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ARTICLE INFO ABSTRACT

Keywords: During tissue construction, cells coordinate extracellular matrix (ECM) assembly depending on the cellular ar-
Osteoblast rangement. The traditional understanding of the relationship between the ECM and cells is limited to the or-
Focal adhesion ientation-matched interaction between them. Indeed, it is commonly accepted that the bone matrix (collagen/
?:;‘:n'lnftrix apatite) is formed along osteoblast orientation. Nonetheless, our recent findings are contrary to the above theory;

osteoblasts on nanogrooves organize formation of the bone matrix perpendicular to cell orientation. However,
the precise molecular mechanisms underlying the orthogonal organization of bone matrix are still unknown.
Here, we show that mature fibrillar focal adhesions (FAs) facilitate the perpendicular arrangement between cells
and bone matrix. The osteoblasts aligned along nanogrooves expressed highly mature fibrillar FAs mediated by
integrin clustering. Microarray analysis revealed that Tspanll, a member of the transmembrane tetraspanin
protein family, was upregulated in cells on the nanogrooved surface compared with that in cells on isotropic,
flat, or rough surfaces. Tspanl1 silencing significantly disrupted osteoblast alignment and further construction of
aligned bone matrix orthogonal to cell orientation. Our results demonstrate that the unique bone matrix for-
mation orthogonal to cell alignment is facilitated by FA maturation. To the best of our knowledge, this report is
the first to show that FA assembly mediated by Tspanl1 determines the direction of bone matrix organization.

Cell orientation

1. Introduction

The ability of cells to sense and align in response to the surround-
ings is essential for multicellular matrix formation with appropriate
architecture in both the developmental stage and regeneration pro-
cesses. In particular, the characteristic texture of bone tissue derived
from collagen/apatite [1-3] is determined by the osteoblast directional
behaviors [4,5]. We have clarified that osteoblasts produce bone matrix
along cell alignment; even the crystallographic texture of apatite is
regulated by the degree of cell alignment [6]. On the other hand, our
recent work surprisingly unveiled a quite unique phenomenon char-
acterized by the construction of bone matrix orthogonal to osteoblast
alignment, which was induced by a nanogrooved structure [7]. This
finding challenges the classical belief that the cell-produced matrix
orientation follows the cellular direction in extracellular matrix (ECM)
assembly [8-10]. It is expected that cells contain intrinsic molecular
regulatory systems determining parallel or perpendicular bone matrix
construction in response to the substrates surface.
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Cellular recognition of the substrate surface is mediated by focal
adhesions (FAs), which are assembled multiprotein structures that in-
clude transmembrane receptor integrin, which is composed of na-
noscale head and tail structure [11]. FA formation is controlled by the
integrin clustering procedure mediated by multiple associated proteins
[12]. The function of FAs is regulated by the dynamic maturation
process in which FAs undergo morphological and compositional change
driven by cellular tension; FA maturation proceeds to the formation of
fibrillar FAs, which are responsible for the structural regulation of the
ECM [13].

The aim of the present study is to clarify a molecular mechanism
underlying our previous finding of cellular organization of bone matrix
orthogonal to cell alignment [7]. Here, we focused on the morpholo-
gical change of FAs as well as the cellular alignment in response to
nanoscale geometry. Specifically, the osteoblasts aligned along the
nanogrooves expressed supermature fibrillar FAs. Moreover, compre-
hensive microarray analysis enabled the identification of genetic cues
triggering the uniquely oriented bone matrix formation. The identified

Received 9 October 2018; Received in revised form 10 April 2019; Accepted 11 April 2019

Available online 16 April 2019

0142-9612/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2019.04.016
https://doi.org/10.1016/j.biomaterials.2019.04.016
mailto:nakano@mat.eng.osaka-u.ac.jp
https://doi.org/10.1016/j.biomaterials.2019.04.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2019.04.016&domain=pdf

Y. Nakanishi, et al.

Tspanll significantly contributed to the perpendicular bone matrix
construction by regulating the integrin clustering. The present findings
of molecular regulatory systems for anisotropic bone matrix formation
may lead to the development of novel biomaterials and therapeutic
targets for recovery of healthy bone with appropriate matrix alignment.

