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Polymethyl methacrylate (PMMA) scaffolds were prepared through the granule casting method. The variables considered
in the manufacturing of the scaffolds were the wet process, dry process, granule size (mesh), and sintering temperature.
The novelty of this study: In the first stage, a solid cylindrical commercial PMMA was reduced in size using the Hot
Cutting method (HCm) at different temperature variations. The products were then sieved with diversified mesh sizes, namely
M 40-50, M 50-60, M 60-70, M 70-80, and M 80-100, to be treated with the granule casting method in aluminium moulds
under the wet and the dry processes. The sintering process was established with a temperature of 130 °C, a holding time
of 60 min, and a heating rate of 5 °C-min”. The best products were recommended to be treated in the next stage.
In the second stage, PMMA scaffolds were made from the recommended products, namely the M 80-100 PMMA granules
treated in the wet process. The sintering temperature was the variable that determined the scaffolds’ physical and mechanical
properties. The resulting PMMA scaffold was proven thus satisfying the quality criteria at the sintering temperatures of 125,

130, and 135 °C. The SEM images showed good interconnections between the pores in the PMMA scaffolds.

INTRODUCTION

Ascaffold is athree-dimensional structure that is able
to support the formation of tissues via cell reproduction.
People usually make scaffolds from biomaterials with
high porosity and strength sufficient to support the loads
working on them [1]. An ideal scaffold should have
standard properties, including a compressive strength
of 2 to 20 MPa [2], a porosity of 60 to 90 % [3], and pore
sizes of 100 to 400 um [4]. Earlier research revealed that
a scaffold’s distinctive characteristics pose a significant
challenge: it must have high porosity in high compres-
sive strength [5]. Many methods have been worked
on in scaffold manufacturing, such as the space holder
[6, 7], 3D printing [8, 9], foaming [10], emulsification
[11], freeze-drying [12], and other methods. A new
method is deemed necessary to discover in order
to improve the scaffolds’ physical and mechanical
properties.

Scaffolds are made from biomaterials. Choosing
the proper biomaterial, therefore, is critical. Those suit-
able for use are bioceramics [13, 14], biopolymers [15-
-17], and biomaterial composites [18-20]. The charac-
teristics of the biomaterials needed in the manufacture

of scaffolds for tissue engineering include bio-
compatibility and non-toxicity. Bioceramics for living
tissue substitutes are, among others, yttria-stabilised
zirconia, alumina, hydroxyapatite, and others [1, 21].
Biopolymers for living tissue replacement are, among
others, polymethyl methacrylate [22], pectin/alginate
[23], cellulose nanofibrils [24], polyhydroxyalkanoate/
chitosan [25], and others.

Polymethyl methacrylate (PMMA), represented
by the chemical formula (C;O,Hg)n is a biopolymer
employed in the production of bone scaffolds.
As a member of the acrylate polymer group,
it is charac-terised by its amorphous polymer,
transparency, and colourlessness. It has a density
of 1.18 g-cm?, a melting temperature 140 to 170 °C,
outstanding biocompatibility with human tissues,
and a high Young's modulus, and resilience to chemical
solutions [26]. It is one of the prominent choices
for modifying biopolymers because it has several
desirable properties, such as having good mechanical
properties, acceptable thermal stability, good
biocompatibility, biological inertness, and being non-
-toxic. It has found various applications in bone tissue
engineering, particularly in knee and hip replacements.
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Its low biodegradability makes it capable of offering
lasting and consistent support over the patient’s lifetime
[27]. Given this characteristic, it stands out as one
of the most promising biopolymers for utilisation in bone
implants, particularly for the creation of bone scaffolds.

Various methods have been devised for producing
scaffolds using biopolymer materials, such as 3D printing
[28], gas foaming [29], freeze-drying [30], injection
moulding [31], and selective laser sintering [32]. Despite
these advancements, innovative approaches that offer
increased practicality and reduced production costs
remain a need. In this study, a novel technique termed
the "granule casting method" was developed, providing
an easy and cost-effective application. Initially, the size of
the PMMA granules was reduced through the Hot Cutting
method (HCm) [5] and sieved to obtain the desired
granule sizes. The next step was casting the granules
by putting them into the moulds. The sintering process
then ran at the appropriate temperatures. Under this
granule casting method, the porosity and compressive
strength values could be controlled through the applied
sintering temperatures. However, the pore sizes
of the resulting scaffolds would be a challenge when
using this method.

