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The porous scaffold provides a temporary environment for bone
growth and facilitates cell adhesion, cell growth and differentiation.
In the present study, polymeric scaffolds were designed and
fabricated via fused deposition modelling (FDM) method for
orthopedic defect approaches using polycaprolactone (PCL) and
polylactic acid (PLA) polymer. The prepared scaffold was coated
with Chitosan-Hydroxyapatite (HA) as a reinforcement. The
application of PLA, PCL and HA received attention of orthopedic
surgeons to accelerate the bone healing. However, the comparison
between the compression strength value of these scaffolds required
more investigation and advance mechanical testing. In this study, we
coat the novel PCL and PLA scaffold with chitosan-HA composite
to mimic with humans' body. In the next stage, the mechanical
strength and the biological response of the specimen were examined.
Then, the morphology and phase characterization of the materials
were analyzed using scanning electron microscopy (SEM) and X-
ray diffraction (XRD) technique. The apatite formation and weight
change test were performed on the porous scaffold which showed
proper hydrophilicity. The microstructure of the porous scaffold was
simulated using the Abaqus simulation with the extracted data from
the experimental work. At the end, it was concluded that the most
suitable scaffold was fabricated made of PLA filament and coated
with chitosan-hydroxyapatite nanocomposite which can be useful
choice for bone tissue engineering.

1-Introduction

science that deals with such bone and hard tissue

Engineered hard porous tissues can reduce the
need for tissue replacement and generally
eliminate the need for organ transplants [1-2].
The bone injury with minimal treatment can be
recover, but some damages, such as the
complete disappearance of the bone caused by
the tumor, union bone and infection of the
lesions largely cannot be treated easily. These
bone injuries often destroy much of the bone
tissue and the natural mechanisms of the ossein.
Restorative medicine is a branch of medical
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injuries [2-5]. One of the things that is constantly
researched in bone tissue engineering is to
explore different ways to expedite treatment as
well as reduce side effects and minimize the
disruptions caused by treatment methods in the
patient's daily life [4-6]. This issue is also of
great interest in topics such as bone fracture
healing because the therapeutic process is highly
disruptive to one's life and causes costly
secondary surgeries in the patient [5-8]. One of
the tools in regenerative medicine is
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transplantation of bone-like structures made by
tissue engineering tools [7-8]. The goal of tissue
engineering is to restore function of the bone by
transmitting the living factors that integrate with
the patient with new physiological tissue
materials. The potential impact of tissue
engineering field is much wider in medical
domain [8-12]. For example, autografts are
associated with problems such as donor
deficiency and virus transmission, while
allografts and xenografts are at risk of
transmitting disease and immune response and
synthetic substances that do not behave like
normal bone [9-14]. It is important to note that
the materials used in the fabrication of the
scaffold needs to have suitable bioactivity
property response with the host and guest tissue.
The importance of natural polymers like
chitosan, chitin, gelatin and sodium alginate in
the preparation of porous bone scaffold is their
clinical property due to their biocompatibility
with other materials such as; digestibility, non-
toxicity, high absorbency, and availability as a
drug carrier [13-18]. Seitz et al. [19] conducted
a three-dimensional (3D) print on a porous
ceramic scaffold for bone substitute application
with fully interconnected channels to repair
bone defects. Fast prototyping, especially 3D
printing, is well suited for the production of
porous matrices directly from powdered
materials. They used a modified HA to make 3D
printing scaffold as a biocompatible implant for
bone regeneration. The prototypes were
successfully produced and identified using
special materials characterization. It was shown
that the essential parts can be made with internal
channels and proper dimensions near 400-500
microns and wall structures up to 300-350
microns thickness. The mechanical strength of
the designed part was about 22 MPa [19-25]. In
recent years, research on new bone substitutes
has focused on nonmetallic composite materials,
especially polymer/ceramic, ceramic/ceramic
and nanocomposite [26-28]. These composites
consist of a polymeric and bioactive powder that
provide suitable biological and mechanical
properties for bone substitute applications.
These materials relate the advantages of
polymers such as structural stability, strength,

biocompatibility, and optimum shape to
ceramics that resemble to the human bone
microstructure. The lack of adhesion between
the HA particles and the polymer usually results
in early failure in the two-phase joint elements
[28-34]. In this project, we fabricated a novel
chitosan-HA coated on PLA and PCL scaffold
using FDM technology as a biocompatible
material. Research has found the effectiveness
of the above-mentioned method with high rate
of success. The use of different scaffolds with
biocompatible and biodegradable ingredients
that can accelerate bone healing and damage the
body.