2. Materials and methods
2.1. Fabrication and characterization of surface structures

Ti-6 mass% Al-4 mass% V alloy (Ti-6Al-4V; ASTM F136-08) with a
diameter of 13 mm and a height of 5.0 mm was prepared. After ground
by emery paper (#600), the material surface was polished using dia-
mond paste (grain size, 9 and 3um) and colloidal silica suspension
(grain size, 0.06 um). On these samples, a nanogrooved structure was
fabricated using a p-polarized Ti:sapphire femtosecond laser (peak
wavelength of 800 nm, pulse width of 250 fs, cyclic frequency of 2 kHz).
As a control substrate, a non-directional rough structure was generated
using a circularly polarized laser. In order to clarify the effect of surface
roughness, a flat surface was also prepared by polishing with the initial
preparation procedure. The resulting surface topography of each sub-
strate was observed and analyzed quantitatively with a scanning probe
microscope (SPM; Nanocute, Hitachi High-Tech Science, Tokyo, Japan).
The surface roughness Ra (arithmetic average height) was determined
as the average absolute deviation of the roughness irregularities from
the mean line within a 13 um x 13 pm area of separated 5 regions for
each sample.

2.2. Isolation and culture of osteoblasts

Primary osteoblasts were isolated from the calvariae of newborn
C57BL/6 mice (3 days old) by sequential enzymatic treatment with
collagenase/trypsin (collagenase: Wako, Osaka, Japan; trypsin: Nacalai
Tesque, Kyoto, Japan). In a sterile environment, the calvariae were
extracted, and the tissues surrounding the calvariae were removed in a-
modified Eagle's medium (a-MEM; Gibco, Grand Island, NY, USA).
After washing with Hanks' balanced salt solution (HBSS; Gibco), the
calvariae were treated with collagenase/trypsin five times at 37 °C for
15min each. The supernatants of the first two treatments were dis-
carded, and the supernatants of the third, fourth, and fifth treatments
were collected with a-MEM. Following filtration with a 100-um mesh
strainer (BD Biosciences, San Jose, CA, USA) and centrifugation, the
accumulated cells were suspended in a-MEM with 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin and streptomycin (Invitrogen,
Carlsbad, CA, USA). All animal experiments were approved by the
Osaka University Committee for Animal Experimentation.

Isolated osteoblasts were seeded onto each substrate at a density of
8000 cells/cm® The cells were incubated at 37°C in 5% CO, and
medium was changed twice a week. For mineralization induction, after
culturing for 1 week, the medium was supplemented with 50 ug/mL
ascorbic acid (Sigma, St. Louis, MO, USA), 10 mM p-glycerophosphate
(Tokyo Kasei, Tokyo, Japan), and 50nM dexamethasone (MP
Bioscience, Solon, OH, USA) at final concentrations.

2.3. Short-term silencing of Tspanl1

Small interfering RNA (siRNA)-mediated knockdown was per-
formed using electroporation (Neon Transfection System, Invitrogen).
Tspanl1-specific SMARTpool siRNAs (no. M-058535-01; Dharmacon,
Lafayette, CO, USA) were used at a final concentration of 100 nM to
silence Tspanll. A non-targeting siRNA pool was used as the control
(no. D-001206-13; Dharmacon). The cells transfected with Tspanll
siRNA and control siRNA were seeded onto the fabricated substrates at
a density of 8000 cells/cm? and cultured for 24 h.
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2.4. Long-term silencing of Tspanll

For long-term gene silencing in cultured osteoblasts (4 weeks),
Accell siRNA (no. E-058535-00; Dharmacon) was applied to induce
Tspanll knockdown according to the manufacturer's protocol. The
Accell non-targeting pool was applied as the control (no. D-001910-10;
Dharmacon). Following the initial culture in normal growth medium
(a-MEM with 10% FBS and 1% penicillin and streptomycin) for 24 h,
cells were treated with Accell siRNA resuspended in the Accell delivery
media (Dharmacon). After 72-h culture, the delivery medium was re-
placed with normal growth medium. The above procedure was repeated
for 4 weeks of cultivation.

