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Abstract: Previous research extensively characterized PLA blends for various biomedical applications,
especially in polymer-based biodegradable implant fixations, offering advantages over metallic
counterparts. Nevertheless, achieving an optimal PLA mixture with both mechanical resistance
and fast biodegradability remains a challenge. Currently, literature still lacks insights into the
manufacturing parameter impact on sago starch/PLA in combination with PEG plasticizer. The
objective of this study is to assess variations in injection molding temperatures and sago/PLA/PEG
weight compositions to identify the optimal combination enhancing miniplate mechanical properties
and biodegradation behavior. Mechanical tests reveal that incorporating PEG into pure PLA yields
high mechanical performance, correlating linearly with increasing injection temperature. However,
the interaction once the three materials are mixed decreases mechanical performance across tested
temperatures. Higher biodegradation rates are observed with a larger weight composition of the
hydrophilic behavior attributed to sago starch presence. The observed novelty in PLA mixed with 20%
sago starch and 10% PEG at 170 °C indicates a better performance in elastic modulus and elongation
at break also the degradation rate, emphasizing the role of injection temperature in molding miniplate
implants. In conclusion, the interplay of injection molding parameters and material compositions is
crucial for optimizing PLA-based miniplate implants, with potential contributions to tissue implants
rather than bone implants due to their mechanical limitation.

Keywords: sago starch; degradable PLA; PEG plasticizer; degradable implant

1. Introduction

In recent decades, the use of biodegradable implant fixations, including screws and
plates for bone connections in fractures, has become increasingly common, particularly
in applications like maxillofacial bone repairs [1-4]. These implants present notable ad-
vantages over their metallic counterparts, preventing the need for removal surgeries and
facilitating unimpeded bone growth [5,6]. Furthermore, they mitigate long-term biohazards
associated with metallic implants, such as corrosion, stress shielding-induced osteoporosis
and adverse effects from medical imaging procedures like computer tomography scans and
radiography [7]. Despite these benefits, challenges persist, including a rapid weakening in
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tensile strength and potential mismatches in degradability rates. Ideally, implants should
degrade as fractures regain structural integrity during the recovery and growth process,
acknowledging that bone remodeling can occur within three months to two years [8,9].
Recent studies even suggest the remodeling starting as early as a month after a fracture,
continuing beyond the typical two-month period [10]. In contrast, existing miniplate im-
plants take approximately one to five years to degrade [5]. To address these challenges,
new materials such as polylactic acid (PLA) have emerged, offering transient properties
that commence with strength and support and gradually degrade over time, making space
for newly grown bone to take over [11].

PLA stands out as the most commonly used biodegradable polymer in contempo-
rary clinical applications [12]. Its versatility spans applications in drug delivery systems,
tissue engineering and both temporary and permanent implantable devices, continually
expanding into new fields [6]. This widespread use is attributed to PLA’s favorable biocom-
patibility and the production of safe degradation devices, making it a prospective choice
for temporary biomedical systems. PLA’s primary monomeric building block exists in L-,
D-, or both L/D-lactide forms, influencing the polymer’s biodegradability and mechanical
properties [13-15]. The primary mechanism of PLA degradation within the body is the
hydrolysis of the ester-bond backbone, catalyzed by newly formed carboxylic groups at
the end of cleaved PLA chains [16,17]. However, PLA’s inherent hydrophobic properties
and resistance to hydrolysis result in a slow degradation rate of about two to five years
in the crystalline phase hydrolysis [18]. Consequently, PLA may pose complications in
tissues and prove unsuitable for use as medical appliances due to its extended degradation
period, as observed in applications like surgical suture threads [5]. Blending PLA with
natural-based composites or plasticizers stands out as an efficient method to address PLA’s
inherent disadvantages and broaden its applications [19,20].

Studies [21-24] have successfully demonstrated the positive impact of starch incorpo-
ration into PLA composites, enhancing both mechanical and biocompatibility performances
for medical applications. However, the utilization of sago starch as a natural-based polymer
in PLA implants presents a promising yet limited understanding [25-27]. Recognized for
its ability to improve biodegradability, non-toxicity and its consideration as a renewable
resource, sago starch encounters challenges in achieving homogeneity, often leading to
agglomeration and poor bonding with other materials due to its hydrophilic characteris-
tics [28,29]. To address these challenges, additional polymers such as polyethylene glycol
(PEG) are introduced to enhance cohesion among the phase materials. In PLA-based im-
plants, PEG enhances hydrophilicity, surface wettability, elongation percentage and impact
strength through copolymerization with PLA [30,31]. However, literature on PLA-based
performance in combination with both sago starch and PEG as the plasticizer material
remains limited [27].

