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With the rapid advancement of metal 3D printing technologies, porous metal implants are increasingly explored
for regenerative medicine. Among various methods, powder bed fusion (PBF) stands out for its precision in
implant design and fabrication. This study systematically investigates the structural, mechanical, and biological

Osteointegration aspects of titanium scaffolds using PBF technology with varying pore sizes (400 pm, 600 ym, 800 um, and 1000
Osteogenesis . . . . . . . .
Neovascularization pm). Micro-CT cross-sectional images revealed slight deviations in pore size and structure thickness from the

intended designs, yet the overall structure adhered closely to specifications. Mechanical testing showed that as
pore size increased, both the elastic modulus and yield strength decreased, with scaffolds in the 600-1000 pm
range resembling the properties of human cortical bone. Osteoblast proliferation and differentiation were most
active in scaffolds with 1000 pm pores, whereas endothelial cell proliferation thrived in 400 pm pores. To
simultaneously enhance mechanical properties, osteointegration, and vascularization, scaffolds with a gradient
in pore sizes from 400 pm to 1000 pm were designed and evaluated. These graded scaffolds demonstrated
mechanical properties comparable to human cortical bone. In vitro experiments further supported the advan-
tages of pore-size gradients, revealing accelerated osteoblast and endothelial proliferation in the Type 2 gradient
scaffolds, featuring a gradient from the center (1000 pm) to the periphery (400 pm). Collectively, these findings
suggest that the design strategy of the Type 2 gradient scaffold is beneficial not only for achieving biomechanical
compatibility by closely mimicking natural bone but also for promoting osteogenesis and neovascularization.

1. Introduction reports that persistent shear and tensile forces that can compromise

initial fixation, leading to loosening of implant components [8,9]. The

Orthopedic implants play a crucial role in treating bone defects,
fractures, and joint degeneration, which further provide essential me-
chanical support to restore skeletal function and enhance patient
mobility [1]. Recent research in orthopedic implants has focused on
enhancing their biomechanical properties and biocompatibility, as well
as improving fixation through biological integration, to achieve better
clinical outcomes [2-7].

Traditional orthopedic procedures, including the use of bone cement
for fixation, have shown favorable clinical outcomes. However, there are

generation of particulate debris at the implant interface also raises
concerns about potential local inflammation [10]. Furthermore, studies
have indicated that implant can cause stress shielding at the
bone-implant interface due to a significant discrepancy in mechanical
properties between the implant and the surrounding bone [9,11-13]. As
implants bear a significant portion of the load-bearing function, adjacent
bone experiences reduced mechanical stress. Prolonged exposure of the
bone to this stress shielding effect can lead to bone resorption and
weakening over time, compromising the overall stability of the
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bone-implant interface and the long-term success of the implant [11,12].
The significance of these challenges is underscored by the increasing
global life expectancy, which contributes to a rising prevalence of or-
thopedic cases and joint failures, including late implant failures in the
context of extended life spans.

To address these challenges, recent advancements in metal additive
manufacturing (AM), notably powder bed fusion (PBF) technology, have
emerged as a crucial avenue for improving biocompatibility and fixation
[14]. PBF technology is promising due to its ease of implant design and
exceptional fabrication precision. The growing demand for porous im-
plants has rendered PBF technology even more noteworthy, as these
porous implants can bring significant benefits by enabling customization
of their mechanical properties to match those of the surrounding bone
tissue, effectively mitigating the stress shielding issue [15-20]. More-
over, porous implants play a key role in promoting bio-integration by
facilitating bone ingrowth into the implant structure, thereby providing
a practical solution to challenges associated with traditional fixation
methods [21,22].

Numerous studies have explored optimal pore design concerning size
and shape to provide a conducive environment for bone tissue formation
within porous structures [7,23-27]. These investigations have focused
on both the mechanical properties and the biological outcomes resulting
from pore design. Multiple investigations have examined mechanical
properties across various pore designs, consistently reporting that an
increase in porosity or pore size generally leads to a decrease in elastic
modulus of the implants [16,24,28]. Although the elastic modulus of the
porous implants is influenced by factors such as pore shape, density,
distribution, and structural thickness, it generally was shown to align
closely with that of natural bone tissue, facilitating biomechanical
compatibility [15,29,30]. In terms of biological performance, studies on
osteogenic functions concerning pore designs have also been reported.
For instance, Huri et al. highlighted the significance of scaffold pore size,
particularly around the range of 1 mm, in influencing human
adipose-derived stem/stromal cell (ASC) osteogenesis. They demon-
strated that ASC cells grown on larger pores (1000-1500 pm) exhibited
enhanced osteogenic responses compared to those on smaller pores
(500-1000 pm and <500 pm), suggesting the pivotal role of pore size in
facilitating osteointegration in engineered bone substitutes [23]. Simi-
larly, another study revealed that porous Ti6Al4V implants fabricated
via PBF with approximately 600 pm pore sizes exhibited superior bone
ingrowth and implant stability compared to those with smaller (400 pm)
or larger (800 pm) pores [24]. In addition, our previous investigation
elucidated how pore shapes in Ti6Al4V scaffolds, produced through the
PBF method, impact surface topography, subsequently influencing the
proliferation and differentiation of human osteoblast-like cell (Saos-2).
This finding underscores the crucial role of meticulous pore size and
shape design in enhancing bone ingrowth efficiency in orthopedic im-
plants [31]. Collectively, these studies emphasize the importance of
optimizing scaffold pore characteristics to achieve enhanced
osteointegration.

In addition to optimizing pore characteristics for osteointegration, it
is crucial to design pores that can promote neovascularization to facil-
itate new bone formation because adequate vascularization ensures the
supply of nutrients and oxygen to developing tissue [32-35]. Recog-
nizing the importance of neovascularization in tissue regeneration,
numerous studies have explored the relationship between scaffold pore
size and vascularization efficiency [36-40]. The research by Feng et al.
demonstrated the impact of pore size on neovascularization in p-trical-
cium phosphate (3-TCP) cylinders implanted in rabbits. They found that
pore sizes smaller than 400 pm led to increased fibrous tissue ingrowth
and limited neovascularization, whereas sizes around 600-700 pm
exhibited better vascularization outcomes [37]. Similarly, Wang et al.
investigated the vascularization effects of porous Ti6Al4V scaffolds with
varying pore sizes (800, 900, and 1000 pm) printed in a regular and
irregular manner. Results demonstrate that scaffolds with irregular large
pores (1000 pm) exhibit stronger vascularization capabilities than those
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Table 1
Parameters of the porous scaffolds.

