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Abstract

Stem cell differentiation has important implications for biomedical device design
and tissue engineering. Recently, inherent material properties, including surface
chemistry, stiffness, and topography, have been found to influence stem cell fate.
Among these, surface topography is a key regulator of stem cells in contact with
materials. The most important aspect of ideal bone tissue engineering is to control
the organization of the bone extracellular matrix with fully differentiated osteoblasts.
Here, we found that laser powder bed fusion (PBF-LB)-fabricated grooved surface
inspired by the microstructure of bone, which induced human mesenchymal stem
cell (hMSC) differentiation into the osteogenic lineage without any differentiation
supplements. The periodic grooved structure was fabricated by PBF-LB which
induced cell elongation facilitated by cytoskeletal tension along the grooves. This
resulted in the upregulation of osteogenesis via Runx2 expression. The aligned hMSCs
successfully differentiated into osteoblasts and further organized the bone mimetic-
oriented extracellular matrix microstructure. Our results indicate that metal additive
manufacturing technology has a great advantage in controlling stem cell fate into
the osteogenic lineage, and in the construction of bone-mimetic microstructural
organization. Our findings on material-induced stem cell differentiation under
standard cell culture conditions open new avenues for the development of medical
devices that realize the desired tissue regeneration mediated by regulated stem cell
functions.

Keywords: Additive manufacturing; Laser powder bed fusion; Mesenchymal stem
cells; Osteogenic differentiation; Bone microstructure

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that can differentiate into various
tissues, including bone, fat, cartilage, muscle, and neurons.' Osteogenic differentiation
of MSCs has been of interest for use as an autologous cell source, or for the development
of medical devices in bone engineering.”* Tailored control of human mesenchymal
stem cells (hMSCs) differentiation is desirable in biomedical engineering and stem cell
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biology. The putative factors that play key roles in stem cell
differentiation have been believed biochemical molecules,
including growth factors and biological supplements.

However,itisincreasinglyrecognizedthatenvironmental
cues can determine cell fate specifications.” Limited reports
have shown that stem cell lineage can be controlled using
only inherent material properties. For example, scaffold
mechanical stiffness,>® surface topography,® and materials
degradation®'®have been reported to impact stem cell fate.
Topographical control of somatic cells has been developed
over decades and is associated with nanotechnological
advances.'"'”® Metal additive manufacturing is a powerful
tool for providing the desired material properties through
three-dimensional (3D) structural design.'*"® This
technique realizes the fabrication of required structure with
particular shape and porosity from micrometer-sized metal
powders, which serve as the starting materials. Focusing
on the microstructure of intact bone tissue, orderly-
shaped materials mimicking the bone matrix structure
have serious advantages for guiding functional bone
regeneration.'**” Living bone tissue exhibits high-strength
mechanical characteristics in the required direction
because of preferred collagen elongation and apatite crystal
formation.” The crystallographic anisotropy of bone varies
significantly depending on the anatomical portion.”!
However, it is difficult to spontaneously reconstruct bone
matrix microstructure in regenerated or diseased bones
that have lost their appropriate organized matrix, even
if the bone density is satisfactorily recovered.” Artificial
control of the ordered osteoblast alignment provides an
oriented microstructure for bone matrix formation, which
directs the requisite mechanical properties. Molecular
interactions between cells and materials play key roles
in the organization of the bone matrix.” The key to
recovering lost bone function is the reconstruction of
the bone-mimetic anisotropic microstructure with fully
differentiated osteoblasts. Additive manufacturing control
of a parallel groove structure is proposed here to control
stem cell alignment as well as differentiation behaviors. The
laser powder bed fusion (PBF-LB) method, a type of metal
additive manufacturing, enables elaborate 3D structural
control. PBF-LB is a powerful next-generation technology,
and it fulfills the goal of using biomimetic materials
to create artificial organs. Indeed, our recent research
developed an additive-manufactured vertebral fusion cage
device that can induce significantly superior bone fusion
without utilizing a large amount of autologous bone.***

In this study, artificial control of the hMSCs
differentiation lineage was achieved using a scaffold
surface structure, without any differentiation stimuli.
The additive-manufactured groove structure fulfilled
the requirements for osteogenic differentiation of

hMSCs, in association with unidirectional bone matrix
organization.