The addition of starch and PEG can decrease mechanical strength, necessitating careful
observation and formulation of the mixing proportions to ensure sufficient strength in PLA
products. Adding PEG to the PLA /starch mixture at an 80:20 ratio, based on previous
research [32], aims to achieve a balance of strength and stiffness. Exceeding 20% starch
addition significantly reduces tensile strength and elongation at the break of PLA. The
study explores two variations of PEG addition: 10% and 20% by weight of the PLA /starch
mixture, revealing that 10% PEG is more effective in increasing break elongation com-
pared to 20% PEG. Previous findings indicated that adding sago starch up to 20% w/w
maintained tensile strength at over 60% of pure PLA, while concentrations beyond that
significantly reduced strength to below 36% of pure PLA [27]. PEG increased tensile and
bending elongations at break and flexural strength compared to sago starch/PLA blends
but reduced tensile strength and elastic modulus, obtained after injection molding at 180 °C.
Thermochemical manipulation during the injection molding process, particularly with
orientation control systems (SCORIM), can enhance PLA’s mechanical properties. SCORIM
has been successfully applied to starch-PLA mixture materials for medical applications, as
reported in previous study [27]. However, the optimal temperature and polymeric mate-
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rial compositions for achieving the desired properties in PLA-based miniplates implants
remain unclear.

In short, previous studies have extensively characterized PLA blends for diverse
biomedical applications [21,22]. Additionally, a comprehensive examination of a sago
starch/PLA/PEG compound, fabricated into miniplate samples with a focus on physico-
chemical and mechanical properties, has been reported in the previous paper [27]. However,
there is a notable gap in the literature concerning the impact of the manufacturing process
when producing PLA in combination with the starch and the plasticizer. Therefore, it
is hypothesized that by understanding the balance of injection molding parameter and
the mixture composition, the functionality of the PLA-based miniplate implant could be
improved. This research aims to assess the effects of variations in injection molding tem-
peratures and sago/PLA /PEG weight compositions to identify the optimal combination
for enhancing the mechanical properties and biodegradation behavior of the miniplates.
The reported mechanical properties involve the results of tensile and bending tests, re-
vealing information about the strength, elastic modulus and elongation at break of the
miniplates. The study also observes the biodegradation performance, aiming to determine
if the miniplates exhibit faster degradation compared to the existing result within the
observed time period.

2. Material and Methodology
2.1. Materials

The PLA material supplied (Zhuhai Sunlu Industrial Co., Ltd., Zhuhai, China) has
a melting point of 155 °C and a molecular weight of 160,000 g/mol. Metroxylon sago,
known as sago starch (PT ANJAP, South Sorong, Indonesia) contains 27% amylose. PEG
4000 (Merck, Darmstadt, Germany) has a density of 1.2 g/cm?® and a molecular weight
of 4000 g/mol. Methylene chloride (MC) and phosphate-buffered saline (PBS) with pH
of 7.3 (Sigma-Aldrich, Darmstadt, Germany) were used for the biodegradability test on
miniplate samples.

2.2. Miniplate Samples Preparation

Miniplate samples were prepared using mixed compositions of sago starch, PLA and
PEG materials, as detailed in Table 1. The miniplate manufacturing process was conducted
using an injection molding machine, specifically the ELITE E-80B (Elite Industrial Holding,
Hong Kong, China). The molds utilized in miniplate production were constructed from
the main material as per standard DIN 1.2311 for core cavity components. The overall
dimensions of the molds were 300 mm X 300 mm X 189 mm, with core cavity dimensions
measuring 200 mm x 300 mm x 50 mm.

Table 1. Composition of miniplate samples of sago starch, PLA and PEG blend formulations.

Samples Chemical Compounds Weisg:gtoF;atiiC(Ln of Weightlffzction of Weightlf};gction of
SPLA20PO Sago starch/PLA 20 80 0
SPLAQP10 Sago starch/PLA/PEG 0 90 10
SPLA20P10 Sago starch/PLA/PEG 20 70 10
SPLA20P20 Sago starch/PLA/PEG 20 60 20

This study utilized four injection temperature variations, i.e., 150, 160, 170 and 180 °C,
on the production of the miniplates. The mold was designed to produce a six-hole miniplate,
measuring 1.2 mm in thickness, 6.1 mm in width and 34.0 mm in length [27]. The miniplate
manufacturing process involves subjecting the material to an injection pressure of 650 bar,
a holding pressure of 500 bar and a water-cooling duration of 24 s.
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To ensure optimal performance of the injection machine, the injection stage follows
mold installation and initial process trials using pure PLA material. The molding operation
initiates at an injection temperature of 150 °C, gradually increasing it until reaches the
desired higher temperature. The miniplate samples ready for testing are depicted in
Figure 1.
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Figure 1. Injection molding miniplate products; miniplate products with variations of PLA /starch
mixtures/PEG plasticizer.

2.3. Mechanical Properties Testing

Before conducting mechanical testing, five miniplates were prepared for each sample
group. The testing utilized an MCT-2150 universal testing machine (UTM) (A&D Company,
Tokyo, Japan), with a maximum force capacity of 500 N and a crosshead speed set at
10 mm/min. The tensile test, in accordance with ASTM D638 standard [33], was employed
to determine the tensile strength (TS), Young’s modulus (E) and elongation at break (EB).
Simultaneously, the bending test, following the ASTM D790 standard [34], was performed
to assess the flexural strength, flexural modulus and elongation at break.

2.4. Biodegradation Test

The biodegradation test for the miniplates was conducted in accordance with ISO
10993-5 (E) [35], Part 5 about the biological evaluation of medical devices tests for in vitro
cytotoxicity [27]. Miniplate samples were immersed in a falcon tube containing 20 mL of
phosphate-buffered saline (PBS) at pH 7.3 £ 0.2 and securely sealed. These samples were
then stored in a thermostatic bath maintained at a constant temperature of 37 £ 1 °C for 7,
14, 21 and 28 days. The tests were repeated three times for each variable.