2.5. Immunofluorescence staining

After 24-h culture, cells on the substrates were fixed with 4% for-
maldehyde in phosphate-buffered saline (PBS) for 20 min. After
washing with PBST (PBS containing 0.05% Triton X-100), cells were
blocked with PBST containing 1% normal goat serum (NGS; Invitrogen)
for 30 min. For immunostaining of vinculins, the cells were incubated
with mouse monoclonal antibodies against vinculin (Sigma-Aldrich) at
4 °C overnight. After rinsing with PBS, the cells were treated with sec-
ondary antibodies (Alexa Fluor 546-conjugated anti-mouse IgG,
Invitrogen) and DAPI (Invitrogen) and incubated at room temperature
for 2h. For visualization of F-actin, the cells were treated with Alexa
Fluor 488-conjugated phalloidin (Invitrogen). At last, the cells were
washed with PBST and mounted in Prolong Gold antifade reagent
(Invitrogen). The samples were observed under a fluorescence micro-
scope (BZ-X710, Keyence, Osaka, Japan).

To visualize collagen fibers, the cells and collagen matrices were
fixed after 2 weeks of culture. Rabbit polyclonal antibodies against
collagen type I (Abcam, Cambridge, MA, USA) were applied as de-
scribed earlier in this section.

2.6. Morphological analysis of cells and FAs

Morphological features of cells were quantitatively analyzed based
on phalloidin staining images. Photographs of fluorescent stain cap-
tured by fluorescence microscopy were binarized using Adobe
Photoshop CS3 software and analyzed using Cell Profiler software
(Broad Institute, Cambridge, MA, USA). The degree of cell orientation,
fap, was determined by the following equations [14]:

fop = 2(<cos? 8> — 0.5)

(ZT cosze)/n

Inclusion criteria for cell analysis were as follows: cells with no
cell—cell contact and cells of 500-um? size or larger.

For morphological analysis of FAs, vinculin staining images were
processed and analyzed as described earlier in this section using Adobe
Photoshop CS3 software and Cell Profiler software. In this analysis, FAs
were detected as bright clusters of vinculin. The aspect ratio of FAs was
determined by the ratio of the major axis to the minor axis. In addition,
the degree of cell alignment in Fig. 5C was calculated by the difference
in the appearance frequency between 0° ( = 10°) and 90° ( = 10°).

<cos?0 >

2.7. Raman microscopic analysis

After 4 weeks of culture on the substrates, the orientation of col-
lagen matrices secreted by the osteoblasts was analyzed using Raman
microscopy (NRS-5100, JASCO, Tokyo, Japan). Collagen shows ex-
ceptional optical characteristics derived from its fibril alignment, which
enable to extract the aligned properties of collagen matrices by rotating
the polarization direction of incident laser [15]. The orientation of
collagen matrices can be identified by focusing on the intensity of
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amide I (~1664cm~") and C—H bending (~1451 cm ™) Raman
bands. The intensity of amide I (C=0 bonds) depends on the orienta-
tion of collagen molecules, since C=O bonds are oriented perpendi-
cular to the backbone of collagen molecules. On the other hand, C—H
bonds have no preferential orientation to the backbone of collagen
molecules. Accordingly, the orientation of collagen matrices can be
identified by the intensity ratio of amide I to C—H bending (v(C=0)/
8(C—H)). To determine the orientation of collagen matrices secreted on
the substrates, the intensity ratio was measured at every 10° by rotating
the samples 360° with respect to the polarization of the incident laser
beam. The point where the laser polarization direction was consistent
with the nanogrooved direction was set as the starting point (0°). In
addition, the degree of collagen orientation in Fig. 5C was calculated by
the difference in the intensity ratio between 0° ( = 10°) and 90°
(=10%).

2.8. Microarray analysis

Comprehensive gene expression profiles of osteoblasts were ana-
lyzed after 4 weeks of culture on each substrate. Total RNA of the cells
was extracted using NucleoSpin RNA XS (Macherey-Nagel GmbH & Co,
Diiren, Germany). To test for quality, the RNA purity and integrity were
evaluated by the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). The fragmentation and labeling of cDNA were per-
formed according to the Affymetrix GeneChip Expression Analysis
Manual. The obtained samples were then hybridized to the Affymetrix
GeneChip Mouse Gene 2.0 ST Array (Santa Clara, CA, USA). The arrays
were scanned and processed according to the manufacturer's specifi-
cations.

