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Abstract: Porous hydroxyapatite (HA) bioscaffolds were successfully fabricated using a hybrid 3D printing approach that integrates
fused deposition modeling (FDM) and digital light processing (DLP) technologies, with porogen additions ranging from 10 to 30%.
HA was used as the primary scaffold material, while Pluronic F-127 (PF-127) served as the binder. To enhance porosity, NaCl,
NaHCOs3, and PF-127 were incorporated as porogens. The results demonstrated that NaCl was inappropriate as a porogen, as it
caused a complete fracture of the bioscaffolds after sintering. Similarly, NaHCOs; altered the crystalline structure and reduced
structural stability. In contrast, PF-127 effectively enhanced porosity and maintained scaffold integrity when added at concentrations
up to 30%. Porosity analysis results revealed that bioscaffolds containing PF-127 exhibited a total porosity ranging from 46.90 to
64.79%, while hardness decreased from 1.69 GPa (without porogen) to 0.47 GPa at 20% PF-127. Degradation studies in simulated
body fluid (SBF) showed that bioscaffolds without porogens exhibited a steady weight increase due to apatite deposition.
However, bioscaffolds containing PF-127 exhibited weight fluctuations, resulting from an increased degradation rate balanced by
apatite formation on the scaffold surface. The low degradation rate and well-developed porous structure of the fabricated HA
bioscaffolds make them promising candidates for drug delivery applications.

Keywords: Bioceramic, Hydroxyapatite, Porogen, 3D printing, FDM, DLP

1. Introduction

Bone is a vital structural component of the human body, providing both mechanical support and functional protection.
However, bone defects caused by trauma, tumor resection, congenital disorders, and degenerative diseases are common in clinical
practice. If these defects fail to heal within a certain timeframe, they can lead to severe functional impairment, significantly
impacting a patient's quality of life. Traditional treatment options include autografts [1], allografts [1-3], and synthetic bone
substitutes [1], each of which presents specific limitations. Autografts require additional surgical procedures, allografts pose risks
of immune rejection and disease transmission, and synthetic materials often fail to fully replicate the complex structure and
biological function of natural bone tissue. Consequently, the search for an ideal bone replacement material has become a key focus
in bone tissue engineering.

An ideal bone substitute closely resembles natural bone in terms of mechanical properties, biocompatibility, degradability, and
osteogenic potential. Traditional synthetic bone materials, such as hydroxyapatite (HA) [4,5] and tricalcium phosphate (TCP) [6—
8], have been extensively studied due to their chemical similarity to human bone. However, achieving a balance between mechanical
strength and biocompatibility remains a significant challenge. Furthermore, the three-dimensional architecture of the scaffold plays
a crucial role in facilitating cell attachment, proliferation, and bone tissue regeneration. With the rapid advancement of 3D printing
technology, its application in bone tissue engineering has gained considerable attention. 3D printing enables the precise fabrication
of biomimetic scaffolds with patient-specific and geometrically complex architectures, offering a promising solution for bone defect
repair. Compared with conventional manufacturing techniques, 3D printing allows for customized scaffold designs based on patient-
specific bone defects while precisely controlling geometry, pore size, and pore distribution to better mimic the microstructure and
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mechanical properties of natural bone [9]. Additionally, 3D-printed scaffolds can be integrated with bioactive materials and cells to
promote bone regeneration and functional restoration. Despite significant progress in 3D-printed bioceramic scaffolds [10-12],
several challenges remain. For instance, fused deposition molding (FDM) is cost-effective and simple but lacks precision and
mechanical strength, making it inappropriate for scaffolds with intricate architectures or high-load applications.