At each designated time point, the pH of the PBS solution was verified, and the
samples were withdrawn from the solution and dried at 90 °C for 30 min until a constant
weight was achieved. The miniplate loss was calculated using the formula in Equation (1):

Wigss (%) = 2 % 100% (1)
Mo
where W,ss(%) represents the average degradation rate, m, is the initial weight and m,
is the final weight. Additionally, the result of the degradation mass was presented as the
remaining weight, calculated as Equation (2):

Remaining weight(%) = 100% — Wiyss (%) ()

2.5. Scanning Electron Microscope (SEM)

The microstructure of the miniplate was examined using a scanning electron micro-
scope (SEM) (FEI Quanta 650, Thermo Fisher Scientific, Waltham, MA, USA) with an
acceleration voltage of 7.5 kV. Specimens were prepared under cryogenic conditions using
liquid nitrogen and coated with a layer of gold before investigating the surface. The magni-
fication was set to 1500 x magnification to analyze the incorporation of sago starch into the
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blend of PLA and PEG, only at one chosen injection temperature specimens group based
on the result of the biodegradation test.

2.6. Fourier Transform Infra Red (FI-IR) Spectroscopy

The FT-IR spectrum was obtained using the Nicolet™ iS50 Fourier Transform Infrared
(FT-IR) spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), with a frequency
range of 15-27,000 cm ™!, operated using OMNIC Series software version 8.2 (Thermo
Fisher Scientific, Waltham, MA, USA). Sample preparation involved cutting cross-sections
with a thickness of 1 mm, followed by characterization in accordance with the method
employed previously [36]. The measurements were performed at a resolution of 4 cm~! in
the wavelength range of 400-4000 cm ™!, with an average of 20 scans for each sample. The
obtained spectral wavenumbers were compared with literature values to identify functional
groups present in the samples with different compositions at only one chosen injection
temperature for the specimen’s group.

2.7. X-ray Diffraction (XRD)

Characterization with XRD was conducted to determine the primary features of the
miniplate, specifically particle size and crystallinity degree. For XRD characterization, a
400 mg sample of the miniplate was taken and placed on a glass slide with the aid of an
adhesive. The sample was characterized using a XRD Panalytical Empyrean (Malvern
Panalytical, Malvern, UK) with a Cu anode source, and analysis was performed using
HighScore Plus software version 3.0e. The applied voltage was 40 kV, and the current was
set at 30 mA. The 26 angle ranged from 10° to 80° with a scanning rate of 0.0263° /step.

The crystallinity degree represents the quantity of crystalline content in a material by
comparing the area under the crystalline curve to the total area under the amorphous and
crystalline (X.) was calculated using Equation (3) [27].

- Area of cristalline peaks
 Area of all peaks (crystalline + amorphous)

X (o) x 100% 3)

2.8. Statistical Analysis

The results are displayed as averages with error bars representing the standard devia-
tion (SD). Statistical analysis was conducted using one-way analysis of variance (ANOVA).
The tested samples (1 = 5) were grouped based on sample weight composition and injection
molding temperature for comparison. ANOVA was employed to determine the significance
of material compositions and injection temperature effects on the mechanical properties
obtained during tensile and bending tests of the miniplate samples. A significance level of
o = 0.05 was utilized and the p-value was compared in the mentioned comparisons. Results
with a p-value less than 0.05 were considered significantly different and indicated by an
asterisk (*) and (°) for injection temperature and material compositions effects, respectively.

3. Results
3.1. Tensile Test

Figure 2 details the mechanical properties of miniplates measured through tensile
testing, organized by groups of injection molding temperature variations and material
weight compositions. It provides a statistical analysis of the mechanical properties obtained
from tensile testing of miniplates, including ultimate stress, elastic modulus and break elon-
gation. The categorization is based on groups of injection molding temperature variations
and material weight compositions.
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Figure 2. Mechanical properties, including (a) ultimate stress, (b) modulus of elasticity and (c) elonga-
tion at break of miniplates obtained from tensile testing, categorized by groups of injection molding
temperature variations and material weight compositions (p < 0.05; n = 5; annotations (°) and (*) for
material compositions and injection temperature effects, respectively).

Figure 2a depicts that sample groups blending both sago starch and PEG in PLA mate-
rial (SPLA20P10 and SPLA20P20) with varied injection temperatures generally exhibited
lower ultimate stresses compared to the remaining sample groups, particularly distinct from
the sample group without sago starch (SPLAOP10, ranging between 30.34 £ 1.03 MPa to
38.00 £ 3.02 Mpa). Most sample groups displayed a trend of significantly reducing ultimate
stress with increasing injection mold temperature, such as SPLAOP10 from 38.00 + 3.02 Mpa
at 160 °C to the lowest of 30.34 £ 1.03 Mpa at 180 °C, SPLA20P0 from 39.37 & 1.40 at 150 °C
to 25.96 + 1.57 Mpa at 180 °C and SPLA20P20 from the highest of 24.05 + 0.57 Mpa at
150 °C to 16.58 & 2.5 Mpa at 180 °C. The SPLA20P10 sample group, however, showed an in-
creasing trend in ultimate stress over higher temperatures, although it was only significant
below 160 °C of 22.93 + 1.34 Mpa.

