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Abstract: Nanoscale amorphous calcium phosphate (ACP) exhibits superior bioactivity,
degradability, and osteoblast adhesion compared to hydroxyapatite (HAp), making it a
promising bioactive ceramic material for bone regeneration applications. This study ex-
plores the integration of ACP as a bioactive additive in polylactic acid /polycaprolactone
(PLA/PCL) composites. Nanoscale ACP powder was synthesized through low-temperature
wet chemical methods without additional reagents. The composite, consisting of 10 wt.%
ACP, 80 wt.% PLA, and 20 wt.% PCL, achieved optimal tensile strength (>12 MPa) and
elongation (>0.1%). Utilizing the Taguchi experimental design, the microinjection molding
parameters were optimized, and they are a material temperature of 190 °C, an injection
speed of 50 mm/s, and a holding pressure speed of 30 mm/s. Variance analysis identified
the injection speed to be the most significant factor, contributing 50.73% to the overall
effect. Immersing ACP in simulated body fluid (SBF) for six hours reduced its calcium ion
concentration by 28%, with this concentration stabilizing thereafter. Biocompatibility was
confirmed through an MTT assay with NIH-3T3 cells, demonstrating the PLA/PCL/ACP
composite’s compatibility. Bone differentiation and mineralization tests showed the en-
hanced performance of both ACP and the composite material. Degradation tests indicated
an initial 0.29% weight increase in the first week, followed by a 2% reduction by the fifth
week. These results underscore the PLA/PCL/ACP composite’s excellent mechanical
properties, biocompatibility, and suitability for injection molding, positioning it as a strong
candidate for biodegradable bone screw applications.

Keywords: biodegradable bone screws; polylactic acid (PLA); polycaprolactone (PCL);
amorphous calcium phosphate (ACP); micromolding; biomedical composites

1. Introduction

Accidental and sports-related injuries often result in bone fractures and ligament
damage that require immediate stabilization to promote proper healing and reconstruc-
tion [1]. Traditionally, bone screws manufactured from metals—such as titanium alloys,
pure titanium, stainless steel, and cobalt-chromium alloys—have been employed to achieve
this stabilization [2,3]. Despite their excellent mechanical strength, these metallic implants
exhibit significant clinical drawbacks. For instance, the wear of the oxidation layer can
lead to metal ion release, inciting tissue inflammation and sometimes necessitating sec-
ondary removal surgeries, which not only cause patient discomfort but also waste medical
resources [4]. In addition, the high Young’s modulus of metals can result in stress shielding
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and subsequent bone resorption, a particularly serious problem in pediatric patients where
impaired load distribution may affect future bone growth [5].

To overcome these limitations, the move toward biodegradable alternatives has gained
momentum. Magnesium, an essential element with high biocompatibility and degradability,
has been investigated as an implant material because its Young’s modulus (40-45 GPa) is
closer to that of human bone (5-17 GPa) [6,7]. However, when used in biodegradable alloys,
magnesium tends to degrade too rapidly in vivo, undermining its long-term stability as
an implant [8].

Polymeric materials such as polylactic acid (PLA) have also been introduced in the
manufacture of bone screws. Several companies—including Taiwan’s Union Biomedical
and the U.S.-based Arthrex and Biosteon—have developed PLA-based screws that boast
good biocompatibility and sufficient mechanical strength for ligament repair [9]. Neverthe-
less, PLA presents its own set of clinical challenges. Reports have identified issues with PLA
implants, including disintegration, osteolysis, chondrolysis, cyst formation, and allergic
reactions [9]. Moreover, the inherent brittleness of PLA makes it susceptible to rupture after
implantation, potentially leading to the inadequate healing of ligament injuries if timely
intervention is not pursued [10,11].

To address PLA’s brittleness, polycaprolactone (PCL)—a ductile polymer—can be
blended with PLA to improve the overall ductility and reduce the risk of cracking. Research
by Hassanajili et al. [12] suggests that PLA /PCL composites not only enhance mechanical
performance but also benefit from the incorporation of biomedical ceramics that promote
bone cell proliferation and attachment, thereby enhancing integration with host bone.

Calcium phosphates (CaPs) have long been used as bioactive ceramics for bone re-
pair and regeneration. In particular, hydroxyapatite (HAp) closely mimics the inorganic
phase of bone due to its similar structure and composition [13,14]. However, conventional
crystalline HAp often experiences excessive grain growth during high-temperature pro-
cessing, which diminishes its biological activity. In contrast, amorphous calcium phosphate
(ACP)—synthesized via low-temperature wet chemical methods—produces microscale-to-
nanoscale particles with higher solubility, leading to improved bioactivity, biodegradability,
and osteoblast adhesion [15].

Advances in micromolding technology further contribute to this field by enabling the
fabrication of intricately designed, high-precision biodegradable bone screws that meet
rigorous clinical demands [16]. Integrating nanoscale ACP into PLA /PCL composites via
these precise molding techniques represents a cutting-edge strategy for optimizing both
mechanical performance and osseointegration [17]. Recent investigations have also pro-
vided valuable insights into PLA’s biodegradation behavior [18], the microstructure-based
magneto-mechanical modeling of composite systems [19], and composite formulation
strategies extrapolated from studies on supplementary cementitious materials [20]. Further-
more, incorporating ACP into biodegradable polymer matrices has been shown to enhance
osteogenic differentiation and bone regeneration capabilities [21].

