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Synopsis

In the present study, we developed patterned apatites with grooves, pillars, and holes by
micro-molding. The effects of the patterns on adhesion of the human osteoblastic cell line Saos-2
were investigated. The patterned apatites were fabricated with apatite cement paste using the
micro-molding method. The number of attached cells and ratio of cell spreading were estimated by
a cell adhesion assay using Saos-2. The resulting patterns of grooves, holes, and pillars at the
micro-/submicro-level were easily transferred using the corresponding mold. Saos-2 cells were
well orientated on the grooves and filopodia were radially elongated on pillars. The number of
attached cells on the patterned apatite was higher than that on the planar apatite. Interestingly, the
tendency of increasing of ratios of spreading cells was similar to that of decreasing of water contact
angle on apatite pillars. These results show that the adhesion of Saos-2 cells was affected by the
type and size of the apatite patterns.
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Introduction

Calcium phosphate materials have been widely
used in several medical scaffolds and coatings of
dental implants for bone tissue repair and aug-
mentation because of their excellent osteocon-
ductivity and osteoinductivity. Nowadays, cal-
cium phosphate materials have been designed in
various forms including nanoparticles, nanofi-
bers, cements, and coatings in tissue engineering
[1-3].
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Many micro-/nano-structures composed of
calcium phosphate, such as bone and teeth in the
body, play an important role in bone and teeth
architecture [4, 5]. The organization of collagen
and hydroxyapatite (HAp) is suggested in bone
architecture, where nanohydroxyapatites are
oriented to organic collagen fibers and are hier-
archically organized with collagen bundles [6, 7].
Dental enamel is a highly organized array of
apatite nanocrystals. It is composed of parallel
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thick rods with approximate lengths of 5 pm,
which are called prisms, and the rods consist of
well-arranged apatite nanocrystals [8, 9]. Further,
it is possible to see many other examples of mi-
cro-/nano-structures in the body.

Surface topography is an important prop-
erty of biomaterial surface [10-14]. Numerous
recent studies have shown that cell adhesion,
spreading, and morphology were significantly
affected by surface topographical patterns. To
estimate the effect of topography on
bone-related cells, topographic substrates at the
micro- and nano-scale of various calcium phos-
phates have been utilized as scaffolds for cell
culture [15-18].

Several types of well-defined mi-
cro-/submicro-patterned calcium  phosphates
have been fabricated by the following methods:
biomineralization [19, 20], sputtering [21, 22],
electrophoretic deposition [23], nanoparticle hy-
brid [24], micro-machining [25], and mi-
cro-molding [26, 27]. However, it is difficult to
fabricate the patterned calcium phosphates at the
nano- or submicro-level because of their hard
and brittle characteristics. Alternative methods
to fabricate smaller patterns with calcium phos-
phate will be required.

Micro-/nano-molding involving nanoim-
printing [28, 29] is one of the candidates for the
fabrication of scaffolds with mi-
cro-/nano-structures for cell culture. Molding
methods can produce three-dimensional patterns
easily via light curing, thermal pressing [30], or
room temperature curing [31] and is suited for
repeatedly fabrication. Although molding for
patterning calcium phosphate has been devel-
oped at the micro-level, molding to pattern cal-
cium phosphate has not been reported at the
submicro- or nano-level. Therefore, the effects
of patterned calcium phosphates at the submi-
cro- or nano-level on cell behavior have not been
investigated.

In the present study, we developed apatite
scaffolds with micro-/submicro-scale patterns of
grooves, pillars, and holes by micro-molding
with apatite cement paste. The effects of the size
and type of the apatite patterns on adhesion of
the human osteoblastic cell line Saos-2 were in-
vestigated.
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Materials and Methods

1. Preparation of the patterned apatite by mi-
cro-molding

The silicon master molds were purchased from
Kyodo International Inc. (Kawasaki, Japan). The
five areas of 5 x 5 mm” used in this study were
patterned with grooves (widths of both ridges
and grooves were 2 pum), holes (both pitch and
diameter were 2 um), and pillars (both pitch and
diameter were 2 um, 1 pm, or 500 nm) at a
height or depth of 2 um. Replicas of the master
molds were prepared by curing of the
photo-curable resin PAK-01 (Toyo Gosei Co.,
Ltd., Tokyo, Japan) pressed on polyethylene
terephthalate films with the silicon master mold
using a UV nanoimprinter (EUN-4200, Engi-
neering System Co., Ltd.,

Nagano, Japan) at a pressure of 0.4 MPa. Next,
polydimethylsiloxane =~ (PDMS)  prepolymer
(KE-106 and CAT-RG, 10:1 mix; Shin-Etsu
Chemical, Tokyo, Japan) [32] was cast against
the above-mentioned replica mold and degassed
under vacuum. The PDMS was then heat-cured
at 60°C for 12 h, and then at 150°C for 30 min.
Upon peeling off the cured polymer, the patterns
from the replica mold were transferred to
PDMS.