Figure 2b depicts that sample groups with PEG had lower elastic modulus, with
the lowest of 0.8 & 0.06 Gpa at 180 °C in SPLA20P20, compared to the sample groups
without PEG blend (SPLA20P0, ranging between 1.96 + 0.35 Gpa to 2.16 £ 0.34 Gpa).
Nevertheless, the overall trends were not statistically different, except for the compar-
ison between SPLA20P0 and SPLA20P10, respectively, resulting 2.16 + 0.34 GPa and
1.28 £ 0.34 GPa, at the 160 °C temperature. Additionally, SPLA20P0 samples at 180 °C
showed a significant increase of 2.02 £ 0.24 GPa compared to the remaining sample groups
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at similar temperature settings, as the highest of 1.3 &= 0.32 GPa in the SPLAOP10 group.
No significant differences were observed when comparing molding temperature variations
within each sample group.

Figure 2c presents the break elongation results, indicating that sample groups without
PEG (SPLA20PO, ranging between 0.87 & 0.30% to 2.99 & 0.46%) had the lowest values
compared to the remaining groups at each molding temperature. Sample groups with PEG
blend showed incremental break elongations with increasing injection mold temperatures.
Statistical significance was observed in SPLA010 from temperatures of 150 and 160 °C
(20.38 £ 0.20% and 16.17 % 0.24%, respectively) to 170 and 180 °C (104.64 £ 1.41% and
63.83 + 1.01%, respectively), SPLA20P10 from 35.50 £ 2.46% at 160 °C to higher temper-
atures and SPLA20P20 with a gradual trend from 25.73 £ 3.53% at 150 °C reaching to
57.85 £ 3.38% at 180 °C. Interestingly, SPLA20P20 samples exhibited lower elongation
at break results compared to sample groups containing 10% PEG, such as SPLAOP10
and SPLA20P10.

The obtained stress—strain curves from one of the tensile testing repetitions of miniplate
samples are also illustrated in Figure 3.
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Figure 3. Stress—strain curves of miniplate samples with varied injection molding temperatures
resulting from tensile testing, grouped by sample compositions: (a) SPLAOP10, (b) SPLA20PO,
(c) SPLA20P10 and (d) SPLA20P20.
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3.2. Bending Test

Figure 4 provides an overview of the mechanical properties of miniplates measured
through bending testing, organized by groups of injection molding temperature variations
and material weight compositions. It presents the statistical analysis of miniplate properties
obtained through bending testing, categorized by groups of injection molding temperature
variations and material weight compositions.
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Figure 4. Mechanical bending properties, including (a) ultimate stress, (b) bending modulus of
elasticity and (c) elongation at break of miniplates obtained from bending testing, categorized by
groups of injection molding temperature variations and material weight compositions (p < 0.05; n = 5;
annotations (°) and (*) for material compositions and injection temperature effects, respectively).

In Figure 4a, the SPLA20P10 and SPLA20P20 sample groups demonstrated lower
ultimate stresses for all injection mold temperatures compared to the remaining two
groups. Notably, a significant difference was observed when comparing SPLA20P10 and
SPLAOQP10 sample groups. No statistical differences were found when comparing different
temperature settings within each sample group, except for a significant reduction trend
over the increasing injection temperature in the SPLA20P20 sample group, ranging from
5.109 £ 0.57 MPa at 150 °C to 3.38 & 0.50 MPa at 180 °C.

Figure 4b indicates that sample groups containing sago starch exhibited lower elastic
modulus compared to the SPLAOP10 sample group. Statistical evidence supports this
observation in the SPLA20P10 and SPLA20P20 samples. The modulus of elasticity behavior
generally remained unclear, showing no significant difference with respect to the effect of



Appl. Sci. 2024, 14, 1683

90f19

injection molding temperature within each sample group. However, in the SPLA20P10
sample group, there was a clear trend of steady increment over the increasing temper-
ature, specifically from 0.17 £ 0.03 GPa at 160 °C to above 0.27 £ 0.03 GPa at higher
temperature settings.

Figure 4c reveals that only the non-sago sample group (SPLAOP10) had significantly
lower break elongation results across all injection mold temperatures, with the highest at
18.78 £ 1.98% at 160 °C. The remaining temperatures exhibited break elongation ranging
from 7.70 £ 3.30% to 12.05 = 1.99% in that group. The remaining sample groups with
sago blend consistently showed a range of break elongation between 20.44 &+ 2.95% to
24.9 + 2.46% without any substantial differences.

The obtained stress—strain curves of miniplate samples from the bending test process
are illustrated in Figure 5, providing a visual representation from one of the tensile testing
repetitions of miniplate samples material behavior under bending stress.