Structure Normal type Gradient type (1 & 2)
thickness
200 200
(pm)
Pore size 400 600 800 1000  400-1000 400-1000
(pm) (top-bottom (center-outside
gradient) gradient)

with regular smaller (800, and 900 pm) pore structures, particularly
evidenced by enhanced expression of angiogenesis-related genes [36].
Conversely, in another study, human umbilical vein endothelial cells
(HUVECs) were grown on polymer scaffolds with three different pore
sizes (5-20 pm, 20-45 pm, and 45-90 pum), and the cells grown on the
smaller pore sizes (5-20 pm) showed the best proliferation character-
istics [39]. Additionally, another study explores how pore size in-
fluences neovascularization in poly (D, i-lactide-co-glycolide) inverse
opal scaffolds, finding that small pores (147 pm) facilitate the formation
of dense networks of small vessels, while large pores (312 pm) promote
the development of sparse networks with larger vessels [40].

In designing an optimal implant, a comprehensive assessment which
includes mechanical properties, osteogenic efficacy, and vascularization
efficiency is essential. Mechanical properties must be finely tuned to
minimize stress shielding, while the efficacy of osteogenic and vascu-
larization process should be enhanced to support bone ingrowth and
integration with the bone tissue. Previous reports indicate that the
optimal pore size or structure varies depending on the specific charac-
teristic to be optimized. However, there remains a gap in the literature
concerning a unified approach that comprehensively addresses all these
characteristics. Our study aims to fill this gap by systematically
manipulating pore size to develop an ideal pore structure that integrates
all critical factors. We examined the mechanical and biological attri-
butes of metal scaffolds fabricated using PBF technology at four different
pore sizes—400, 600, 800, and 1000 pm—focusing on their efficacy in
promoting the proliferation of osteoblasts and endothelial cells. Addi-
tionally, we tested scaffolds with a graded pore sizes ranging from 400
pm to 1000 pm. The results reveal that scaffolds featuring a gradient in
pore size, especially those with a gradient from the center to the pe-
riphery, provide the best mechanical and biological performance. This
design strategy not only achieves biomechanical compatibility by
mimicking natural human bones but also promotes osteogenesis and
neovascularization. These findings confirm the significant potential of
utilizing functionally graded pore sizes to gain improved clinical
outcomes.

2. Materials and methods
2.1. Designing porous titanium scaffolds

The porous titanium scaffolds were designed using CAD software
(Rhino 6/Grasshopper, Robert McNeel & Associates) and its Grass-
hopper plugins, employing Voronoi-Tessellation method. Our approach
included constructing algorithms for finely controlling the distribution
of random points, thereby enabling precise control over the density of
Voronoi cells. To design scaffolds with varying pore sizes and to
implement gradients in pore sizes, the number of Voronoi cells was
controlled through Cubic-Bezier curve. In particular, we designed two
types of gradient scaffolds: Type 1, with a pore size gradient from top to
bottom, and Type 2, with a pore size gradient from the center to the
periphery (Fig. S1). The design parameters are detailed in Table 1 and
the processes are described in Fig. S2.

2.2. Fabrication of titanium scaffolds

The titanium scaffolds were made by a PBF machine (Metalsys 150E;
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Winforsys Co., Ltd.) (Fig. S3), and Ti-6A1-4V alloy powder (Grade 23
ELI, ASTM F3001, Tekna) was used. Based on the datasheet, the powders
are spherical with diameters in the range of 15 pm-45 pm. The 3D-print-
ing parameters were set as follows: laser power at 100 W, scan speed at
950 mmy/s, hatching spacing at 0.07 mm, and layer thickness at 0.03
mm. All scaffolds were built at an angle of 45° on the building platform.
These scaffolds were used in their as-built state without any additional
post-processing. Following fabrication, the specimens were cleaned
using a standard protocol outlined in Supplementary Table S1.

2.3. Structure characterization of porous titanium scaffolds

Micro-computed tomography (micro-CT) imaging system (Xradia
620 Versa, Carl Zeiss) was used to analyze the structural characteristics
of each porous titanium scaffold. The titanium scaffolds were mounted
on a revolving stage within the micro-CT system and scanned. The ac-
quired scan data consisted of 975 cross-sectional images with voxel size
of 1.5 pm. The pore size and structure thickness were measured from the
obtained cross-sectional images of each sample with different pore sizes.
As shown in Fig. 54, the pore size and structure thickness were measured
manually using ImageJ software (NIH). To obtain the pore size, we drew
a circle to fit within the cross-section of the pore and measured the
diameter, and, to obtain the thickness of the structure forming the
scaffold, we drew a straight line along the width of the structure and
measured the length of the line.

Then, 3D models of the scaffolds were reconstructed from the images
using commercial software (Mimics/3-Matic, Materialise). From the
reconstructed 3D model, surface area and porosity for each scaffold were
determined. The surface area was determined using values provided by
the software. To measure porosity, we first measured the volume of a
solid cylinder model with 0% porosity (V,oq) and the volume of the
reconstructed scaffold model (Vyecon). We then determined the volume of
the pores by calculating the difference between these two volumes
(Vpore = Viotal — Vrecon), and subsequently measured porosity through the
ratio of Ve t0 Vi (Fig. S5).

2.4. Scanning electron microscopy (SEM) imaging

Field emission scanning electron microscopy (FE-SEM, SU8700,
Hitachi) was used to observe the surface morphology of the porous
scaffolds. Before imaging, a thin layer of platinum was deposited on the
scaffold surface to prevent electron discharge. Imaging was then per-
formed at an acceleration voltage of 20 kV with magnifications of x35
and x 130.