The preparation of patterned apatite scaf-
folds followed part of the method of 3D powder
printing with calcium phosphate cement reported
by Gbureck [33] and the method of ceramic mi-
cro-patterning reported by Holthaus [27]. One
gram of a-tricalcium phosphate powder (a-TCP,
approximately 5 um in diameter; Taihei Chemi-
cal Industrial Co., Ltd., Osaka, Japan) was
mixed with 0.65 mL of 0.6 M phosphoric acid
solution at a 1.54 powder-to-liquid ratio (wt/wt)
for 4 min. Subsequently, apatite cement paste
was packed into an acryl frame of 25 x 25 x 1
mm’ on the patterned PDMS mold and retained
to cure and dry for three days at 26°C. The re-
sulting patterned apatite was carefully peeled off
from the PDMS mold. Prior to cell culture, both
sides of the apatite scaffolds were sterilized un-
der UV irradiation for 20 min.

2. Characterization of the patterned apatite
surface

The chemical structure of the patterned apatite was
analyzed by Fourier transform infrared (FT-IR)
spectroscopy. The resulting apatite was milled with
KBr powder and pressed into transparent pellets.
The IR absorption spectra were obtained in the
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transmission mode on a JASCO FT/IR-300E Fou-
rier transform infrared spectrometer (JASCO Corp.,
Tokyo, Japan). o-TCP (described above) and
commercial hydroxyapatite nanoparticles (HAp,
SofSera Corp., Tokyo, Japan) were used as a con-
trol.

The surface morphology of the patterned apa-
tite was observed under a scanning electron mi-
croscope (SEM; S-4000; Hitachi High-Tech Field-
ing Corp., Tokyo, Japan). Prior to imaging with
SEM, the fully dried apatite was coated with Pt-Pd
by a sputtering apparatus (E-1030; Hitachi
High-Tech Fielding Corp., Tokyo, Japan) and im-
mediately observed to avoid moisture absorption.

3. Wettability of the patterned apatite surface
To estimate the surface wettability [34] of the
patterned apatite, 0.7-uL of ultrapure water
(Kanto Chemical Co., Inc., Tokyo, Japan) were
placed on the surface of the patterned apatite at
26°C and 20% humidity. Contact angles were
measured at least six times on the same sample
by the contact angle meter (DMs-200; Kyowa
Interface Science Co., Ltd., Saitama, Japan).
Images of water spreading were recorded with a
CCD camera after 5 s and automated contact
angles were measured using FAMAS software
(Kyowa Interface Science Co., Ltd., Saitama,
Japan).

4. Cell adhesion assay
To estimate cell adhesion on the patterned apa-
tite scaffolds using osteoblast-like Saos-2 cells,
we carried out a cell adhesion assay as previ-
ously reported [35]. Briefly, the patterns were
immersed in PBS for 1 h and washed with PBS
to remove the unreacted phosphoric acid. Then,
they were pre-coated in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich, MO,
USA) containing 10% fetal bovine serum
(CELLect™ GOLD; MP Biomedicals, CA,
USA) and 1%  penicillin-streptomycin-
amphotericin B suspension (Wako Pure Chemi-
cal Industries, Ltd., Osaka, Japan) at 37°C in a
humidified 5% CO,/95% air atmosphere for 1 h.
After the patterned apatite scaffolds were placed
in freshly medium, Saos-2 cells were seeded at a
density of 66,000 cells/cm® and incubated for 1
h.

To assess the cell adhesion on the patterns,
the attached cells were counted from SEM im-
ages. The patterns were rinsed with PBS to re-
move the non-adhering cells, fixed with a solu-
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tion of 2.5% glutaraldehyde, and then
dehydrated following critical-point drying. The
number of attached cells was counted from 15
different random fields of 396 x 315 pm*/field
of each pattern on the scaffolds from the SEM
images. Results are presented as mean + stan-
dard deviation (SD) of six experiments. To as-
sess the spreading of the attached cells on the
scaffolds, 230 to 400 attached cells on each pat-
tern were divided into two shapes from the SEM
images: (a) round, cells were spherical in ap-
pearance; (b) spread, cells extended their plasma
membrane.

5. Statistical analysis

Statistical analysis was performed using Graph-
Pad Prism version 6.05 (GraphPad software, CA,
USA). All data are presented as the mean + SD.
Statistical differences were assessed by one-way
ANOVA and Tukey multiple comparison
post-hoc test. A value of p < 0.05 was considered
statistically significant.