In this research, PMMA scaffold manufacturing
using the granule casting method with a pressureless
sintering process was further developed. The in-
-depth study that became the novelty of this research
on the granule casting method was then carried out
by adding water to PMMA granules (wet process)
and without adding water to the granules (dry process)
to obtain the desired porosity. The sintering temperature
was also of particular concern to generate the standard
strength of the PMMA scaffolds to meet the quality
standards of the physical and mechanical properties.

EXPERIMENTAL

Materials

The biopolymer used was polymethyl methacrylate
(PMMA) in a solid shape obtained from MGM Grand,
Indonesia, with an initial average size (diameter
= 24 mm and length = 5.0 mm). The pure water
was purchased from P.T. Brataco Indonesia, which
was used for all the research processes.

Methods
Characterisation of the PMMA

The PMMA granules were examined under
a CMOS-Controller 2MP digital microscope (DM),
AMCAP China, for its initial forms. The phases
of PMMA before and after sintering were characterised
using a PANalytical Type PW-3040/60 X-ray dif-
fraction (XRD) apparatus, the Netherlands. The X-ray

was performed with copper radiation as the anode
CuKa, A = 1.54060A 26 = 10 to 100 at 40 kV 30 mA.
The scanning time was set at a step of 7.14 seconds.

Preparation and characterisation
of the PMMA granules

The PMMA granules’ size, with the initial form
of PMMA of a solid (diameter = 2.4 mm and length
= 5.0 mm), was reduced using the HCm method.
The reduction process was conducted by adding pure
water as a lubricating medium when cutting [5].
The HCm process was carried out with variations
in the temperature: without heating, 40, 80, 120, 160,
and 200 °C (a mixture of PMMA and water is heated
first in a furnace, then removed and the granule size
reduction process is immediately carried out). After
the size reduction, the sieving process was carried out
using different meshes M 40-50, M 50-60, M 60-70,
M 70-80, and M 80-100 (implying that, for instance,
at M 40-50, the PMMA granules pass through a 40 mesh,
but are retained in a 50 mesh). The shapes of the PMMA
granules after the sieving process were examined with
a digital microscope (DM) and subsequently analysed
and selected based on the criteria for scaffold production.

Preparation and characterisation of the PMMA scaffold

For this research, the PMMA scaffold manufacturing
went through two stages. In the first stage, the PMMA
granules that had been sieved to be M 40-50, M 50-
60, M 60-70, M 70-80, and M 80-100 were prepared.
The PMMA granules (in various mesh sizes) were
treated under the granule casting method in alumi-
nium cube-shaped moulds, each of which was sized
40 x 40 x 10 mm. The granule casting method
was carried out in two ways: PMMA granules were
added to pure water at a ratio of 1:1 wt. % (wet process)
and without adding any water (dry process). The next
process was the sintering or heating process that aimed
to produce grain bonds between the granules to produce
scaffolds. The process ran at a temperature of 130 °C,
the heating rate was set at 5 °C-min™', and the holding
time was 60 min. The cooling process ran within
the furnace. Furthermore, the PMMA scaffolds
sized 40 x 40 x 10 mm were cut into cubes sized
10 x 10 x 10 mm. The PMMA scaffolds produced
in the first stage were tested for porosity, observed
for their microstructures using scanning electron micro-
scopy (SEM-Hitachi Horiba S-3400N Japan), and mea-
sured for the pore size distributions with Imagel
software. From the results of the above tests, the best
mesh size and granule casting method (wet process
or dry process) would be determined based on the test
results in accordance with the nature of a standard
scaffold. The best PMMA granule size (mesh) and granule
casting method would be the reference for the next
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Figure 1. [Illustration of sample preparation and PMMA

scaffold’s properties test.