2.5. Mechanical properties

Mechanical tests were performed in compliance with ISO13314, an
international testing standard for porous metallic structure. For each
scaffold design, the mechanical test was repeated six times. As illus-
trated in Fig. S6, titanium scaffolds for each porous structure were
fabricated to a size (¢ = 10.4 mm, height = 12.38 mm) that could be
mounted on the test machine. A universal testing machine (AG-250kNX,
Shimadzu) was used, and compression was applied at a speed of 1 mm/
min. The load (N) and stroke (mm) values recorded during the
compression test were converted into stress (MPa) and strain (%) values
using the equations below to obtain the stress-strain curve.

_ Load (N)

__ Stroke (mm)
 Area (mm?2)’

Stress (MPa) = Height (mm)

Strain (%) % 100
Then, the slope of the linear elastic region in the stress-strain curve
was measured to calculate the elastic modulus (E), and the yield strength

was determined using the 0.2% offset stress method.
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2.6. Cell culture

To study bone ingrowth behavior on these titanium scaffolds, we
used Saos-2 cells, and to investigate neovascularization behavior, we
utilized human umbilical vein endothelial cells (HUVECs). Saos-2
(#80023, Korean Cell Line Bank) cells were grown and sub-cultured in
Minimum Essential Medium Eagle (MEM, #Lm007-01, Welgene) sup-
plemented with 10% fetal bovine serum (FBS, #S001-01, Sigma), and
1% Antibiotic-Antimycotic (Anti-Anti, #CA002-010, GenDEPOT).
HUVECs were purchased from Lonza (#C2517A) and cultured in
endothelial cell basal medium-2 (EBM-2, #CC-3156, Lonza) with EGM-2
SingleQuots Kit (#CC-4176, Lonza).

2.7. Preparation of titanium scaffolds for in vitro experiment

Prior to conducting the in vitro experiment, porous titanium scaf-
folds were sonicated with a 1% Solujet (#2101, Alconox) solution at
45 °C twice. Subsequently, the scaffolds were thoroughly rinsed by
sonicating in distilled water four times at 45 °C. This entire sonication
process with Solujet and water was repeated once more for compre-
hensive cleaning. Following the washing step, the titanium scaffolds
were autoclaved at 120 °C for 20 min and dried in a dry oven at 60 °C.

2.8. Quantification of cell proliferation

To evaluate osteoblast proliferation, porous titanium scaffolds were
placed in a 24-well plate (#32024, SPL Life Science) and Saos-2 cells
were seeded at a density of 4.8 x 10* cells per well. To evaluate endo-
thelial cell proliferation, HUVECs were seeded on the titanium scaffolds
in the same manner as Saos-2 cells.

Then, cell counting kit-8 (CCK-8, #CK04, Dojindo Molecular Tech-
nologies) were utilized to quantify the number of cells. Quantification
was performed at various time points, specifically at 3, 7, 10, and 14
days of cell cultivation. At each time point, cell culture media were
removed from the well containing the titanium scaffolds, and 400 pL of
the CCK-8 mixture (10% of the culture media volume) was added to each
well, followed by incubation in a CO5 incubator at 37 °C for 90 min.
Subsequently, 100 pL of the CCK-8 assay mixture was transferred from
each well and placed in a 96-well plate for optical density measurement.
The optical density (OD) at 450 nm was determined with a microplate
reader (AMR-100, Allsheng, China). Data.

2.9. Quantification of osteoblast differentiation

For quantifying the differentiation of osteoblasts, we employed an
alkaline phosphatase (ALP) assay kit (#ab83369, Abcam). Following 14
days of cultivation, the media were harvested and centrifuged at 13000
rpm at 4 °C for 10 min to remove cell debris. The subsequent steps with
the ALP assay kit were performed according to the provided instruction
manual. The media was introduced into a 96-well plate, and a 5 mM p-
Nitrophenyl Phosphate (pNPP) solution was added to induce the reac-
tion. This lysate-pNPP mixture was incubated at 25 °C for 60 min, after
which the reaction was stopped by the addition of a stop solution. The
OD was then measured at 405 nm using a microplate reader (AMR-100,
Allsheng).

2.10. Immunofluorescence imaging

To visualize cell adhesion on the titanium scaffolds, Saos-2 cells were
cultured on the scaffolds for 14 days. After culturing, the scaffolds were
removed from the well-plate and gently washed with phosphate-
buffered saline (PBS). The cells on the porous titanium scaffolds were
then fixed with 3.7% formaldehyde solution for 10 min, permeabilized
with 0.2% TritonX-100 solution for 10 min, and washed with PBS.
Subsequently, the cells were incubated with rhodamine phalloidin
(1:50, #R415, Invitrogen) for 1 h and stained with Hoechst 33342
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Fig. 1. Structural analysis of porous titanium scaffolds with varying pore sizes (400 pm, 600 pm, 800 pm, 1000 pm); A. computer-aided design (CAD) models of
scaffolds with highlighted regions in red, where the pore size distribution is analyzed. Accompanying graphs depict the distribution of pore sizes within the
highlighted red regions, B. comparison of the design input and the actual measured values of pore size and structure thickness.

(1:2000, #H1399, Invitrogen).

To confirm RUNX2 expression, additional Saos-2 samples were pre-
pared by seeding cells on the scaffolds and fixing them after 10 days of
culturing. After fixation, the cells were permeabilized and blocked with
3% BSA/PBS for 1 h at room temperature (RT). The cells were then
incubated overnight at 4 °C with primary antibody (RUNX2,1:1000,
#12556, Cell signaling) diluted in PBS, followed by incubation with the
secondary antibody Alexa Fluor™ 488 (1:1000, #A-11008, Invitrogen).
For HUVEC cells, VE-cadherin protein visualization was performed by
seeding the cells on the scaffolds and fixing them after 7 days of
culturing. The primary antibody (VE-cadherin, 1:1000, #ab33168,
Abcam) and the secondary antibody (Alexa Fluor™ 488, 1:1000, #A-
11008, Invitrogen), both diluted in PBS, were used.

After the staining process, the scaffolds were mounted on the glass
bottom dish upside down using a mounting solution (#P36980, Thermo
Fisher Scientific). The cells on the titanium scaffold surface were imaged
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using a fluorescence microscope (DMi8, Leica Microsystems, Germany)
with objective lenses of 5x, 10x, and 20 x magnification. Additionally, z-
stack images were processed using the Leica THUNDER Imager.

