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Abstract: Bone tissue has anisotropic microstructure based

on collagen/biological apatite orientation, which plays essen-

tial roles in the mechanical and biological functions of bone.

However, obtaining an appropriate anisotropic microstructure

during the bone regeneration process remains a great chal-

lenging. A powerful strategy for the control of both differen-

tiation and structural development of newly-formed bone is

required in bone tissue engineering, in order to realize func-

tional bone tissue regeneration. In this study, we developed

a novel anisotropic culture model by combining human

induced pluripotent stem cells (hiPSCs) and artificially-

controlled oriented collagen scaffold. The oriented collagen

scaffold allowed hiPSCs-derived osteoblast alignment and

further construction of anisotropic bone matrix which mimics

the bone tissue microstructure. To the best of our knowledge,

this is the first report showing the construction of bone

mimetic anisotropic bone matrix microstructure from hiPSCs.

Moreover, we demonstrated for the first time that the

hiPSCs-derived osteoblasts possess a high level of intact

functionality to regulate cell alignment. VC 2017 The Authors
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INTRODUCTION

In tissue regeneration, the development of organ-specific
architectures is important for the realization of their origi-
nal functions. Bone tissue has anisotropic-complicated
microstructure composed of collagen fibers and biological
apatite (BAp), which is an essential contributor to the bone
mechanical properties.1,2 The degree of BAp orientation is
well correlated with the Young’s modulus of bone tissue.3

The disruption of bone microstructure often occurs in path-
ological conditions such as osteoporosis,4 osteopetrosis,5

and bone defects,6 which increases the risk of bone frac-
ture.7 Bone tissue regeneration requires a rapid recovery of
oriented bone matrix architecture, in order to decrease the
risk of fractures. However, current treatment approaches to
bone regeneration aim at increasing bone mass alone.
Reconstructing the bone tissue anisotropy remains a chal-
lenge in the field of bone tissue engineering.

Induced pluripotent stem cells (iPSCs), pluripotent cells
reprogramed from somatic cells,8,9 are a promising source for

the use in tissue engineering and regenerative medicine.10

iPSCs show pluripotency and self-renewability similar to those
of the embryonic stem cells (ESCs) and can differentiate into
various types of somatic lineages.11 iPSCs have overcome
some problems associated with the use of ESCs, such as
immunogenic rejections and ethical issues. For bone regenera-
tion, a growing number of studies demonstrated that iPSCs
can differentiate into osteoblasts both in vitro12 and in vivo,13

suggesting that iPSCs show a potential to advance bone regen-
erative therapies. Due to the high proliferative capacity of
iPSCs, a greater number of cells are available than existing
sources of osteoblasts such as mesenchymal stem cells
(MSCs)14 or osteoblasts isolated from patients.15

In this study, we developed a novel stem cell culture
system by combining human iPSCs (hiPSCs) and anisotropic
culture model using oriented collagen substrate (Fig. 1).
The strategy of the present culture system is to realize the
anisotropic bone tissue which can replace the bone defects,
by controlling the cell alignment. Interestingly, we recently
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demonstrated that the aligned osteoblasts can produce the
oriented bone matrix16 depending on the degree of cellular
alignment.17 Therefore, the control of bone tissue anisot-
ropy using iPSCs as a starting material can lead to a
breakthrough in bone regenerative medicine, enabling the
regeneration of a bone tissue with the proper functions.
Oriented collagen substrate, with the architecture quite
similar to that of the intact bone matrix, was successfully
obtained using a hydrodynamic method.18,19 Many methods
have been developed to generate an anisotropic cell cul-
ture platform in tissue engineering, including microfabrica-
tion and electrospinning. In this study, we chose a
hydrodynamic method to fabricate the oriented collagen
substrate. The degree of substrate collagen orientation was
shown to be controllable through the modification of the
extrusion process of the collagen solution, which allows
the development of bone-mimetic structure with different
degrees of anisotropy, depending on the anatomical por-
tion.2 We demonstrated the potential of hiPSC-osteoblasts
(OBs) alignment in response to the oriented collagen sub-
strate, using human osteoblasts (hOBs) as controls. Fur-
thermore, the bone matrix architecture induced by hiPSC-
OBs was analyzed.