stage of the scaffold manufacturing. The second stage
of PMMA scaffold manufacturing was made by varying
the sintering temperature from 115 to 140 °C. The PMMA
scaffolds made in the second stage underwent some tests,
including a porosity test, microstructure observation
with SEM, a pore size distribution test, an XRD test,
and a compressive strength test with a Shimadzu
universal testing machine (UTM) using MC pushton
load cells and Mypin meter indicators (accuracy
of up to 0.01 kg). All the sample surfaces that received
loads during the compressive strength test were polished
using 5000-grit sandpaper, until the sample was a cube
with a size of 8 x 8 x 8§ mm. Illustrations of making
and the testing process of the PMMA scaffold can
be seen in Figure 1 and Table 1.

Table 1. Table of the experimental process.

Figure 2. DM image, initial form of the PMMA granules.

RESULTS AND DISCUSSION

Characterisation of the PMMA granules

Figure 2 shows a DM image of the initial PMMA
granules in the form of solid cylinders measured
using Image] software. Their size was 2.4 mm in dia-
meter and 5.0 mm in length on average. The initial
PMMA granules were reduced in size using the HCm
method [5] with temperature variations using pure
water. Figure 3 displays the digital microscope (DM)
images of the PMMA granules after undergoing the
size reduction process. Figure 3a depicts the PMMA
granules after the size reduction without a heating
process (at room temperature); the granule shape

Process Samples Characterization
siire(lﬁllel:h) Slr(l(t)ecr;ng Porosity Pore size ~ Microstructure Phase COSIEI; ;Z;lve
Initial granules - - N \ -
First stage
M 40-50 v \/ - -
M 50-60 v - -
Wet M 60-70 S % V - -
M 70-80 S - -
M 80-100 130 v v v - -
M 40-50 v N v - -
M 50-60 v - -
Dry M 60-70 \ \ \ - -
M 70-80 S - -
M 80-100 v \ \ - -
Second stage
115 v N v - \/
120 v \/ :// - \/
125 v v - v
Wet M 80-100 130 J J J ) J
135 v y v - v
140 v v v v N
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Figure 3. DM images of the PMMA post size reduction and sieving process to be M 40-50, M 50-60, M 60-70, M 70-80,
and M 80-100, respectively.

was irregular lengthwise. Figure 3b, ¢, and d show and 120 °C, respectively. The PMMA granules at this
the PMMA granules reduced in size at 40, 80, stage were still irregular in shape, but not too much
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Figure 4. Illustration of manufacturing the PMMA scaffolds with the granule casting method (a,) PMMA irregular lengthwise

shape, (f,) PMMA irregular shape.

lengthwise. Figure 3e and f shows the PMMA granules
reduced in size at 160 and 200 °C, respectively.
The PMMA granules at this stage had irregular sizes
with smoother surfaces. From the description above,
an initial analysis was carried out on the suitability
of the shape and size of the PMMA granules
for manufacturing scaffolds. The initial analysis
was made in the form of illustration images that
compared the shapes of the PMMA granules: lengthwise
irregular. Figure 4 illustrate the comparison of the dif-
ferent shapes of PMMA granules as the main material
for making scaffolds. Figure 4a, shows an illustra-tion
of the casting process with irregular lengthwise PMMA
granules. The lengthwise irregular granule shape
has the potential to produce a larger scaffold pore size
as shown in Figure 4f,. Referring to the illustrations
in Figure 4, the following PMMA scaffolds in this
research were produced from irregular length-
wise granules. The manufacture of PMMA scaffolds
for the first stage used granules, as described in Figure 3a.