Collectively, these studies underscore the critical importance of biocompatibility, me-
chanical integrity, and controlled degradation in the development of advanced biomaterials
for orthopedic applications. Building on this foundation, this study aims to develop
biodegradable bone screws composed of a PLA/PCL blend reinforced with ACP. Utilizing
low-temperature wet chemical synthesis to produce bioactive ACP and employing injection
molding technology, this study endeavors to create a novel, safe, effective, and cost-efficient
bone screw implant. The ultimate goal of this study is to enhance the treatment of bone
fractures and ligament injuries while reducing patient discomfort and minimizing the need
for secondary interventions.
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2. Materials and Methods
2.1. Synthesis of Nanoscale Amorphous Calcium Phosphate

Somrania et al. [22] proposed a low-temperature wet synthesis method for amorphous
calcium phosphate (ACP). To begin, a 0.36 M nitrate solution and a 0.16 M phosphate solu-
tion were prepared, each containing 40 mL of 28 wt.% ammonium hydroxide (NH;OH).
The nitrate solution was added to the phosphate solution, resulting in the rapid precip-
itation of ACP. This mixture was then immediately poured into 3 L of deionized water
(containing 15 mL of 28 wt.% NH4OH) to inhibit further crystallization. After washing, the
solution was divided into bottles and centrifuged to separate the powder from the solution
based on density differences. The excess water was decanted, and the ACP was extracted
and frozen at —18 °C to prevent crystallization during storage. The frozen ACP was then
freeze-dried at —40 °C and 1.3 Pa to sublimate the ice crystals, resulting in the ACP powder.
The ACP powder is shown in Figure 1.

8§
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Figure 1. ACP powder.

2.2. Preparation of Composite Material

A mixture of 80 wt.% PLA and 20 wt.% PCL exhibited superior mechanical proper-
ties [23,24]; thus, this ratio was used as the polymer composite base in this study. The
ACP powder was added in amounts ranging from 5 wt.% to 30 wt.% for experimental
testing. PLA (Corbion Purac Group, Luminy@L175)/PCL (Perstorp, Skine, Sweden, Capa
6800)/ ACP composites were mixed using a Brabender mixer (Plasti-Corder Lab-Station,
Duisburg, Germany) at 190 °C and 50 rpm for 10 min. Torque and temperature curves
were recorded to determine the uniformity of the material mixing, as shown in Figure 2.
Cross-sectional analysis was conducted on the blended materials and injection-molded
bone screws to evaluate the uniformity.
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Figure 2. Real-time temperature and torque profiles during mixing of PLA/PCL/ACP.

2.3. Material Characterization

This study used a scanning electron microscope (SEM) to observe the surface character-
istics of the ACP powder. To enhance conductivity, the non-conductive synthesized powder
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was coated with gold using a vacuum sputter coater at 20 mA for 60 s. Energy-dispersive
X-ray spectroscopy (EDX) was then employed to analyze its elemental composition. X-ray
diffraction (XRD) was used to analyze the crystal structure, chemical composition, and
physical properties of the synthesized material. To confirm the material was ACP, XRD was
conducted with a 26 angle range of 10° to 100°, operating at 30 kV and 20 mA.

2.4. Specimen Molding for Tensile Test

For this test, tensile specimens were prepared according to the ASTM-D638 [25]. The
specimens measured 63.5 mm in length, 9.53 mm in width, and 3.2 mm in thickness [25].
A compression molding machine (Ling Fong 30 Ton Hot Press, Tainan, Taiwan) was used for
specimen preparation. The material mixed by the Brabender mixer was cut into appropriate
sizes, placed in the mold cavity, melted at a mold temperature of 200 °C, and compressed
at a pressure of 25 kg/ cm? for 10 min. Afterward, the mold temperature was cooled to
60 °C using a water circulation system.

2.5. Injection Molding Experiment

The bone screw design is shown in Figure 3. This study utilized a Battenfeld Mi-
crosystem 50 micromolding machine for injection molding and employed the Taguchi
experimental method to determine the optimal injection molding parameters and their
effect on the shrinkage of bone screw injection molding. The control factors selected for
the experiment were the melt temperature, injection speed, and holding speed. Before the
experiment, Moldex3D analysis was used to determine the fixed parameter values. During
actual injection, the processing window was established, the control factor level values
were set, and the Taguchi experiment was conducted. The shrinkage rate of the molded
bone screw size served as the quality indicator. A smaller shrinkage rate indicated better
quality; thus, the experiments were conducted with the objective of achieving the smallest
possible shrinkage.
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Figure 3. Design of bone screw.

2.5.1. Mold Filling Speed Parameter Setting

From a fluid mechanics perspective, the faster a fluid flows, the greater the resistance
it must overcome, resulting in higher pressure requirements. Polymers are non-Newtonian
fluids with a shear-thinning effect; as speed increases, shear rate increases and viscosity
decreases. Therefore, the injection pressure does not necessarily increase with higher
injection speeds. This study utilized different injection speeds to analyze the mold filling
flow. As shown in Figure 4, at an injection speed of 60 mm/s, the required injection
pressure was lower. Consequently, 60 mm/s was selected as the starting parameter value
for experiments with actual injection molding.
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Figure 4. Relationship between injection speed and injection pressure.

2.5.2. Holding Time Parameter Setting

One criterion for setting the holding time is to adjust it according to the solidification
time of the melt at the gate. If pressure holding stops before the melt solidifies, the holding
effect is poor and the product shrinks. Conversely, if pressure is maintained after the melt
solidifies, it can lead to excessive pressure holding and residual stress. Moldex3D was
used to simulate the holding process under conditions of 60 mm /s injection speed, 190 °C
melt temperature, and 30 °C mold temperature. As shown in Figure 5, the gate had not
solidified at 2.965 s of packing but had solidified at 3.146 s of holding. Therefore, 4 s was
selected as the holding time in the subsequent Taguchi experiment.