In contrast, digital light processing (DLP) technology offers high-resolution fabrication in a short period. However, concerns
about biocompatibility arise due to residual photosensitizers on the scaffold surface. To address these challenges, we have pioneered
an innovative hybrid 3D printing strategy that synergizes FDM and DLP technologies to fabricate high-strength hydroxyapatite
(HA) bioscaffolds, as previously reported in our study [13]. In this approach, HA was utilized as the primary bioceramic material,
while Pluronic F-127 (PF-127) functioned as the binder. A well-dispersed bioceramic slurry, composed of HA and PF-127, was cast
into outer molds fabricated via FDM printing. Unlike conventional subtractive manufacturing, the FDM technique offers a rapid
and flexible way to adjust the outer mold’s dimensions and design, ensuring compatibility with different equipment specifications
for subsequent vacuum centrifugal defoaming, which enhances the scaffold’s density. Furthermore, the resin-based outer molds
produced by FDM exhibit sufficient structural integrity to endure the vacuum centrifugal defoaming process, eliminating the
necessity for costly metal molds and thus significantly reducing fabrication expenses. Concurrently, a high-resolution DLP 3D
printer was used to produce precisely structured struts, which were strategically embedded into the slurry to define the intended
channel architecture. The DLP printing technique enables scalable and economical production, with tunable channel dimensions
and porosity achieved by modifying the strut design parameters, such as spacing and diameter. Importantly, the resin material
utilized in DLP does not become part of the bioscaffold itself; it merely contacts the surface of the sample and is eliminated during
the sintering process, ensuring complete biocompatibility. After the placement of the struts, vacuum centrifugal defoaming was
employed to expel air bubbles, even at the nanoscale, thereby markedly improving the homogeneity and density of the HA slurry.
This critical step contributes to the outstanding compressive strength exhibited by the bioscaffold. Ultimately, fully crystallized HA
bioscaffolds with enhanced mechanical properties were achieved after drying and high-temperature sintering.

A porous bioscaffold with a well-defined three-dimensional structure provides a large surface area, a critical factor for cell
adhesion, proliferation, and nutrient exchange [14]. Various strategies have been explored to enhance scaffold porosity, including
gas foaming [15,16], phase separation [17], freeze-drying [18], and particulate leaching [19]. Among these, porogen addition
remains the most widely used method due to its simplicity, high efficiency, and versatility in selecting different porogen. However,
not all porogens are appropriate for bioscaffold fabrication. Therefore, in this study, the effects of different porogens (NaCl,
NaHCOs, and PF-127) were investigated to identify the most suitable type and optimize its concentration for fabricating high-
performance HA bioscaffolds. By integrating four key technologies: FDM, DLP, vacuum centrifugal defoaming, and porogen-
assisted fabrication, this approach enables the production of high-strength bioscaffolds with a well-balanced porous structure,
making them promising for advanced bone tissue engineering applications.

2. Materials and Methods

In this study, HA (Alfa Aesar, USA) was used as the primary raw material, while PF-127 (Sigma-Aldrich, USA) served as the
binder for bioscaffold fabrication. The outer mold was produced using PLA resin (MIN-Y AU, Taiwan), whereas the struts forming
the penetrating channels within the bioscaffolds were printed using Insta Resin Grey (Capybara Robot, Taiwan), DLP photosensitive
resin. To facilitate demolding, petroleum jelly (Chan Guare Industry, Taiwan) and lubricant (7717-GW, Taiwan Taisheng, Taiwan)
were applied as release agents to the surfaces of both the outer molds and struts. To enhance the porosity of the bioscaffolds, three
types of porogens: PF-127, NaHCOs3 (Sigma-Aldrich, USA), and NaCl (Sigma-Aldrich, USA). These porogens were sieved to
ensure a particle size of less than 200 um. The detailed preparation process for the fused deposition modeling (FDM)-printed plastic
outer mold and the DLP-printed struts was described in our previous study [13]. In this study, the bioscaffold structure was designed
based on the optimized parameters from the previous study in which an optimal strut diameter of 800 pm and a designed porosity
of 10% were employed. These parameters served as the foundation for investigating the effects of varying porogen types and
concentrations. To fabricate bioscaffolds with varying porosity levels, the three porogens were added individually to the ceramic
slurry at concentrations of 10, 20, and 30 wt% before mixing and shaping. A pure HA bioscaffold without porogen addition was
used as the control group and designated 800o.