2. Materials and methods

2.1. Fabrication of substrates by metal additive
manufacturing

The substrates were fabricated from Ti-6Al-4V powder us-
ing PBF-LB based on the computer-aided design (CAD)
data. The substrates were then acid-cleaned with nitric
hydrofluoric acid to remove molding defects that occur
during the layered molding process. After acid cleaning
was completed, the substrate was degreased, and impuri-
ties were removed from the surface by ultrasonic cleaning.
The substrates were sterilized (121°C, 20 min) in an auto-
clave (Series 540, NAPCO) for use in cell culture tests.

2.2. Analysis of substrate surface topography

A confocal laser microscope (VK-9700, Keyence, Osaka,
Japan) was used to quantitatively evaluate the surface
topography of the substrates. Line profiles were acquired
per field of view, and the peak width and height were
measured for each profile. For the control substrate, the
surface roughness (Sa; arithmetical mean height), which
means area roughness, was measured. In addition, the
surface topography of the substrate was observed by
field-emission scanning electron microscopy (FE-SEM;
JIB-4610F, JEOL, Japan) operated at 20 kV and 16 mA.
Substrates were washed with acid for a short time, followed
by acetone, ethanol, and water, before observation.

2.3. Mesenchymal stem cell culture

Human mesenchymal stem cells from bone marrow
(Takara Bio Inc., Shiga, Japan) were seeded at a
concentration of 5000 cells/cm? in MSC culture medium
(Mesenchymal Stem Cell Growth Medium 2 [Takara]
mixed with SupplementMix MSC Growth Medium 2
[Takara], Penicillin Streptomycin [Gibco, Carlsbad, CA,
USA]). The cells were cultured at 37°C and 5.0% CO,.
Cells were cultured for 1 day in short-term culture and
4 weeks in long-term culture. In both short- and long-
term cultures, the medium was replaced twice a week. All
operations were performed in a safety cabinet to prevent
bacterial contamination.

2.4. Immunofluorescent staining

Mesenchymal stem cells were fixed by replacing the culture
medium with 4% formalin/phosphate-buffered saline
(PBS) and allowed to stand for 20 min. The cells were then
washed twice with PBST (PBS 0.05% TritonX) for 10 min
each time. The non-specific signals were blocked with 5%
normal goat serum (Invitrogen, Carlsbad, CA, USA) for 30
min and then replaced with the primary antibody solution
at 4°C overnight. The cells were washed and then incubated
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with a secondary antibody and Hoechst staining The
aforementioned as well as subsequent manipulations were
performed while keeping the cells away from light. The
cells were then washed thrice for 10 min each time in PBST
and incubated in PBST containing phalloidin (Invitrogen,
Carlsbad, CA, USA). After that, the stained samples were
mounted in ProLong™ Gold Antifade Mountant (Thermo
Fisher Scientific, Carlsbad, CA, USA).

2.5. Cell orientation analysis

Immunofluorescence  staining was performed to
quantitatively analyze the morphological changes in MSCs
on culture substrates. For each sample, images of F-actin,
vinculin, and nuclei were taken at multiple points with a
20x objective lens using a fluorescence microscope (BZ-
X710, Keyence). Images were captured by focusing on cells
adhering from the top of the groove shape. Single cells
were analyzed, excluding those whose cell morphology
was difficult to accurately distinguish, and 40-60 stained
cells were analyzed per sample. Images of the nuclei and
F-actin/vinculin-stained images were gray scaled using
Photoshop 6.0 (Adobe Inc., Mountain View, CA, USA)
and further binarized. Both images were loaded into
CellProfiler (Broad Institute Cambridge, MA, USA) to
recognize the shape of the cell body based on the position
of the cell nucleus. The cell shape was approximated as
an ellipse. The angle between the major axis of the ellipse
and the groove direction on the substrate was defined as 0,
and was represented in a histogram at 10° intervals. To
designate the flat substrate, is the angle between the major
axis of the ellipse and the scanning direction during
modeling. The degree of cell orientation was defined as a
value representing the degree of cell orientation using the
following equation®:

R=2{{eo'0,)-)
(Zieosa,)

<cos2 0k> =

@

(1)

Under this definition, R=1 when all cells are aligned
perfectly parallel to the groove direction (6k = 0°);
conversely, R = 0 when perfectly unoriented (k... at
random).

2.6. Single-cell RNA sequencing

The culture medium was removed, and the cells were
washed twice with PBS. Then, 250 pL of each of the
cell detachment agents (accutase: collagenase = 3:2)
was injected and kept in the incubator for 10 min.
Mesenchymal stem cells were then filtered through a cell
strainer to obtain single cells. After centrifugation, the

supernatant was removed, and 1 mL of PBS was added to
the suspension. The cell concentration was adjusted to 2 x
10° cells/mL in PBS. After that, the sample cell mixture for
ICELLS cx aliquot was prepared.

The recovered cDNA was enriched using the DNA
Clean & 5-kit (Zymo Research). To the cDNA product,
0.6x volume of AMPure XP beads was added, mixed by
pipetting, and incubated at room temperature for 5 min.
They were then placed on a magnetic stand and allowed
to stand for 2 min. The supernatant was removed with a
pipette, and 200 pL of 70% ethanol was added to wash the
beads and allowed to stand for 1 min. The tube was then
rotated and allowed to stand for 10 s on one side of the
tube, and then reversed and allowed to stand again for 10
s on the other side. This procedure was repeated twice,
and then the supernatant was removed with a pipette,
and the procedure was repeated twice. Subsequently, the
ethanol was removed with the tube still in place, the lid was
opened, and the beads were allowed to stand for less than
2 min to dry. Next, 13 pL of DNase-RNase-free water was
added, mixed by pipetting, and incubated for 5 min. After
allowing it to stand for 1 min, 12 pL of the supernatant
was collected and transferred to a new tube. The resulting
cDNA was quantified using the Qubit dsDNA HS Assay
Kit (Life Technologies), and a Qubit 3.0 Fluorometer,
High Sensitivity DNA Kit, and Agilent 2100 Bioanalyzer
were used to confirm the quality of the cDNA libraries.
Library length was measured and quantified using a
High Sensitive DNA Kit and Agilent 2100 Bioanalyzer for
sequence analysis. The library was sequenced using the
HiSeq2500 for Read1:26 cycles and Read2:101 cycles, and
approximately 250 million reads were obtained.

2.7. Alkaline phosphatase assay

To verify osteogenic differentiation, alkaline phosphatase
activity was measured using the Alkaline Phosphatase
Colorimetric Assay Kit (Abcam) according to the
manufacturer’s protocols. Cells were exposed to the culture
medium for 3 days, after which samples were washed
twice with PBS. Then, 50 puL of cell lysate with assay buffer
was added to a 96-well plate, and 50 pL of p-nitrophenyl
phosphate was added. Samples were light-shielded and
incubated at 25°C for 60 min. Finally, 20 pL of stop
solution was added to the wells, and the absorbance was
analyzed at 405 nm and measured at 650 nm as a reference
(MULTICKAN FC, Thermo Fisher Scientific).

2.8. Statistical analysis

The data obtained from the experiments are expressed as
the mean + SD. Student’s t-test was used for comparisons
between two groups, and Tukeys test was used for
comparisons among three or more groups. A difference
was considered significant if the p-value was less than 0.05
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for both tests. The sample sizes for cell analysis and single-
cell RNA sequencing were 5 and 3, respectively.

