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PCL scaffold with well-defined
hierarchical pores effectively
controls cell migration and
alignment of human mesenchymal
stem cells

Se-Hwan Lee?, Jaeyeon Lee?, Nae-Un Kang?, Yong Sang Cho*, Su Chin Heo™?,
Yongdoo Park?"™” & Young-Sam Cho%7**

With an increasing incidence of orthopedic fractures due to the growing aging population, the
demand for novel bone tissue engineering treatments is rising. Existing biopolymeric scaffolds have
hierarchical structure, are biocompatible, and are biodegradable, but struggle to control pore size
and interconnectivity, essential features to regulate cell alignment and mechanobiological signaling.
This highlights the need to design a biopolymeric scaffold with well-defined hierarchical structure

and optimized surface properties to improve bone regeneration. To accomplish this, we proposed

a grid-in-grid manufacturing approach and fabricated a solvent-free 3D polycaprolactone (PCL)
scaffold with hierarchical pores using precision extruding deposition (PED) 3D printing technology.
The fabricated scaffolds exhibit both global pores and multi-scale local pores. Notably, using in vitro
cultured human mesenchymal stem cells (hMSCs), controlled local pore size induced contact guidance
and pore bridging, and the surface roughness of global strands effectively led to cell alignment.

This study demonstrates that precision 3D printing technology can directly manipulate local pore
structures to control cell migration and alignment. Furthermore, it could be applied for combined bone
to connective tissue regeneration, where gradient pore structures and cell alignment are essential.
Our scaffold has the potential to serve as a customizable platform for advanced tissue engineering
applications.

Keywords Hierarchical scaffold, Cell alignment, Precision extruding deposition head, Polycaprolactone,
Solvent free

With the aging global population, there has been a marked increase in orthopedic fractures and associated bone
fractures!. Bone tissue possesses a natural capacity for self-repair and regeneration, enabling minor defects to
heal without the need for surgical intervention®. However, if a defect exceeds the critical size (usually 2 cm
or more than half of the bone circumference) nonunion, malunion, or pathologic fracture may occur, which
require surgery>*. Approximately 4 million people worldwide require bone grafting or replacement surgery each
year, and common methods include autografts, allografts, and xenografts to restore defective or degenerative
bone tissue>°. Autografts require an additional surgical procedure for tissue harvesting, leading to prolonged
operative time and recovery periods. This increases the risk of infection and imposes a greater burden on the
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patient. Additionally, xenografts present limitations such as immune rejection and a heightened risk of secondary
infections”8. Therefore, current approaches have important drawbacks that need to be considered.

A developing alternative to these surgical methods is tissue engineering scaffolds for bone regeneration. In
bone tissue engineering, scaffolds are fabricated with material properties and architectures to serve as structural
supports for cells and promote tissue regeneration. Synthetic biopolymers such as polycaprolactone (PCL) are
used for 3D porous scaffold fabrication because of their excellent mechanical property. We chose the PCL for
our design because it is Food and Drug Administration (FDA) approved and exhibits many desirable qualities of
an implantable material’. Namely, it is biocompatible, affordable, easy to fabricate, triggers a minimal immune
response, and has a slow degradation rate, making it suitable for bone load-bearing applications'’.

For our scaffold architecture to promote integration and new tissue formation in vivo, it must mimic native
bone architecture as well as facilitate cell adhesion, proliferation and extracellular matrix (ECM) production!"2,
Scaffold porosity and surface area are key parameters that must be optimized to promote tissue regeneration.
High porosity supports cell growth by ensuring nutrient transport, while a large surface area supports cell
attachment and improves scaffold degradation rates'>. Pore sizes are typically between 200 p m to 1000 u m for
bone tissue regeneration, with smaller pores promoting faster tissue growth and larger pores supporting nutrient
transport!4~1. Moreover, A high surface area is advantageous for cell attachment. Thus, pore size and surface
area are crucial factors in determining the functionality of the scaffold.