2. Materials and Methods

The materials used to make the scaffolds and its
coating along with the manufacturer as well as
the chemical formula are listed in Table 1.

Table 1: Based materials for preparation of coating
on porous PLA and PCL
Company Chemical
formula
Aldrich,
United
States
Merck,
United
States
TAT,
Iran

Element

CoH11NO4 Chitosan

Cas(PO.)3(OH) Hydroxyapatite

CH3COOH Acetic acid

The description of the material properties,
fabrication procedure and method of synthesis is
also discussed in the following sections.
Chitosan is one of the most important natural
biopolymers with the linear polysaccharide
structure which synthesized from chitin with
random units of d-glucosamine and n-acetyl d-
glucosamine. The PLA and PCL scaffolds
coated with chitosan-HA. In order to synthesize
the chitosan-hydroxyapatite hydrogel, chitosan
was first incubated in 100 mL distilled water
containing (1 vol%) of acetic acid at 50°C on a
magnetic stirrer for several hours to completely
dissolved for 60 min on IKA stirrer according to
Figure 1.
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Figure 1: Schematic of preparation of chitosan-hydroxyapatite hydrogel coat.

Then, specific amount of hydroxyapatite (HA)
bioceramic with 50-100 nm with 98% purity was
poured into the following solution and stirrer for
2 h at 50°C. The porous designed PLA and PCL
scaffold were produced using solid work with
2D design, 3D design and FDM method as
shown in Figure 2. Thus, a favorable hydrogel
(Chitosan-HA) was obtained and a high
viscosity hydrogel was developed.

The design file output was STL format and
imported into 3D printer software called
Simplify 3D. In this software, the 3D printer
settings were adjusted during manufacturing
process, as well as the output temperature of the
nozzle and printer table and its speed. The
machine was preheated prior to the printing

process and reached the optimum temperature of
200°C for PLA polymer and 60°C for PCL
polymer. After reaching to the required
temperature, the printing process began. Figure
3 illustrates the process of printing a bone
scaffold using FDM 3D printer. After making
the  chitosan-hydroxyapatite  biocomposite
coating solution, the samples were coated with
soaking the samples in the hydrogel solution for
10 min and then removed from the solution and
kept at room temperature. Table 2 shows the
mechanical  properties  results including
Poisson's ratio, elastic modulus, density and
compressive strength. The samples were
fabricated with various amount of HA (S1, S2,
S3 and S4) as shown in Table 2.

Figure 2: The design of porous (a) 2D top view, (b) lateral view, (c) simplify 3D, and (d) porous architecture
of PLA and PCL fabricated using FDM method coated with chitosan-HA.
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Table 2: Mechanical properties of porous cylinder scaffolds obtained after mechanical testing and SEM

analysis.
Property S1 S2 S3 S4
Elastic Modulus (MPa) 125 135 142 168
Porosity (%) 65 75 78 80
Compressive strength (MPa) 32 35 38 41
Fracture toughness (MPa.m*?) 0.98 1.2 1.2 1.42
| = Lok
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Figure 3: Schematic and overview of preparation of novel porous composite scaffold coated with chitosan
polymer.

2.1.Materials characterization of porous
scaffold

To determine the phases of the powder and
composite scaffold, X-ray diffraction (XRD)
were utilizes with Equinox 300 tests in the range
of 20 between 10 and 90° under 40 kV and 30
mA. In order to investigate the morphology and
porosity of the scaffold surface, scanning
electron microscope (SEM) X130 Philips was
used. Then, the pores of the coated porous
composite scaffolds were examined using
Image-J software.

2.2.Mechanical testing evaluation

To calculate the mechanical properties of the
porous PLA and PCL with chitosan-HA coated
under compression test, the SANTAM-STM50
machine was used. For this purpose, each porous

cylindrical specimen with a length of 30 mm and
a diameter of 10 mm was prepared and loaded at
a rate of 0.2 mm/min. The output of the device
in the form of force and displacement data was
converted to stress and strain curve by having
the diameter and initial length of each specimen.
Finally, using the elastic region gradient of the
stress-strain diagram, the elastic modulus of
each sample was obtained. Also, the highest
point in the graph showing the greatest stress
tolerated by the specimen was considered as the
compressive strength of the specimen.