2.11. PCR analysis

After incubation of Saos-2 for 7 days on the specimens, total RNA was
extracted using NucleoZOL (#740404.200; Macherey-Nacel, Dueren,
Germany), in accordance with the manufacturer’s instructions. The total
RNA concentration was measured using a NanoDrop™ 2000 Spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
synthesized using RevertAid Reverse Transcriptase (#EP0442; Thermo
Fisher Scientific), recombinant RNase inhibitor (#2313A; Takara Bio,
Kyoto, Japan), dNTP Mix (#R0192; Thermo Fisher Scientific), Oligo
(dT)20 primer (#18418020; Thermo Fisher Scientific), and 1 pg of total
RNA. The reaction was performed in a T100 Thermal Cycler (Bio-Rad,
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Table 2
Structural features of scaffolds with different pore sizes.
400 pm 600 pm 800 pm 1000 pm
Porosity 30.6% 43.5% 56.1% 64.0%
Surface area 5053.8 mm? 4750.4 mm? 4001.7 mm? 3356.0 mm?

Hercules, CA, USA). RT-PCR primers were synthesized by BIONICS
(Seoul, Republic of Korea). RT-PCR was performed in a total reaction
volume of 25 pL using SYBR Green (#QPS-201; Toyobo, Osaka, Japan)
and the CFX Connect™ Real-Time PCR Detection System (Bio-Rad) with

AL T

1.00mm

1
400pum

RUAN 20.00kV 27.8mm x130 LD
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the following protocol: initial denaturation at 95 °C for 5 min, followed
by 40 cycles of 95 °C for 15 s, 58 °C for 30 s, and 72 °C for 30 s; Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control,
and mRNA expression levels were normalized by cycle quantification
(Cq) of 400 pm specimen. The measurements were repeated 3 times for
each experimental condition. The primer sequences are listed in Sup-
plementary Table S2.

2.12. Statistical analysis

Data is presented as means with corresponding standard. To identify

e
400um

RUAN 20.00kV 28.5mm x130 LD b 400um |

Fig. 2. SEM images of porous titanium scaffolds with varying pore sizes (400 pm, 600 pm, 800 pm, 1000 pm): A. low-magnification images at 35x, B. high-

magnification images at 130x.
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Fig. 3. Mechanical testing results for scaffolds with different pore sizes (400
pm, 600 pm, 800 pm, 1000 pm); A. compressive stress-strain curves of scaffolds
with various pore sizes, B. elastic modulus of scaffolds with different pore sizes
(elastic modulus of cortical bone was referred from other’s work [42]), C. yield
strength in scaffolds with different pore sizes (yield strength of cortical bone
was referred from other’s work [42]).

significant differences between groups, we performed statistical analysis
using one-way analysis of variance (ANOVA). Also, for individual data
comparison, Tukey post hoc tests were performed. The threshold for
statistical significance was set at a P-value of less than 0.05 for all
analyses.

3. Result
3.1. Structure analysis through Micro-CT imaging

To verify that the scaffolds were printed with the intended pore sizes
of 400 pm, 600 pm, 800 pm, and 1000 pm, Micro-CT imaging was
employed to capture the cross-sectional images of each scaffold, and the
pore sizes and structural thickness were measured (Fig. 1). The pore
sizes slightly deviated from the intended design, appearing approxi-
mately 17.3%, 9.7%, 11.6%, and 7.7% smaller than the targeted di-
mensions in the scaffolds with pore sizes of 400 pm, 600 pm, 800 pm,
and 1000 pm, respectively (Fig. 1B). The structure thickness of the
printed scaffolds was shown to have an error of approximately 6.8%,
6.3%, 10.3%, and 1.0% from the intended 200 pm thickness in the
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scaffolds with pore sizes of 400 pm, 600 pm, 800 pm, and 1000 pm,
respectively (Fig. 1B). Despite these discrepancies, the overall assess-
ment indicates that the 3D printer successfully fabricated scaffolds ac-
cording to the design specifications.

From the reconstructed 3D models, the average porosity, and
average surface area were analyzed. As can be expected from the pore
sizes, specimens with 400 pm pores displayed the lowest porosity, while
1000 pm specimens exhibited the highest porosity (Table 2). As shown
in Fig. S7, porosity increases almost linearly with the pore size. In terms
of surface area, specimens with 400 pm pores demonstrated the largest
surface area, whereas those with 1000 pm pores exhibited the smallest
surface area (Table 2).

3.2. Surface characteristics

The surface morphology of scaffolds with different pore sizes were
analyzed using SEM, as shown in Fig. 2. The image shows that the pore
size increases as the target pore size increases. Scaffolds with 400 pm
pores exhibit shallower pores and flatter surfaces compared to those
with larger pores. Conversely, scaffolds with larger pores (800 pm and
1000 pm) display more extensive interconnected pore structures
compared to scaffolds with smaller pores (400 pm and 600 pm). In
addition, scaffolds with 800 pm and 1000 pm pores exhibits a noticeable
increase in the number of unmelted particles (indicated with white ar-
rowheads), leading to greater surface roughness than those of smaller
pores.

3.3. Material property analysis: elasticity and yield strength

Then, the mechanical properties were assessed, specifically elastic
modulus and yield strengths, of the scaffolds with the pore sizes of 400
pm, 600 pm, 800 pm, and 1000 pm. As shown in Fig. 3, there was a clear
trend indicating that both the elastic modulus and yield strength
decreased as the pore size increased. The elastic modulus was measured
to be 25.21 + 1.1 GPa, 15.88 + 2.25 GPa, 14.35 + 1.6 GPa, and 8.72 +
0.55 GPa for scaffolds with pore sizes of 400 pm, 600 pm, 800 pm, and
1000 pm, respectively. In addition, the yield strength was measured to
be 624.3 + 8.64 MPa, 282.48 + 17.12 MPa, 149.73 + 5.41 MPa, and
95.4 + 5.06 MPa for scaffolds with the corresponding pore sizes. Ac-
cording to previous studies, the elastic modulus and yield strength of
human bone are approximately ranging from 0.1 to 17 GPa and 4-200
MPa, respectively [41,42]. Specifically, cortical bones are known to
exhibit an elastic modulus from 12 to 17 GPa and a yield strength from
130 to 200 MPa. As depicted in Fig. 3B and C, scaffolds with pore sizes of
600 pm, 800 pm, and 1000 pm closely resemble the mechanical prop-
erties of human cortical bone.