3. Results

3.1. Surface topography of the 3D-printed

Ti-6Al-4V surface

The 3D profile of each metal-printed substrate surface was
obtained using a laser microscope (Figure 1). In addition
to the surface roughness (Sa) obtained from the 3D
profiles, the peak widths and heights measured from the
line profiles for each of these surfaces are summarized. The
peak heights of 1000, 500, and 250 um substrates deviated
from the designed value (100 um) and the measured
values. On the other hand, groove widths with the same
measured values as the design values were obtained with
good accuracy. The surface roughness values showed no
significant differences among the groups.

3.2. Quantitative analysis of mesenchymal stem cell
orientation

Although MSCs on the control flat showed cell elongation,
the average angle of cell orientation showed no preferred
direction (Figure 2A). In contrast, MSCs on all substrates
with groove structures of 1000 um or less tended to elongate
preferentially in the direction of the grooves. The results of
the quantitative analysis of the cell orientation in each group
showed that the narrower the groove width of the metal
printing substrate, the higher the degree of cell orientation
(Figure 2B). Furthermore, the cells were distributed in
ridges, indicating that the adhesion spots were favored to
locate on the slopes in periodic microstructure (Figure 2C
and D). In particular, cells on the 100 um substrate showed
characteristic adhesion limited at the slopes.

3.3. Gene expression analysis by single-cell

RNA sequencing

Stemness properties of the cultured hMSCs were analyzed
by the comparison of CD90, CD44, and SH2 expression
analysis. The expression of CD90, a known stem cell marker
of MSC, was significantly decreased in MSCs cultured on
100 um substrate, as well as the decreasing tendency in
expression was also noted in CD44 and SH2 (Figure 3A).
We also examined the differentiation marker genes
expressed when MSCs differentiated into other cell types.
The ratio of the number of cells expressing the five marker
genes, Runx2 (osteoblast marker gene), PPARy (adipocyte
marker gene), Sox9 (chondrocyte marker gene), Tuj1 (nerve
cell marker gene), and MyoD1 (muscle cell marker gene),
to the total number of cells is shown in Figure 3B. The ratio
of the number of cells expressing the five marker genes was
compared with the total number of cells expressing the
genes. The number of cells expressing Sox9, MyoD1I, and
TujI was very low (less than 5%), whereas the number of
cells expressing Runx2 and PPARy was higher than that of
the other three factors. Figure 3C shows the number and
distribution of the cells expressing these two genes under
each condition. PPARy showed almost the same level of
expression, but the expression level of Runx2 showed a
tendency to increase in the grooved substrate. Furthermore,
ALP activation was significantly increased on the 100 um
groove substrate compared to that on the control (Figure 3D).
Immunocytochemical analysis showed high expression
of Runx2 in cells aligned along the grooves (Figure 3E).
Quantitative cell deformation analysis demonstrated that
the oriented cells showed elongation with a high aspect
ratio along the direction of the grooves (Figure 3F).

(a) Control

(b) 1000 um

(c) 500 um

(d) 250 um (e) 100 um

Roughness (Sa) [um]
0.85+0.23 0.59+0.18 0.711t0.33 0.78+0.37 0.68+0.32
Width [um]

998.87+27.28 516.491t14.60

250.02+£20.88 112.56+29.74

Depth [um]

211.75%£17.75

168.89+ 12.59

142.53+19.09 117.18% 26.53

Figure 1. Surface characterization of additive-manufactured grooved substrates: (a) control (without grooves), (b) 1000 um, (c) 500 pm, (d) 250 pm, and

(e) 100 pm.
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Control 1000 um

500 um

C

0

-90 90 0-90 0-90
Orientation [deg] Onentatlon [deg] Orientation [deg] Orientation [deg] Orientation [deg]

0 0-90 0

D

Groove direction

<Groove direction>

Figure 2. hMSCs alignment along the grooved structure. (A) Immunocytochemical images of hMSCs (upper side) and the corresponding angular
distribution of the hMSCs. (B) The comparison of the degree of cell alignment in response to the groove size. *p < 0.05, **p < 0.01. (C) The magnified
images of the 100 um groove substrate. (D) The magnified images of 250 um and 100 pum grooves as presented in (A), which show the focal adhesion

accumulation at the interface between the groove and ridge.