Before infusing the ceramic slurry, a layer of lubricant was applied to the inner walls of the outer mold to prevent adhesion
during drying and demolding. Meanwhile, the DLP-printed struts were dip-coated with petroleum jelly and lubricant at 60°C,
forming a double-layer release agent coating to facilitate their subsequent removal. The overall bioscaffold fabrication process
followed a similar preparation method described in a previous study [13], and a detailed flowchart is presented in Figure 1. To
prepare the binder for ceramic slurry mixing, PF-127 was dissolved in deionized (DI) water at a 1:4 ratio. The mixture was placed
in a sealed glass vial and stored at 5°C for 72 h until complete dissolution. Subsequently, hydroxyapatite (HA) powder was mixed
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with the PF-127 solution at a 1:1.2 ratio and kept at 5°C for 15 min to obtain a homogeneous HA slurry. For the preparation of HA
slurry containing porogens, a portion of the HA powder was replaced with porogens at concentrations of 10 wt.%, 20 wt.%, and 30
wt.%. A planetary centrifugal mixer (MV-300S, CGT Technology, Taiwan) was used to homogenize the slurry at 1500 and 1200
rpm for 120 s. The prepared slurry was then transferred into a 10 ml syringe for subsequent mold filling. For bioscaffold formation,
1 g of slurry was injected into the mold and subjected to additional mixing in a planetary centrifugal mixer (1500 and 1200 rpm,
and 120 s) to ensure uniform distribution at the mold base while minimizing air bubbles. The DLP-printed struts were then vertically
inserted into the mold, which was subsequently sealed and stored at 5°C for 30 min. To further eliminate trapped air, vacuum
defoaming was performed using the planetary centrifugal mixer under the same conditions. Notably, this centrifugal vacuum
defoaming process removes trapped air and utilizes the centrifugal force to enhance the density of the bioscaffold, thereby improving
its mechanical strength. The entire mold, including the embedded struts and slurry, was then sealed and stored at 5°C for an
additional 60 min before being transferred to a humidity-proof drying chamber for 48 h. Following the drying process, a CO- laser
cutter (65% laser power, 3 mm/s cutting speed) was used to remove the bottom portion of the DLP struts. The samples were then
placed in an oven at 90°C for 60 min, a step designed to soften the DLP struts embedded within the HA ceramic structure, facilitating
their subsequent removal. To refine the surface finish, the HA ceramic samples were polished using 1000-grit sandpaper before
undergoing sintering. During sintering, the temperature was gradually increased to 450°C at a rate of 5°C/min and held for 2 h to
remove polymers, moisture, impurities, and porogens from the ceramic bioscaffold. The temperature was then ramped up to 1200°C
at a rate of 10°C/min and maintained for 2 h to eliminate residual porogens and densify the ceramic matrix, ultimately forming the
final HA bioscaffold.
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Figure 1. Flowchart of bioscaffold fabrication in this study.

For sample characterization, the weight of each sample was measured using an analytical balance (AS 220.R2 PLUS, Radwag,
Poland). The dimensions of the samples were determined with a Vernier caliper and an optical microscope (IX73P1F, Olympus,
Japan). To assess phase composition and confirm the complete removal of adhesives, porogen, and impurities, the sintered
bioscaffolds were analyzed by X-ray diffraction (XRD, D2 Phaser, Bruker, USA). The density of the bioscaffolds was evaluated by
using Archimedes' method [13] in deionized water. For mechanical strength analysis, the hardness of the bioscaffolds was measured
using a Vickers hardness tester (FM-810, Future-Tech, Japan). A load of 0.5 kg was applied for each measurement, with five
indentations taken at different positions on each sample. Each indentation was held for 10 s, and the final hardness value was
reported as the average of the five measurements. Degradation testing was conducted by immersing the sintered bioscaffolds in a
simulated body fluid (SBF) prepared at 36.5 + 0.5°C, following the formula developed by Kokubo et al. [20]. Each sample was
submerged in 45 ml of SBF solution at 37°C for 7, 14, 21, and 28 days. After the designated immersion periods, the samples were
dried at 60°C for 24 h before being weighed. The weight loss of the samples was calculated as a percentage using the following
formula:

Wy, = [(We — W) / Wo] X 100% )

B> < ycMB 2024, Vol 4, Tssue 3, 1-10, htps://doi.org/10.35745/ijemb2024v04.03.0001 <




S |JCMB

where W, represents the weight loss after SBF immersion, W is the final weight of the sample post-immersion, and W, is the

initial weight of the sample before immersion.