Characterisation of the PMMA scaffold
Porosity and pores (granule size analysis)

The standard porosity and pore size are the funda-
mental requirements that must be met by a scaffold.
Scaffold pores primarily function as the places
in which bone cells grow [33]. In this stage, PMMA
scaffolds were made with irregular lengthwise-shaped
granules, as analysed in Figure 3a and in the illustrative
analysis in Figure 4. PMMA scaffolds were made using
the granule casting method by varying the granule
size, namely M 40-50, M 50-60, M 60-70, M 70-80,
and M 80-100. Two methods were utilised in the granule
casting technique: a wet process and a dry process.
The wet process has the capability of maintaining
the pore size throughout the sintering process, thanks

to the presence of an aqueous medium, while the dry
process does not. The sintering process is crucial
as it forms robust grain bonds between the PMMA
granules. Theoretically, the sintering temperature should
be approximately 0.7 to 0.9 of the melting point [34, 35],
where the melting point of PMMA is 160 °C [36-41].
The sintering temperature used for the initial PMMA
scaffold manufacturing was 130 °C (the guideline:
0.8 x 160 °C = 128 °C, actual temperature: 130 °C).
Figure 5 shows the effect of the PMMA granule size
(mesh) on the porosity in PMMA scaffolds (sintering
temperature = 130 °C). The granule casting method
under the wet process was found to have a higher
porosity than that under the dry process. This finding
proved that the addition of water could hold PMMA
granules in the initial position during the sintering
process. The arrangement of the grains during sintering
can also affect the porosity. If the grain arrangement
is near, the porosity is potentially lower, and vice versa.
In the wet process, the granules can float and have
the potential to increase the porosity. The M 40-50
to M 80-100 PMMA granules in the wet process
underwent an increase in porosity from 70.4 to 74.6 %,
bringing us to the conclusion that the smaller granule
size, the higher porosity. This phenomenon can be applied
to the dry process as well; the porosity increased from
59.9 to 63.7 %. The results shown in Figure 5 indicate
that the granule casting method under the wet process
produced a suitable porosity and met the requirements
of a standard scaffold. Figure 6 shows the SEM images
of scaffolds sintered at 130 °C. Figure 6a-c shows
the PMMA scaffolds processed under the wet process
with meshes of M 40-50, M 60-70, and M 80-100.
The pore sizes in M 40-50 (179 — 929 um), M 60-70
(138 — 494 um), and M 80-100 (90 — 375 um) decreased.
In the dry processes, the same condition occurred
in M 40-50 (200 — 673 um), M 60-70 (177 — 511 pm),
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Figure 5. Effect of the PMMA granule sieving mesh
on the porosity in the PMMA scaffolds (sintered at 130 °C).

and M 80-100 (81 — 311 pm), as shown in Table 2.
The decrease in pore size was due to the smaller size
of the PMMA granules used. Figure 7 shows the pore
size distribution of PMMA scaffolds under the wet
process and that under the dry process. The pore sizes
were analysed with ImageJ software. Figure 7a and b
show the pore size distribution of the M 80-100

&,

L4
— 500 um §

b) M 60-70, wet 4
Figure 6. SEM images of the PMMA scaffolds (sintered at 130 °C).
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Table 2. Summary of the first stage results.

Sample (granule sizes, mesh) Wet process

Dry process

Porosity (%) Pore size (um) Porosity (%) Pore size (um)
M 40-50 70.4 +0.9 179 - 929 59.9+1.0 200 —-673
M 50-60 73.1+0.9 62.8+1.3
M 60-70 734417 138 — 494 632+ 1.6 177 - 511
M 70-80 743 +£0.8 63.9+2.7
M 80-100 74.6 +1.2 90 - 375 63.7+1.6 81 -311
PMMA scaffolds treated in the wet process. It had
a pore size distribution of 90 — 375 um, close to the same 45
as the requirement for a standard scaffold, which 40 - {a)
is 100 — 400 pm [42-44]. From the analysis of several M40-50 {wet process)
tests above, the recommended scaffold size for the next 35 MaD-70 {wet process)
stage of the scaffold manufacturing were the M 80- 30 ——— MBO-100 {wet process)
-100 PMMA granules treated with the wet process with £ ag
a porosity of 74.6 % and a pore size distribution g
of 90 to 375 pm. =
= 15
Porosity and pores (sintering temperature analysis) 10 T
Based on the recommendations in discussion, :
the second stage of the PMMA scaffold manufacturing 0 .
used the M80-100 PMMA granules under the wet process. 450 550 650 730 850
The sintering temperature has a very important function Pore size distribution {um)
at such a stage to produce strong grain bonds between a) in wet process
the PMMA granules. It has the potential to influence 45
phase changes and grain growth, leading to a reduction i
in mechanical properties [45]. Therefore, in this second £ M40-50 {dry process)
stage study, it was necessary to determine the appropriate 35 — MB0-70 {dry process)
sintering temperature to produce the appropriate poro- 30 1 —— MB0-100 {dry process)
sity, pore size distribution, and compressive strength & = B
values. The sintering temperature was varied in the range © N
of 0.7 to 0.9 of the PMMA melting point (160 °C), 2201 / )\, ‘
namely 115, 120, 125, 130, 135, and 140 °C. Figure 8 = ;5 . /1
depicts the influence of the sintering temperature
on the porosity of the M80-100 PMMA scaffolds under = 3
the wet process. The results showed that the porosity value 5 |
decreased when increasing the sintering temperature. o 1 [ : .
The porosity value at the sintering temperature of 115 °C 50 150 250 350 450 S50 650 S8 850
was 73.1 % and continued to decrease at the sintering Pare size distribution {(m)
temperatures of 120, 125, 130, 135, and 140 °C with b) in dry process
a decrease in the porosity of 72.3, 70.6, 70.5, 622, Figure 7. Pore size distribution of the PMMA scaffolds