Results

1. Preparation and characterization of the pat-
terned apatite

The patterned apatites at the micro- and submi-
cro-level were prepared by micro-molding with
apatite cement paste as illustrated in Figure 1.
SEM images of the surfaces of the resulting pat-
terns are shown in Figure 2. Patterned grooves
and holes of approximately 2 pm in width and
pillars of approximately 0.5 pm to 2 pm in di-
ameter were roughly transferred from the shape
in the corresponding mold. In detail, the surface
of each pattern was slightly rough and not the
smooth at the nano-level because it was formed
by small apatite crystals. The actual diameters of
feature were measured from the SEM images.
The diameter of the concave grooves and holes
was about 2.2 pum, indicating an enlargement of
1.1 times from the mold, which has a diameter
of 2 pum. The diameter of the convex ridges and
pillars was approximately 1.8 um, indicating a
shrinkage of 0.9 times from the mold, which had
a diameter of 2 um diameter. These results indi-
cate that the volume of apatite cement paste
shrunk slight while solidifying. Additionally,
some defects were observed in pillars, especially
in smaller apatite pillars with a diameter of 0.5
um (Figure 2f). Defects in the underfilling apa-
tite were also occasionally observed (Figures 5 d
and Se).
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Fig. 1 An illustration of the procedure for the preparation of the micro-/submicro-patterned apatite.

Fig. 2 SEM images of the surface of patterned apatite at an angle of 45 degrees. Insets show top-view images of the surface
of the pattern. (a) Planar, (b) 2-um grooves, (c) 2-pm holes, (d) 2-um pillars, (¢) 1-um pillars, and (f) 0.5-um pillars.
Scale bar: 2 pm.

115



Akasaka et al., Adhesion of Osteoblast-like Cells (Saos-2) Cells on Patterned Apatite, Nano Biomed 8(2), 112-122, 2016

Figure 3 shows the FT-IR spectra of the pat-
terned apatite. Both a-TCP and HAp were used
as a controls (Figures 3b and 3c¢). The spectrum
of the patterned apatite exhibited that OH band
or associated water molecule as a weak broad
peak at approximately 3400 cm™. Adsorption
bands at 566 and 602 cm™ and between 900 and
1100 cm™ represent the PO4> groups. The peaks
of the patterned apatite (Figure 3a) were com-
paratively broad compared to those of highly
crystalline HAp (Figure 3c). Some peaks of pat-
terned apatite were similar to those of HAp [36]
and o-TCP [37, 38], but the spectra could

indicate a mixture of several calcium phosphates,
including amorphous calcium phosphate [39, 40],
dicalcium phosphate [33, 41, 42], and unreacted
TCP. The FT-IR spectra of patterned apatite in-
dicated that a-TCP partially reacted with phos-
phoric acid and formed a matrix of CaP while
solidifying.

2. Contact angle on the patterned apatite sur-
face

Figure 4 shows the water contact angles on the
surface of the patterned apatite. The contact an-
gles of the patterned apatites were in the range

(a) Patterned apatite

(b) a-TCP {control)

Transmittance

{c) HAp {control)

566

1050

4000 3600 3200 2800
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Fig. 3 FT-IR spectra of the patterned apatite. (a) Patterned apatite, (b) a-TCP (control),

and (c) HAp (control).
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Fig. 4 Water contact angles on the patterned apatite. Arrows indicate the direction of
observation relative to the direction of grooves.
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of 7°-44°, while that of planar apatite was 41.8
+ 1.2°. Thus, the surface of all patterned apatites
exhibited hydrophilicity. Patterning of apatite
caused a decrease in the contact angle on the
apatite surface. Only the contact angle of pat-
terned holes was similar to that of planar apatite.
The contact angles of grooves viewed from the
horizontal and vertical direction relative to the
grooves were 32.2 £ 3.1° and 12 + 1.9°, respec-
tively. Interestingly, smaller diameters of the
patterned pillars within the range of the diame-
ters in this study resulted in smaller contact an-
gles.

3. Cell adhesion on the patterned apatite

The patterned apatite demonstrated better cell
adhesion and spreading than did the planar apa-
tite (Figures 5 and 6). The typical morphology of
the cells attached on the patterned apatite is
shown in Figure 5. The shape of the cells on the
planar apatite and holes were round (Figures 5a
and 5c), while the shape of the cells on the

grooves was elongated along the direction of the
grooves (Figure 5b). The cells on the pillars ex-
hibited randomly elongated filopodia and lamel-
lipodia from the spreading cells (Figures 5d—5f).
The filopodia of the cells seemed to hold onto
the top of the pillars. Furthermore, the cells on
the smaller pillars ranging from 2 pm to 0.5 pm
in diameter were better spread.