3. Results and Discussion

The photographs of dried and sintered HA bioscaffolds with and without porogens are presented in Figure 2, while the
dimensions of the dried and sintered samples and their shrinkage rates are summarized in Tables 1 and 2, respectively. Figures 2(al)
and (a2) show HA bioscaffolds without a porogen after drying and sintering, serving as the control group (designated as sample
800;¢) to evaluate the effects of porogen addition. When NaCl was used as a porogen, part of NaCl dissolved in the binder during
the slurry mixing process due to its solubility in water. This altered the overall composition of the raw materials (HA + NaCl + PF-
127), leading to structural instability. As a result, a large number of cracks formed on the surface of the dried samples, resulting in
fragile structures (Figure 2(b1)). After sintering, these samples fractured completely, making them unsuitable for further use (Figure

2(b2)).

Figure 2. Photographs of dried and sintered samples with different porogens. After drying: (al) 800, (b1) NaCl 10%,
(c1)-(e3) PF-127 10-30%, and (d1)—(d3) NaHCO3 10-30%. After sintering: (a2) 8001, (b2) NaCl 10%, (c4)—(c6) PF-
127 10-30%, and (d4)—(d6) NaHCO; 10-30%.

Table 1. Dimensions of HA bioscaffolds with and without porogens after drying and sintering.

After Drying After Sintering
. . Designed . . Designed
Sample Weight (4] Pore Size . Weight 4] Pore Size .
© (mm) (um) Porosity (Pa) ©® (mm) (um) Porosity (Pa)

(%) (%)

80010 0.509 12.56 851 9.6 0.376 9.32 645 10.1

PF12710% 0.556 12.23 779 8.52 0.358 9.62 611 8.5
PF12720% 0.511 11.49 832 11.01 0.287 9.36 635 9.97
PF12730% 0.576 11.42 834 11.18 0.271 9.47 671 10.5
NaHCO310% 0.542 12.37 795 8.67 0.374 9.12 715 12.91
NaHCO320% 0.54 12.32 757 7.95 0.338 9.77 776 13.26
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NaHCO330% 0.536 12.44 800 8.69 0.328 9.83 782 13.3

Table 2. Dimensional change (%) in HA bioscaffolds with and without porogens after drying and sintering.

After Drying After Sintering
Sample Weight (4] Pore Size Desn.gned Weight 4] Pore Size Desn.gned
Porosity (Pa) Porosity (Pa)
(@ (mm) (pm) (%) (® (mm) (nm) (%)
80010 -49.1 -10.2 6.3 -0.4 -62.4 -33.4 -19.3 0.1
PF12710% -44.4 -12.6 -2.6 -1.5 -64.2 -31.2 -23.5 -1.5
PF12720% -48.9 -17.9 4 1.1 -71.3 -33.1 -20.6 -0.03
PF12730% -42.4 -18.4 4.1 1.2 -72.9 -32.3 -16.1 0.5
NaHCO310% -45.8 -11.6 -0.6 -1.33 -62.6 -34.8 -10.6 291
NaHCO3:20% -46 -12 -53 -2.05 -66.2 -30.2 -3 3.26
NaHCO330% -46.4 -11.1 0 -1.31 -67.2 -29.7 -2.2 3.3