and 40.4%, respectively (as in Table 3). This phenomenon
occurred because the sintering temperature approaching
the melting point induced grain growth, which potentially
caused a decrease in the porosity to occur [46-49].
The scaffolds that met the requirements in porosity were
those sintered at temperatures ranging from 115 to 135 °C
with values of 73.1 to 62.2 %, while the scaffold sintered
at a temperature of 140 °C with porosity of 40.4%, which
is less than 60 %, did not meet the requirements. Figure 9
shows SEM images of the M 80-100 PMMA scaffolds
under the wet process on sintering temperatures of 115,
120, 125, 130, 135, and 140 °C. The SEM images show
that the higher the sintering temperature, the lower

(sintered at 130 °C).

the number of visible pores. Figure 9c-¢ shows the best
grain bonds compared to those in Figure 9a and b. This
is proof that the sintering temperature began to be reached
in this condition. Figure 9f shows the occurrence of very
high grain growth so that fewer pores are seen which
correlates with a decrease in porosity. Figure 9e shows
the existence of interconnected pores, which are required
for the growth of cellular tissues. Figure 10 shows
the pore size distribution of the M 80-100 PMMA
scaffolds under the wet process at sintering temperatures
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Figure 8. Porosity of the PMMA scaffolds (M 80-100 granules,
wet process).

Table 3. Summary of the second stage results."

Sample C .
. . . ompressive
(sintering Porosity Pore size strength
V)
temperature, (%) (um) (MPa)

OC)
115 73.1+£0.7 124 - 375 0.3+0.1
120 72.3+0.4 123 - 369 0.4+0.1
125 70.6 £0.3 120 - 360 3.1+0.3
130 70.5+0.5 98 — 346 3.8+0.6
135 62.2+1.9 91 -341 7.8 +0.6
140 404+1.8 55-183 18.7+£1.2

of 115, 120, 125, 130, 135, and 140 °C. The results
showed that the pore size distributions of the PMMA
scaffolds that met the requirements were those at 115
to 135 °C. At the sintering temperature of 140 °C,
the pore size distribution did not meet the requirements
(the values can be seen in Table 3). Figure 11 depicts
the analysis results of the XRD on the PMMA granules
and PMMA scaffolds; no phase changes occurred before
and after the sintering process.