—— SPLAOP10:150 C

121 —— SPLA20PO : 150 C SPLA20: 160 C
SPLA20PO : 160 G 10+ ——SPLA20:170C
SPLA20PO : 170 C SPLA20: 180 C
SPLA20PO : 180 C
o
a —_
= o~ & o
? NN =3 )
o \ - 2 g
n . 8 :
\\\ (%]
T T 1 0 / T T T T T
16 18 20 0 5 10 15 20 25
Strain (%) Strain (%)
(@) (b)
SPLA20P10-150C 6 —— SPLA20P20-150C
69 SPLA20P10-160C SPLA20P20-160C
—— SPLA20P10-170C —— SPLA20P20-170C
SPLA20P10-180C | — SPLA20P20-180C
S~ T~
_ / —
~ / — S
T —_
= N T g T
g AN = -
@ 2 .
o =
k7 . »
.
N
\,
T T T 1 T T T T T T T T 1
15 20 25 30 10 15 20 25 30
strain (%) strain (%)
() (d)

Figure 5. Stress—strain curves of miniplate samples with varied injection molding temperatures
obtained from bending testing, grouped by sample compositions: (a) SPLAOP10, (b) SPLA20PO,
(c) SPLA20P10 and (d) SPLA20P20.

3.3. Biodegradation Test

Figure 6 presents the percentage of mass loss over immersion days from the biodegra-
dation rate test of miniplate samples with varied injection molding temperatures, grouped
by sample compositions. In Figure 6a, the degradation rate of miniplates with the addition
of 10% PEG plasticizer to the PLA matrix without sago starch blend (SPLAOP10) is depicted.
The mass loss percentage at 7 days after treatment was 1.04% at 150 °C, 1.02% at 160 °C,
1.84% at 170 °C and 2.54% at 180 °C. Degradation slowed down on the 14th day, with no
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degradation observed at 150 °C and 160 °C. At 170 °C, there was a mass loss of 0.21% and
at 180 °C, the highest mass loss percentage was recorded at 0.62%. By the 21st day, mass
loss at 150 °C increased to 2.67%, at 160 °C there was a mass loss of 0.82%, at 170 °C it was
0.42% and at 180 °C of 0.83%.
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Figure 6. Average mass loss percentage over immersion days during biodegradation rate test of
miniplate samples with varied injection molding temperatures grouped by sample compositions:
(a) SPLAOP10, (b) SPLA20PO, (c) SPLA20P10 and (d) SPLA20P20 (n = 3).

Figure 6b illustrates how changes in injection temperature impacted the mass loss
percentage of SPLA20P0 miniplates derived from PLA /starch mixtures. The mass loss
percentage after 7 days of treatment was 0.61% at 150 °C, 1.58% at 160 °C, 1.2% at 170 °C
and 3.78% at 180 °C. The highest mass loss percentage was observed at 180 °C, while the
lowest was at 150 °C. On the 14th day, degradation slowed down, with no degradation
observed at 150 °C and 170 °C. At 160 °C, there was a mass loss of 1.01%; at 180 °C, the
highest mass loss percentage was recorded at 3.35%. By the 21st day, mass loss at 150 °C
increased to 2.26%, at 160 °C there was a mass loss of 0.82%, at 170 °C it was 1.21% and at
180 °C it reached 2.17%. The mass loss percentage of miniplates SPLAOP10 was slower than
that of SPLA20P0, suggesting that the presence of starch impacted the mass loss percentage.
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Figure 6¢ illustrates the mass loss percentage of miniplates with the addition of 10%
PEG plasticizer to the PLA /sago starch mixture (SPLA20P10). Similar to SPLA20P0 and
SPLAOQP10, changes in injection temperature affected the miniplate’s mass loss percentage.
The mass loss percentage at 180 °C was higher compared to lower temperatures, while at
150 °C and 160 °C, it remained uniform up to 7 days of treatment. The mass loss percentage
at 7 days after treatment was 3.97% at 150 °C, 4.03% at 160 °C, 2.73% at 170 °C and 6.55% at
180 °C. On the 14th day, mass loss slowed down, with mass loss of 0.63% at 150 °C, 1.67% at
160 °C, 2.16% at 170 °C and 2.12% at 180 °C. By the 21st day, mass loss at 150 °C increased to
2.52%, at 160 °C there was a mass loss of 1.28%, at 170 °C it was 0.66% and at 180 °C reached
2.18%. The mass loss percentage increased with the increase in injection temperature.

Figure 6d illustrates the effect of adding 20% PEG plasticizer to the PLA /sago starch
mixture on the mass loss percentage (SPLA20P20). Changes in injection temperature did
not seem to affect the mass loss percentage, although at 150 °C, it had the lowest mass
loss percentage compared to other temperatures. The mass loss percentage at 7 days after
treatment was 3.25% at 150 °C, 5.99% at 160 °C, 5.25% at 170 °C and 5.96% at 180 °C. On
the 14th day, mass loss slowed down, with mass loss of 2.15% at 150 °C, 2.39% at 160 °C,
1.2% at 170 °C and 1.47% at 180 °C. By the 21st day, mass loss at 150 °C was 2.2%, at 160 °C
it was 0.9%, at 170 °C it was 0.49% while at 180 °C there was no mass loss. Based on the
graph, it can be concluded that the injection temperature affected the mass loss percentage
of the miniplate with the addition of 20% PEG to the PLA matrix/sago starch. The mass
loss percentage at 160 °C, 170 °C and 180 °C increased uniformly at 7 days after treatment,
while at 150 °C, the mass loss percentage was slower. The mass loss percentage at 150 °C
had a difference of 1.1% in the 7, 14 and 21-day immersions. At an injection temperature of
180 °C, there was no decrease in sample weight between 7-14 days.