/ /
(a) (b)

Figure 5. Melt state at gate: (a) holding time: 2.965 s; (b) holding time: 3.146 s.

2.5.3. Cooling Parameter Settings

The typical mold temperature setting for molding PLA is 20-30 °C [26] to ensure
sufficient cooling. To avoid warping caused by uneven shrinkage after ejection, it is
recommended to cool to a temperature difference of less than 10 °C in the part before
ejection [27]. From the mold flow analysis results in Figure 6, it is evident that, with a
cooling time of 35 s, the maximum temperature difference in the mold cavity is 6.1 °C.
Therefore, the cooling time for the subsequent molding experiment is set to 35 s.

Min 8 30.3T

364C

Figure 6. Temperature distribution at a cooling time of 35s.

2.5.4. Processing Window

Before planning the Taguchi experiment, this study first identified the processing
windows of the control factors through trial molding, as shown in Figure 7. For the PLA
used in this study, a melting temperature of 180-220 °C is recommended [26]. In the
molding test, when the material temperature is below 180 °C, short shots occur due to
premature cooling. Conversely, temperatures above 200 °C result in defects such as sink
marks and burrs. The injection pressure-injection speed analysis in Figure 4 indicates
that an injection speed of 60 mm/s has a relatively low injection pressure. Therefore,
the injection speed processing window experiment started from 60 mm/s. At speeds
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lower than 50 mm/s, short shots occur, whereas speeds exceeding 70 mm/s result in flash
formation on the bone screw. The pressure-holding process of the Microsystem 50 micro
injection machine is controlled by the plunger speed rather than pressure, unlike general
injection machines. When the holding speed is below 15 mm/s, effective holding cannot be
achieved, leading to sink marks on the bone screw surface. However, well-molded bone
screws were obtained at all settings from 15 mm/s to the machine’s maximum hold speed
of 33 mm/s.
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< T 200
L 190 flash = :
short shot as|
% ® 190 sink mark m?ch_me
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Figure 7. Processing window: (a) melt temperature vs. injection speed; (b) melt temperature vs.
holding speed.

2.5.5. Parameter Settings for Bone Screw Molding Process

The processing window experiment results suggest that the range of the three Taguchi
experimental control factors are as follows: a material temperature between 180 and 200 °C,
an injection speed between 50 and 60 mm/s, and a holding speed between 10 and 33 mm/s.
Each factor has three levels within this processing range, with the highest holding speed
set at 30 mm/s. Table 1 shows the level values of each factor.

Table 1. Control factor levels.

Melt Temperature Injection Speed Holding Speed
Level/Factor ©C) (mm/s) (mm/s)
1 180 50 10
2 190 60 20
3 200 70 30

The mold flow analysis results in Figures 5 and 6 suggest that a holding time of 4 s, a
cooling time of 35 s, and a back pressure of 15 bar can avoid bubbles in the finished product.
During the Taguchi experiment, the metering amount and the plasticizing screw speed
were kept constant, and Table 2 presents the values of these parameters. Since each of the
three control factors has three levels in this experiment, the L9 orthogonal table was used
for the Taguchi experiment, as shown in Table 3.

Table 2. Fixed parameters in experiment.

Fixed Parameter Value
Holding time 4s
Cooling time 35s
Back pressure 15 bar
Screw speed 80 rpm

Metering volume 720 mm?
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Table 3. L9 orthogonal array.
Grou Melt Temperature Injection Speed Holding Speed
P 0 (mm/s) (mm/s)
1 180 50 10
2 180 60 20
3 180 70 30
4 190 50 20
5 190 60 30
6 190 70 10
7 200 50 30
8 200 60 10
9 200 70 20

2.5.6. Taguchi Experiment

To ensure the optimal bone screw injection molding quality, a 30 min preheating
step was performed before the injection molding experiments to stabilize the molding
environment. Five bone screws were sampled for each set of molding parameters, with
their lengths and outer diameters measured as illustrated in Figure 8. The mold used for
producing the bone screws has a length of 25.009 mm and a head diameter of 8.004 mm.
The dimensions of the molded bone screws were compared to those of the mold to calculate
the length and radial shrinkage rates using Equation (1). Based on the shrinkage rate, the
S/N ratio for each Taguchi group was calculated using Equation (2).

Shrinkage Rate (%) = (Mold Size — Product Size)/Mold Size x 100% @)

1 «n
S/Ngrp = —1010g<n Yo, y%> ()

where y; is the quality characteristic of the i-th sample, and # is the number of samples.

Figure 8. Schematic diagram of bone screw measurement positions.

2.5.7. Analysis of Bone Screw Internal Structure

To evaluate the uniformity of ACP powder distribution after injection molding, cross-
sectional studies were conducted on the molded bone screws. The bone screws were
embedded in BUEHLER cold mounting resin (SamplKwick 20-3560) and prepared for
metallographic analysis. Sandpaper with grit sizes ranging from P120 to P4000 was used
for grinding, followed by surface polishing. Due to the non-conductive nature of polymer
bone screws, gold sputtering was performed on the polished surfaces to facilitate the
subsequent SEM analysis.

