTIR analysis CCHI-HLA in the range of 250 to 4000 cm*

Fig. 2 shows a SEM image of a three-dimensional (3D)
bioprinted scaffold made of CCHI-HLA. As the size of the
hole and pores in the scaffold are too large, the cells can
easily moved into the dark space and to their desired
direction without getting stuck at the fiber-binding
vertices. Also, the initial cell proliferation and mechanical
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properties of the prepared bony scaffold can be impaired.
In contrast, as the size of the porosity is small size,
it becomes more difficult for nutrients to reach the cells
and excrete the waste products from them. It should be
noted that the percentage of porosity and pore size are very
important for scaffolds made of two components.
The minimum porosity and cavity size for bone tissue
growth are 65-70% and 100-200 um, respectively. As the
porosity size and shape are closed, the porosity does not
reach the scaffold surface. The open porosity with one or
more paths can help the cells to reach the surface and
improve the ossification process with an appropriate
porosity as shown in Fig. 2.

FTIR analysis

In order to examine the CCHI-HLA scaffold
containing various amounts of HLA which is soaked
in SBF solution can confirm excellent the cross-linking of
the based matrix and additive in the range of 250 to 4000 cm™.
The FT-IR results indicated that the preparation of porous
scaffold using glutaraldehyde has been successfully
performed and can be used for transverse connections.

Porosity evaluation of porous scaffold

Porosity is the main and influential factor on the
mechanical properties and structural integrity of scaffold.
Among the important and prominent features in the
design and construction of scaffold the shape, size,
volume, roughness, and distribution of cavities is
important. In fact, the size of the pores and their internal
3D relationship are very important for better cell
expansion and angiogenesis. In this study, the Image-J
software was used to investigate the porosity percentage
of porous CCHI-HLA scaffolds containing 0, 5, and 10 wt%
of HLA. For this purpose, with the support of SEM
images and Image-J software, the percentage of porosity
of porous scaffolds with different amounts of HLA
was investigated and presented in Fig. 4. Fig. 4 shows
that with the addition of HLA to the CCHI the porosity
percentages increase using 3D bioprinter technique using
the following Eq. (1).

Porosity (%) = (W1 — W3)(W2 — W3) x 100 @

Several studies have shown in tissue engineering
applications for the preparation of orthopedic bony scaffolds,
open porosity is suitable for nutrient transport and target tissue
formation [55-67]. On the other hand, due to the similarity
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Fig. 4: Porosity evaluation of bone scaffold with CCHI-HLA
using SEM images and Image-J software
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Fig. 6: Comparison of the degradation rate of the bone
scaffold with CCHI-HLA in PBS
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Fig. 7: Results of comparison of porosity compared to the results
of apatite formation and degradation rate

of the regular scaffold with the natural tissue structure in
the body, the fibers became clumped, reduced in diameter,
and distributed. In contrast, the tensile strength increased
from 1.2 MPa to 4.1 MPa. The agglomeration of the two
polymers changes the porosity value of the scaffold.
Therefore, the elastic modulus and tensile strength of
the sample with the highest percentage of HLA can reach
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the maximum amount which can be a good choice to
replace the sponge bone. As shown in Fig. 4, the porosity
of the scaffold increases from 65% to 71% and the growth
rate of apatite increases from 20% to 31%. However, the
dissolution result shows that the sample has become a
rubbery form. Also, the results indicated that the addition
of HLA did not significantly increase or decrease in weight
of the sample in the biological investigation in a PBS or
SBF environment.

Apatite formation and degradation rate of porous scaffolds

The apatite formation in the SBF to evaluate the rate
of apatite formation was done. In this test, by consuming
the calcium and phosphate ions present in the SBF,
the apatite formation begins to grow spontaneously
on the porous 3D surface. During this test, after placing
the scaffold in the Falcon tube pouring the SBF on it, and
placing it in the water bath at 37°C after 1, 4, 7, 14, and
21 days, the apatite formation mechanism and pH
changes were determined. Also, the degradation rate
of porous scaffolds has been investigated and presented
in Fig. 5 and Fig. 6.