3.4. SEM Results

Figure 7 shows the micrograph profiles of miniplates after undergoing degradation
testing for 28 days of all samples with injection temperature of 180 °C. Figure 7a illustrates
the surface condition of a miniplate with PLA /PEG 10% material, revealing surface rough-
ness after degradation. The rough surface profile, indicated by small spots, represents
starch particles that emerge during degradation. The circular profile with a brighter color
on the surface indicates the presence of starch particles that are not perfectly dispersed in
the PLA matrix during the injection molding process.

Figure 7b displays the micrograph profile of the miniplate surface with a 20% sago
starch/PLA mixture, providing information about the presence of a relatively large longitu-
dinal crack profile with small perpendicular crack branches around the main crack after
28 days of degradation. The cracks indicate the weak interface bond between starch and
PLA matrix due to differences in hydrophilicity.

After a degradation period of 28 days, it is observed that the addition of 10% PEG
to the PLA /sago starch mixture does not lead to the emergence of surface crack profiles,
indicating that the plasticizing function of PEG is effective in improving the interfacial bond
between starch and PLA matrix. The previously formed interface layer around imperfectly
dispersed starch particles disappear, forming a clear boundary on the outer side of the
starch particles, as in Figure 7c. This suggests that the PEG interface layer will disperse
into the PBS solution and degrade more rapidly during degradation.

A clearer profile is observed in the micrograph of miniplates with the addition of 20%
PEG to the PLA /sago starch mixture as seen in Figure 7d. The presence of large crack
profiles in the image indicates increased porosity due to the higher concentration of PEG
dispersed in the PLA /sago starch mixture. The PEG interface layer on starch molecules will
degrade faster, carrying along bound starch molecules, while the cracks indicate uneven
distribution of plasticizer concentration, causing faster release of the PLA/sago starch
interfacial bond compared to lower PEG concentrations. From the micrograph profiles, it
can be concluded that the addition of 20% PEG will increase the porosity of miniplates
during degradation compared to the addition of 10% PEG to the PLA /sago starch mixture.
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Figure 7. SEM images of different miniplate specimens comparing compositions: (a) SPLAOP10,
(b) SPLA20PO, (c) SPLA20P10 and (d) SPLA20P20 with injection molding temperature of 180 °C.

3.5. FT-IR Analysis

The interaction between polymers can be observed through the results of infrared
spectroscopy (IR), as shown in Figure 8. It can be observed that the miniplate with pure PLA
material (SPLAO) has several wave peaks at 1042 cm ™!, 1079 cm !, 1127 cm~*, 1180 cm ™!,
1451 cm ! and 1745 cm 1. Peaks at 1042 cm ™1, 1079 cm™!, 1127 cm !, and 1180 cm ™!
indicate the presence of -C-O bonds, while 1451 cm ! signifies CH3 bonding, and 1745 cm !
indicates the presence of the -C=0O group, referred to in the previous study [27]. The
addition of 10% PEG into the PLA matrix (SPLAOP10) shows three peaks indicating the
absorption of -CH,- stretching vibrations at wave numbers 2882, 2944 and 2994 cm™!,
as confirmed Li et al. [37]. The increased intensity at 1382 and 1452 cm ! represents the
deformation of C-H peaks, indicating the presence of -CH, chains from PEG. Characteristics
of C=0 stretching and C-O stretching from ester groups in PLA and PLA/PEG 10% are
shown at wave numbers 1180 and 1747 cm~!. The influence of adding PEG plasticizer with
different concentrations (10% and 20%) to the PLA /starch blend can be observed from the
wave numbers 2888 and 2994 cm !, as well as 1747 cm !, where the peak ratio increases in
C-O and C=0 in the 10% PEG addition (SPLA20P10) compared to the 20% PEG addition
(SPLA20P20). This suggests that a portion of the O-H groups from PEG is likely to bond
with the C=0 groups in PLA [37].
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Figure 8. Fourier transform-infrared (FT-IR) spectra for pure PLA compared to various sample com-
positions of SPLAOP10, SPLA20P0, SPLA20P10 and SPLA20P20 with injection molding temperature
of 180 °C.

The interaction between sago starch and PLA can be observed in the wave number
range of 3000-3500 cm !, where there is no increase in waves in pure PLA (SPLAO) but
an increase is observed in PLA /sago starch (SPLA20P0). This indicates the presence
of -OH bonds in PLA /sago starch [38,39]. When compared to the addition of PEG to
PLA, the wave peaks become higher in that wave number range, indicating the influence
of PEG plasticizer on both PLA and the PLA/sago starch blend [38]. The occurrence
of interactions, such as hydrogen or dipolar interactions, between two polymers will
manifest as changes in the observed IR spectrum. FT-IR testing on miniplate products
from injection molding aimed to investigate conformational changes in the PLA /sago
starch/PEG composite. Previous research by [36] explained that starch gelatinization
and retrogradation are sensitive to changes in polymer conformation and molecular-level
changes. The C-C and C-O stretching regions (800-1300 cm~!) are highly sensitive to
retrogradation processes, where retrogradation kinetics involve structural changes at the
molecular level by measuring the ratio between selected peaks [40].