MATERIALS AND METHODS

Generation of oriented collagen substrates
Pepsin solubilized porcine skin collagen type I (Nippi, Tokyo,
Japan) was prepared at a concentration of 10 mg/mL in 0.02
N acetic acid. Oriented collagen substrates were produced
using a hydrodynamic extrusion method.18,19 The deposition
of collagen solution into 103 PBS was controlled by a three-
axis robotic arm (SM300-3A; Musashi Engineering, Tokyo,
Japan), which could regulate the direction of the collagen
molecular fiEngin. The deposition speed was set at 400 mm/s.
The degree of substrate collagen sheet orientation was con-
trolled more specifically by using a narrower gage needle (22
gage, inner diameter: 0.38 mm) for the extrusion process, as a
modification of our previous method.17 The oriented collagen
substrates were prepared by coating the cover glasses
(13 mm diameter; Matsunami, Tokyo, Japan) with the obtained
collagen sheets.

Molecule orientation of the collagen substrate was ana-
lyzed by a birefringence measurement system WPA-micro
(Photonic Lattice, Miyagi, Japan) attached to an upright
microscope (Olympus, Tokyo, Japan). The specimens were
imaged with a 203 objective lens. Data were acquired with
three settings of circularly polarized monochromatic light

FIGURE 1. A schematic diagram, representing the steps for the construction of the anisotropic bone matrix by combining human induced pluri-

potent stem cells (hiPSCs) and anisotropic culture model, using oriented collagen substrate. Osteogenic differentiation of hiPSCs was induced

with three-step culturing method: the expansion of undifferentiated cells, embryoid body (EB) formation for 7 days and mesenchymal stem cell

(MSC) induction. Osteogenic induction was performed for 28 days in the osteogenic growth medium. Oriented collagen substrate was artificially

fabricated by using a dispense system with three-axis movable arm. Directional control of hiPSC-derived osteoblasts was initiated by oriented

collagen substrate.
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(laser wave lengths: 523, 543, and 575 nm) for each image.
To evaluate the orientation of the birefringence axis, greater
index of refraction (the slow axis) was analyzed with WPA-
VIEW software (version 2.4.2.9, Photonic Lattice). Since col-
lagen is a positive birefringent material, the polarization
axis with slow axis corresponds to the direction of the long
axis of collagen fimate. The three-dimensional imaging and
quantification of the surface topographic features were per-
formed by using a three-dimensional (3D) laser microscope
(VK-9700; Keyence, Osaka, Japan) and the topographical
images of the substrate surfaces were obtained with a scan-
ning pitch of 0.1 lm.

hiPSCs culture
Human iPS cell line, 201B7, was obtained from Center for
iPS Cell Research and Application, Kyoto University, Japan.9

To maintain the undifferentiated state, hiPSCs were cul-
tured on mitomycin C-treated SNL feeder cells in Primate
ES medium (ReproCELL Inc., Yokohama, Japan) supple-
mented with 4 ng/mL basic fibroblast growth factor
(bFGF) (Wako, Osaka, Japan) at 378C in 5% CO2. The
medium was replaced daily, and hiPSCs were passaged
every 4 days.20

Induction of MSCs differentiation
Induction of MSCs (hiPSC-MSCs) from hiPSCs was per-
formed as described previously21 with minor modification.
Briefly, 5 mM Y-27632 solution (Wako) was added to the
undifferentiated hiPSC culture, and the cells were incubated
for 1 h prior to the dissociation from culture dish. To form
embryoid bodies (EBs), hiPSCs were cultured in suspension
for 7 days in low-attachment 96-well plates, in Primate ES
medium supplemented with 4 ng/mL bFGF and 5 mM Y-
27632. Afterward, 70 EBs were clamped and plated onto
0.1% gelatin-coated culture dishes in MSC growth medium
supplemented with a-MEM (Gibco, Invitrogen, CA), 10%
fetal bovine serum (FBS; Gibco), 200 mM L-glutamine
(Gibco), 10 mM nonessential amino acid (NEAA; Life tech-
nologies, Invitrogen), and cultured for up to 2 weeks at
378C in 5% CO2, until reaching confluence. Culture medium
was replaced twice weekly.