A careful review of the relevant articles shows that
most of the samples made in the biomaterial field for bone
replacement remain only as theoretical species, while in
this study, a significant achievement was achieved the
dissolution rate of the samples is very low as shown in Fig.
6. Surface roughness is an important factor affecting the
reaction between cells and tissue engineering scaffolds and
changing cellular behavior. The nanometric roughness of
the hyaluronic acid scaffold, due to its similarity to the
body's natural ECM, increases the absorption of proteins
such as fibronectin and vitronectin and increases cell
proliferation and viability

As can be seen in the porous scaffold consisting of
carboxymethyl chitosan, and glutaraldehyde with
different percentages of 0, 5, and 10 wt% of hyaluronic
acid, increasing the amount of HLA in the scaffold has
been associated with an increase in porosity and apatite
formation. Although the amount of degradability increased
in samples consisting of 0 wt% and 5 wt% HLA.

The wettability test is to check the degree of CCHI-
HLA porous scaffold with 0, 5, and 10 wt% of hyaluronic
acid. By increasing the amount of hyaluronic acid,
the wetting contact angle increased from 124.8 to 125.7
and then decreased to 113.9 as shown in Fig. 8. The decrease
in wetting indicates the increase in the hydrophilicity
of in the samples, and the increase in hyaluronic acid has
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Fig. 8: Results of Wettability test of the bone scaffold with
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increased the hydrophilicity of the scaffolds. This
hydrophilicity of the scaffolds shows the water absorption of
the scaffolds and also the non-accumulation of water in the
knee joint preventing the knee from getting infected.

In this paper, various micromechanical methods are
proposed to obtain the effective elastic properties of bone
scaffolds. The investigation of the mechanical properties of
various scaffolds shows proper modeling of single-scale
ceramic scaffolds and modeling of composite polymer
material scaffolds in the fabrication of bone scaffolds.
As can be seen, with the increase in the amount of
hyaluronic acid in the scaffolds, the amount of tension also
increases, which increases the amount of strain in the scaffolds
and the elastic modulus can also be obtained by calculating
the slope of the stress-strain as shown in Fig. 9.

In order to prepare the culture medium, 10 g of DMEM
powder containing L-Glutamine along with 3.7 g of sodium
bicarbonate powder was poured into an Erlenmeyer
containing 900 mL of deionized water plus 100 micrograms
of streptomycin and 100 units of Penicillin per mL. The pH
of the prepared solution was adjusted to 7.2 using one molar
Hydrochloric Acid (HCL). Then, the solution was brought
to a volume of 1000 mL and kept under the hood by a 0.22
micro-style filter in sterile glass containers at 4°C. The flask
culture vessel is flushed after being coated with adherent
cells, and the cells are washed with PBS solution and trypsin
enzyme is added to the flask and incubated at 37°C for 3 to
5 minutes. Among all the methods used to determine cell
proliferation, MTT test is the most preferred assay. This test
is evaluated using the STAT FAX 2100 Microplate Reader,
ELISA Analyzer with 545 nm wavelength based on the
amount of color change in which wells with more cells have
a higher Optical Density (OD) than wells with fewer cells.
This test was performed in the Pasteur Institute of Iran for 1,
3 and 7 days as shown in Fig. 10.

Fig. 10 shows the amount of cell growth in 1, 3, and 7
days. In this period of time, the sample containing 5 wt%
hyaluronic acid, compared to the sample without the
presence of hyaluronic acid faced a continuous increase and
increased from 0.61 to 0.72. However, in the sample with
10 wt% of hyaluronic acid, the cell growth first increased by
0.7, but then it decreased. The amount of cell growth is
shown linearly, which shows the increasing trend of the
sample with 5 wt% hyaluronic acid compared to the other
two samples. In fact, the decrease in cell growth in the
sample with 10 wt% can be due to the decrease in pH
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following the increase in hyaluronic acid. Also, it is
due to the presence of an acidic environment and the
higher percentage of degradation of the sample.