2.9. Statistical analysis

Values are reported as the mean # standard deviation (SD).
Statistical significance between two groups was tested using the
Student's t-test or Welch's t-test. For comparison between three groups,
one-way analysis of variance (ANOVA) was conducted followed by
Tukey's multiple comparison tests. Significance was established when
p < 0.05and p < 0.01.

3. Results
3.1. Characterization of surface structure

SPM images revealed that the two different types of surface topo-
graphy (rough and nanogrooved) were successfully induced on the Ti-
6Al-4V alloy surface by irradiation of femtosecond laser. On the other
hand, the smooth, flat surface was obtained by mirror surface grinding
(Fig. 1). Quantitative analysis with SPM showed that the nanogrooved
structure had a pitch of 579 * 21 nm and a depth of 168 + 6nm,
whereas the flat surface had lower surface roughness than the nano-
grooved and rough surfaces.
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3.2. Effects of surface topography on cell adhesion

Osteoblasts showed specific responses depending on the substrate
topography. Immunofluorescence staining images revealed that osteo-
blasts cultured on the nanogrooved surface were highly elongated and
aligned along the nanogroove. In contrast, osteoblasts cultured on the
rough and flat surfaces spread randomly. The distribution of cell or-
ientation on each substrate was shown in histograms (Fig. 2A). Quan-
titative analysis revealed that the degree of cell alignment was speci-
fically higher in cells cultured on the nanogrooved surface, whereas the
cells cultured on the rough and flat surfaces exhibited non-directional
alignment (Fig. 2B). On the other hand, the cell area of osteoblasts
cultured on the flat surface was much higher than that of osteoblasts
cultured on the nanogrooved and rough surfaces.

3.3. FA formation in response to surface topography

Fluorescence staining images showed that FAs on the nanogrooved
surface were mainly oriented in the nanogroove direction, whereas FAs
on the rough and flat surfaces were oriented randomly (Fig. 2C).
Quantitative analysis revealed that the ratio of aligned FAs was much
higher on the nanogrooved surface than on the rough and flat surfaces.
It was also observed that FAs oriented in the groove direction were
highly elongated, and the aspect ratio of aligned FAs was higher on the
nanogrooved surface as indicated by quantitative analysis. On the other
hand, cells cultured on the flat surface had higher numbers of FAs.

3.4. Bone matrix organization

The collagen matrix deposited by the cells aligned along the nano-
grooved surface showed preferred alignment orthogonal to cell direc-
tion (Fig. 3A). In contrast, collagen matrix that was secreted on the
rough and flat surfaces showed random orientation. The preferred or-
ientation of collagen matrices was quantitatively evaluated using
Raman microscopic analysis. In the case of the nanogrooved surface,
the intensity ratio of v(C=0)/8(C—H) was high when the direction of
laser polarization was consistent with that of the nanogrooved structure
(at rotation angles of 0° and 180°). This indicates that C=0 bonds were
aligned along the nanogrooves, and collagen matrices were aligned
orthogonal to the nanogroove direction. On the contrary, the intensity
ratio showed almost the same value at all directions in the case of the
rough and flat surfaces, indicating that the collagen matrices showed
non-directional orientation (Fig. 3B).

3.5. Gene expression profiles depending on the surface topography

Gene expression levels of osteoblasts cultured on flat, rough, or
nanogrooved surfaces were compared. The numbers of increased and
decreased transcripts depending on the surface topography were re-
presented in a Venn diagram (Fig. 4). The up- and downregulation of
multiple genes were driven by surface topography. Common genes
significantly altered in osteoblasts cultured on the nanogrooved or flat

Fig. 1. SPM images of the fabricated surface
topography. (Left) A flat surface was pre-
pared by mirror polishing, and (middle) a
rough surface was fabricated using irradia-
tion of a circularly polarized laser. (Right) A
nanogrooved structure with a pitch of ap-
proximately 580 nm and depth of 170 nm
was fabricated by irradiation of a p-polar-
ized femtosecond laser. The value of corre-
sponding surface roughness (Ra) is indicated
below the images.