2.6. Water Hardness Test for Calcium Ion Release

This study used water hardness testing to measure calcium ion (Ca*) release concen-
trations from ACP and HAp immersed in simulated body fluid (SBF). ACP and HAp were
immersed in an SBF buffer solution containing an indicator that turned wine red. The
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ethylenediaminetetraacetic acid (EDTA) disodium salt solution was titrated into the sample
solution using a burette. When all Ca* ions were chelated, the solution color changed from
red to blue, indicating the titration endpoint.

To prepare the standard calcium solution, 0.1 g of anhydrous calcium carbonate was
dissolved in 1 M hydrochloric acid, followed by the addition of 100 mL of ultrapure water
to achieve a 1 mg/mL (1000 ppm) concentration. The EDTA titration solution was prepared
by dissolving 0.14612 g of EDTA in 500 mL of ultrapure water to obtain a 0.001 M solution.

The calcium content of the EDTA solution was determined using Equation (3):

_ Calcium content of standard solution (mg)

~ on (™8
Moles of Ca in EDTA Solutlon( ml ) o Volume of EDTA titration (ml) ®)

The calcium concentration of ACP and HAp solutions was calculated based on the
volume of EDTA titrated, as shown in Equation (4):

Ca™ Concentration = Moles of Ca in EDTA Solution x Titration Volume 4)

2.7. Biocompatibility, Bone Differentiation, and Bone Mineralization Ability Tests

Following the ISO 10993-5 [28], materials were immersed in bone cell culture media
(low-glucose DMEM supplemented with 100 pug/mL ascorbic acid, 10 ug/mL non-essential
amino acids (L-Glutamine), 100 ug/mL penicillin/streptomycin, 10% fetal bovine serum
(FBS), and 0.01% vitamin C) at 37 °C for 72 h in a shaking water bath to collect the extract
solution. NIH/3T3 fibroblast cells (mouse fibroblast cell line) and mouse bone marrow
cells (D1 cell line) were used for testing.

Biocompatibility Test (MTT Assay): Each well of a sterile 96-well plate was seeded
with 1 x 10* cells in 100 uL of culture medium. After adding 100 uL of the extract solution,
the plate was incubated at 37 °C and 5% CO, for 24 h. Following incubation, 100 uL of
MTT solution was added to each well, and the plate was incubated for an additional 2 h.
MTT reacted with mitochondrial enzymes of live cells, producing purple-blue formazan
crystals, which were then dissolved in DMSO to form a purple solution. The absorbance
of this solution was measured at 570 nm using an ELISA reader, with higher absorbance
values indicating better biocompatibility.

Bone Differentiation Ability Test (ALP Assay): A 48-well plate was prepared with
2 x 10* cells in 200 uL of culture medium. After 24 h, the supernatant was removed and
replaced with the extract solution. Following a further 24 h of cell culture, osteoinduction
medium (OIM) was introduced to promote cell differentiation and mineralization. After
48 h of culture with OIM, 80 pL of the tissue culture fluid was transferred to a 96-well
sterile plate, and 50 uL of phosphate solution was added to react at room temperature in the
dark for 1 h. The alkaline phosphatase activity was measured using Biovision’s ALP assay
reagent, with the absorbance reading at 405 nm using an ELISA reader. Higher absorbance
values indicated higher alkaline phosphatase activity, and the relative percentage of activity
was calculated by setting the control group’s measured value as 100%.

Bone Mineralization Ability Test: Sterile 48-well plates were prepared with 2 x 10* cells
per well in 200 pL of culture media. After 24 h of incubation, the supernatant was removed
and replaced with the extract solution. The extract solution and cells were incubated for
24 h, followed by the addition of osteoinduction medium (OIM) to promote bone differ-
entiation and mineralization. After washing with phosphate-buffered saline (PBS), the
cells were immersed in 10% formalin for 20 min, then washed twice with DI water and
stained with Alizarin Red S (ARS) for 10 min. The cells were rinsed with purified water
2-3 times and allowed to dry. Alizarin red stains calcium deposits, forming an orange-red
precipitate. Once dried, 200 puL of 10% acetic acid was added to each well, and 100 pL was
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transferred to a 96-well sterile plate. The absorbance was measured at 405 nm using an
ELISA reader (Thermo Fisher Scientific, Waltham, MA, USA). The absorbance value of the
tissue culture medium group served as the reference value, and the calcium deposition
ability was judged by the absorbance value of the test groups relative to the reference
value, with higher absorbance values indicating greater calcium deposition and better bone
mineralization induction ability.

2.8. Degradation Test

This test followed the ASTM F1635-11 [29] to evaluate the degradation of injection-
molded bone screws. Bone screws were placed in centrifuge tubes filled with simulated
body fluid (SBF) and incubated in a shaking water bath at 37 °C, with agitation set to 10 rpm.
Weight and pH changes were recorded weekly for four weeks. Before weighing, the bone
screws were dried in an oven at 60 °C for 2 h to remove internal moisture and minimize
measurement errors. The collected data were used to plot degradation and pH curves.

To prepare the simulated body fluid (SBF), reagents were sequentially added to 900 mL of
ultrapure water using a magnetic stirrer for complete dissolution, following Oyane et al. [30].
The reagents were added in the following order and amounts (g/L): NaCl (8.035), NaHCOs3
(0.355), KCl (0.225), K,HPO4-3H,0 (0.231), MgCl,-6H,0 (0.311), 1 M HCI (19.5), CaCl, (0.292),
NaySOy4 (0.072), and TRIS (6.118). The solution was then adjusted to a pH of 7.40 at 36.5 °C
using 1 M HCl and diluted to a final volume of 1000 mL with ultrapure water.