Induction of osteogenic differentiation
Induction of hiPSC-OBs from hiPSC-MSCs was performed as
described previously.22 hiPSC-MSCs were cultured for 4
weeks in osteogenic growth medium supplemented with a-
MEM, 10% FBS, 100 U/mL penicillin, 100 lg/mL strepto-
mycin, 50 lg/mL ascorbic acid (Sigma-Aldrich, St. Louis,
MO), 10 mM b-glycerol phosphate (Tokyo Kasei, Tokyo,
Japan), and 50 nM dexamethasone (MP Bioscience, Solon,
OH), at 378C in 5% CO2. Culture medium was refreshed
twice weekly.

hOBs culture
hOBs (Lonza, Basel, Switzerland) were used as a positive
control for gene expression analyses and in the cell orienta-
tion experiment. According to the provider’s instructions,
cells were cultured in OGMSingleQuots medium (Lonza)

until confluence, and they were passaged. hOBs were cul-
tured in the same media as used for the iPSC-OBs at 378C
in 5% CO2.

Cell culture on the fabricated anisotropic substrates
The fabricated collagen substrates were sterilized by using
short-wavelength ultraviolet (UV-C) germicidal irradiation
for 3 min. The hOBs and iPSC-OBs were cultivated at 2.0 3

104 cells/mL in a-MEM supplemented with 10% FBS for 3
days before the morphological analysis. For the analysis of
bone matrix under long-term cultivation, the cells were
diluted to 1.0 3 104 cells/mL and seeded onto the fabri-
cated specimens. The medium was changed twice per week;
after culture for 7 days, the medium was supplemented to
achieve final concentrations of 50 lg/mL ascorbic acid
(Sigma, St. Louis, MO), 10 mM b-glycerophosphate (Tokyo
Kasei, Tokyo, Japan), and 50 nM dexamethasone (MP Bio-
science, Solon, OH).

RNA isolation and quantitative real-time RT-PCR
analysis
Total RNA was isolated using Trizol reagent (Invitrogen).
Gene expression levels were assessed by using quantitative
real-time PCR, in accordance with the manufacturer’s
instructions (Step-one, Applied Biosystems, Foster City, CA).
The threshold cycle (Ct) value was set within the exponen-
tial phase of the PCR reaction and the DCt value for each
target gene was determined from the subtraction of the Ct
value obtained for GAPDH (the internal control) from the
target gene. The primers and probes for the target genes
were supplied by the following TaqmanVR Gene Expression
Assays: GAPDH, Hs02758991_g1; CoL1A1, Hs00164004_m1;
and SP7, Hs01866874_s1. The results were normalized to
the levels of each gene in the control cells.

Immunocytochemistry
The cultured cells were fixed in 4% formaldehyde/phos-
phate-buffered saline (PBS) for 20 min. After washing them
three times, cells were incubated in PBS/Triton-X (PBST)
containing 1% normal goat serum or donkey serum at room
temperature for 30 min to block non-specific antibody bind-
ing sites. The cells were then incubated with primary anti-
body at 48C for 12 h. This was followed by the incubation
with a secondary antibody and/or Alexa Fluor 488-
conjugated phalloidin (Molecular Probes, Invitrogen). The
cells were washed and mounted in ProLong Gold antifade
reagent with DAPI (Molecular Probes). Fluorescent images
were obtained using a fluorescence microscope (Biozero;
Keyence, Osaka, Japan), and processed using Adobe Photo-
shop 10.0 software (Adobe Systems, San Jose, CA). All
immunocytochemical analyses were performed with con-
trolled staining to ensure the antibodies functioned as
intended.