Additive manufacturing, such as 3D printing, is used for scaffold fabrication because it enables replicable
production of complex geometries, while reducing associated costs'”. Two commonly used 3D printing
technologies with high resolution for scaffold fabrication with polymers are photopolymerization and material
extrusion'®. While the photopolymerization method offers high precision, its drawback lies in the potential
cytotoxic effects of uncured resin monomers and additives, which can adversely impact cells and tissues'.
The extrusion-based methods melt thermoplastic polymers and extrude them under pressure, allowing for a
solvent-free approach and making it safer to implant than photopolymerized scaffolds. Our material extrusion
platform, a precision extrusion deposition (PED) head system, leverages this principle to enable the fabrication
of high-resolution 3D structures using polycaprolactone (PCL) for complex bone defects. PED manufacturing
allows for the highly controlled deposition of thermoplastics through a 50 um inner diameter nozzle via a screw
driven mechanical extrusion method®. Therefore, resulting scaffolds feature precise osteogenic geometries and
are readily used for in vivo implantation.

One of the major obstacles in translating tissue engineering into clinical practice is the challenge of scaling
up tissue engineered constructs for human therapy?’. The fabrication of 3D tissues necessitates the formation of
vascular networks capable of delivering adequate nutrients and oxygen to sustain embedded cells?!. However,
the natural development of blood vessels within the tissue construct is typically not rapid enough to provide
sufficient nutrient and oxygen supply after implantation, resulting in tissue necrosis??. To improve this,
biodegradable scaffolds have been introduced in tissue engineering. Grid-structures are one of the most widely
adopted designs for 3D porous scaffold fabrication. The repetitive linear design efficiently fabricates designed
pores and produces uniform pores that provide interconnectivity of 3D structure, creating customizable 3D
scaffolds. With sufficient grid pore size, nutrient transport can be achieved within the scaffolds. One challenge
with this pattern is the cylindrical shape of the polymer strands when extruded through a circular nozzle. The
low surface roughness and curvature of the circular strands provide a smooth surface (similar to a 2D tissue
culture plate) for cells, which can influence cell morphology by allowing cell spreading and proliferation in all
directions on the polymeric strand surface, making it difficult to control the cell alignment?>.

To mitigate this, scaffolds featuring hierarchical-structure have attracted considerable interest in improving
the biological functions of 3D scaffold technology?!. Strand hierarchy allows for the creation of hierarchical
topologies with a combination of small and large pores, giving rise to complex and large surfaces formed through
the coexistence of numerous micro-pores ranging from tens to hundreds of micrometers in size!>. Moreover,
it effectively replicates the structural hierarchy of bone*?. Various methods have been reported to fabricate
the hierarchical structure with the biopolymers, including 3D printing combined with gas foaming?”%%, 3D
printing with particle leaching?»?*3, 3D printing with phase separation’!, molding with phase separation®?, and
molding with particle leaching®, among others. Cho et al.** fabricated hierarchical PCL scaffolds using molding
and particle leaching, demonstrating significantly enhanced cell attachment and proliferation compared to
3D-printed and particle-leached scaffolds with a single-pore system. Similarly, Feng et al.** used directional
freezing technology to fabricate scaffolds with random, radial, and axial microchannel alignments, showing
that aligned microchannels improved in vivo cell migration, infiltration, and osteochondral defect regeneration.
These findings underscore the role of hierarchical structures in facilitating nutrient supply and waste removal
while highlighting the importance of microchannel design in promoting superior regenerative outcomes.
However, these methods still have limitations in controlling pore size and ensuring outstanding interconnectivity.
Moreover, the biophysical cues imparted onto embedded cells still need to be considered. The cytoskeleton of the
attached cells can be affected by physical cues of its substrate?®. Irregular surface geometrical characteristics can
lead to random cellular morphology™. Baker et al. showcased the feasibility of fibrocartilage engineering using
nanofibrous scaffolds seeded with human stem cells, emphasizing the influence of microenvironmental factors
and surface topography in MSC-based strategies’®*”. For these reasons, well-defined scaffold with surface
properties that can control cell alignment and morphology are needed for mechanobiological strategies.