2.3. Porosity evaluation

Liquid displacement method was used to
calculate the porosity of porous scaffolds in this
project. For this purpose, a graded coted cylinder
with a definite volume of distilled water (Wy)
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was prepared and the scaffold sample was
immersed in the simulated body fluid (SBF).
The new volume was named after the immersion
cylinder (W) and then it was time for the water
to penetrate in all the holes and fill them. The
filled coated scaffold was then removed and the
new volume was called the wet cylinder (Ws3).
The porosity percentage was calculated
according to the fluid displacement method
according to the following formula 1.
Porosity (%) = W5 % 100 (1)
W,—Wj,
The Image-J software was used to obtain the
porosity of the coated sample using at least 20-
30 holes in the SEM image too.
2.4. Apatite formation
The swelling properties of the prepared porous
scaffolds were studied in an SBF. The simulated
body solution was prepared according to the
method proposed by Kokubo according to Table
3, in which the concentration of each of the ions
in the SBF corresponds to the concentration of
ions present in human blood plasma. The
solution contains 8 different salts, as shown in
Table 3, the type and amount of salts per liter of
distilled water. In order to produce one liter of
SBF solution, first pour 700 ml of distilled water
into one liter and heat up to 36.5°C and then each
of the salts given in the previous Table 3 were
inserted into the solution.
After adding the salts, the distilled water should
be brought to 900 ml and the water temperature
controlled to reach 36.5°C. In this case, the pH
of the solution should be within the limit of 7.2
+ 1. Then, the Tris based factor is added to reach
a pH of 7.3. By controlling the temperature
again at the mentioned temperature, the pH was
adjusted by adding 1 mM hydrochloric acid
(HCI) at 7.45. To investigate the bioactivity
property of the scaffolds, the samples were
immersed in 10 ml of SBF, prepared as
described above, in a water bath at a constant
temperature of 37°C (human body temperature)
for a period of 28 days. On days 1, 4, 7, 14, 21
and 28, the pH of the solutions containing the
samples was measured and recorded with a 162-
Meter pH apparatus. The weight of the
specimens was also measured by digital scales
on the mentioned days. After 28 days, the
samples were extracted from the solution and
SEM tools was used to evaluate the bioactive
properties and morphology of the apatite formed

on the scaffolds. The water absorption rate of
bone scaffolds is one of the important biological
characteristics of these composite materials. For
this purpose, scaffolds made with different
percentages of polymeric and ceramic phases
were cut and weighed in appropriate dimensions
and then immersed in distilled water and SBF
solution at 37°C.

Table 3: Instructions for the preparation of
simulated body fluid solution.

Order | Reagent Amount | Container E;Z;'ty \';2?5;::'&
Weighing

1 NaCl 80359 | o 99.5 | 58.4430

2 NaHCOs 0.355 g r;;gh'”g 995 | 84.0068

3 KCl 0.225 g \é‘éit'%h'”g 995 | 74.5515

4 K2HPO4.3H:0 | 0.231 g \é‘éft'ﬁeh'”g 99.0 | 228.2220

5 MgCl2.6H:0 | 0.311g \b"é?t'ﬁeh'”g 98.0 | 203.3034
Graduated

6 1.0M-HCI 9ml| Cder

7 caCl, 0.202 g \b"é?t'ﬁeh'”g 950 | 110.9848

8 NazSOs 0072 g \é\é‘;‘ﬁeh'”g 99.0 | 142.0428

. Weighing
9 Tris 6.118 g paper 99.0 121.1356
10 1.0M-HCI 0-5ml Syringe

2.5. Abaqus Simulation

To simulate the mechanical properties of the
porous scaffold, the extracted data from the
mechanical testing were inserted into the
Abagus software to identify scaffolds sensitive
points with applying 100 N force, the amount of
stress applied to the scaffold and its sensitive
points. For simulating the mechanical
performance of the porous scaffold using
Abaqus software to simulate the static analysis
response of the hard tissue. In the design of bone
scaffolds, honeycomb modeling was assumed.
This porous scaffold with hollow space which
exchange bone-forming elements, facilitates the
retention of these materials and provides greater
strength due to its vertical structure.