Antibodies
Primary antibodies used in this study were as follows:
mouse monoclonal antibody against SSEA-4 (Santa Cruz Bio-
technology, Dallas, TX), goat polyclonal antibody against
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CD73 (Santa Cruz Biotechnology), mouse monoclonal anti-
body against alkaline phosphatase (ALP; Novus, Littleton, CO),
rabbit polyclonal antibody against osteopontin (Rockland, PA),
and goat polyclonal antibody against collagen type I (Millipore,
Ramona, CA). Secondary antibodies used were as follows:
Alexa Fluor 488-conjugated goat anti mouse IgG, Alexa
Fluor 488-conjugated donkey anti goat IgG, Alexa Fluor 546-
conjugated goat anti mouse IgG, and Alexa Fluor 546-
conjugated goat anti rabbit IgG (Invitrogen).

Quantitative analysis of the degree of cell orientation
Cells cultured on oriented collagen substrates for 3 days
were visualized by immunocytochemical analyses. Cells were
imaged by using a fluorescence microscope (Biozero, Key-
ence, Osaka, Japan), processed using ImageJ software (NIH,
Rockville, MD). The cell orientation angle uð Þ against the axis
of substrate collagen arrangement was analyzed using Cell
Profiler software (Broad Institute Cambridge, Cambridge,
MA). Five replicate measurements were obtained for each
group.

To evaluate the degree of cell arrangement, the orienta-
tion order parameter fu was calculated.23 This system was
derived by using a distribution function n uð Þ, which is
defined as the number of measured cells at the angle u. The
expectation value of the mean square of cosine <cos2u >

and fu can be characterized as follows:

<cos2u > 5

ð2p

0
cos2u • n uð Þ=

ð2p

0
n uð Þdu (1)

fu52 < cos2u > 20:5
� �

(2)

The degree of cell alignment fu takes a value ranging from
21 (cells perfectly aligned perpendicular to the collagen ori-
entation), 0 (cells oriented randomly), to 1 (cells perfectly
aligned parallel to the collagen orientation).

Scanning electron microscopy (SEM). The arrangement of
the extracellular matrix secreted by cells was observed by
using SEM (JSM-6390; JEOL, Tokyo, Japan). The specimens
were rinsed in 0.1 M sodium cacodylate buffer three times,
fixed with 2% glutaraldehyde in cacodylate buffer at 48C for
30 min, and washed with the same buffer. After post-
fixation with 1% osmium trioxide for 1 h, the specimens
were dehydrated with a graded ethanol series (50%–100%)
at 5-min intervals, and treated by 100% t-butyl alcohol/
100% ethanol for 30 min followed by 100% t-butyl alcohol.
Specimens were freeze-dried, sputter-coated with gold/pal-
ladium and analyzed by SEM.

Statistical analysis. The analysis of statistical significance
was performed using Student’s t test. p<0.05 was consid-
ered significant.

FIGURE 2. Fabrication of oriented collagen substrates. (A) Macroscopic image of oriented collagen substrate. Scale bars, 5 mm. (B) Birefringence

analysis of oriented collagen substrate. White arrows and color indicate the orientation of collagen fibers. Yellow bidirectional arrow, the direc-

tion of the collagen extrusion. Scale bars, 100 mm. (C) The distribution histograms of the collagen orientation angle show preferential alignment

to 08. (D) Laser microscopic image of the surface of the fabricated substrate. (E) SEM image of the fabricated collagen substrate. Scale bar:

10 lm.
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RESULTS

Fabrication of oriented collagen substrates
The macroscopic image of the fabricated collagen substrate
is shown in Figure 2A. Orientation map image and the dis-
tribution histogram of substrate collagen orientation are
presented in Figure 2B, C. The angular distribution of colla-
gen molecules demonstrated that the collagen fibers in
the fabricated collagen substrate have a strongly-oriented
arrangement. Laser microscope analysis revealed that the
fabricated substrates have a relatively smooth surface struc-
ture without significant roughness (Ra5 0.43 lm) (Fig. 2D).
The SEM image of the fabricated oriented collagen substrate
is shown in Figure 2E. The each collagen fiber exhibited
tightly connected networks.

hiPSCs culture in an undifferentiated state
hiPSCs attached to feeder cells immediately after thawing
(Fig. 3A), and cell colonies developed after 4 days (Fig. 3B).
The obtained hiPSCs colonies were positive for SSEA-4 and
ALP, positive markers for undifferentiated stem cells (Fig.
3C, D).

Induction of hiPSC-MSCs
EBs, observed in the floating culture of Y27632-treated
hiPSCs, were shown to be large (approximately 500 lm
in diameter), with a uniform morphology (Fig. 4A). After

plating the EBs on the gelatin-coated culture dish, cells
migrated from EBs under the MSC growth condition (Fig.
4B), and reached confluence after 2 weeks of culturing (Fig.
4C). These cells exhibited fibroblastic-like morphology and
they were shown to express CD73, a surface antigen specific
to MSCs (Fig. 4D).

Induction of hiPSC-OBs
As shown in Figure 5A, osteogenic-induced hiPSCs were
positive for the expression of collagen type I and osteopon-
tin, osteogenic markers, whereas hiPSC-MSCs did not
express these molecules. Furthermore, osteogenic-induced
hiPSCs were positive for ALP activity, an osteogenic marker,
whereas hiPSC-MSCs were negative (Fig. 5B). Gene expres-
sion analysis revealed that SP7 (osterix) and COL1a1 (colla-
gen type I) were expressed in osteogenic-induced hiPSCs at
the same level as in the hOBs (Fig. 6A).

Control of hiPSC-OBs arrangement and construction of
oriented bone matrix
hiPSC-OBs and hOBs both showed preferential alignment
along collagen orientation. The degree of cell alignment fu
was shown not to differ significantly between hiPSC-OBs
(fu5 0:65 6 0:11) and hOBs (fu50:49 6 0:13) (Fig. 6B).
In addition, the other cell adhesion parameters, including
cell spreading area and aspect ratio, were not significantly

FIGURE 3. Undifferentiated human induced pluripotent stem cells (hiPSCs). Phase-contrast images of hiPSC colonies (A) immediately after seed-

ing and (B) after 4 days of culturing on SNL feeder cells. Immunocytochemical images of hiPSC colonies stained for (C) SSEA-4 (green) and (D)

alkaline phosphatase (red). Blue, nuclei. Scale bars, 100 lm.
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different between hiPSC-OBs and hOBs (Fig. 6C). The SEM
observations of the long-term culture revealed that the
extracellular collagen fiber matrix secreted by hiPSC-OBs
was aligned along the direction of hiPSC-OBs arrangement
(Fig. 6D). The secreted collagen fibers could be clearly dis-
tinguished from the bare scaffold without cells because of
the difference in their fibrous formation.

DISCUSSION

For the clinical use of hiPSCs, homogeneous differentiation
of hiPSCs into hiPSC-OBs is important to prevent the devel-
opment of teratogenic cells. Here, osteogenic differentiation
of hiPSCs was performed in accordance with previously
established methodology,21,22 with some modifications, by
using a three-step culture processes: culture of hiPSCs in an
undifferentiated state, the induction of MSC differentiation
through EB formation, and the induction of osteogenic dif-
ferentiation. We optimized the osteogenic differentiation
process from hiPSCs by the combination of pre-treatment of
hiPSCs with ROCK inhibitor Y-27632 and EBs formation.
Pluripotency of hiPSCs was maintained by using SNL fibro-
blasts as feeder cells (Fig. 3A, B). Because the excess period
of culture induces deviation from the undifferentiated state,
especially in the central region of hiPSC colonies on SNL
feeder cells, hiPSCs were passaged every 4 days, which
allowed the expanding of hiPSCs in an undifferentiated state