Here, we designed a well-defined hierarchical scaffold based on the concept of a multi-scale grid-structure
scaffolds. Using the PED head-based precision 3D printing technology, we fabricated hierarchical PCL scaffolds
by three-dimensionally stacking strands with a thickness of less than 85 um and having local pores with multi-
scale or linear wrinkle patterns. Building upon these scaffolds, we found that different patterns of predefined
local strands regulate the migration and alignment of human mesenchymal stem cells (hMSCs). These advanced
hierarchical scaffolds are designed to modulate cell behavior based on their high surface roughness and curvature,
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providing a promising therapeutic strategy for large-area bone tissue damage, advancing tissue engineering and
optimizing patient outcomes.

Results

Fabrication method for 3D scaffold with well-defined hierarchical pores

We defined a 3D structure composed of local pores and local strands as global strands, and representative
design parameters were predefined for fabrication (Fig. 1a). Based on these parameters, a 3D global strand
was fabricated using precision 3D printing with the PED head system (Fig. 1b), and the global strand was
manufactured along the x-axis with predefined dimensions (Fig. 1c). This process was repeated along the z-axis
with 90-degree rotated layers until a predefined height was reached (Fig. 1d). The resulting 3D scaffold had
a well-defined hierarchical structure with global pores between global strands and local pores between local
strands (Fig. le). This fabrication technology allows precise control over the size of local pores (Fig. 1f) and
enables the production of a wrinkled surface, indicated by local peaks and troughs along strands, by adjusting
the 3D pattern of local strands (Fig. 1g). The micro-wrinkle surface enhances the surface area and provides
topographical cues to cells.
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Fig. 1. Illustration of well-defined hierarchical scaffold by 3D printing with a precision extruding deposition
(PED) head system: (a) Definition of design parameters for a unit strand, (b) Fabrication of a 3D unit strand
with grid-structure design, (c) Fabrication of unit strands arrayed along the x-axis, (d) Process of stacking unit
strand arrays in the z-axis, (e) 3D scaffold with a grid-in-grid structure design; Schematic of representative
local strand patterns fabricated using 3D patterning with the PED head: (f) Local pore size control, (g)
Wrinkled surface fabrication (This figures were partially created with BioRender.com; https://BioRender.com/v
25t132, https://BioRender.com/k99x570).
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Local ladder-strand distance ( .+ m) | Local pore | Micro-Wrinkles Global pore
Group A | 200, 150 + Vertical +
Group B | 180, 100 + Vertical +
Group C | 50 + Vertical + Horizontal | +
Group D | - - - +

Table 1. Experimental groups with structural feature.
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Fig. 2. Global scale features of the fabricated scaffold: (a) Classification of global strands; Fabricated PCL
scasffold with well-defined hierarchical pores: (b) Optical microscopy images (Top view; G: Global pore; X 5;
scale bars: 1 mm); (c) Porosity of the scaffold (n=3); (d) Global strand thickness (n=10), (e) Global pore size
(n=5) (NS: Not significant, *p <0.05, **p <0.001).

Global scale morphology of the 3D scaffolds fabricated by precision 3D printing technology
Based on these controllable factors, the experimental groups were defined as follows: Group A =200 pm and
150 pm local pore sizes, Group B=180 pum and 100 um local pore sizes, and Group C=50 um local pore size
with a horizontal wrinkled surface (Table 1). Groups A and B were designed to have well-defined hierarchical
structure with micro-rinkle surfaces only in the y-direction, whereas group C was designed to have wrinkles in
both the x- and y-directions. In contrast, Group D was designed as a control group with a conventional scaffold,
lacking surface wrinkles and hierarchical (local) pores (Fig. 2a). All groups were designed with a 500 um global
pore size and 50% global porosity.

Well-defined hierarchical scaffolds with various micro-pore characteristics were fabricated by 3D printing
with a PED head (Fig. 2b and Supplementary Fig. S1a, b). The porosity of the fabricated scaffolds was Group
A =68.44+1.04%, Group B=66.30+2.50%, Group C=51.98+1.03%, and Group D=50.74+1.04% (Fig. 2¢c).
Group C was designed to have the same porosity for comparison with Group D, and the measured porosity
of Group C scaffolds was similar to that of Group D. In addition, the porosities of Groups A and B, which had
large scale-local pores, were found to be 34.88% and 30.67% higher than those of Groups C and D, respectively.
The thickness of the global strand for each group was: Group A =589.51+5.91 um, Group B=586.40+8.92 um,
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Group C=597.85+9.75 um, and Group D=497.82+7.21 um (Fig. 2d). Global pore size was Group
A=500.80%10.16 um, Group B=513.74+6.29 um, Group C=509.90 £ 6.36 um, and Group D =478.83 +3.38 pym
(Fig. 2e), confirming global pore size was close to 500 pum in all groups.