3.4. Growth and differentiation characteristics of osteoblasts in relation to
pore size

To investigate the growth and differentiation characteristics of os-
teoblasts in relation to pore size, Saos-2 cells were seeded and cultured
on titanium scaffolds with four distinct pore sizes (400, 600, 800, and
1000 pm). Early observations on day 3, shown in Fig. 4A, indicated
enhanced cell growth on scaffolds with smaller pore sizes of 400 and
600 pm. Specifically, the mean optical density (O.D.) values of the 400
pm and 600 pm scaffolds were 38.2% and 67.4% higher, respectively,
compared to those of the 800 pm scaffolds, and 53.9% and 86.5%
higher, respectively, compared to those of the 1000 pm scaffolds.
However, a contrasting trend emerges by the 10 and 14-day marks,
where scaffolds featuring larger pores—specifically those with a pore
size of 1000 pm—showed significantly better cell proliferation than
those with smaller pores. By day 14, the mean O.D. value for the 1000
pm scaffolds was 51.3%, 17.2%, and 11.9% higher than that of the 400,
600, and 800 pm scaffolds, respectively.

This observed trend in cell proliferation was reflected in the
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Fig. 4. Proliferation and differentiation of Saos-2 cells on scaffolds with different pore sizes (400 pm, 600 pm, 800 pm, 1000 pm); A. Saos-2 proliferation measured by
optical density at 450 nm (OD) on days 3, 7, 10, and 14 using the CCK-8 assay, B. alkaline phosphatase (ALP) activity measured on days 7 and 14. (One-way ANOVA:

##¥P < 0,001, Tukey post hoc test: “P < 0.05, **P < 0.05).

differentiation characteristics of the cells. As alkaline phosphatase (ALP)
enzyme is one of the representative markers of osteoblast differentiation
[43,44]. ALP activity was measured on days 7 and 14, as shown in
Fig. 4B. It was shown that cells cultured on scaffolds with 1000 pm pores
exhibited the highest ALP activity, whereas those on scaffolds with 400
pm pores displayed the lowest activity. Notably, on day 14, the ALP
activity of scaffolds with 1000 pm pores increased by approximately
27.6% compared to those with 400 pm pores.

To further evaluate gene expression related to osteogenic differen-
tiation, we performed PCR to analyze COL1, OPN, and OCN in Saos-2
cells cultured on scaffolds with pore sizes of 400 pm and 1000 pm. These
pore sizes were selected from the four conditions (400, 600, 800, and
1000 pm) as they demonstrated the most pronounced differences in cell
proliferation and differentiation. As shown in Fig. S8, the relative mRNA
expression levels of COL1 and OPN did not show statistically significant
differences between the two pore sizes. However, the expression of OCN
in the 1000 pm scaffolds increased approximately fivefold compared to
the 400 pm scaffolds.

As confirmed above, in terms of osteoblast proliferation and differ-
entiation, our observations suggest a superior performance in scaffolds
with larger pore sizes compared to those with smaller pores. We, then,
utilized fluorescent immunostaining to assess the spatial distribution of
adhering cells on the scaffold. In Fig. 5, a series of images depicts the
nucleus in grayscale in the first column, actin stress fibers in the second
column, and the merged image of the nucleus (blue) and actin (red) in
the third column. Upon comparison of cells on scaffolds with pore sizes
of 400, 600, 800, and 1000 pm to those on smooth surface, it is evident
that the cells are distributed in three dimensions, resulting in out-of-
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focus cells. In the nucleus and actin images, white dashed lines are
used to highlight cells within the pores. The depth of pores appears to be
greater in the scaffolds with larger pore sizes, specifically 800 and 1000
pm. While the majority of cells seem to be evenly distributed on the
surface, there are occasional areas where cells heavily clump together,
as indicated by white arrowheads in the high-resolution image in
Fig. S9. Overall, the distribution of cells on the scaffold surface area does
not appear to differ significantly across different pore sizes.

To better understand the influence of local topography on osteoblast
differentiation, we examined the expression of RUNX2, an early marker
of osteoblast differentiation [43]. To assess its distribution in relation to
surface topography, cells were fixed and stained at an earlier time point
compared to the above experiments, which were conducted at day 14 of
cell culture. Saos-2 cells were cultured on scaffolds with varying pore
sizes (400 pm, 600 pm, 800 pm, and 1000 pm) for 10 days. Immuno-
staining for RUNX2 revealed that, while overall RUNX2 expression was
consistent across all pore sizes, closer examination of the scaffold sur-
faces showed distinct patterns influenced by local topography. Specif-
ically, cells adhering to rough areas of the scaffold, particularly regions
with unmelted particles, exhibited higher RUNX2 expression (Fig. 6).
The red dotted circles in the enlarged images in Fig. 6 highlight areas
with unmelted particles, where more cells were observed to accumulate,
displaying stronger RUNX2 fluorescence signals compared to the sur-
rounding regions (indicated with white arrowheads).

3.5. Growth characteristics of endothelial cells in relation to pore size

Subsequently, we explored the proliferation of endothelial cells on
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Fig. 5. Immunofluorescence image of Saos-2 cells on scaffolds with different pore sizes (400 pm, 600 pm, 800 pm, 1000 pm). Images show nuclei in gray (Hoechst
33342) in the first column, actin stress fibers in red (phalloidin) in the second column, and merged images of the nucleus (blue) and actin (red) in the third column.
Cells within the pores are marked by white dashed lines. [Scale bar = 250 pm].

scaffolds with varying pore sizes to assess their impact on neo-
vascularization, a critical process for bone healing and regeneration. For
that, we used HUVEC as this is widely recognized as a reliable and well-
characterized primary cell type for in vitro studies of angiogenesis
[45-47]. Intriguingly, the results for HUVECs differed markedly from
those observed with osteoblasts. As shown in Fig. 7, from the early stage
on day 3 and continuing through days 7, 10, and 14, HUVECs exhibited
the highest proliferation rates on scaffolds with the smallest pore size of
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400 pm. Conversely, scaffolds with the largest pore size of 1000 pm
showed the lowest HUVEC proliferation. On scaffolds with intermediate
pore sizes of 600 pm and 800 pm, proliferation increased gradually but
was still less than that seen with the 400 pm scaffolds. In particular, the
mean O.D. value of the 400 pm scaffold was 22.3%, 103.4%, and 137.3%
higher than those of the 600 pm, 800 pm, and 1000 pm scaffolds,
respectively (Fig. 7).