(Fig. 3C, D). MSC differentiation was induced through the
formation of EBs in the floating culture. The pre-treatment
of hiPSCs with Y-27632 inhibited cell apoptosis and pro-
moted the agglomeration of dissociated hiPSCs,24 which
lead to the formation of EBs of uniform size and morphol-
ogy (Fig. 4A), which is crucial for efficient differentiation.
Cells migrating from the EBs exhibited fibroblastic-like mor-
phology (Fig. 4C, D), resembling human primary MSCs.25

Moreover, the expression of CD73, a marker specific for
MSCs was observed, indicating the successful induction of
hiPSC-MSCs. Osteoblast differentiation was subsequently
induced by using osteogenic differentiation condition. Dur-
ing osteoblastic differentiation, genes encoding bone extrac-
ellular matrix proteins are activated sequentially at each
phase of differentiation,26 including proliferation, matrix
development, and mineralization phases. Collagen type I
and osteopontin, the markers of the early stage of osteo-
genic differentiation, were shown to be expressed in hiPSC-
MSCs cultured in osteogenic growth medium (Fig. 5A). The
assessment of ALP activity, which is an indicator of the pro-
gression of osteogenic differentiation, also demonstrated the
osteoblastic potential of hiPSC-OBs (Fig. 5B). Because ALP
functions as a positive marker for both stem cells and
osteogenic cells, the osteogenic gene expression properties
of the obtained hiPSC-OBs were compared with those of the
hOBs, in addition to the assessment of ALP expression. The

FIGURE 4. Differentiation of human mesenchymal stem cells (hMSCs) from human induced pluripotent cells (hiPSCs). (A) Embryoid bodies

(EBs) formed in the suspension culture. (B) Cells migrated from EBs cultured using MSC growth medium and (C) reached confluence after 2

weeks. *, EBs. (D) Immunocytochemical images obtained after the staining of EBs with CD73 (green). Blue, nuclei. Scale bars, 100 lm.
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expression levels of osterix and collagen type I were shown
to be similar to the levels of these molecules detected in
hOBs (Fig. 6A), which indicated the successful development
of osteoblasts from hiPSC-MSCs. Taken together, these
results demonstrate that the osteogenic differentiation from
hiPSCs was successfully controlled.

The control of both differentiation and morphological
arrangement are an absolute imperative for appropriate
bone tissue regeneration. Biomaterial design for the regen-
eration of anisotropic bone microstructure should be estab-
lished in the field of bone regenerative medicine. Since the
microarchitecture of bone matrix is determined by the
osteoblast arrangement, the control of this process in a
desired direction and degree from hiPSCs have a great
potential in supporting the next stage of tissue engineering.
Most interestingly, we have demonstrated that the degree of
bone apatite orientation to be controllable by regulating the
level of osteoblast arrangement.17

Collagen has been used in biomedicine due to its favor-
able structural and biological characteristics, which allow
the maintenance of cellular intrinsic functions.27–29 In this
study, we established a powerful strategy through the com-
bination of the oriented collagen substrate and hiPSC culti-
vation (Fig. 1). The obtained collagen substrates showed
strong retardation, which indicated that the fabricated scaf-
folds have a highly anisotropic molecular arrangement
derived from the collagen fiber alignment (Fig. 2B). The

distribution analysis of collagen molecular orientation
revealed that the collagen molecules show uniform orienta-
tion depending on the direction of collagen solution extru-
sion (Fig. 2C).