Assessment of the well-defined local-scale structure

Structural features of local strands, which comprise global strands, were analyzed using optical microscopy
(Fig. 3a). Fabricated local strand thickness of the hierarchical scaffolds (Groups A-C) was measured to be
84.35+8.40 pum, 82.77+5.96 pm, and 88.00+5.63 pm, respectively (Fig. 3b). The cross-sectional shape of the
strand was determined by the geometry of the extrusion nozzle. In this study, a ceramic circular nozzle was
employed, resulting in curved surfaces on the strands. Comparative analysis revealed that the local strand
curvature of the scaffolds fabricated in Groups A, B, and C was approximately 6.32 (+0.44)-fold, 6.14 (+0.28)-
fold, and 5.59 (+0.45)-fold higher, respectively, than the global strand curvature observed in Group D with a
conventional grid-structure (Fig. 3¢).

The local pores exhibit two distinct forms, with large-scale (L) and small-scale (S) pores. The measured
dimensions of the local pores are as follows: Group A =205.40+16.93 um (L) and 149.68 £6.97 um (S), Group
B=184.18+8.00 um (L) and 114.29£11.58 um (S), and Group C=55.55+4.27 um (S) (Fig. 3d). Comparison
of pore size within Groups A and B were statistically significant, highlighting our ability to precisely control
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Fig. 3. Fabricated local strand of the scaffold: (a) Optical microscopy images (Top view; x 20; scale bars: 200
); (b) Local strand thickness (n=20), (c) Comparison of the curvature of local strands (n=20), (d) Local pore
size (Group A and B: n=10, Group C: n=20), (e) Local ladder-strand distance (n=10; NS: Not significant,
*p<0.05, **p<0.001).
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pore size within a single global strand. The ladder strandswhich span local strands within Groups A and B (as
noted in Fig. 3a Group B) were measured for local ladder-strand distance in large-scale (L) and small-scale (S)
pores as follows: Group A=275.93+5.41 um (L) and 185.82+9.97 um (S), Group B=192.40+8.62 um (L) and
85.77+4.53 pum (S) (Fig. 3e). These results demonstrate our achievement of highly accurate spatial positioning
for local pore fabrication with a resolution of 50 um. This spatial resolution is essential for precise fabrication of
high-quality well-defined hierarchical scaffolds for bone regeneration.

Characteristics of surface wrinkle on the local strand

Group C was designed to have continuous wrinkles by closely controlling the distance between local strands. The
fabricated wrinkles on the surface were investigated by 3D laser scaning microscopy. As shown in Fig. 4a, there
were significant differences in structure surface areabetween Groups C and D, while controlled local ladder-
strands were observed between Groups A and B. On the top surface (Fig. 4b), the surface roughness in the
x-axis for Groups C and D was 1.19+0.12 pm and 0.27+0.07 pum (Fig. 4c), while roughness in the y-axis was
13.43+1.16 pm and 10.76 £0.24 um, respectively (Fig. 4d). The surface roughness of Group C in the direction
parallel (x-axis) to and perpendicular (y-axis) to the wrinkles was found to be 4.43 times and 1.25 times higher
than that of Group D, respectively. The surface roughness in the parallel direction for Groups A and B was
0.96+0.06 pm and 1.01 £0.04 pm, respectively, showing similar values to that of Group C (Supplementary Fig.
S2a). This supports the notion that the local strands in the hierarchical scaffold were fabricated with higher
surface roughness than the global strands in Group D. The roughness in the perpendicular direction for
Groups A and B was 25.74+1.12 pm and 25.58 £1.05 um, respectively, which was higher than that of Group
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Fig. 4. 3D images of the surface roughness and mean roughness data (n=3): (a) 3D surface images, (b) Scan
direction on the top surface, (c,d) Surface roughness (R ) of the x-axis (c) and y-axis (d) on the top surface,
(e) Scan direction on the side surface, (f,g) Surface roughness (R ) of the x-axis (f) and y-axis (g) on the side
surface (*: p<0.05, **: p<0.01, ***: p<0.001).
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C (Supplementary Fig. S2b). This suggests that adjusting the spacing between local strands can significantly
enhance local surface roughness.