3. Results and Discussion

3.1. Material Measurement and Analysis
3.1.1. Scanning Electron Microscope with Energy-Dispersive Spectroscopy

The synthesized ACP powder was analyzed using SEM. The crystalline powder,
shown in Figure 9a, exhibited clear particle morphology with distinct angular shapes, and
the particle size ranged from approximately 125 to 275 nm. The amorphous powder, shown
in Figure 9b, displayed blurred, semi-transparent particle morphology, with particle sizes
ranging from approximately 52 to 73 nm, confirming that the powder particles were at the
nanoscale level. In comparison with previous studies (e.g., [21,22]), our observed particle
sizes for both the crystalline and amorphous phases fall within the reported nanoscale range
for ACP (typically 50-300 nm). This consistency not only validates our synthesis method
but is also beneficial; the uniform and relatively smaller particle size of the amorphous
phase is advantageous for enhancing surface reactivity and dissolution rates—key factors
that can promote faster ion release, bone cell proliferation, and mineralization.

+ Amorphous

N 3 i
— 100nm NPUST 3/21/2022
X 100000 15.0kV SEX SEM WD 8.0mm  14:23:26

(a) (b)

Figure 9. SEM images of calcium phosphate powder: (a) crystalline; (b) amorphous.
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The energy-dispersive spectroscopy (EDS) analysis of the powder is shown in Fig-
ure 10. The results indicate that the synthesized powder mainly consisted of Ca, P, and O,
confirming that the powder was calcium phosphate, with a Ca/P ratio of approximately
1.63. This Ca/P ratio is very close to the stoichiometric value reported for hydroxyapatite
(around 1.67) and aligns with the literature values for bioactive ACP powders (e.g., [21,22]).
A slightly lower Ca/P ratio, as observed here, is often associated with increased reactivity
and improved bioresorbability, which are especially desirable characteristics when integrat-
ing ACP into composite systems for controlled degradation and enhanced osseointegration

in bone repair applications.

M Map sum spectrum

Element W% Wt%(Sigma) Atomic(%)
o 50.54 1.10 69.90

Mg 0.67 0.29 0.61

P 15.75 0.84 11.25
ca 33.04 0.89 18.24

Total: 100.00 100.00

Figure 10. EDS analysis of material composition.

3.1.2. X-Ray Diffraction Analysis

The synthesized material was confirmed to be a nanoscale calcium phosphate ceramic
powder through SEM and EDS analyses. X-ray diffraction (XRD) was used to analyze the
crystal structure of the calcium phosphate powder, and the results are shown in Figure 11a.
The XRD pattern reveals that the as-synthesized ACP exhibits an amorphous structure,
consistent with previous studies that report freshly prepared ACP lacks long-range crys-
tallinity [22,31]. However, the improper storage of ACP after synthesis could lead to
reactions with water vapor in the air, resulting in the deliquescence and crystallization of
the synthesized powder. Indeed, our comparison with the reference diffraction pattern for
commercial HAp (#09-0432) confirms that ACP crystallized into HAp after exposure to
ambient conditions, as similarly documented in earlier studies [31]. To mitigate this phase
transformation, we employed magnesium nitrate (Mg(NO3),-6H,0) as a crystallization
inhibitor. As reported in the literature [8], magnesium ions can react with PO43~ to form
magnesium phosphate phases, effectively delaying the crystallization process. Additionally,
vacuum packaging was used to prevent moisture-induced transformation, resulting in the
successful preservation of the amorphous calcium phosphate ceramic powder.

Since the bone screw was primarily composed of PLA and PCL, XRD was performed
on PLA, PCL, and the injection-molded bone screws. The results are shown in Figure 11b.
The results confirmed that the bone screws were composed of PLA and PCL, and no
calcium phosphate crystalline phases were detected. This indicates that the injection
molding process did not trigger the crystallization of ACP, allowing the material to remain
in its amorphous state—a desirable outcome supported by previous studies demonstrating
that an amorphous state enhances bioactivity and ion release [22].
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Figure 11. XRD analysis: (a) calcium phosphate powder; (b) injection-molded bone.

3.2. Tensile Test

The compression-molded tensile specimens were subjected to tensile tests using a
tensile testing machine to evaluate the tensile strength of the composites. Preliminary
experiments showed that the addition of 30 wt.% ACP resulted in an excessively high
powder content, which dramatically reduced the interfacial bonding between the polymer
matrix and the ceramic particles, thereby compromising the moldability of the tensile
specimens. Therefore, tests were conducted with ACP contents ranging from 5 to 20 wt.%.
During testing, both ends of the specimen were clamped, and the specimen was stretched
at a rate of 0.1 mm/s until it fractured. The data were recorded and analyzed, and the
tensile test results are shown in Figure 12.

14
12

10

5%ACP

o

——10%ACP

Stress (MPa)

6 ——15%ACP

——20%ACP

0 0.1 0.2
Strain (%)

Figure 12. Results of tensile test.

Specimens with 10 wt.% ACP exhibited the best tensile strength, with a fracture
strength of approximately 12 MPa. At strains of approximately 0.02-0.08%, a plateau in the
stress—strain curve was observed, indicating a region where stress did not increase with
further strain. This phenomenon may be attributed to stress relaxation and the optimal
dispersion of the ceramic particles within the polymer matrix, which effectively enhances
load transfer. Similar improvements in mechanical properties have been documented in
previous studies, where an optimal ceramic powder content of 5-10% was found to enhance
the tensile strength while excessive filler loading caused particle agglomeration and stress
concentration [32]. Furthermore, Aliotta et al. [33] observed that the immiscibility between
PLA and PCL often results in particle cavitation. In our study, the growth and aggregation
of these cavitation zones along the tensile direction likely contribute to localized stress
concentration and premature fracture, reaffirming the need for optimized filler content.