3.4. Bone matrix orientation in long-term culture
After 4 weeks of long-term culture, MSCs produced type I
collagen without any osteogenic stimuli and initiated early
osteogenesis. Immunostaining images of the cells on 100
um grooves surface demonstrated cell alignment as well as
the preferred alignment of the collagen matrix along the
groove direction (Figure 4).

4, Discussion

Targeted activation of stem cell fate using engineered
materials is important for advancing tissue engineering
and understanding stem cell biology. We report that
the periodic surface structure induces osteogenic
differentiation of MSCs associated with unidirectional
cellular alignment. The surface topography was obtained
using PBF-LB (Figure 1), which resulted in an optimal
surface groove structure for guiding cell orientation.
MSCs recognized the groove structure well, leading to
unidirectional cellular arrangement (Figures 2A and B).
The cells had the highest alignment along the patterns,

with a width of 100 pm, which is relevant to the size of the
elongated cells. The additive manufacturing topography
showed a characteristic morphology with continuous
roughness derived from the powders. The interaction
between MSCs and the material surface was mediated
by focal adhesion accumulation along the groove-ridge
interface, resulting in unidirectional stress fiber alignment
(Figure 2C). The cellular responses against the scaffold
surface structure have been well recognized, but how
the cells sense the attached materials and reorganize the
cytoskeletal components is not yet fully understood.””*
It is important to understand the mechanisms favoring
the grooved structural size. Microroughness can
affect cellular activities by directly stimulating the cell
membrane structure and cytoskeletal bending forces,”*°
resulting in cell morphological alterations. Although the
cellular alignment responses against nanometer-scale
grooves are the same as in the case of microgrooves, the
bone matrix alignment on nanogrooves shows quite a
unique organization orthogonal to the cell alignment.
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Figure 3. Osteogenic differentiation of hMSCs on 100 um grooves. (A) Violin plot of the distribution of cells expressing CD90. *p < 0.05. (B) Comparison
of the frequency of the lineage-specific gene-expressing cells on 100 um grooves. (C) Comparison of Runx2 and PPARy expression between control and
100 um grooves. (D) Comparison of the ALP activity between control and 100 pm grooves. (E) The immunocytochemical images of Runx2 expression. (F)
Cellular deformation analysis which shows the relationship between cellular orientation and aspect ratio.

This phenomenon is mediated by

the maturation of focal

adhesions connected to the cell-secreted collagen matrix.”

Gene sequencing analysis revealed that CD90, which

maintains the stemness of MSCs, was significantly

reduced in the grooved substrate, indicating that the
grooved structure genetically facilitated the stem cell
fate decision (Figure 3A). MSCs cultured on the grooves
showed a specific commitment to the adipose/bone lineage

(Figure 3B). Moreover, the cells favored osteogenic lineage
rather than adipogenesis (Figure 3C). The cells on the
microgroove surface showed significantly higher level of
ALPactivityratherthanthoseoncontrolsurface (Figure3D).
This is possibly due to the nuclear deformation in aligned
cells associated with mechanical switching (Figure 3E).
The relationship between intrinsic mechanical cues and
MSCs differentiation has been demonstrated.’’ Matrix or
substrate stiffness has been shown to play an important role
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Flat

F-actin

Collagen |

F-actin

{Groove direction JMACCHRIL

LGroove drection SAMULSILL

Collagen |

L Groove drection SUAIEILL

100 pm

Figure 4. Type I collagen expression on control and 100 pm groove substrates. Notes: green, F-actin; red, type I collagen; blue, nuclei.