We successfully controlled the arrangement of iPSC-OBs
along the substrate collagen orientation. Notably, hiPSC-OBs
showed preferential alignment comparable to that of hOBs
with actin stress fibers elongating along the direction of cell
arrangement (Fig. 6B). These results indicate that the
obtained hiPSC-derived osteoblasts demonstrate a potential
to respond to the external anisotropic microenvironment
and generate the cellular assembly similar to that of the
somatic cells. The successful control of iPSC-OBs arrange-
ment is considered to be derived from the interaction
between substrate collagen molecule and cell surface via
integrin receptors.30 Integrins are transmembrane receptors
and their signaling is related with cytoskeletal organization,
gene expression, and diverse cellular functions, in which
they are involved by transmitting extracellular information
into intracellular actin fibers.31 hiPSC-OBs can sense the ani-
sotropic orientation of collagen molecules through integrins,
which leads to the reorganization of their morphologies and
results in the preferential cell arrangement along the direc-
tion of the substrate collagen, but not completely parallel to
the substrate collagen fibers. Moreover, hiPSC-OBs demon-
strated normal adhesion behaviors, as evidenced by the
analysis of adhesion area and cell aspect ratio (Fig. 6C).

FIGURE 5. Osteogenic differentiation from human induced mesenchymal stem cells (hiPSC-MSCs). (A) Immunocytochemical analysis of hiPSC-

MSCs maintained in MSC growth conditions (left, non-osteogenic induction) and under osteogenic growth conditions (right, osteogenic induc-

tion). Green, collagen type I; red, osteopontin; blue, DAPI. Scale bars, 100 lm. (B) ALP staining of hiPS-MSCs cultured for 2 weeks in MSC

growth medium (left, non-osteogenic induction) and under osteogenic growth conditions (right, osteogenic induction).
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FIGURE 6. Construction of human induced pluripotent stem cell-derived anisotropic bone matrix. (A) The analysis of osteogenic marker genes,

SP7 (left) and COL1a1 (right), in human osteoblasts (hOBs) and human induced mesenchymal stem cells (hiPSC-MSCs) following the osteogenic

induction. Expression levels (mean 6 standard deviation, SD) of these genes were normalized to GAPDH levels. Error bars, SD; n.s., no statisti-

cally significant difference observed. (B) Immunocytochemical analyses and the distribution histograms of cell orientation obtained for hOBs

(left) and human induced pluripotent stem cell-derived osteoblasts (hiPSC-OBs; right). Bidirectional arrows in (B) indicate the axis of substrate

collagen orientation. Green, F-actin; red, vinculin; blue, nuclei. Scale bars, 100 lm. (C) The comparison of cell spreading area (left) and cell

aspect ratio (right) between hOBs and hiPSC-OBs. (D) Scanning electron microscope image (magnification, 50003) of hiPS-OBs and secreted col-

lagen fibers on the oriented collagen substrates. Arrows, osteoblasts cultured on the substrate. Arrowheads, secreted collagen matrix. Bidirec-

tional arrow, the orientation of collagen fibers secreted by hiPSC-OBs. Scale bars, 50 lm.
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Recently, due to the ability to promote osteogenic differ-
entiation, polymeric matrix produced by electrospinning
have been used often as scaffold for the iPS culturing. Poly-
caprolactone (PCL) scaffolds32 and polyethersulfone (PES)
of nanofiber-based scaffolds33 were shown to promote the
osteogenic differentiation of iPSCs. D’Angelo et al. demon-
strated that nanofiber-based scaffolds of poly-L-lactic acid
(PLLA) combined with hydroxyapatite successfully induce
osteogenic differentiation of murine iPSCs and ESCs without
exogenous factors for osteogenesis.34 They speculated that a
direct interaction between the seeded stem cells and PLLA/
HAp substrates is a key factor promoting osteogenic differ-
entiation. However, even these advanced bone regenerative
techniques cannot promote the anisotropic regeneration of
bone tissue, which is crucial for the retrieval of the original
bone function.2,3 Additionally, during the early stages of the
natural regeneration process, the collagen matrix secreted
by osteoblasts shows random, disorganized microstructure,
which impairs mechanical function because of the disrupted
mechanosensing by osteocytes owing to the insufficient
recovery of bone mass.35 The present strategy, which used
hiPSCs and artificially oriented collagen substrate, enabled
the successful control of the bone matrix alignment process,
leading to healthy bone recovery with appropriate anisot-
ropy. The present work will allow autografts from patient-
specific induced pluripotent stem (iPS) cells for bone
therapy.