Pitch;
579=%21 (nm)

168+6 (nm)
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Fig. 2. A. Immunofluorescence images and the distribution of osteoblast orientation on each substrate. Scale bars, 100 um. Doubled-headed yellow arrow indicates
the direction of nanogrooves. The insets show magnified images of FAs on each substrate. Scale bars, 20 um. B. Quantitative analysis of cell morphological para-
meters; degree of cell alignment (f,p), cell aspect ratio, and cell area. C. Quantitative analysis of FA morphological parameters; frequency of aligned (concentrated
between —10° and 10° against groove direction) FAs, formation of fibrillar FAs (> 5 pm), FA aspect ratio, and FA number per single cell.”; P < 0.05, **; P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

surfaces were identified. Among them, annotated genes encoding cell
adhesion-related molecules were identified; Tspan11 and Gpm6b were

particularly enriched in osteoblasts aligned on the nanogrooved and flat
surfaces, respectively.

3.6. Effect of Tspanll silencing on bone matrix orientation

Tspanl1-silenced osteoblasts failed to align along the nanogrooved
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surface at the intact level; the degree of cell alignment was significantly
lower compared with that of control osteoblasts (Fig. 5A), indicating
that Tspanll plays key roles in controlling cell alignment induced by
nanoscale surface topography. The effects of Tspanll silencing on an-
isotropic bone matrix organization were further investigated by long-
term gene silencing using Accell siRNA transfection. The quantitative
analysis with Raman microscopy revealed that the collagen matrix
alignment orthogonal to osteoblast arrangement was significantly
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Fig. 3. A. Immunofluorescence images of
cell-produced collagen matrix. Scale bars,
100 pm. Doubled-headed yellow arrow in-
dicates the direction of nanogrooves. B.
Quantitative analysis of collagen matrix
orientation using Raman microscopy, cal-
culated by the intensity ratio of v(C=0)/
8(C—H). The analysis was performed by
rotating the samples 360° against the laser
polarization ~ direction. Doubled-headed
black arrow indicates the direction of na-
nogrooves. (For interpretation of the refer-
ences to colour in this figure legend, the
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Collagen | < ———p

A <
o

|
i~

J

P= Int.[C=0]/Int.[C-H]

0 ) rea.der is referred to the Web version of this
“"" “"" “"" article.)
S w2 SR,
N — AN —— TN
/l /TN \\ /imnv‘\\
TN > <//[TI\\
Nanogrooves

180°

180°

direction

disrupted by Tspanll silencing (Fig. 5B). The degree of disruption in
cell alignment along nanogrooves and collagen matrix orientation
perpendicular to nanogrooves induced by Tspanl1 silencing was com-
pared. The obtained results indicated that Tspanl1 regulates osteoblast
alignment and further orientation of bone matrix formation in a di-
rection perpendicular to the cells (Fig. 5C).

4. Discussion

In this study, we firstly demonstrated that the abnormal arrange-
ment of bone matrix orthogonal to osteoblast alignment was regulated
via a cell adhesion-mediated pathway. The present study revealed that
bone matrix organization orthogonal to osteoblast alignment is char-
acterized by highly elongated mature FA formation mediated by the
function of Tspanll along the nanogroove direction.

4.1. Surface structure introduced by laser irradiation

Flat, rough, and nanogrooved structures were successfully in-
troduced on Ti-6Al-4V alloy surface. The rough and nanogrooved
structures showed comparable surface roughness, whereas the flat
surface obtained by mirror finish demonstrated extremely low values of
surface roughness (Fig. 1). The comparison between flat and rough

Rough
Vs

Nanogrooved

surfaces indicated that the surface roughness affected cell behaviors,
and the comparison between rough and nanogrooved surfaces enabled
analysis of the effects of grating structure on cell behavior. The ob-
tained nanogrooved structure had a pitch smaller than the wavelength
of the incident laser, consistent with a previous report [16].