During the initial drying process, the samples containing PF-127 as a porogen exhibited a nearly translucent appearance. As
shown in Figure 2(c1), when 10% PF-127 was added, the sample dimensions remained relatively unchanged. However, as the PF-
127 content increased, the bioscaffold diameter slightly decreased. Although the pore diameter did not change significantly, the
reduction in overall sample size resulted in a higher porosity than the original designed porosity (10%). When the PF-127
concentration reached 30%, the bioscaffold remained soft and could not fully harden after drying, and the pores became irregularly
shaped (Figure 2(c3)). These findings suggest that excessive PF-127 leads to structural instability, even after water evaporation,
compromising its effectiveness as a porogen. Therefore, to ensure bioscaffold stability, it is recommended that the PF-127 content
must not exceed 30%. After sintering, the results confirmed that the addition of PF-127 as the porogen significantly affected both
the weight and dimensional changes of the bioscaffolds. As PF-127 content increased, the weight of the sintered samples decreased
considerably, as the porogen was fully removed during sintering. Additionally, the pore size increased with higher PF-127
concentrations after sintering, which in turn enhanced the designed porosity.

The drying results for NaHCOj; showed that its use as a porogen led to more pronounced pore shrinkage (compared with 8009
samples without porogen) than that observed in PF-127-containing samples. This shrinkage resulted in a lower designed porosity,
along with surface and bottom irregularities, as shown in Figure 3. However, after sintering, the pore size in NaHCO;3-containing
samples did not exhibit significant shrinkage, making their final designed porosity even larger compared to other porogen types.
Furthermore, the bioscaffold structure became fragile, weak, and prone to pulverization after sintering. During fabrication,
bioscaffolds with NaHCOj as the porogen were more prone to damage, exhibiting higher instability and failure rates.

Based on the overall results, bioscaffold samples with PF-127 concentrations ranging from 10 to 30% exhibited designed pore
sizes between 611 and 671 um after sintering. This pore size range is favorable for bone cell infiltration and adhesion, facilitating
effective bone regeneration [13]. Among these, PF-127 at 10 and 20% demonstrated an optimal pore-forming ability, successfully
increasing porosity while maintaining structural integrity. However, at a 30% concentration, the samples failed to solidify properly
and exhibited irregular shapes after the drying process, indicating a loss of mechanical stability. Therefore, subsequent experiments
were carried out using only 10 and 20% PF-127. NaHCOj significantly affected the pore structure and mechanical strength of the
bioscaffolds. At higher concentrations, the strength of the bioscaffolds decreased significantly, and pore shrinkage and structural
fragility were observed. NaCl was found to be inappropriate as a porogen, as it induced cracks during drying and completely
disintegrated after sintering.

Figure 3. Photographs of HA bioscaffold with 30% NaHCOs: (al), (a2) sample after drying, and (a3) sample after sintering.
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Figure 4 illustrates the effects of different porogens and their varying concentrations on the crystalline structure of HA
bioscaffolds. As demonstrated in the previous study [13], the bioscaffold without any porogen consisted purely of HA. In the current
study, XRD analysis confirmed that samples containing PF-127 as a porogen (Figures 4(d), 4(e), and 4(f)) exhibited diffraction
patterns identical to standard HA, without the presence of secondary peaks. This indicates that PF-127 was completely decomposed
during sintering and did not interfere with the HA crystalline structure. In contrast, bioscaffolds incorporating NaHCO3 as a porogen
(Figures 4(a), 4(b), and 4(c)) displayed distinctly different results. The addition of NaHCO; led to the appearance of new secondary
peaks, with their intensity increasing as the NaHCO3 content rose. This suggests that the sintering process induced the formation of
new crystalline phases. Furthermore, the intensity of the characteristic HA peaks significantly decreased with increasing NaHCO;
concentration, and a noticeable shift in some HA peaks was observed, further confirming that the crystalline structure was altered.
These results indicate that NaHCO; chemically reacted with HA at high temperatures, leading to structural modifications. Overall,
this study confirms that PF-127 was the most appropriate porogen, as it effectively enhanced porosity without disrupting the HA
crystalline structure.

(f) PF-127 30%
A P ah AP IAA A s Do
) l\l [ PR T
(e) lu PF-127 20%
L A l N | N W TV T A
= d J“m PF-127 10%
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Figure 4. XRD spectra of sintered HA bioscaffolds with different porogens: (a) 10% NaHCOs, (b) 20% NaHCOs, (¢) 30% NaHCOs3, (d) 10%
PF-127, (e) 20% PF-127, and (f) 30% PF-127.