Overall, our results demonstrate that a 10 wt.% ACP content provides an optimal
balance between reinforcement and matrix integrity, which is critical for maximizing
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the tensile strength. This finding not only aligns with that of a previous study but also
highlights the importance of fine-tuning composite formulations to mitigate issues such as
particle agglomeration and cavitation in immiscible polymer systems.

3.3. Injection Molding
3.3.1. Short Shot Experiment

A short shot experiment was conducted by adjusting the metering settings of the
injection molding machine to observe the flow behavior of the molten material filling the
mold cavity. The short shot experiment results were compared with mold flow analysis, as
shown in Table 4. The actual injection molding results were consistent with the mold flow
analysis results.

Table 4. Results of short shot experiment.

Fill Rate

30% 50% 80% 100%

smivin G o Wl e

3.3.2. Results of Taguchi Experiment

Five samples were molded for each parameter group in the Taguchi orthogonal array.
The axial and radial dimensions of the bone screws were measured, and the shrinkage
rates of the two dimensions were calculated. The average of the two values was used as
the quality index to calculate the signal-to-noise (5/N) ratio, with the results presented in
Table 5. Variance analysis results, shown in Table 6, revealed that the injection speed had the
most significant impact on injection quality, contributing to 50.73%, followed by material
temperature at 44.68%. The corresponding response diagrams in Figure 13a indicate that
the optimal injection molding parameters were a material temperature of 190 °C (A2), an
injection speed of 50 mm/s (B1), and a holding speed of 30 mm/s (C3), representing the
combination identified through the Taguchi experiment. Verification of the optimal Taguchi
combination yielded a shrinkage sum of 1.013% and an S/N ratio of 39.889, as detailed in
Table 5. The bone screws produced under these optimal molding parameters are displayed
in Figure 13b.

Table 5. Shrinkage sums and S/N ratios from the Taguchi experiment.

Group Shrinkage Sum (%) S/N Ratio
L1 2.02 33.892
L2 2.13 33.432
L3 2.225 33.053
L4 1.717 35.305
L5 1.838 34.715
L6 1.998 33.986
L7 1.829 34.758
L8 1.946 34.218
L9 2.187 33.204

Optimal 1.013 39.889
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Table 6. Variance analysis.
Variance ,
Analysis S f v S ¢
. Degree of . Pure .
Factor Variation Variance ... Contribution
Freedom Variation
A 2.199 2.000 1.099 2.187 44.689
B 2.494 2.000 1.247 2.483 50.733
C 0.100 2.000 0.050 0.089 1.821
e(Error) 0.101 18.000 0.006 0.135 2.758
T(Total) 4.895 24.000 4.895 100.000

36.0
355

35.0

345
34.0 —_
335

33.0

S/N (dB)

325

Al A2 A3 B1 B2 B3 C1 (@] 3

Melt Temperature Injection Speed Holding Speed 4
(@) (b)
Figure 13. (a) Response diagrams for control parameters; (b) bone screws molded under

optimal parameters.

3.3.3. Screw Cross-Sectional Observation

The bone screw and PLA /PCL/ACP mixture were analyzed with EDS. The location
of the bone screw analysis is shown in Figure 14, including the front, middle, back, and
thread of the bone screw. The analysis results are shown in Tables 7 and 8, respectively.
Examination of the SEM images revealed distinct white and black regions. The EDS analysis
indicated that the white areas exhibited an average calcium content exceeding 9%, while the
black areas contained less than 4% calcium. This contrast confirms that the white regions
are rich in the calcium phosphate powder, whereas the black regions retain only trace
amounts of the ceramic phase.

(b)

Figure 14. Cross-sectional locations: (a) bone screws; (b) PLA/PCL/ACP composite.
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Table 7. EDS analysis of bone screws.
. EDS . o o Average
Location SEM Image Position Region P (%) Ca (%) Ca (%)
1 11.8 12.4
2 White 94 8.7 9.9
3 9.4 8.7
Thread
4 Black 8.7 3.2 3.2
1 12.6 18.9
2 White 11.9 15.5 16
3 12.3 13.6
Front
4 Black 8.2 1 1
1 13.2 17.7
2 White 12 14.3 15.7
3 12.4 15.1
Middle
4 Black 8.1 3.3 3.3
1 12.5 14.3
2 White 11.7 11.8 13.2
3 11.6 13.6
Back
4 Black 8.9 39 3.9
Table 8. EDS analysis of composite material.
. EDS . o o Average
Location SEM Image Position Region P (%) Ca (%) Ca (%)
1 12.7 13.6
2 White 179 123 134
1 3 12.0 14.3
6 Black 7.2 2.1 2.1
11.5 12.4
3 12.5 12.7
4 Black 5.6 2.6 2.6
1 13.4 18.4
2 White 195 132 155
3 3 123 151
4 Black 29 0.3 0.3

NCKUA-SEM 10.0kV 10.2mix500 BSE-Al
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Based on the color difference analysis results, as shown in Tables 9 and 10, the propor-
tion of calcium phosphate powder in the bone screws was 8.02%, and the proportion in
the composite material was 8.66%. These values closely match the intended addition of 10
wt.% ACP powder, suggesting the efficient dispersion of the ceramic phase and minimal
loss during processing. This outcome is consistent with the previous reports on PLA /PCL
composites reinforced with ceramic powders [12], where similar mixing efficiencies and
uniform distributions were achieved. The alignment of the measured ceramic content with
the target composition reinforces the validity of our processing methodology and indicates
that the composite maintains the required ACP levels critical for enhanced bioactivity and
mechanical performance.