3.6. XRD Analysis

Figure 9 illustrates the X-ray patterns on miniplates derived from pure PLA, PLA with
the addition of 10% PEG, PLA /starch 20%, PLA /starch/PEG 10% and PLA /starch/PEG
20%. Characteristic starch reflections at 20 are seen at 15.2°, 17.3° and 23.1°, while PLA
reflections are at 16.7° and 19.0°, corresponding to the starch crystallization pattern [41].
PEG reflections are observed at 14.7°, 16.6° and 18.9° [42].
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Figure 9. The crystalline phase and molecular interaction of the miniplate specimens with pure PLA
compared to various sample compositions of SPLAOP10, SPLA20P0, SPLA20P10 and SPLA20P20
with injection molding temperature of 180 °C.

On miniplates with pure PLA material (SPLAO), amorphous peaks are observed at
26 around 16.97° and 17.01°, corresponding to crystallographic lattice planes 110 and 200,
with weak diffraction peaks at 20 = 34.6° and 34.7° corresponding to crystallographic
lattice plane 21.6, referred to in the previous study [27]. The diffraction peak at 16.97°
indicates the amorphous structure of PLA [43]. In miniplates with the addition of 10%
PEG to PLA (SPLAOP10), diffraction peaks are observed at 26 around 18.28° and 18.33°,
corresponding to crystallographic lattice plane 203 with a d-spacing value of 0.484 nm, and
weak diffraction peaks at 20 = 32.5° corresponding to crystallographic lattice plane 216.
Adding sago starch to the PLA matrix (SPLA20PO0) results in diffraction peak patterns at
20 = 16.35° and 16.39° corresponding to crystallographic lattice planes 110 and 200. In
miniplates with the addition of 10% PEG to the PLA matrix (SPLA20P10), diffraction peaks
vary at 26 between 14.74°, 16.48° (highest peak 2386), 17.8°, 18.9°, up to 44.01° correspond-
ing to crystallographic lattice planes 110, 200, 203, 015 and 216. The same diffraction peak
pattern occurs with the addition of 20% PEG to the PLA matrix (SPLA20P20), but there is
a shift in the highest peak with 26 = 16.91° (highest peak 1879), resulting in a peak shift
of 0.43° from 16.48° to 16.91°. This indicates that an increase in PEG concentration in the
PLA /sago starch blend will shift the crystallinity peaks of the composite. It is evident that
the addition of PEG plasticizer to the PLA /sago blend will increase the crystallinity (X.) of
PLA, with the crystallinity of SPLA20P10 (45.26%) higher than SPLA20P20 (40.63%). This
proves that, in general, the addition of PEG plasticizer to the PLA /sago blend will increase
crystallinity, and the addition of 10% PEG is more effective than the addition of 20% PEG.

4. Discussions

This study successfully demonstrated the tunability of injection molding parameters
for manufacturing miniplate implants, assessing their mechanical and biodegradation
performances with varied compositions of PLA, sago starch and PEG at different injection



Appl. Sci. 2024, 14, 1683

15 of 19

temperatures (150 °C, 160 °C, 170 °C and 180 °C). Optimal conditions for miniplate fab-
rication were identified at 170 °C for PLA /sago starch with 10% PEG, yielding favorable
mechanical properties and a degradation rate of 7.97% over 28 days. For PLA /starch with
20% PEG, optimal conditions were at 150 °C, resulting in specific mechanical properties
and a degradation rate of 10.22%.

Mechanical assessments revealed that incorporating PEG into pure PLA (SPLAOP10)
resulted in relatively high mechanical performance, showing a linear correlation with
increasing injection temperature. The optimal composition and injection temperature for
mechanical properties were identified as SPLAOP10 at 170 °C and 180 °C, achieving high
ultimate stress, elastic modulus and break elongation. These findings were corroborated by
bending tests, emphasizing the favorable mechanical aspects of SPLAOP10 at 170 °C. On
the other hand, the addition of sago starch to pure PLA material (SPLA20P0) significantly
increased ultimate stress, surpassing that of PLA /PEG with no sago (SPLAOP10). However,
it also led to a notable decrease in elongation at break across different temperature settings,
as observed in both tensile and bending tests. It was suggested that achieving higher
mechanical properties for SPLAOP10 required injection molding at higher temperatures
(180 °C in this study), while lower temperatures (150 °C in the current study) seemed more
effective for SPLA20P0 to achieve high ultimate stress and elastic modulus. Interestingly,
the addition of sago starch and PEG together to the PLA, as observed in SPLA20P10
and SPLA20P20, resulted in a general decrease in mechanical performance across the
tested temperatures, indicating an antagonistic interaction between sago starch and PEG
plasticizer when blended into the PLA-based implant, affecting its mechanical resistance.

