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Abstract: The space holder method was applied to the manufacture of hydroxyapatite (HA) scaffolds by a
pressureless sintering process. The aim is to develop the stages of making scaffold using the space holder method
and to prove the readiness of the scaffold, especially from its physical properties and biocompatibility. The novelty
of this work is the stages of processing scaffold materials in the form of slurries to produce green body scaffolds.
Micron- and nano-sized HA powders were mixed in the form of slurry with polyvinyl alcohol (PVA) and ethanol.
The PVA-containing HA was added with polymethyl methacrylate (PMMA) to have ratios ranging from 90:10 wt%
to 65:35 wt%. The green bodies were prepared by uniaxial pressing at 200 MPa. The sintering was carried out by
preheating at temperature of 700°C with a holding time of 1 h. The temperature was then increased to 1200°C with
holding time of 3 h (heating rates were maintained at 5°C/min). The HA scaffolds were characterized by observing
the phase, microstructures, and macrostructures; measuring the pores, testing their porosity and compressive
strength. The biocompatibility properties were analyzed by testing for direct toxicity. The results indicated that the
HA scaffolds made in this study met the standards since the compressive strength value was 2.23 MPa with 65.64%
porosity and 126 pm to 385 um pores size. SEM image showed the interconnection between the pores, the HA
scaffolds made were non-toxic. The resulting scaffold has a great potential for further testing in living organisms.
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1. Introduction

A couple of studies have been developed, related to
the manufacture of bone scaffolds with various
biomaterials. The main breakthrough that needs to be
discovered today is how to produce bone scaffolds with
unique properties, namely high strength at high
porosity. Bone scaffolds must be well-designed to
mimic the structure and properties of the bone replaced
[1, 2]. They should meet the standards: having
compressive strength in the range of 2 MPa to 20 MPa
[3], total porosity in the range of 60% to 90% [4], and
pore size in the range of 100-400 um [5]. Various
methods have been developed to obtain these
properties, such as the foaming method [6, 7], 3D
printing method [8-11], space holder method [12, 13],
and others. The space holder method is promising since
it can control the pore size and percentage of porosity
in advance when making green bodies. However,
gaining excellent compressive strength is still a
challenge in this method. This method, in
manufacturing pores, requires a temporary material that
will burn out during the sintering process and leave
pores on the scaffold. In this context, polymethyl
methacrylate (PMMA) is a promising biopolymer
material due to its high biocompatibility properties at a
relatively low price [14].

Hydroxyapatite (HA) with the chemical formula
Cayg(PO4)sOH; is a bio-ceramic material used to make
bone scaffolds [31]. It is superior for making artificial
bones due to its biocompatibility and bioactivity [15—
18]. Its properties and structures are similar to those of
human bones and teeth [19, 20]. It is also the main
inorganic bone-hard tissue component, comprising 60-
65% of the mineral phase in the bones of the human
body [21]. In manufacturing a scaffold, many factors
must be taken into account, such as the use of binders
when making the green body. The addition of a binder
to ceramic powder facilitates the tangential contact
between particles, resulting in a green body with high
strength [20]. The commonly used binding materials
include polyvinyl alcohol (PVA), polyvinylpyrrolidone
(PVP), and polyacrylamide (PAM) [22].

In this study, the researcher applied the space holder
method to make HA scaffolds through a pressureless
sintering process. During the manufacturing, they
developed a mixing process to produce a homogeneous
mixture. The green body was prepared by uniaxial
pressing, followed by the sintering to create the
sintered body. The scaffolds were then characterized
for their physical and mechanical properties and

biocompatibility. During the scaffold manufacturing
process using the space holder method, many tools and
materials are used. The potential for contamination of
the scaffold with other materials may occur. Testing
the biocompatibility of the resulting scaffold is one of
the advantages of this study.