in regulating the differentiation of MSCs toward specific
lineages.>® In particular, cell shape hasbeen shown to control
adipogenic/osteogenic lineage commitment via the Rho/
ROCK pathways,* which is consistent with our results. We
found that the aligned MSCs, in response to the additive-
manufactured groove structure, produced a type I collagen
matrix even without any osteogenic differentiation stimuli
(Figure 4), indicating osteogenic lineage commitment.
The grooved structure possibly induced cellular tension
along the patterning, which resulted in the deformation of
nuclei and subsequent activation of some transcriptional
factors.”*** We also succeeded in guiding the oriented
bone-mimetic extracellular matrix microstructure from
MSCs on a grooved substrate. Our previous findings
demonstrated that unidirectional cellular alignment is key
to functional bone regeneration.'®'® This study revealed

that hMSCs alignment has great osteogenic potency, as
well as functional microstructural development (Figure 5).

PBF-LB, a type of metal additive manufacturing,
enables the desired control of surface structure by melting
and solidifying the metal powders based on CAD data.
This technology can achieve complicated internal and
external morphology and porosity control of the structure,
all of which are hard to accomplish using conventional
casting and cutting methods. It is also possible to
control the crystallographic texture by optimizing the
heat-source scanning strategy, which enables physical
property control based on the orientation dependence
of mechanical properties, such as Youngs modulus,
leading to the development of implants that can suppress
harmful stress shielding.”” It has been reported that the
structural surface shape control by additive manufacturing
induced osteoblast proliferation® and extracellular matrix
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Figure 5. Schematic illustration of the findings. Metal additive-manufactured groove structures induced osteogenic differentiation of hMSCs, as well as the
organization of aligned bone matrix, which is the determinant cue for bone mechanical functions.

secretion.”” Furthermore, recent findings indicate that the
building direction and scanning parameters also control
the proliferation and gene expression of stem cells.’®*
There is increasing evidence that the microstructure
developed by additive manufacturing technology can
control the cell morphology and possibly regulate their
differentiation fate. Three-dimensional printing of porous
titanium stimulated hMSCs proliferation and osteogenic
differentiation.* They conclude that the increased number
of cells on the microgroove surface possibly triggered
osteogenic differentiation. Shen et al. modified surface
using a laser metal deposition technique.* In addition,
Wang et al. reported surface microgrooved Ti-6Al-4V
alloys with graphene oxide coating fabricated by laser
processing technique demonstrated osteogenic ability,
and the optimal groove width size was 45 pm.** Moreover,
metal composition has been reported to have an advantage
for osteogenic lineage induction.” Our findings indicate
that the microgroove Ti-6Al-4V surface has a significant
advantage for osteogenic lineage induction, which is a
promising factor for controlling hMSCs differentiation. The
relationship between histone modification associated with
nuclear deformation and the differentiation commitment
is under investigation and will be reported in our future
research. Considering shape control in PBF-LB depends
on the powder size of the starting materials, the structural
resolution of the obtained materials has some limitations.
In this study, we determined 100 um width as the smallest
realizable size and investigated the effects of microgrooves
on hMSCs properties ranging from 100 um to 1000 pm. The
optimal width of 100 um grooves for osteogenesis control is
consistent with our in vivo animal study. We have developed

a vertebral fusion cage device that can induce excellent
bone fusion without performing treatments, such as a large
amount of autologous bone, using PBF-LB technology.***
Additive manufacturing of biomedical devices is of great
clinical importance in the case of spinal fusion spacers. Our
findings shed light on a next-generation device for medical
use that can realize tissue repair at the desired time.

5. Conclusion

It has been previously recognized that the biophysical
properties of materials can affect stem cell fate; however,
efficient strategies for osteogenic differentiation have not
been established. This study revealed that metal additive-
manufactured groove structures induced osteogenic
differentiation of hMSCs, as well as aligned bone matrix
organization, which is the determinant cue for bone
mechanical functions. Our results present a novel platform
for understanding the regulatory systems of stem cell
lineages and therapeutic applications of stem cell regulators.
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