To further investigate the influence of pore size and the resulting
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Fig. 6. Immunofluorescence images of Saos-2 cells on scaffolds with pore sizes of 400 pm, 600 pm, 800 pm, and 1000 pm. Z-stack images processed and shown as z-
projections using Leica image acquisition software (Thunder Imager, Leica). First column: merged images; second column: actin stress fibers (red); third column:
nuclei (gray); fourth column: RUNX2 (green). Regions in white dashed boxes (fourth column) are enlarged in the fifth column. Unmelted particles indicated with red
dotted circles. [Scale bars = 100 pm (columns 1-4) and 50 pm (column 5)].
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Fig. 7. Proliferation of HUVECs on scaffolds with different pore sizes (400 pm, 600 pm, 800 pm, 1000 pm): HUVEC proliferation was quantified at days 3, 7, 10, and
14 using the CCK-8 assay. (One-way ANOVA: ***P < 0.001, Tukey post hoc test: *P < 0.05, **P < 0.05).
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Fig. 8. Immunofluorescence images of HUVEC cells on scaffolds with pore sizes of 400 pm, 600 pm, 800 pm, and 1000 pm. Z-stack images processed and shown as z-
projections using Leica image acquisition software (Thunder Imager, Leica). First column: merged images; second column: actin stress fibers (red); third column:
nuclei (gray); fourth column: VE-cadherin (green). Regions in white dashed boxes (fourth column) are enlarged in the fifth column. [Scale bars = 200 pm (columns

1-4) and 80 pm (column 5)].

scaffold structure on endothelial cell behavior, VE-cadherin, a critical
endothelial cell adhesion molecule essential for vascular development
[48], was labeled as a marker for vessel formation. As shown in Fig. 8,
the number of cells decreased with increasing pore size, aligning with
the observed proliferation trends described earlier. Cells were predom-
inantly localized within the pores and along their peripheries. In scaf-
folds with larger pores (800 pm and 1000 pm), cells were primarily
observed at the periphery and failed to form a continuous monolayer,
instead exhibiting incomplete and sparsely distributed cell layers. In
contrast, scaffolds with smaller pores (400 pm and 600 pm) supported
higher cell density, resulting in more cohesive and complete endothelial
layers across the scaffold surfaces. This enhanced cell coverage appears
to contribute to the observed increase in VE-cadherin expression (indi-
cated with white arrowheads in the enlarged images in Fig. 8).

3.6. Structure analysis of scaffolds with a gradient of pore sizes

The evaluation of the material properties of the scaffolds revealed
that scaffolds with pore sizes ranging from 600 to 1000 pm manifested
characteristics closely resembling natural human bone. However, in
terms of the proliferation and differentiation of osteoblasts, the scaffold
with a pore size of 1000 pm yielded the most superior outcomes.
Conversely, with regard to the endothelial cells, the scaffold with the
smallest pore size of 400 pm demonstrated the best proliferation.
Considering these aspects collectively, it appears that there is no uni-
versally optimal pore size for concurrently enhancing mechanical
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properties, osteointegration, and vascularization simultaneously.

Therefore, we pursued a scaffold design that incorporated a range of
pore sizes to accommodate all these functionalities. This led to a
gradient of pore sizes, ranging from small (400 pm) to large pores (1000
pm). Fig. 9A depicts two types of gradients: in Typel, the gradient starts
from the lower portion and extends towards the upper portion of the
scaffolds; in Type 2, the gradient starts from the peripheral region and
extends towards the center. In Type 1, when examining the side of the
scaffold, the pores are smaller at the bottom and gradually increase in
size towards the top. In Type 2, when observing the top of the scaffold,
the pores are smaller at the outside and gradually increase in size to-
wards the center (Fig. 9A).

Then, to confirm whether the printed scaffolds adhered to the
intended design, pore size and structure thickness were validated
through 3D models reconstructed from micro-CT cross-sectional images.
Following the design specifications, which define the pore size in the
area where the gradient starts and ends, but not in the intermediary
region, measurements of pore size and structure thickness were con-
ducted in the regions marking the starting and ending points of the
gradient. As shown in Fig. 9B, the actual pore sizes of the scaffolds were
smaller than the intended design. Specifically, the pore sizes at the
bottom and top of the Type 1 scaffold were approximately 6.8% and
5.4% smaller than the targeted sizes of 400 ym and 1000 pm, respec-
tively. Similarly, for the Type 2 scaffold, the pore sizes at the periphery
and center were 10.5% and 3.2% smaller than the targeted dimensions
of 400 pm and 1000 pm, respectively (see Fig. 9B). The thickness of the
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Fig. 9. Structural analysis of pore size-gradient scaffolds (Type 1: Top-Bottom gradient, and Type 2: center-periphery gradient); A. Computer-aided design (CAD)
models of scaffolds with highlighted regions in red, where the pore size distribution is analyzed. Accompanying graphs depict the distribution of pore sizes within the
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Table 3
Structural features of Type 1 and Type 2 scaffolds.
Type 1 Type 2
Top Bottom Center Periphery
Porosity 21.2% 64.6% 19.8% 62.3%
Surface area 4420.7 mm? 4702.6 mm?>

printed scaffolds deviated from the intended 200 pm by approximately
33.5%, 21.0%, 35.0%, and 20.3% for the scaffolds with pore sizes of 400
pm (Type 1 bottom), 1000 pm (Type 1 top), 400 pm (Type 2 periphery),
and 1000 pm (Type 2 center), respectively (Fig. 9B). As shown in pre-
vious results with scaffolds ranging in size from 400 to 1000 pm, slight
discrepancies exist between the measured pore sizes and structure
thickness and the intended design, but the overall results confirm that
the scaffolds were fabricated according to the targeted design for both
Type 1 and Type 2 scaffolds. Additionally, the porosity and total surface
area of each scaffold were measured, as shown in Table 3 below.