2. Materials

HA powders of 2.5 pm and 200 nm were taken from
Sigma Aldrich, United States of America, while liquid
PVA used as a binding agent was taken from Jaya
Kimia, Indonesia. PMMA of 5 mm length and 2.4 mm
diameter used for making pores was taken from MGM
Grand, Indonesia. Refinement was performed to obtain
the required PMMA grain size in the previously
developed method [17]. As a diluent, ethanol was taken
from Simi Indo Teknik, Indonesia. Finally, pure water
used for all stages of the research, including density
and porosity testing, was taken from Brataco,
Indonesia.

3. Methods

3.1. Sample Preparation

An 80:20 wt% ratio was used to mix the HA
powders, and then PVA and ethanol were added by 7.5
wit% and 2.5 times by HA weight, respectively. In the
process, the mixture mixed the materials in a slurry
form put in a drum mixer at 100 rpm (MRD -
MELab.itp, drum length — 55 mm, drum diameter — 40
mm) while alumina balls were inside (3-4 mm in
diameter, 30 pieces) for 2 h. To remove the ethanol, the
mixture was dried at room temperature for 48 h.
Afterwards, the HA chunks with PVA inside were
crashed in MRD with alumina balls for 2 h. As a pore-
making material, PMMA was added to the HA mixture
containing PVA. The mixed ratios were 90:10, 85:15,
80:20, 75:25, 70:30, and 65:35 wit%, respectively. Each
ratio was mixed in MRD without alumina balls for 2 h.
Then, the green body was produced through uniaxial
pressing at 200 MPa in a stainless steel mold of 8 mm
diameter and 5 mm thickness. The process of sintering
was preheated at 700°C for 1 hour to remove PMMA
and PVA. The temperature was increased to 1200°C
with a holding time of 3 h. Heating and cooling rates
were maintained at 5°C/min during the sintering.

3.2. Sintered Body Characterization
X-ray diffraction (XRD), type PW3040/60-
PANalytical Netherlands, was used to characterize the
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HA scaffold crystalline phase. Meanwhile, Cu Ka
anode (A = 1.54060 A, 20 = 10-100°) at 30 mA and 4
kV was used in the X-ray diffractometer. Each step of
the scanning process took 7.14 seconds. The porosity
of the HA scaffolds was obtained by calculating the
percentage of the volume of free space in the scaffold
sample. Then, a digital microscope (DM-CMOS
Controller 2MP AMCAP, China) was used to observe
the shape of the porosity, by highlighting the bottom of
the sample to differentiate the appearance of the pores
and scaffold. ImageJ software was used to measure the
pores to depict them with a histogram graph.
Physically, interconnected pores were observed by
scanning electron microscopy (SEM-Hitachi Horiba S-
3400 N, Japan). Moreover, HA scaffold compressive
strengths were tested using a universal testing machine
(UTM Shimadzu, equipped with Mypin meter indicator
(accuracy of 0.01 kg) and an MC-Pushton load cell).
The loaded surfaces were refined with 5000 grid
sandpapers before the compressive strength test. The
test for compressive strength used the ASTM-C1424
standard test method for monotonic compressive
strength of advanced ceramics at ambient temperature.
The biocompatibility properties of the scaffolds from
HA were tested for direct toxicity to compare living
cells with dead cells on the third day.

4. Results and Discussion

4.1. Phase Analysis of HA Scaffold

The XRD test aimed to see the phase contained in
the HA scaffolds after the sintering process. As
explained in the sample preparation stage, several
materials other than HA, namely PVA, ethanol, and
PMMA, were added to make green bodies. All the
added materials were expected to burn out during the
sintering. The researchers, therefore, performed the
XRD test to ensure that such an expectation had been
realized. Fig. 1 shows the main peaks detected by the
XRD. All of them were of HA. None of them
represented PVA, ethanol, and PMMA, which were
completely burned during the sintering process. These
findings are confirmed by previous studies reporting
that PVA burned out at a temperature of 600°C [23].
Another study said that PVA has a melting point at a
temperature of 204°C. In this research, PVA and
PMMA were heated and melted using a furnace,
making both of them completely burned at a
temperature of 700°C.
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Fig. 1 XRD test: (a) HA scaffold and (b) HA reference