Table 3 presents the analysis of density and porosity in the bioscaffolds after sintering. The results indicate that the addition of
PF-127 as a porogen significantly increased the open porosity (P,), with a positive correlation between porosity and the porogen
concentration. However, when the porogen content reached 30%, the increase in P, became less pronounced. This phenomenon is
attributed to the fact that at a 30% porogen concentration, the bioscaffold failed to fully dry and harden during fabrication, leading
to poor structural integrity and shape retention. Therefore, to maintain the desired shaping quality and structural stability, the
porogen content must not exceed 30%. The total porosity (Py) is defined as the sum of open porosity (P,), closed porosity (P.), and
designed porosity (Pg), with detailed definitions and calculation methods provided in our previous study [13]. P increased from
33.35 to 64.79% as the porogen content increased. The fabrication process enables precise control over pore size and porosity by
adjusting the porogen ratio, thereby allowing the formation of a well-distributed network of small pores within the bioscaffolds.
These small pores play a crucial role in enhancing the bioscaffold's surface area, which in turn promotes interaction with the
physiological environment, accelerates degradation rates, and enhances the scaffold’s potential as a drug carrier. Notably, when the
PF-127 concentration was increased from 20 to 30%, the total porosity (P;) exhibited only a slight increase of 4%. Given this
marginal improvement, it is recommended to keep the PF-127 content at 20% or lower to optimize scaffold properties while
maintaining structural integrity.

Table 3. Density analysis of sintered bioscaffolds with the PF127 porogen.

Sam le Db Da Po Pc Pd PU + Pc Pt
P (g/cm’) (g/cm*) (%) (%) (%) (%) (%)
80010 2.34 3.05 20.65 2.3 10.4 22.95 33.35
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PF12710% 1.86 3.08 35.55 1.35 10.00 36.90 46.90
PF12720% 1.38 3.10 49.92 0.74 9.99 50.65 60.65
PF12730% 1.25 3.12 53.54 0.34 10.91 53.88 64.79

Figure 5(a) illustrates the hardness of the sintered HA bioscaffolds. The results indicate that the hardness significantly
decreased with the addition of PF-127 porogen, primarily due to the increase in porosity. As porosity increases, the overall structural
density decreases, leading to a reduction in mechanical strength. Figure 5(b) presents the weight loss of the bioscaffolds after
immersion in SBF for 0, 7, 14, 21, and 28 days. The results show that weight fluctuations for all bioscaffolds remained within +1%,
which can be attributed to a balance between bioscaffold degradation (weight loss) and apatite formation due to the reaction between
the bioscaffold and the SBF solution (weight gain). The 800, bioscaffold (control group) exhibited a steady weight increase after
immersion. However, the bioscaffolds with 10 and 20% porogen showed slightly different weight variations. This discrepancy can
be explained by the absence of small pores in the 8009 bioscaffold, which resulted in a slower degradation rate. Consequently, the
rate of apatite formation exceeded the degradation rate, leading to a slight increase in weight. When 10% PF-127 porogen was added,
the increased surface area led to an accelerated degradation rate, which surpassed the apatite formation rate, resulting in a slight
weight decrease. However, as PF-127 porogen content increased to 20%, the overall weight of the bioscaffolds began to increase
again. This suggests that although higher porosity accelerates degradation, it also enhances apatite formation by increasing the
exposed surface area, ultimately influencing the overall weight trend.

Based on Table 3, the total porosity (P;) of bioscaffold samples containing 0 to 30% PF-127 porogen ranged from 33.35 to
64.79%, which falls within the typical porosity range of human cancellous bone (30-95%). However, considering the instability of
samples containing 30% PF-127, only those with 0-20% PF-127 were included in the analysis. Figure 5(c) illustrates a positive
linear correlation between PF-127 concentration and P, with the corresponding equation as follows (R = 1):

y = 1.365x +33.317 @)

where y represents P; (%), and x denotes the PF-127 porogen content (0-20 wt.%).
Additionally, Figure 5(c) demonstrates a negative linear correlation between PF-127 concentration and hardness, described by
the following equation (R? = 0.9928):

y =-0.061x + 1.66 )

where y” represents hardness (GPa), and x is the PF-127 porogen content (0-20 wt.%).