3.7. Material property analysis of the scaffolds with a gradient in pore
sizes

We then investigated how the elastic modulus and yield strength
would be affected by the gradient of pore size and by the direction of the
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gradients. The tested scaffolds are shown in Fig. S6. The force applied
during the mechanical test was directed vertically, compressing the
cylindrical specimen from the top and bottom (Fig. S4). Therefore, the
mechanical properties of Type 1 and Type 2 seem to vary depending on
the orientation of the gradient in relation to this applied force direction.
As shown in Fig. 10, both the elastic force and yield strength were
greater for Type 2 than for Type 1. The elasticity was measured as 10.82
+ 1.73 MPa for Type 1 and 18.68 + 3.1 MPa for Type 2, while the yield
strength was measured as 151.52 + 6.08 MPa for Type 1 and 388.13 +
25.83 MPa for Type 2. Compared to the scaffolds with single pore sizes
shown in Fig. 3, Type 1 scaffold exhibits an elastic force or yield strength
comparable to that of a scaffold with a 1000 pm pore size, while Type 2
scaffold demonstrates an elastic force or yield strength akin to a scaffold
with a 600 pm pore size.

The difference in mechanical properties between Type 1 and Type 2
scaffolds arises from the alignment of the gradient relative to the di-
rection of the applied mechanical force. For Type 1 scaffold, the gradient
is oriented parallel to the axis of the applied force. As a result, under
compression, the mechanical behavior is predominantly governed by
the properties of the large pores (1000 pm), leading to a similar elastic
modulus and yield strength as that of the large pores. In contrast, Type 2
scaffold features a gradient oriented perpendicular to the axis of the
applied force. This perpendicular arrangement results in a more uniform
distribution of stress across both the small (400 pm) and large pores
(1000 pm). Consequently, Type 2 scaffolds exhibit intermediate elastic
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Fig. 10. Mechanical testing results for pore size-gradient scaffolds (Type 1:
Top-Bottom gradient, and Type 2: center-periphery gradient); A. compressive
stress-strain curves, B. elastic modulus, and C. yield strength of scaffolds of
Typel and Type 2 scaffolds (elastic modulus and yield strength of cortical bone
was referred from other’s work [42]).

modulus and yield strength values that reflect the combined contribu-
tions of the small and large pores. Importantly, it is worth noting that
both the Type 1 and Type 2 scaffolds possess an elastic modulus similar
to that of human cortical bone.

3.8. Impact of pore-size-gradient to osteoblasts and HUVEC

We then conducted in vitro experiments employing Saos-2 to
examine how the gradient in pore sizes affects the growth of osteoblasts.
To compare Saos-2 cell proliferation characteristics on Type 1 and Type
2 scaffolds with those exhibiting the lowest (400 pm) and the highest
(1000 pm) cell proliferation characteristics, we simultaneously seeded
cells on Type 1, Type 2, 400 pm, and 1000 pm scaffolds.

Interestingly, osteoblasts demonstrated an accelerated proliferation
profile in both Type 1 and Type 2 gradient scaffolds compared to the
400 pm scaffold (Fig. 11A). Particularly in Type 2, the proliferation rate
of Saos-2 was high at the early cultivation time point (day 3, and 7), and
this trend persisted until the late cultivation time point (day 14)
(Fig. 11A). The proliferation characteristics observed on day 14 are
comparable to those seen in the 1000 pm scaffold, which exhibited the
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highest proliferation. These results indicate that the combination of
different pore sizes ranging from 400 pm to 1000 pm was substantially
advantageous for osteoblast proliferation. Additionally, ALP assay was
employed to assess and compare cell differentiation across different
scaffolds. According to Fig. 11B, in Type 1 scaffolds, ALP activity was
similar to that of 400 pm scaffolds. Conversely, in Type 2 scaffolds, ALP
activity closely resembled that of 1000 pm scaffolds, which exhibited the
highest level of ALP activity. Hence, these results confirm that Type 2
scaffolds feature characteristics that facilitate both proliferation and
differentiation of osteoblasts.

Subsequently, the proliferation characteristics of endothelial cells
were also measured using HUVECs. As corroborated in Fig. 7, in contrast
to Saos-2, HUVECs demonstrated the most favorable proliferation on
scaffolds featuring a pore size of 400 pm, while exhibiting the lowest
proliferation levels on scaffolds with a pore size of 1000 pm. In Fig. 11C,
in Type 1 scaffolds, cell proliferation was observed to be similar to 1000
pm scaffolds. However, Type 2 scaffolds exhibited significantly higher
cell proliferation compared to Type 1 and 1000 pm scaffolds. Although
the proliferation of HUVECs in Type 2 scaffolds was 21.7% less than that
in 400 pm scaffolds at a 14-day period, it still showed a notable
improvement compared to both Type 1 and 1000 pm scaffolds.

Collectively, considering the proliferation and osteogenic differen-
tiation characteristics of osteoblasts, along with the proliferation of
vascular endothelial cells, Type 2 scaffolds appear to manifest the most
favorable characteristics for facilitating osteointegration.

4. Discussion

Our study emphasizes the essential role of pore size and its spatial
distribution in porous scaffolds in enhancing biomechanical compati-
bility and biological performance. We found that optimal pore sizes
differed depending on the specific function targeted, such as mechanical
properties, osteoblast behavior, or endothelial cell activity. Notably, the
observed influence of pore size can also be interpreted as the effect of
porosity, as porosity increases linearly with pore size (Fig. S7),
impacting both mechanical properties and cellular responses. Based on
these findings, we hypothesized that scaffolds incorporating a gradient
in pore sizes could synergistically enhance both biomechanical and
biological functions. Through subsequent experiment, we were able to
confirm this hypothesis that a gradient in pore sizes, as exemplified by
the Type 2 scaffolds, can effectively balance the biomechanical
compatibility with native bone tissue while optimizing osteointegration
and vascularization.