Table 1 presents the values of the main peaks found,
compared with those of the reference HA with code 01-
072-1243. The three main peaks of the HA scaffolds
manufactured were at 20 = 31.95, 33.09, and 34.28,
while those of the reference HA were at 20 = 31.74,
32.18, and 32.87. These values were very similar,
indicating that the scaffolds manufactured only
consisted of one phase, namely HA; while during the
process of sintering, the remaining phases burned out.
Thus, the scaffolds produced were quite potential as an
implant material for their high biocompatibility and
non-toxicity. This statement is supported by the results
of the direct toxicity test (Fig. 6 and Table 2).

Table 1 The main peaks of the XRD test results on the HA scaffolds
and HA reference

HA scaffold HA pattern ref.

92 Theta Intensity [%] 92 Theta Intensity [%]
31.95 100.00 31.74 100.00
33.09 61.93 32.18 45.30

34.28 25.77 32.87 56.40

4.2. Pores and Porosity

The pore size and the porosity percentage are the
main requirements for a scaffold as a place for bone
cell growth [24]. Fig. 2 shows DM images that
characterize the size, shape, and distribution of the HA
scaffold pores. The shapes and distributions of pores in
the HA:PMMA ratios from 90:10 wt% to 65:35 wit%
can be seen in Fig. 2 (a-f), showing a significant
increase in the number of pores along with the increase
in the amount of PMMA.

(a)

HA scaffold

pores

Fig. 2 DM images, HA scaffolds with varying levels of porosity: (a)
25.5%, (b) 32.9%, (c) 42.8%, (d) 49.0%, () 56.3%, () 65.6%

Fig. 3 shows a histogram graph of the results of the
pore size analysis, measurement, and calculation using
ImageJ software. The pore size distribution is in the
range between 126 um to 385 um. Those with a pore
size ranging from 230 um to 307 pum reach a total of
48%, while those with a pore size ranging from 126 pm
to 230 um and from 307 um to 385 um reach 23% and
29%, respectively. This means that the required pore
size of a scaffold, ranging from 100 pm to 400 pum, has
been reached [3, 5].

Pore size distribution [um]

Fig. 3 Histogram of the pore size distribution on the HA scaffold
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The interconnected pores of the scaffold are an
absolute requirement for the growth of bone cells. Fig.
4 shows photographs and SEM images of the HA
scaffold with a porosity of 65.64% that physically
prove the interconnection between the pores, consistent
with a previously reported study [25]. Fig. 4 (b) is an
SEM image of the shape of the pores and their
interconnections in the sample cut in the red field. Fig.
4 (c) is an SEM image of the pore shapes and their
interconnections in the sample cut on the blue-colored
planes. Both planes show the same shape and structure,
proving the homogeneity of the pores on the scaffold.
Fig. 4 (d) shows an SEM image that clearly shows the
interconnections between the pores, so it has the
potential for cell growth on the scaffold. Fig. 4 (e and
f) shows SEM images showing the quite good grain
bonding between micron- and nano-sized HA particles.
Good and strong grains, which bond among HA
particles, greatly affect the strength [20].

HA scaffold

(a) _ HA scaffold D) /0
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Fig. 4 HA scaffolds with 65.6% porosity: (a) Photograph of a HA
scaffold sample, (b-f) SEM images of the HA scaffold
microstructure