On the side surface (Fig. 4e), the surface roughness in the x-axis for Groups C and D was 1.15+0.04 um
and 0.20+0.04 um, while in the y-axis, it was 13.63+4.84 pm and 9.35+0.17 pm, respectively (Fig. 4f and g).
The surface roughness of Group C in the direction parallel to and perpendicular to the continuous wrinkles
was found to be 5.84 times and 1.46 times higher than that of Group D, respectively. In the perpendicular
direction, the enhanced surface roughness suggests a synergistic effect of the structurally formed wrinkles from
the stacking method and the surface roughness of the local strands. For Groups A and B, surface roughness in
the x-axis was 1.46+0.30 um and 2.02+0.28 pum, while in the y-axis, it was 5.58 £1.00 pm and 8.06 £0.18 um,
respectively (Supplementary Figs. S2¢ and S2d).

Effects of surface topography on hMSC attachment, cytotoxicity, and alignment

As mentioned in Sect. 2.2 to 2.4, the fabricated well-defined hierarchical scaffolds exhibited diverse geometric
features based on their fabrication parameters. When used for in vitro cell culture, hMSCs showed excellent
adhesion to all scaffold groups, covering most of the local strand surface, and featured many viable cells, as
confirmed through live/dead staining images (Fig. 5a). Calcein AM remains inside viable, or live, cells with intact
cell membranes and fluoresces green, as seen in Fig. 5b%. In Group A, cells adhered on the local strands and
local-ladder strands, leaving the large-scale pores unfilled by cells. In contrast, in Group B, cells were observed
to cover most of the local pores, including the large-scale pores. This indicates that adjusting the spacing of the
local-ladder strands can effectively regulate cell migration and attachment. Interestingly, on the surface of Group
C, cells were arranged either parallel or diagonally along the wrinkles, which contrasts significantly with the cell
morphology observed on the surface of Group D, the control group.

In the analysis of cell orientation, the mean cytoskeletal filament orientation of cells in all groups was found
to be close to 180°, which may be influenced by the directionality of the global strands (Fig. 5¢ and d). In
Group A, a distinct cell population oriented at 168° (a) was observed, whereas in Group B, cell populations
oriented at 135° (b) and 198° (c) were identified (Fig. 5d). This suggests that the cell orientation in Group A is
regulated by the ladder-strand, while the cell orientation in Group B can be attributed to the phenomenon of
cells covering the local pores. In Group D, cellular populations were identified at 155° (e), 133° (f), and 90° (g),
indicating the presence of cells with diverse orientations on the strand surface. In contrast, cells in Group C were
distinctly categorized into the 180° direction and 163° (d) direction (Fig. 5d). These findings emphasize that
one population aligned along the direction of the wrinkles and while another population aligned on the local
strand surface between wrinkles, highlighting a stark contrast to the results observed in Ggroup D. Overall, the
comparison of fitted distributions demonstrates the degree of cellular alignment among the groups as follows:
Group C> Group A >Group B> Group D (Supplementary Fig. S3). These results support the notion that cellular
alignment is regulated by the unique geometric features of the local strands and pore sizes.

The SEM images analyzing the surface clearly revealed cells adhered on the surface of the local strands
(Fig. 6a). In Group A, most cells avoided the large pores and migrated toward the local strands, whereas in Group
B, cells were observed to align along the local ladder-strands, with their morphology guided in the direction of
the global strands (Fig. 6b and c). Notably, the hMSCs can be effectively migrated by the local ladder strands.
Elongated cell morphologies were observed during the cell migration process suggesting that, compared to the
cell morphology in Group A, the synergistic effect of the appropriately controlled local ladder-strands and the
exposed dual-pore structure in Group B plays a significant role in this process. In Group C, many cells were
observed to align along the continuous wrinkles, which contrasts sharply with Group D. This finding was also
significantly different compared to Groups A and B, where the pores were distinctly exposed.