4.2. Osteoblast response to surface topography

Osteoblast adhesion behaviors were clearly affected by the surface
patterning. Osteoblasts were highly elongated and aligned along the
nanogrooves (Fig. 2). Cellular sensing and responses to nanoscale pat-
terning are determined by cell adhesion processes mediated by filo-
podia [17] and lamellipodia [18]. The molecular architecture of these
cytoskeletal structures is mediated by FA growth, which plays an im-
portant role as a mechanical link between surface structures and the
cytoskeleton [19]. Mature, elongated FA structure along the nano-
grooved surface was observed in this study and correlated with the
direction of cell elongation. The forces applied to FAs affect the cy-
toskeletal organization, which in turn affects the whole-cell alignment
along nanogrooves. Indeed, Natale et al. have clarified the nanocon-
finement of FAs, i.e., FAs aligned along the nanogrooves induce cell
alignment along the nanogrooves [20].

Osteoblasts cultured on the flat surface showed an enlarged cell area

Upregulated Downregulated

: . 14
orientation ===t =

roughness

Upregulated Downregulated

Gm22519 9930111J21Rik2 %21: Olr1 Gm22562
Gm11115 Gm22642 Nanog_rooved 2210409E12Rik
Scarnal0 Sdpr Olfr1313
A830039N20Rik Hbegf Trav6-3
Tspanil Fam124a Gpmé6b
Gm22788 Hist1h2aa
Ifitm1 Mir383

Fig. 4. Venn diagram of microarray gene expression analysis. The comparison of differentially expressed genes between each substrate (> 1.5-fold).
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Fig. 5. A. Immunofluorescence images and the dis-
tribution of cell orientation of control osteoblasts and
Tspanll-silenced osteoblasts on the nanogrooved sur-
face. Scale bars, 100 pm. Doubled-headed yellow ar-
rows indicate the direction of nanogrooves. B.
Quantitative analysis of collagen matrix orientation
using Raman microscopy, calculated by the intensity
ratio of v(C=0)/8(C—H). The degree of collagen ma-
trix alignment was calculated by P [0°]-P [90°]. C.
Comparison of the degree of disruption in alignment
between cells (parallel to nanogrooves) and collagen

20 20 matrix (perpendicular to nanogrooves). D. Quantitative
analysis of FA morphology of control and TspanlI-si-
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compared with those cultured on rough or nanogrooved surfaces
(Fig. 2). These widespread osteoblasts on the flat surface expressed a
significantly increased number of FAs per single cell. Laser-induced
surface modification altered the titanium surface hydrophilicity and
protein adsorption behaviors on the surface. The flat mirror surface
provided abundant cell adhesion sites and resulted in the stabilization
of cell adhesion [21]. Moreover, gene expression analysis revealed six
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candidate genes (Gm22562, Olrl, 2210409E12Rik, Olfr1313, Trav6-3,
and Gpm6b) that control cellular response to surface roughness (Fig. 4).
For example, Gpm6b (glycoprotein m6b) was significantly upregulated
in the cells cultured on the flat surface. GPM6B is a transmembrane
protein that belongs to the proteolipid protein family. A previous study
reported that Gpm6b regulates several osteoblast functions and, in
particular, is involved in cytoskeletal organization [22]. The obtained
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results indicated that Gpm6b-mediated signaling is one of the regulatory
pathways in osteoblast adhesion depending on the surface roughness.

4.3. Bone matrix organization orthogonal to cell alignment

Collagen matrices secreted by osteoblasts aligned on the nano-
grooves were organized orthogonal to cell alignment (Fig. 3), which
was consistent with our previous work [7]. This finding is contrary to
the general theory of parallel ECM formation, which has been sup-
ported by related studies [6,8-10]. Such parallel matrix organization
has been considered to be derived from cellular contraction force [23]
and collagen secretion processes involving fiber assembly in the ex-
tracellular space [24]. These proposed mechanisms involve cell-matrix
adhesion molecule-mediated processes. Our present data suggested
unique FA supermaturation specifically on the nanogrooved surface
(Fig. 2), indicating that the bone matrix formation orthogonal to os-
teoblast alignment is possibly mediated by FA function. FAs exert
multiple functions depending on their maturation; FAs can transform
into fibrillar FAs that can modify the structure and rigidity of the ECM,
contributing to tissue remodeling and repair [25]. Furthermore, con-
traction force is exerted in parallel to the direction of FA elongation,
whereas round-shaped FAs can disperse the stress in an isotropic di-
rection [26]. Anisotropic elongated FAs consist of assembled integrin
molecules which possess a straight state, in which the molecules are less
stable [27,28]. Taken together, the elongated FAs confined by the na-
nogrooved structure were more unstable than circularly spreading FAs.
The bone matrix organized orthogonal to cell alignment likely provides
sufficient space for isotropic FA formation to promote mechanical sta-
bility.