Compressive strength (sintering temperature analysis)

The compressive strength value of a scaffold
is a very important requirement to fulfil. It must
be in the range of 2 to 20 MPa [20, 50, 51]. Figure
12 shows images of the sample PMMA scaffold
and an illustration of the compressive strength testing
scheme. The load from the UTM is the compressive
force given to the scaffold sample. The compressive
strength value is calculated based on the compressive
force divided by the cross-sectional area of the scaffold
that resists the compressive force. Figure 13 depicts
the results of the compressive strength test conducted
on the M 80-100 PMMA scaffolds using the wet process
with different sintering temperatures. The compressive

strength values demonstrated an increase with
the increasing sintering temperatures ranging from
115 to 140 °C. Specifically, the compressive strength
value at a sintering temperature of 115 °C was recorded
as 0.3 MPa, and continued to increase at the sintering
temperatures of 120, 125, 130, 135, and 140 °C with
values of 0.4, 3.1, 3.8, 7.8, and 18.7 MPa, respectively.
This phenomenon proved that the sintering temperature
plays a role in producing strong grain bonds between
the PMMA granules; the closer the sintering temperature
to the melting point, the stronger the grain bonds to induce
the grain growth to occur. The occurrence of higher grain
growth with the increasing sintering temperature has
been proven in the SEM images in Figure 9. Figure 13
shows how the sintering affects the compressive strength
and porosity in the M 80-100 PMMA scaffolds under the
wet process. The results show a relationship between the
compressive strength and porosity: the higher the former,
the lower the latter. PMMA scaffolds that complied with
the criteria were those at sintering temperatures of 125,
130, and 135 °C with the compressive strength and
porosity values of 3.1 MPa (70.6 %), 3.8 MPa (70.5 %),

" b) 120 °C
Figure 9. SEM images of the PMMA scaffolds (granules M

80-100, wet process) at the sintering temperatures.
continued
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e) 135 °C in detail

d) 130 °C

Figure 9. SEM images of the PMMA scaffolds (granules M 80-100, wet process) at the sintering temperatures.

and 7.8 MPa (62.2 %), respectively. In Figure 13, the
rectangle with the blue dotted line indicates the area
on the graph that meets the requirements of a standard
scaffold. This article also shows a comparison of the
physical and mechanical properties of scaffolds from
several previous study reports in Table 4. As shown in

Table 4, the most prominent material used for scaffolds

continued

is hydroxyapatite, with its excellent biocompatibility.
However, hydroxyapatite has relatively low mechanical
strength when used as a scaffold. The use of PMMA
as a scaffold offers greater promise for improving its
mechanical properties, especially the compressive
strength. In this study, the PMMA also facilitates

manufacturing at a lower cost.
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Figure 12. Actual image of the PMMA scaffold sample.
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Table 4. Summary of the first stage results.

Method Materials Size of pores Porosity Compressive Ref.
(pm) (%) strength (MPa)
Space holder Bredigite - 86 1.1 [52]
Space holder HA-micron:nano 126 — 385 65.6 1.7 22+0.2 [5]
Space holder HA-MgO 100 — 250 80 1.6 [53]
Space holder HA snapper scales 129 -394 60.7 +2.8 1.6+ 0.4 [54]
Gas foaming CHAp 690, 750, 880 - - [55]
Foaming HA 150 — 1000 85 - [56]
3D HAp - 67.01 <2 [57]
3D HA - - 5.1 [58]
. Na-Alginate-Di-
F d - 70 1.76 59
reeze Crylng -MNPs-Celecoxib [59]
Freeze drying ZN/CS/nHAp 220 64 1.25 [60]
Freeze drying DP/HA 60.54 1.23 [61]
and coating
F -Gel
recze-Ge HA 65108 81.8=0.7 3.23+0.75 [62]
Casting
120 - 360 70.6 £ 0.3 3.1+03 Present
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Figure 13. Compressive strength and porosity of the PMMA
scaffolds (granules M 80-100, wet process).

CONCLUSIONS

PMMA scaffolds were successfully made using M
80-100 PMMA granules through the granule casting
method under the wet process. The findings indicated
that the PMMA scaffolds fulfilled the quality criteria
for a scaffold at sintering temperatures of 125, 130,
and 135 °C. The compressive strength, pore size
distri-bution, and porosity values were recorded
as 3.1 MPa (70.6 %) (120 to 360 um),7.8 MPa (62.2 %)
(91 to 341 um), and 3.8 MPa (70.5 %) (98 to 346 pm),
respectively. The SEM images showed good grain
bonds between the PMMA granules after the sintering
process, which resulted in good compressive strength
of the scaffolds. The SEM images also showed
interconnections between the scaffold pores as a con-
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