Discussion

Recently, fabrication of hierarchical scaffolds using biopolymers have been described through various distinct
methods and materials. Ghosh et al.* developed 3D printed hierarchical porous PCL scaffolds using Pickering
high internal phase emulsion (HIPE) templates, which enabled precise control over pore structure. This method
generated interconnected macroporous structures with tunable porosity, enhancing scaffold performance inload-
bearing tissue engineering applications by providing high mechanical stability and excellent cell permeability.
Dai et al.** developed hierarchical porous calcium-deficient hydroxyapatite (CDHA) scaffolds using indirect
3D printing, aiming to enhance osteogenesis and bone regeneration. These scaffolds exhibited a biomimetic
architecture with multi-scale porosity, facilitating cell adhesion, proliferation, and osteogenic differentiation. Lu
et al.*! developed a $-TCP ceramic scaffold with a hierarchical pore structure using 3D printing and porogen-
based techniques to enhance osteogenesis and bone defect repair. The scaffold exhibited optimized porosity
and mechanical properties, promoting cell adhesion, proliferation, and osteogenic differentiation. These results
demonstrate that hierarchical scaffolds can be utilized for a variety of applications by integrating structural and
material strategies to best suit particular contexts. They also suggest that techniques for fabricating irregular
micropores are still widely used. In this study, hierarchical structured scaffolds were successfully fabricated using
PED head printing high-resolution technology, and the impact of the well-defined local micro-environment on
human MSC behavior was investigated. Our findings provide potential insights into the role of well-defined
scaffold microenvironments and geometries in guiding cell alignment and promoting successful osteogenic
differentiation embedded cells.

To design a well-defined strand hierarchy, we introduced the concept of a “scaffold in a scaffold” based on
an easily definable grid-structure design. As shown in Fig. 1, we established an optimal definition for the local
strand building blocks and fabricated a novel design through controlling its three-dimensional arrangement. This
approach provides a clear and systematic framework for investigating the influence of hierarchical structures on
cellular responses and scaffold functionality. To achieve this, we defined and characterized the 3D geometry of
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Fig. 5. Cytotoxicity and cellular morphology: Live/dead stain images of hMSCs cultured for 7 days: (a) X 4,
(b) x 10 (red arrows: cells covering the pores, yellow arrows: Continuous wrinkle line; Scale bars: 500 p m

), (c) Polar plot of normalized power intensity (Red line: mean fibril orientation; Letter indicators: local peak
values), (d) Cartesian plot of the normalized power intensity (Letter indicators: Corresponding points from the
previous polar plot peak values) with the best-fit semicircular von Mises distribution (Red curve).

the local strands and pores in multiple geometric configurations. Notably, the fabricated hierarchical scaffolds
(Group A and B) demonstrated over 30% higher porosity compared to the conventional scaffold (Group D),
despite having a global strand thickness approximately 100 pm greater (Fig. 2c and d).

The three-dimensional hierarchical scaffold, fabricated using PED head printing technology, is composed
of a continuous 3D structure of thin PCL strands. This design provides cell attachment sites with significantly
high curvature and surface roughness, offering a unique structural environment and promoting cell adhesion
(Fig. 3b and ¢, and 4c). Others have shown how high surface roughness contributes to cell attachment and
proliferation?, and macroscale substrates with radii of curvature ranging from tens to hundreds of micrometers
are known to influence cellular morphology and stress fiber alignments*’. These previous reports support our
findings that the controlled local strand patterns in the fabricated hierarchical scaffold can guide cell migration
and alignment.