Table 9. Color difference analysis of bone screws.

Total Area Red Area

Location (Pixel?) (Pixel?) % SEM Image Color Difference Map
Root 5.7 0.522 9.16%
Front 16.658 1.26 7.56%
Middle 17.812 1.236 6.94%
Tail 17.5 1.471 8.41%

NCKU A-SEM-1070kW10,07im

Average 8.02% -
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Table 10. Color difference analysis of composite material.

Total Area Red Area

Location (Pixel?) (Pixel?) Yo SEM Image Color Difference Map
1 349,500 25,130 7.19%
2 360,960 28,865 8.00%
3 340,180 36,736 10.80%
Average 8.66% -

3.3.4. Calcium Ion Dynamics in Simulated Body Fluid

This study measured the calcium ion concentration changes by immersing ACP and
HAp in simulated body fluid (SBF) over time. The recorded data were plotted as concen-
tration variation curves, shown in Figure 15. Through a blank titration, the calcium ion
concentration in SBF was found to be approximately 350 ppm. After immersion, the initial
calcium ion concentration of ACP and HAp decreased significantly, stabilizing after 5 h. Af-
ter 6 h, the calcium concentration showed little change, with ACP reaching approximately
250 ppm, a decrease of 28%, and HAp reaching approximately 266 ppm, a decrease of 24%.

40000
37500
35000
32500

300.00

Ca’ (ppm)

275.00
250.00
225.00

200.00
0 s 10 15 20 2

Time (h)
-e-ACP -e-HAp

Figure 15. Calcium ion concentration variation curves.
According to a study by Kim et al. [34], HAp has an isoelectric point between 5 and

7 in water, while the pH of SBF is 7.4. This pH discrepancy facilitates the development
of a negatively charged surface on HAp as phosphate and hydroxyl ions dissociate from
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its crystal structure. Consequently, this negative surface attracts calcium ions from the
SBEF, leading to the formation of Ca-rich amorphous calcium phosphate (ACP). As the
accumulation of Ca-rich ACP increases the positive surface charges, these charges interact
further with the phosphate ions to form Ca-poor ACP, consuming additional calcium and
phosphate ions. Moreover, the incorporation of trace magnesium and sodium ions promotes
the eventual formation of bone-like apatite. These dynamic ion-exchange processes have
been reported in the literature and are critical for understanding the apatite layer formation
on bioactive materials.

These findings corroborate the previous study [34] and underscore the importance of
controlled ion-exchange mechanisms in improving the bioactivity and osseointegration
potential of implant materials.

3.4. Cell Test Results and Analysis
3.4.1. Biocompatibility Test (MTT Assay)

The biocompatibility of the PLA/PCL/ACP composites was evaluated using an MTT
assay, and the results are shown in Figure 16. The data indicate that all three groups
exhibited cell viability higher than 70%. According to the ISO 10993-5 standards, a cell
viability above 70% is indicative of non-cytotoxic behavior, thereby confirming the good
biocompatibility of the composites.

120.0%
110.0%

100.0%
90.0%
80.0%
700% === =SSt - = = = = = fEas - = = = = = = - - - - - — - _
60.0%
50.0%
40.0%
30.0%
200%
10.0%

0.0%

control PLA/PCL/ACP(10%) PLA/PCL/ACP (20%) HAp

Cell viability (%)

Group

Figure 16. Biocompatibility test results.

Furthermore, the similar bioactivity observed in specimens containing 10 wt.% and
20 wt.% ACP suggests that the incorporation of ACP into the PLA/PCL matrix, within
this loading range, does not adversely affect cell proliferation. Rather, it is likely that
the presence of ACP contributes to a favorable surface chemistry and ion release profile
that promote cell viability—findings that agree with those of a previous study [32] on
ceramic-reinforced polymer composites.

3.4.2. Bone Differentiation and Mineralization Test

The results of the bone cell differentiation experiment from Day 2 (D2) to Day 12
(D12) are shown in Figure 17a. On D2 and Day 5 (D5), there was no significant difference
in bone differentiation. Notably, by Day 7 (D7), the ACP group exhibited approximately
150% (£25%) higher bone differentiation than the control group, while the PLA /PCL/ACP
composite showed about 20% (£7.5%) improvement over the PLA/PCL sample. These
enhancements suggest that the incorporation of ACP accelerates early-stage differentiation.

On Day 9 (D9), the ACP group showed 70% (£2.9%) higher differentiation than the
control group, but this gradually decreased over time. The PLA/PCL/ACP composite
showed approximately 56% (£21%) higher differentiation than the PLA /PCL composite
and 60% (£21%) higher differentiation than the control group.



J. Manuf. Mater. Process. 2025, 9, 154

18 of 23

g
g
g
g

'S 30000%
2

g
g

250.00%

% 10000
5
E sooo%
oo
o ou

mControl WACP wPLA/PCL mPLA PCL ACP

g
H

g
H

g
]

ALP activity (fold to control)
lization cffect (fold to co

M

o geee 0o olon N Lol

HControl MACP HPLA/PCL M PLA/PCL/ACP
(a) (b)

Figure 17. (a) Bone cell differentiation results; (b) bone mineralization results.