Determining the surface roughness depends on the type
of cell, scaffold, and tissue that can be achieved by
changing the parameters of the electrospinning device to
the optimal value. Therefore, the bone growth rate is high,
bone formation is easier and the patient recovers quickly.
The use of this scaffold as the main nucleus of bone growth
for patients whose spinal cord, jaw and any part of their
body bones are damaged. Researchers examined chitosan
containing nanoparticles of Bioactive Glass (BG) and
hydroxyapatite (HA) found that increasing the
concentration of nanoparticles reduced the decomposition
temperature and degradation occurred at lower temperatures
with the addition of 1.5 wt% BG. Khandan et al. [24]
added apatite particles to the bredigite nanoceramics.
Many studies have shown that the mechanical properties
and cellular behaviors in the 25% apatite sample were
higher than the 50% sample Surface wettability is an
important physical property in electrified scaffolds that
directly affects cellular activity. Khandan et al. [24-25]
conducted a study that showed that the water contact angle
in polymeric-hydroxyapatite sample decreased compared
to PCL and the hydrophilicity of the composite fibers
increased due to the high wettability of the calcium
phosphate phase. After examining the samples made with the
support of three-dimensional bioprinters and examining the
structure and morphological behavior of scaffolds made
containing CCHI and HLA for use in bone tissue that are
damaged due to fractures and aging, the third sample can
be considered as an optimal sample. Due to the process of
long-term self-healing or non-reconstruction in severe
injuries, tissue engineering has been raised. The most
important success factors in tissue engineering are the use
of appropriate cells and scaffolds. For this purpose, various
cells such as ossifiers and embryonic and mesenchymal
stem cells were used in this study and the application of
Bio-Oss was considered which will be presented in another
article. However, the unique properties of mesenchymal
cells (MSCs) have led to their widespread application
in the field of tissue engineering. There are various techniques
such as 3D bioprinter, freeze-drying and electrospinning
for scaffold preparation [65-78]. The electrospinning
method has been considered due to the similarity of
nanofibers with ECM of natural tissue, the ability to choose
different materials, the ratio of surface to large volume
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of fibers, and the regeneration of tissue as much as possible
compared to other methods [74-78]. Carboxymethyl chitosan
is known as a synthetic biopolymer that is widely used
in medical applications for bone tissue regeneration.

CONCLUSIONS

The choice of porous scaffold for orthopedic
application using an appropriate fabrication method and
cell type are key factors in the success of tissue
engineering. Polymers, ceramics, and polymer-ceramic
composites have been used in the manufacture of novel
porous scaffolds recently. The desired membrane should
be biocompatible, biodegradable, and strong and not
irritate the host tissue. In this study, it was found that
in order to improve hydrophilic properties, mechanical
strength, proliferation and cell growth of CCHI, natural
ceramics and HLA can be added to CCHI. However,
the use of high concentrations of the polymer causes
particles to clump and reduce the biological properties of
the porous bony scaffold. On the other hand, high water
absorption promotes cell interaction with fibers. In general,
porous bio-nanocomposite scaffolds had better and more
suitable properties than pure samples. Evaluations are
ongoing to improve the properties of the scaffold and bring
it closer to the body. The porosity of scaffold increases
from 65% to 71% and the growth rate of apatite increases
from 20% to 31% with a growth of 10%. However, the
dissolution result shows that the sample has become
rubbery and has not shown a significant increase or
decrease in weight soaked in the PBS solution. Due to the
increase in the amount of hyaluronic acid, the amount of
hydration decreases. By increasing the amount of hyaluronic
acid, the wetting contact angle increased from 124.8° to
125.7° and then decreased to 113.9°. The decrease in wetting
indicates the increase in the hydrophilicity of the samples, and
the increase in hyaluronic acid has increased the
hydrophilicity of the porous scaffolds. The rate of cell growth
in the time periods of 1, 3, and 7 days showed an increase of
18% in the sample with 5 wt% of hyaluronic acid.
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