Moreover, this fabrication method enabled the precise spatial patterning of local strands within scaffolds,
allowing for the modulation of local pore size and the formation of aligned wrinkled surfaces (Fig. 4a). These
controlled strand patterns within the hierarchical structure provided a unique microenvironment that influenced
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Fig. 6. FE-SEM images of attached hMSCs on the scaffold surface (Day 7): (a) x 30 (Scale bars: 1000 p m),
(b) x 100 (Scale bars: 500 & m), and (¢) x 250 (Scale bars: 200 © ™).

cellular behavior. Through in vitro cell culture experiments, we confirmed that the designed patterns effectively
altered the migration and alignment of human MSCs, as illustrated in Fig. 7. Kosik-Koziot et al. introduced the
results of stimulating osteogenesis by changing the microporosity of PCL fibers using ultrasonic stimulation
in acetone and NaOH solvents*:. These results imply that precisely controlled local strand patterns provide
geometries that play a crucial role in regulating cell morphology and cytoskeletal organization, potentially
influencing MSC differentiation. Further, these functional characteristics of our developed scaffold pose great
potential for the regeneration of tissues with explicit cell alignment properties. For example, the tendon-bone
interface (TBI) is highly anisotropic, consisting of mechanical, compositional, and hierarchical structures
resembling both tendon and bone*, with tendons being particularly dependent on cell and tissue alignment*.
Electrospinning technology has long been used for tendon/ligament regeneration by inducing cell alignment
with aligned nanofibers*, but this approach still has limitations in fabricating three-dimensionally thick or large
volumes. Our hierarchical scaffold has the advantage of being able to produce large 3D volumes and fabricate
gradient structures from bone tissue to soft tissue, while simultaneously inducing cell alignment.

The solvent-free 3D printing method using PED head printing used here provides improved in vivo safety
measured during scaffold implantation compared to contemporary methods. However, limitations associated
with this method still persist. The increased head pathway necessary to form the architecture of the local strand
patterns remains a challenge, as this extends scaffold fabrication times. Similarly, given the significance of
scaffold mechanics in tissue engineering applications, the lack of mechanical performance evaluation remains
a limitation of this study and should be addressed in future research. Moreover, long term in vitro culture and
animal tests will be required for clinical translation. Currently, our optimized PCL scaffold with a well-defined
hierarchical structure holds great potential to be excellent for safety and to support effective tissue regeneration
for various tissues in clinical applications. Overall, the findings in this study underscore the importance of
hierarchical design in scaffolds for directing cellular organization and behavior, which is critical for advancing
tissue engineering strategies. Future studies should include various in vitro tests, such as transcriptional analysis,
and animal experiments to verify in vivo safety and functionality.

Methods

Materials

PCL (M, = 45,000, T, = 60 °C, Polysciences, USA) was used for the fabrication of the biocompatible scaffold. A
digital scale (AB204-S, Mettler Toledo, Switzerland) with 0.1 mg resolution was used for measurement of weight
of scaffold.

For in-vitro culture, human mesenchymal stem cells (hMSCs) and mesenchymal stem cell growth medium
(MSCGM; Supplement kit for proliferation of human bone marrow-derived mesenchymal stem cells) were
purchased from Lonza (Swizerland)*. All cells were cultured at CO, incubator (5% CO,, 37 °C). The medium
was refreshed every 2-3 days.
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Fig. 7. Mlustration of the cellular morphology induced by predefined local strands of the well-defined
hierarchical scaffold (This figure was partially created with BioRender.com; https://BioRender.com/p97x133).

Group A | 357 27 3
Group B | 250 21 3
Group C | 192 15 5

Table 2. Predefined dimensions based on tool pathway in a local strand.

Precision 3D printing technology with PED head system

Representative design parameters were defined to fabricate a global strand (Fig. 1a). To generate a tool pathway, an

in-house software developed with Visual Basic 6.0 (Microsoft, USA) was used to generate g-code (Supplementary

Fig. S4). The exterior dimensions of scaffold were designed with 5.0 mm X 5.0 mm X 2.7 mm (L X W x H).

Dimensions to design a 3D porous global strand of well-defined hierarchical scaffold were predefined as follow:
Jocal stranad=>00 Hm, L, =5,000 pm, and hlayer=50 pm. The design parameters differing by group followed those

listed in Table 2.

The lab-made precision 3D printer with the PED head system was used for fabrication!”. PCL pellets were
melted in the printer barrel at 90 °C and then extruded by rotating the screw at 25 rpm under an air pressure of
255+ 5 kPa. The hierarchical scaffolds with controlled pores were fabricated using a 50 pm ceramic nozzle. As an
ordinary design, a grid-structure scaffold was fabricated using a 400 um ceramic nozzle and used for a control
group (Group D).