According to a study by Choi et al. [35], bone cell differentiation can be divided into
three stages: 1. the cell proliferation phase; 2. the bone matrix protein formation phase;
and 3. the mineralization phase. In line with these stages, our data indicate that ACP
exhibits a rapid enhancement in cell proliferation and differentiation by D7, implying
an accelerated transition into the mineralization phase. Meanwhile, the PLA /PCL/ACP
composite appears to modulate this process, reaching its mineralization peak by D9. This
observation suggests that combining ACP with polymer matrices not only promotes early
differentiation but also allows for controlled mineralization kinetics.

The results of the bone cell mineralization experiment on D7 and D12 are shown in
Figures 17b and 18a,b. On D7, the ACP group exhibited approximately 200% (£5.2%)
higher bone mineralization than the control group, and the PLA/PCL/ACP composite
exhibited approximately 11% (£1%) higher bone differentiation and mineralization than
the PLA/PCL composite. On D12, the ACP group still exhibited approximately 58%
(£10%) higher mineralization than the control group, while the PLA /PCL/ACP composite
exhibited approximately 8% (£1.8%) higher mineralization than the PLA/PCL composite.

Control ACP

PLA/PCL PLA/PCL/ACP

Figure 18. Cont.
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Control ACP

(b)
Figure 18. Mineralization analysis: (a) D7; (b) D12.

These findings clearly indicate that the addition of ACP significantly enhances both
bone differentiation and the subsequent mineralization. In particular, while ACP alone
drives rapid mineralization in the early phase, its incorporation into the PLA /PCL matrix
results in a more controlled, sustained mineralization process. This controlled mineraliza-
tion is critical for the long-term success of orthopedic implants, as it may better mimic the
gradual bone formation observed in vivo. Such trends are consistent with previous studies,
reinforcing the potential of ACP as a bioactive filler in composite systems [35].

3.5. Evaluation of Degradation Behavior

The degradation curve plotted from the weekly weight measurements of the bone
screws is shown in Figure 19a. In the first week of the degradation test, the bone screw
weight increased by an average of approximately 0.29%, which can be attributed to the
rapid crystallization of ACP within the composite. This initial weight gain is consistent
with the formation of a more stable crystalline phase, as described in a similar study [36].
Subsequently, the weight decreased continuously each week, with a reduction of about 2%
by the fifth week, indicating that the overall degradation of the polymer matrix eventually
outweighed the early-stage ACP crystallization effect.

The pH variation curve is shown in Figure 19b. Initially, the solution exhibited weak
acidity due to ACP absorbing Ca?* from the simulated body fluid (SBF) and undergoing
crystallization. After 12 days, the pH dropped to 6.3, and then remained relatively stable,
which contrasts with previous reports where the PLA /PCL composites without ACP exhibited
pH values in the range of 34 after 16 days [36]. This suggests that the incorporation of ACP
acts as a buffering agent, mitigating the acidification typically driven by polymer degradation.

After degradation, the bone screws were stained with Alizarin Red, as shown in
Figure 20. Significant calcium deposition (red areas) was observed on the bone screws,
which resulted from ACP crystallization causing calcium precipitation. These calcium-rich
deposits not only confirm the occurrence of ACP crystallization during degradation but
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may also indicate enhanced bioactivity that could promote bone regeneration. Based on
the weekly degradation changes in the bone screws, as shown in Table 11, cracks appeared
at the parting line of the bone screws after the fourth week, and degradation began from
the cracks, suggesting that the formation of microcracks is a critical factor in accelerating
the overall degradation process.

0 1 2 3 4 s
Time (week)

(a) (b)

Figure 19. Analysis of degradation and pH variation: (a) degradation curve; (b) pH variation curve.

Figure 20. Calcium deposition on bone screws (rustic red areas).

Table 11. Illustrations of bone screw degradation.

Week 0 1

Week

Week

4. Conclusions

This study demonstrates the potential of biodegradable microinjection-molded
PLA/PCL bone screws reinforced with amorphous calcium phosphate (ACP) for biomed-
ical applications. The novel incorporation of nanoscale ACP significantly enhances the
mechanical properties, biocompatibility, and bone differentiation/mineralization of the
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composite—a distinctive approach that combines ceramic reinforcement with polymer
matrices in a microscale injection molding process. Moreover, the optimization of mold-
ing parameters via the Taguchi experimental design ensures the consistent quality and
improved performance of the bone screws.

The evaluation of degradation behavior, mechanical strength, and biocompatibility
confirms that the bone screws are promising candidates for orthopedic use. Nevertheless,
further insights into their long-term mechanical stability and degradation kinetics under
cyclic, load-bearing conditions are needed to fully establish their clinical reliability.

Future research should focus on the following topics:

- Composite Optimization and Dynamic Testing: refining the composite formulation
to further enhance mechanical strength and assessing its performance under cyclic,
load-bearing conditions.

- In Vivo Validation: conducting in-depth animal studies and clinical trials to evaluate
osseointegration, degradation behavior, and interface stability under physiological
loads.

- Process Scalability: investigating the scalability of the optimized injection molding
process to ensure feasibility for clinical production.

Overall, these findings underscore the critical role of material composition and process
optimization in developing advanced biomaterials, while providing clear, actionable direc-
tions to bridge the gap between laboratory research and clinical application in this field.
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