3. Results and Discussion

The XRD pattern is used to study the structure
of crystalline and non-crystalline materials. The
XRD method can be used to determine the size
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of the crystals under certain conditions. It is also
used to identify crystalline phases and their
position of thin multilayers. In this study,
materials such as hydroxyapatite and chitosan
were used to make composite coatings, as well
as PCL and PLA for scaffold preparation using
3D printers. According to the materials used, the
validity of the above materials was evaluated

21

and confirmed according to this analysis. Figure
4 (a-d) shows the XRD of hydroxyapatite,
chitosan, PCL, and PLA polymer used in the
scaffold made by 3D printing technology. First,
the specimens were photographed by SEM tools
in order to compare the appearance and shape of
the holes and their physical properties.
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Figure 4: XRD pattern of (a) hydroxyapatite bioceramic, (b) chitosan polymer, (c) polycaprolactone, and (d)
Polylactic acid materials.

8 Detector= SE1 Detector= SE1

Figure 5: SEM image of porous scaffold coated wit chitosan-hydroxyapatite nanoparticles, (a) PLA ad (b)
PCL.
PCL. The porosity of the specimens was
calculated using Image-J software extracted
from the SEM images. Figure 5 (a-b) showed
that homogenized HA dispersed in the chitosan

The SEM images shows the hole are in the range
of 50-100 micron. Figure 5 (a-b) shows the SEM
image of the fabricated scaffold coated with
chitosan-HA nanoparticles made of PLA and
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biopolymers. However, the HA mixed with
chitosan coated on the PLA better than PCL
regarding the low melting temperature of PCL.

Figure 6(a-b) shows the porosity value of the
sample with based PLA polymer. It shows that
as the base polymer amount can changed it
effects on the porosity value. Normally, cortical
bones have a compressive strength of 110 to 150
MPa and an elastic modulus of 18 to 22 GPa,
whereas the spongy bones have a compressive
strength of 2 to 6 MPa and an elastic modulus of
0.1 to 0.3 GPa [25-35].

Mechanical strength is the most important factor
in maintaining and stabilizing the scaffold [33-
38]. After soaking the samples into the in vitro
environment, as the bone replaces, this new
tissue is affected by different loads in different
directions, and if these mechanical loads are not

tolerated, the bone scaffold will crack and break
100

22

down very soon [39-44]. Figure 6 shows that the
compressive strength and the fracture toughness
of the architecture increased with changing the
HA amount in the chitosan polymer from nearly
30 to 40 MPa and 0.9 to 1.5, respectively. This
strength is related to several factors such as the
materials properties and their strength, the type
of reinforcing and mineral particles and their
size, the interaction between the organic
component and the mineral sediments, as well as
the relation of these components [45-52]. The
compression test can partially determine the
initial strength of the porous scaffolds to mimic
with humans' spongy bone [53-57]. The pH of
all solutions on the first day was similar to the
pH of 7.4. The dissolution of the scaffold in the
solutions and their solubility permeated their
pH.
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Figure 6: Diagram of (a) Porosity percentages, and (b) compressive strength versus fracture toughness of four
specimens coated with chitosan-hydroxyapatite nanoparticles having honeycomb structure.
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Figure 7 (a-b) shows the pH changes in the SBF
for 28 days. As it is seen, most of the changes
occurred in the first days so that they first
decrease and then increases. The obtained
results from the biological reaction indicated
that after 7 days the pH has reached from 7.4 to
7.7 which can be due to the breakdown of the
bonds and release of calcium ions from the
scaffold surface after immersion in SBF
solution.

The ion displacement in the solution represent
the releases of the calcium ions from the scaffold
into the solution. The trend of pH changes for all
four samples is the same, with a range of less
than 0.5, indicating no toxicity in the solution. In
Figure 7, the diagram shows the pH changes in
the saline solution, which increases over the
period of time and continues to increase until 28
day. Based on the pH results, it can be said that
3D scaffolds do not cause toxicity and leads to
the pH changes in the blood in such a way as to
create an acidic environment. The ability of
apatite to form on the scaffold, which facilitates
the proper interaction of cells and aligns the
antibacterial behavior to the production of bone
tissue that can be expected to have good
biocompatibility properties at the scaffold site
associated with the host tissue [54-59]. The
empirical dissolution rate also shows that the
sample with zero percent of HA has the highest
dissolution rate. Unlike metals and polymers,
ceramics can hardly be plastic deformed due to
the nature of their bonds and the small amount
of sliding systems. These properties make the
ceramics nonconductive and have a near-zero
creep at room temperature, making the ceramics
susceptible to crack propagation and intensity of
the microcrack because they elastically break
through the crack instead of undergoing plastic
deformation. The stress at the crack tip is several
times more than the stress in the areas around the
material. As a result, the stress concentration
causes the material to have weal properties,
eventually making it difficult to determine the
compression strength of the ceramic material.
The scaffolds were designed in the Solid works
software by considering the features required for
each scaffold and then the model was transferred
to the Abaqus software. The analysis performed
in Abaqus software was determined as static
state and according to the data obtained from
compression tests was performed. Regarding the