Here, by focusing on the specific interaction between the
integrins and the amino acid sequence of collagen
fibers,36,37 the orientation of iPSC-OBs was artificially regu-
lated. Interestingly, the collagen matrix secreted by hiPSC-
OBs was synchronously aligned with the cellular orientation
(Fig. 6D), suggesting that the anisotropic bone matrix was
successfully constructed by regulating the arrangement of
hiPSC-OBs (Fig. 7). Mineralization proceed along the colla-
gen fiber matrix as a template and the apatite crystallize
along the secreted collagen fibers. Indeed, our previous
research revealed the correlation between cell alignment
and the crystallographic orientation of apatite.17 Further

cultivation could realize the oriented apatite crystal forma-
tion from hiPSC and the findings will be published in subse-
quent reports.

The fabricated collagen substrates showed a relatively
smooth surface with negligible roughness, which indicated
that the molecular orientation of the collagen had significant
effects on the control of the cell ordering fate. On the other
hand, the surface topography also plays important roles in
the determination of the cell orientation and tissue con-
struction. We previously achieved the control of the bone
matrix anisotropy by using surface patterning,38,39 which
indicated that the interface structure between the materials
and cells could also play a key role in the construction of
oriented tissue microstructure.

Although iPSCs are a promising tool for tissue regenera-
tion, the insufficient functionality of iPSC-derived cells remains
an issue.40 In this study, the iPSC-OBs were shown to possess
a prominent level of intact functionality, allowing them to reg-
ulate cell alignment, which leads to the construction of bone-
mimetic anisotropic microstructure. These results indicate that
the osteoblasts differentiated from the reprogrammed cells
using Oct3/4, Sox2, Klf4, and c-Myc, can potentially control
their arrangement in response to the spatial orientation of
amino acid sequence in collagen molecule.

Considering that the majority of biological tissues or
organs have anisotropic microstructure, including blood ves-
sel,41 tendon,42 and skeletal muscle,43 our approach can
represent a powerful strategy for the construction of vari-
ous types of organs, maintaining their original functionality
following the process of regeneration. The anisotropic cul-
ture system with tissue-specific differentiation methodology
established in this study represent a crucial breakthrough
and a new strategy for tissue-specific regeneration.

CONCLUSION

iPS cells have helped overcome the ethical and immuno-
genic problems associated with the ES cells and currently,
several types of tissues or organs can be obtained from the
somatic cells of patients by controlling the differentiation
processes. A strategy essential for the improvement of the
regenerative medicine approaches is the development of the
organ-specific microstructure that allows the expression of
the original function of these tissues. In this study, the ani-
sotropic microstructure of bone matrix that governs the
mechanical function of bone was established by controlling
hiPSCs-derived osteoblasts. The obtained hiPSC-OBs were
shown to be aligned preferentially along the substrate colla-
gen orientation, which was followed by the construction of
anisotropic collagen matrix along cellular orientation. To the
best of our knowledge, this is the first report to achieve the
generation of anisotropic bone collagenous matrix micro-
structure from hiPSCs, providing a novel strategy for the
regeneration of tissues with their appropriate architecture
and functionality.
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FIGURE 7. A schematic illustration showing the establishment of the

anisotropic bone matrix microstructure from the induced pluripotent

stem cells (iPSCs). The bone-mimetic anisotropic bone matrix archi-

tecture was successfully generated by controlling the human induced

pluripotent stem cell-derived osteoblast (hiPSC-OB) arrangement.
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