4.4. Role of Tspanl1 in cell alignment and bone matrix organization

Microarray analysis revealed seven common genes (Gm22519,
Gm11115, Scarnal0, A830039N20Rik, Tspanll, Gm22788, and Ifitm1)
significantly upregulated and seven genes (9930111J21Rik2, Gm22642,
Sdpr, Hbegf, Fam124a, Hist1h2aa, and Mir383) downregulated in os-
teoblasts aligned on the nanogrooved surface compared with the other
two types of surface structures (Fig. 4). Among these genes, we focused
on the function of Tspanll because the tetraspanin family genes con-
tribute to the regulation of cell adhesion signaling [29]. The degree of
cell alignment was significantly decreased in TspanlI-silenced osteo-
blasts compared with osteoblasts transfected with the control siRNA

nanogrooved
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Fig. 6. Schematic illustration of the osteo-
blast response to surface topography. The
osteoblasts enlarged with an abundance of
FAs in response to a flat surface, and the
osteoblasts on the rough surface occupied a
smaller area; in both cases, the bone matrix
showed non-directional structure. On the
other hand, the osteoblasts elongated along
nanogrooves with fibrillar FA maturation
mediated by Tspanll, which was accom-
panied with bone matrix formation oriented
orthogonal to cell alignment. FA, focal ad-
hesion.

Disrupted perpendicular relationship
between osteoblasts and bone matrix
in response to nanogrooves

(Fig. 5A). The tetraspanin family mediates cell adhesion processes via
formation of tetraspanin-enriched microdomains (TEMs), which serve
as structural and functional units in the plasma membrane [30]. The
role of tetraspanins has been reported in regulation of adhesion, mi-
gration and metastasis procedure in other types of cells [31]. It is in-
teresting that Tspanll silencing decreased the level of bone matrix
organization perpendicular to cells, into more randomized directions
(Fig. 5B). Tspanll silencing disrupted the perpendicular relationship
between osteoblast alignment and cell-produced collagen matrix, as
evidenced by the quantitative comparison of disruption efficiency of
Tspanl1 silencing on the preferred orientation of cells and bone matrix
organization (Fig. 5C). Moreover, Tspanll silencing significantly dis-
rupted FA maturation along the nanogrooves as well as cell alignment
(Fig. 5D). These results indicated that Tspanll-silenced osteoblasts
failed to organize highly aligned morphology along nanogrooves with
impaired FA maturation, and the alignment of collagen matrix per-
pendicular to cell alignment was further disrupted. The obtained results
revealed the molecular association between FA structure and bone
matrix orientation regulated by Tspanll (Fig. 6). The regulatory me-
chanism in the orthogonal organization of bone matrix proposed here is
a specifically activated pathway in the limited environment with nan-
ometer-scale patterning; the molecular mechanism determining the
matrix orientation depending on the spacing size can exist. The present
finding revealed the specific surface patterning obtained by a laser-in-
duced self-organization process realized the orthogonal arrangement of
bone matrix facilitated by FA assembly. A comprehensive research in-
volving a wide range of surface topography with patterning from
nanometer-to micrometer-scales is now in progress to clarify the spa-
cing patterns critical for determining FA-mediated bone matrix orga-
nization.

5. Conclusion

It is commonly accepted that ECM orientation follows the cellular
alignment; however, we demonstrated the abnormal arrangement of
bone matrix orthogonal to osteoblast arrangement using a nanoscale
grooved biomaterial surface. Notably, the discovery was associated
with fibrillar FA formation along the nanogrooves. The comprehensive
gene expression analysis revealed that the integrin clustering mediated
by Tspanll determines the alignment of bone matrix architecture or-
thogonal to cell alignment. Our findings offer new strategies to realize
the ideal microstructure of bone tissue as well as provide molecular
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mechanisms for texture formation in biological systems.
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