These findings provide a valuable reference for biomaterial developers, enabling them to fine-tune the PF-127 porogen
concentration based on Figure 5(c) and Equations (2) and (3) to achieve the desired bioscaffold porosity and mechanical strength
for specific applications. For instance, human cancellous bone can be categorized into two structural types depending on loading
conditions [21]. In regions subjected to asymmetric loading conditions (e.g., spine, tibia, femur, and calcaneus), the trabecular
structure tends to form asymmetric cells. In contrast, regions experiencing uniaxial loading (e.g., vertebrae and proximal tibial
epiphysis) develop a columnar cell structure. Notably, under the same porosity level, asymmetric cells exhibit higher mechanical
strength compared with columnar cells. As porosity decreased from 60 to 30%, the strength of asymmetric cells gradually increased
from 2.6 times to 4.7 times that of columnar cells [13,21]. Therefore, when repairing asymmetric cell-dominated regions, a lower
PF-127 porogen concentration (<10 wt.%) is recommended to reduce porosity and enhance the bioscaffold’s mechanical strength.
Conversely, for columnar cell-dominated regions, a higher PF-127 porogen concentration (>10 wt.%) is preferable, as it increases
porosity and facilitates faster bone cell infiltration.
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Figure 5. Relationship between PF-127 concentration and (a) hardness, (b) weight loss over time, and (c) total porosity and
hardness of the sintered bioscaffolds.

4. Conclusions

In this study, porous hydroxyapatite (HA) bioscaffolds were successfully fabricated using a hybrid 3D printing approach that
combined FDM and DLP technologies. HA, a bioceramic material with properties similar to human bone, was used as the primary
scaffold material, while PF-127 served as the binder. To enhance porosity, NaCl, NaHCOs, and additional PF-127 were individually
incorporated as porogens to investigate their effects on scaffold structure and performance. The fabrication process involved
preparing a ceramic slurry containing HA and porogen, which was then injected into an FDM-printed outer mold. After drying, the
HA bioscaffold was extracted from the mold, separated from the DLP-printed struts, and sintered at 1200°C to achieve the final
structure. The results demonstrated that NaCl was unsuitable as a porogen, as it caused a complete fracture of the sintered
bioscaffolds. Although NaHCO; generated porous bioscaffolds, it induced crystalline phase alterations during sintering, leading to
structural instability. In contrast, PF-127 proved to be the most effective porogen for enhancing porosity while maintaining scaffold
integrity. However, its concentration must not exceed 30% and be preferably kept below 20%, as excessive amounts compromise
scaffold formation. Porosity analysis using Archimedes' method revealed that the total porosity of PF-127-incorporated bioscaffolds
increased to 46.90—64.79%, significantly improving pore configuration and functional adaptability for various biomedical
applications. Mechanical testing indicated that the hardness of the bioscaffolds decreased from 1.69 GPa (without porogen) to 0.47
GPa when the PF-127 content reached 20%. Additionally, we analyzed the linear relationship between PF-127 porogen
concentration (0-20 wt.%) and both total porosity and hardness, providing valuable guidance for selecting appropriate scaffold
properties for different bone defect repair applications. Furthermore, degradation studies in simulated body fluid (SBF) revealed
that bioscaffolds without porogen exhibited a steady weight increase due to apatite deposition, whereas those with PF-127 showed
weight fluctuations caused by increased degradation rates and enhanced apatite formation on the scaffold surface. Overall, the HA
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bioscaffolds fabricated in this study exhibited low degradability and a well-developed microporous structure as promising candidates
for biomedical applications, including drug delivery systems. These findings provide a basis and a reference for optimizing scaffold
fabrication techniques for future bone tissue engineering and regenerative medicine applications.
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