As shown in our results, the initial in vitro investigation using scaf-
folds with various pore sizes (400, 600, 800, and 1000 pm) manifested
distinct proliferation patterns between osteoblast-like cells (Saos-2) and
endothelial cells (HUVECs) with respect to pore sizes. Saos-2 cell pro-
liferation notably thrived at the largest pore size of 1000 pm, which is
consistent with previous reports suggesting the advantages of relatively
large pores for osteointegration [23,24,27]. Interestingly, our results
also revealed that the scaffolds with smaller pores (400 and 600 pm)
facilitated proliferation of Saos-2 cells at early time points (days 3 and
7), highlighting their critical role in early-stage cell recruitment. As the
culture period extended, scaffolds with large pores (1000 pm) demon-
strated a marked increase in cell proliferation and differentiation,
particularly evident on days 10 and 14, which indicates their role in
promoting sustained osteogenic activity. Thus, incorporating a gradient
in pore sizes within the scaffolds harmonized these benefits, leading to
consistently superior proliferation throughout the entire culture period
from day 3 to day 14. Once again, this reinforces the potential of func-
tionally graded pore structures in optimizing scaffold performance for
both immediate cellular response and long-term tissue integration.

Conversely, endothelial cells proliferated most actively in scaffolds
with the smallest pore size of 400 pm compared to larger counterparts
(600, 800, and 1000 pm). Previous studies on endothelial cells have
reported contrasting results regarding pore size preferences; some
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Fig. 11. Cellular responses to 400 pm, 1000 pm, Type 1, and Type 2 scaffolds: center-periphery gradient); A. Saos-2 proliferation measured on days 3, 7, 10, and 14,
B. alkaline phosphatase (ALP) activity on days 7 and 14. C. HUVEC proliferation quantified at days 3, 7, 10, and 14. (One-way ANOVA: ***P < 0.001, Tukey post hoc

test: *P < 0.05, *#P < 0.05).

researchers suggested that larger pore sizes foster better vascularization
[37,38], while others argued in favor of smaller pore sizes [39,49].
Therefore, while some studies aligned with our results, others demon-
strated opposing results; however, direct comparisons may be difficult
due to differences in scaffold materials, fabrication methods, and pore
size ranges across these studies compared to ours. Nevertheless, the
study by Choi et al. is noteworthy, which showed that large vessels with
deep penetration depth were formed more effectively in scaffolds with
larger pore sizes, whereas smaller vessels with high density were formed
in scaffolds with smaller pore sizes [40]. In this context, the existence of
contrasting studies is understandable, and it can be expected that our
gradient-based scaffold design has the potential to accommodate both
large and small vessel formation, offering significant advantages in
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supporting tissue regeneration, including bone regeneration.

The findings for Saos-2 and HUVEC cells are individually intriguing,
but the differences in their responses based on cell type are particularly
noteworthy. As discussed above, Saos-2 cells demonstrated superior
proliferation on scaffolds with larger pore size (1000 pm), whereas
HUVEC cells exhibited enhanced growth on scaffolds with smaller pore
size (400 pm). Fig. 6 and S9 demonstrate that Saos-2 cells preferentially
accumulate on rough and convoluted surfaces and can form dense
clusters as their population increases. In contrast, HUVEC cells preferred
flat and shallow pores, where they can develop more cohesive and intact
endothelial layers (Fig. 8). These observations align with the SEM im-
ages shown in Fig. 2, which exhibit the structural differences between
the scaffolds. The 400 pm scaffolds are characterized by shallower pores
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and broader, flatter surfaces. In contrast, the 1000 pm scaffolds feature
rougher, more convoluted surfaces with a higher density of unmelted
particles and deeper pores. These structural differences likely explain
the distinct preferences of each cell type for specific microenvironments,
particularly with respect to surface roughness. This, in turn, leads to the
observed variations in their proliferation and differentiation patterns.
These findings highlight the advantages of Type 2 gradient scaffolds,
which integrate diverse microenvironmental features present in both the
400 pm and 1000 pm scaffolds. Such scaffolds provide an ideal platform
for supporting the growth of both bone-forming cells (osteoblasts) and
vascular cells (endothelial cells), ultimately promoting effective
osteointegration.

In addition to the biological superiority of the Type 2 gradient
scaffolds, questions may arise regarding the observed discrepancies
between the Type 1 and Type 2 scaffolds. Based on our observations and
the scaffold design, it is likely that cells predominantly attach to the top
surface during the initial seeding phase. For Type 1 gradient scaffolds,
the top surface features structural characteristics similar to the 1000 pm
scaffolds due to the gradient direction, which may explain why Type 1
scaffolds demonstrated biological responses more closely resembling
those of the 1000 pm scaffolds. In contrast, the top surface of Type 2
scaffolds integrates diverse microenvironmental features from both the
400 pm and 1000 pm scaffolds. This integrated design likely accounts for
the distinct biological outcomes observed between Type 1 and Type 2
scaffolds.

In summary, our biological data, based on in vitro experiments,
provide critical insights into cellular responses to scaffold designs. Pre-
vious studies have shown that superior in vitro outcomes often translate
to enhanced in vivo performance [22,50,51]. Thus, we believe our in
vitro findings establish a strong foundation to anticipate the potential
benefits of these scaffolds for bone ingrowth and integration in vivo.
However, further studies are needed to confirm these benefits and un-
derstand the key factors for translating these findings into practical
applications.

Furthermore, considering the heterogeneous density and mechanical
properties of the cortical and cancellous bone in natural bone, the use of
gradient pore sizes may offer more biomechanically favorable designs
for implants. By aligning scaffold designs with the density and me-
chanical properties of adjacent bone tissues, we can potentially enhance
the biomechanical compatibility and long-term stability of bone im-
plants. Additional longitudinal in vivo studies are necessary to further
validate these findings and to explore the long-term stability and
biocompatibility of the implants.

5. Conclusion

In summary, this study proposed a titanium scaffold design featuring
gradients in pore sizes ranging from 400 to 1000 pm. These scaffolds,
fabricated with PBF technology, exhibited notable improvement in both
their biomechanical and biological performance through in vitro ex-
periments. This dual optimization strategy is particularly beneficial for
bone tissue engineering applications, where the simultaneous delivery
of mechanical support and biological functionality is essential. We
believe that by finely tuning the pore sizes and further aligning them
with the adjacent bone structures, we can greatly enhance the perfor-
mance of bone implants.
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