Characterization of fabricated 3D scaffold
Optical microscopy images of the scaffold surface were obtained using a 3D laser scanning microscope (OLS5100;
Olympus, Japan) in the laser field mode with objective lenses MPLAPON20 x LEXT to observe pore size of the

fabricated scaffold.
Equation (1) was used to define the pore size of the scaffold as follows.
Pore size (L m) = (LL;h) (1)
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where L, and L, are the lengths of the pore measured in the vertical and horizontal direction, respectively. The
pore size was calculated by averaging the L and L, values (n=>5) measured by the optical microscope.
Equation (2) was used to calculate the porosity of the scaffold as follows.

Vo — (-
Porosity (%) = (O(VM x 100 2)
0

Where V, defines the calculated volume from the apparent dimensions of scaffold in disregard of pores. m_and
p pcr, are the mass of the scaffold and the density of the PCL material (1.145 g cm™3).

The local filament curvature was the reciprocal of the filament radius. Global strand curvature of the Group
D was used as an arbitrary curvature reference value for the global strand, and the average of the 10 measured
values was used. Average value of the 20 measured thickness of the Groups A-C as local strand was used for the
calculation.

Surface topology characterization by 3D laser scanning microscope
To investigate the surface roughness generated by deposition method, 3D topography profiles on the surface
were measured using the 3D laser scanning microscope (OLS5100) in the laser field mode with objective lenses
MPLAPON20 x LEXT, and a working distance of 0.60 mm.

Line roughness profiles of the fabricated scaffold were determined via a 3D laser scanning microscope, where
average roughness values (R ) were determined according to an Equation (3).

1
Rq = 7/ |z (z)| dz (3)

0

Where 7 is the evaluation length, and ‘z(x)’ means the profile height function. Five scaffolds per group were
used for analysis®.

Evaluation of cell viability and cytoplasm orientation

The fabricated scaffolds underwent disinfection by rinsing with a 70% ethanol solution and sterilization by
exposure to UV light for 30 min. After that, the scaffolds were soaked in the culture medium for 1 h**. The
seeding density of hMSCs was determined through preliminary tests (Supplementary Fig. S5). The hMSCs were
seeded on a scaffold at a density of 2 x 10° cells (Passage 3). After that, the scaffold was cultured in the incubator
for 7 days. The medium was refreshed every 2-3 days. After 7 days, cell viability was assessed using the Live/dead
Kit (Invitrogen, USA). Live cells were stained by a Calcein acetoxymethyl (Calcein-AM) and dead cells were
stained by an Ethidium homodimer-1. Live and dead cells were examined by fluorescence microscopy (Eclipse
Ti2, Nikon, Japan). Furthermore, a semicircular von Mises distribution computed using FiberFit was performed
to analyze the cytoplasm alignment stained by the calcein AM>!.

Scanning electron microscopy

For sample preparation, the hierarchical scaffold with attached cells was fixed with 1% osmium tetroxide at 4 °C
for an hour. After undergoing standard ethanol serial dehydration, the samples were freeze-dried using a freeze
dryer (ES-2030, Hitachi, Japan) and coated with platinum using an ion coater (IB-5, Eiko, Japan). The samples
were then examined with a scanning electron microscope (S-4700, Hitachi, Japan).

Statistical analysis

All data were indicated as the mean +standard deviation. Statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc testing, applying a 95% confidence interval via GraphPad version 9 software
(Prism, USA). A p-value of less than 0.05 was considered statistically significant.

Conclusion

In this study, we successfully fabricated PCL scaffolds with well-defined hierarchical structure by a solvent-
free additive manufacturing approach. By precisely controlling the local strand patterns within the scaffold,
we identified key features important for 3D polymeric scaffolds to regulate the human MSC migration and
morphology. The hierarchical structure facilitated spatial guidance of the cells, demonstrating the influence
of strand geometry and arrangement on cellular behavior. These findings highlight the strong potential of
engineered scaffold designs in directing cellular organization, a crucial step for achieving functional tissue
regeneration. Such control over cellular behavior can open opportunities for the development of advanced
biomaterials tailored to specific regenerative medicine applications, offering a novel strategy for the advancement
of tissue engineering.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.
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