4.3. Compressive Strength

Fig. 5 shows the effect of variations in the
HA:PMMA ratio on compressive strength and porosity.
Adding PMMA granules will decrease the compressive
strength; this is correlated with pore addition (Fig. 2).
The highest compressive strength was 22.34 MPa at
90:10 wit% HA:PMMA ratio, with 25.46% porosity.
The porosity increase in the HA scaffold decreased
compressive strength. The 65:35 wt% ratio of
HA:PMMA with a compressive strength of 2.23 MPa
and 65.64% porosity fulfilled the requirements for a
scaffold. Several previous studies have been conducted
and reported values of porosity with compressive
strength of 85% and 1.0 MPa [26], 66% and 1.6 MPa
[25], 75.9% and 1.7 MPa [27], and 57% and 4.6 MPa
[28], respectively. Following the standard of a scaffold,
the porosity obtained in this study, namely 65.64%, has
met the requirements. The porosity required for tissue
growth is in the range of 60% to 90% [3, 4]. The
compressive strength value in this study, namely 2.23

MPa, has passed the minimum standard, which is in the
range of 1 MPa to 10 MPa [29] or in the range of 2
MPato 12 MPa [2].
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Fig. 5 The relationship between the ratio of HA:PMMA and
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4.4, Biocompatibility

The scaffolds' biocompatibility was analyzed by
direct toxicity test based on the calculation of the
number of live cells, by staining with trypan blue after
the control cells reached 100% confluency, on the third
day after seeding. 100% confluency is a condition
when the cells have filled all the wells of the test site,
and there is no more space for cells to multiply. The
tested HA scaffolds were those that met the property
requirements, namely at 65.64% porosity with 126-385
wm pores.

Based on the test results in Table 2 and Fig. 6 and 7,
it can be seen that the cells experienced adhesion or
sticking around the test material, indicating that the
material could induce cell proliferation and was not
toxic. Fig. 6 shows an analysis of the percentage of
living cells compared with dead cells. In Specimen 1,
there were no dead cells, meaning that 100% of the
cells were alive, indicating that the HA scaffold was
not toxic. In Specimen 2, 97.2% of the cells were alive
in the scaffold tissue, while the remaining 2.8% were
dead. In Specimen 3, 98.7% of the cells were alive in
the scaffold tissue, while the remaining 1.3% were
dead. A previous study reported that a scaffold is toxic
if more than 50% of its cells died [30]. The three HA
scaffold specimens tested had a very low percentage of
dead cells, namely 1.4% on average, while 98.6% of
their cells were alive. Therefore, the HA scaffolds
made in this study were not toxic.

Table 2 Percentages of living and dead cells on the HA scaffold,

with 65.5% porosity

Number ~ Number  Total Dead Living
Sample ofdead  ofliving number  cells cells

cells cells of cells [%]  [%]
Control cell 0 380000 380000 0 100.0
HA scaffold-1 0 365000 365000 0 100.0
HA scaffold-2 10000 350000 360000 2.8 97.2
HA scaffold-3 5000 380000 385000 1.3 98.7
Average 14 98.6
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Fig. 6 Analysis of the percentages of living and dead cells
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Fig. 7 Microscope images of cells in the specimens: (a) Control
cell, (b-d) HA scaffold, Specimens 1, 2, and 3

5. Conclusion

The space holder method developed in this work is
by controlling the stages of processing scaffold
material in the form of slurry to produce green body
scaffolds. The process of mixing HA with PVA added
with ethanol can produce homogeneous HA slurry, so
that the tangential contact between HA powder can be
produced properly on the green body scaffold. Good
tangential contact between HA powders can produce
good grain bonds on the sintered body scaffold. The
resulting HA scaffolds have met the standards of both
mechanical and physical properties. It can be seen that
the scaffolds showed 2.23-MPa compressive strength at
65.64% porosity, while the size of the pore ranged
between 126 um and 385 um. The SEM images show
that the pores are interconnected in the HA scaffolds.
Based on the direct toxicity analysis, the HA scaffolds

produced were not toxic. The XRD test results show
that the scaffold comprises only the HA phase.
Generally, it is known that HA is a biocompatible and
non-toxic bio-ceramic. This correlates with the direct
toxicity test results that the scaffold is non-toxic. A
limitation of this work from a research perspective is
that it has not yet reached the stage of testing on living
tissues. This will be a follow-up work for future
studies.
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