Nevertheless, the inclusion of sago starch proved effective in optimizing the biodegra-
dation rate of the PLA miniplate implant, necessitating comprehensive characterization to
determine the most optimal compositions and manufacturing parameters when combining
the three materials: PLA, sago and PEG plasticizer. A higher biodegradation rate was
observed with a larger weight composition of the hydrophilic component, primarily due to
the presence of sago starch. In general, the PEG interphase layer enhanced the interface
between PLA and sago starch, as confirmed in SEM imaging of the miniplate with a PEG
content of 10% by weight (SPLA20P10) in a previous study [27]. An increase in the sago
starch content in the PLA blend significantly improved the mass loss rate of the miniplate
samples. A comprehensive review on the biodegradation of PLA in medical implants and
systems has been conducted by da Silva et al. indicating that the degradation rate of PLA
material inside the human body primarily occurs through the hydrolysis of its ester-bond
polymeric backbone. This process is commonly dependent on lactide shapes, porosity
structure, pH and temperature of the surrounding environments [44—46]. However, PLA’s
inherent hydrophobic properties and resistance to hydrolysis result in a slow degrada-
tion rate in crystalline phase hydrolysis, posing a challenge in tissues and rendering it
unsuitable for use as medical appliances due to its extended degradation period [5,18].
Diyana et al. [24] have provided an overview of the physical properties of thermoplastic
starch made of natural resources, stating that as a blend component for PLA, starch offers
important advantages in terms of cost, mechanical properties and biodegradability. How-
ever, the hydrophilic characteristics of starch and the hydrophobic features of PLA cause
low miscibility between the two compounds, necessitating good melt-blending techniques
and the addition of compatibilizers to ensure successful interaction [47]. Furthermore, PEG
content in PLA material was observed to increase biodegradation rate, indicated by the
enhancing weight loss over time in the previous studies [48-50]. The high PEG will increase
the hydrophilic behavior than the ones with lower content, thus it was easier to dissolve in
PBS solution.

These findings suggest that it might be more beneficial in terms of mechanical prop-
erties when only one of the materials, either sago starch or PEG, is mixed with pure PLA
for the implant at the specified injection temperature. On the other hand, sago starch
is required to enhance the biodegradability rate, whereas PEG is needed to increase the
homogeneity of the mixture and minor elastic modulus. Injection molding parameters play
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a key role in balancing both mechanical and biodegradation performances, with higher
injection temperatures generally accelerating the degradation rate and break elongation
percentage of the PLA /sago starch/PEG miniplates. Previous findings [27] have shown
inadequate interfacial interaction between starch and PLA, evident in the consistent re-
duction of tensile strength with higher concentrations of sago starch. Another study by
Bhiogade et al. [43] indicated that the addition of PEG plasticizers significantly reduces ten-
sile strength and modulus of elasticity. Despite this, PEG remains necessary as it improves
the homogeneity interaction between PLA and starch interfaces, acting as a molecular
bridge [51]. This is crucial because PLA is hydrophobic, while sago starch is hydrophilic,
resulting in expected poor interaction [52,53]. The additional PEG molecular chain acts
as an efficient compatibilizer in the PLA /sago starch mixture. Consequently, adding PEG
plasticizers to the PLA /starch mixture leads to a reduction in both the modulus of elasticity
and tensile strength. This finding is supported by Ferrarezi [38] and Kozlowski [54], who
observed that the addition of PEG significantly increased the drawability of the miniplate
but decreased the elastic modulus. During the injection molding process, as the PLA matrix
deforms under pressure and increased shear forces, the PEG interface effectively forms
around the starch particles. As a result, the PEG can impede the formation of fractures,
leading to a significant increase in the break elongation of the miniplate. An exception
in this study was only observed in SPLA20P10 at 170 °C, showing better performance in
elastic modulus and elongation at break, indicating the role of injection temperature in
molding the miniplate implant.

Based on the findings of this study, miniplates comprising PLA /sago starch/PEG
fall short of meeting the mechanical requirements for bone implants. To enhance the
mechanical properties of the miniplates, which possess favorable mechanical properties
and degradation capability, can be considered [55,56]. The ability to withstand bending
loads is particularly critical for materials used in bone implants, especially in high-risk areas
such as the bones of the arms and legs, which are subjected to significant bending loads
during various activities. For example, cortical bone exhibits a bending strength ranging
from 130-180 MPa, whereas miniplates SPLA20P10 and SPLA20P20 demonstrate strengths
below this threshold. Consequently, miniplates composed of PLA /sago starch/PEG are
better suited for application in bone tissues that do not necessitate high bending loads,
such as skull fractures and craniofacial fractures.

5. Conclusions

This study effectively investigated the optimal parameters of injection molding temper-
ature and plasticizer material to enhance the mechanical and biodegradation performances
of PLA-sago starch miniplates implants. Several key findings can be drawn to conclude
as follow:

e  Optimal conditions for miniplate fabrication were identified at 170 °C for PLA /sago
starch with 10% PEG, yielding favorable mechanical properties and a degradation rate
of 7.97% over 28 days. For PLA/starch with 20% PEG, optimal conditions were at
150 °C, resulting in specific mechanical properties and a degradation rate of 10.22%.

e An antagonistic interaction between the sago starch and PEG plasticizer was indicated
when blended into the PLA-based implant, affecting its mechanical properties.

e  However, the role of sago starch concentration in the mixture resulted in an increased
biodegradation rate.

e  The addition of PEG plasticizer also had an impact on mechanical properties, yet it was
attributed to the formation of an interphase layer by the PEG plasticizer, enhancing
interaction between PLA and starch interfaces, indicated via SEM images.

e  The higher injection molding temperatures were found to generally accelerate the degra-
dation rate and break elongation percentage, which play a key role in balancing both
mechanical and biodegradation performances of the PLA /sago starch/PEG miniplates.
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The study significantly contributes to enhancing the value of agricultural products,
especially sago starch, in the medical field by improving miniplate products biomaterial
through advanced fabrication methods.
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