Poisson's coefficient of 0.33, elastic modulus of
3.50 GPa and filament density of 1.25 g/m? were
set for the material specifications in the Abaqus
software. After applying the properties of the
material in the software, all constraints below
the surface were bound and proper mode was
selected. To test the amount of compression
value the force applied to the scaffold, a vertical
force of 100 N. The simulation was performed
with TET meshing structure. The analytical
results of the scaffolds showed that by applying
force to the scaffold a different distribution of
force and stress can be observed at the most
sensitive point as shown in Figure 8(a-d). The
simulation results showed that the highest stress
was of Van Mises Stress (VMS) type at about
13-14 MPa. The barrel shape in all scaffolds was
predictable due to their cylindrical shape, with
the results supported by the vertical model of
force applied as shown in Figure 8 (a-d).
According to the shear investigation performed,
the inner parts of the scaffold, the stress
distribution (cross section) is well illustrated in
Figure 8(c). The highest stresses were also
applied on the outer edges of the scaffold and in
the primitive and bound parts of the scaffold.
The analysis confirmed the suitability of the
above scaffold. By defining the central point of
the scaffold, the stress-strain diagram of the
central element shows maximum applied stress
to this point is about 5-6 MPa, which is about
half the maximum applied stress to the sensitive
points of the scaffold as shown in Figure 8(d).

To investigate the effective elastic properties of
porous materials, many relationships have been
proposed both experimentally and analytically.
The analytical methods presented can be broadly
divided into two types. The first of these
methods is based on theories of composite
materials like rule of mixture (ROM). In this
group of models, the fragment is considered to
be a special case of a composite material with
one phase (porosity) having zero stiffness. The
second category of these models relates to cell
solids. These models are based on solid-surface
minimum methods, in which the material is
considered to be a single-phase material. The
topology, structure and porosity of the scaffold
are the factors that contribute to increase and
decrease of the compressive strength due to
varied loading. One of the shapes and patterns
that researchers are interested in because of their
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geometry is the high stability and the increase in
strength due to the mass-to-volume ratio of the
implant. These defects due to the proper
distribution of the forces applied to the walls are
a factor for the repulsion of the vertical forces,
and due to the hexagonal porosity, they can be a
suitable factor for the flow of blood and

24

appropriate materials to accelerate bone healing
and regeneration. It is natural that as the polymer
material changes, the mechanical properties also
change, however, with the construction of this
scaffold model it can be assured that good
strength is achieved with the PLA material.

S, Mises
(Avg: 75%)

= +4.694e+00
+3.528e+00

+1198e400
+3.2826-02

Stress (MPa) .

Strain (-)

Figure 8: Simulation study of stress distribution applied to the porous bone scaffold prepared using FDM
technology (a) lateral view, (b) top view, (c) cross section view, (d) stress-strain diagram in the simulation
study of stress distribution after finite element analysis.

4. Conclusion

The obtained results indicated that the
compressive strength and elastic modulus
increased with changing the HA amount in
which the geometry and materials size effects
the mechanical properties performance. The
SEM images showed that the porosity in the
printed scaffolds caused the coating to site well
on the scaffold surfaces, and the presence of
residual porosity caused the blood, nutrient

circulation and apatite growth to form better.
The adsorption percentage in saline showed that
samples pH does not changed dramatically and
have a same trend for all the samples. The
obtained XRD results showed that as the HA
powder added to the PLA the peak changed to
the amorphous structure with a low intensity. As
it is seen in the bone structure the path of major
stresses occurred in the central of the bulged
cylinder. Due to this unique bone feature that
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can optimizes scaffold structure, it is
recommended to use a computer optimized
structure (for better blood and cell nutrition
immigration, weight optimization, and feature
improvement). The microstructure of the porous
scaffold was simulated using the Abaqus
software with the extracted data from the
experimental work. At the end, it was concluded
that the most suitable scaffold was fabricated
made of polylactic acid filament and coated with
chitosan-hydroxyapatite nanocomposite which
can be used in bone tissue engineering
applications.
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