The ratio of the spread cells in the attached
cells is shown in Figure 6a. The ratio of spread
cells (35.8 + 3.9%) was lower than that of round
cells (64.2 = 3.9%) on planar apatite. On the
other hand, the ratio of spread cells
(60.3-80.1%) was higher than that of round cells
(20.0-39.9%) on the patterned apatite. The ratio
of spreading cells on the patterned apatite was
significantly higher than that on the planar sur-
faces (p < 0.05). However, there are no signifi-
cantly differences (p > 0.05) among the patterns.
Interestingly, among the pillars, the cells on the
pillars with smaller diameters showed higher
ratios of spreading cells, but the difference was

Fig. 5 SEM images of attached Saos-2 cells on the micro-/submicro-patterned apatite after 1 h of incubation.
(a) Planar, (b) 2-um grooves, (c¢) 2-um holes, (d) 2-um pillars, (e) 1-um pillars, and (f) 0.5-pm pillars.
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Fig. 6 Cell adhesion assay of Saos-2 cells on the patterned apatite. (a) Ratio of the spread and round cells in the
attached cells. (b) Number of attached cells. Statistical difference in comparison with the planar group as a control
was analyzed by one-way ANOVA followed by Tukey multi-comparison test (* indicates p < 0.05).

not significant (p > 0.05).

Figure 6b shows the numbers of attached
cells on the patterns. The number of attached
cells on the patterns, aside from pillars with a
diameter of 0.5 pm, was approximately 1.5-1.7
times higher (p < 0.05) than that on planar apa-
tite. There were no significantly differences (p >
0.05) among the patterns.

Discussion

1. Preparation of patterned apatites by mi-
cro-molding

The patterned apatites were fabricated by mi-
cro-molding with apatite cement paste to im-
prove CaP patterning and estimate cell adhesion
ability. Patterns of grooves, holes, and pillars
were formed according to the corresponding
mold of each size and shape (Figure 2). After a
portion of a-TCP powder was dissolved in
H;PO, solution, patterned apatite was formed by
crystallization or solidification of apatite cement
paste inside the patterned space of the PDMS
mold. It is easy for apatite cement paste to enter
in the patterned space of the PDMS mold, but
the patterned apatite shrunk while solidifying.
The resulting patterned apatite could be com-
posed of a mixture of some calcium phosphate
compounds (Figure 3). The patterned apatite had
a rough surface that consisted of apatite crystals
at the nano-level (Figure 2).
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The patterns that were 2 pm in diameter
were more easily fabricated than those that were
1 um or 0.5 pm in diameter. Moreover, it was
difficult to fabricate patterns with smaller di-
ameters with no defects in the entire patterned
area. In particular, the defects were partially ob-
served in pillars with smaller diameter pillars
(Figure 2f). Apatite pillars could be broken be-
cause of their hardness and brittleness when
peeling the patterned apatite from the silicone
mold. Additionally, defects seemed to form more
easily apatite pillars than in grooves and holes.
In the future, we will attempt to develop stronger
patterned apatite.

Many researchers have reported methods of
fabricating patterned apatites of various sizes.
Holthaus et al. reported fine micro-patterns
ranging from 5 um to 140 pm made by mi-
cro-molding with hydroxyapatite powder and/or
binder [25-27]. Their method can be used to fab-
ricate crack-free patterned apatite body and is
applicable for large-area micro-printing. Yang et
al. reported that calcium phosphate mi-
cro-patterns were fabricated by coating a silicon
wafer mold with calcium phosphate via a spat-
tering system [21]. Tan et al. [19] and Klymov et
al. [20] reported that hierarchically micro- and
nano-structures of apatite coating were fabri-
cated by mineralization from calcium phosphate
solution. The resulting surfaces of the silicon or
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polystyrene substrates were patterned with apa-
tite at the micro- and submicro-level. These
spattering and coating methods make it possibil-
ity to fabricate apatite patterns at the submicro-
and nano-scale. Hereafter, methods to fabricate
smaller apatite patterns will be required.

In this study, we tried to fabricate patterned
substrates composed of apatite only from apatite
cement paste by room-temperature mi-
cro-molding. Our method could has advantages
in the fabrication of apatite body with micro-
and submicro-sized patterns. Furthermore, it is
applicable in the fabrication of patterned dental
materials via solidification from temporary paste
with conventional dental materials such as apa-
tite cement and glass ionomer cements (data not
shown). In the future, patterned dental materials
may be directly fabricated on the surface of teeth
for one of dental treatments, by using our
method.

2. Cell adhesion of Saos-2 on the patterned
apatite

The adhesion and morphology of Saos-2 cells
were affected by the type and size of the patterns
on the surface of the apatite scaffolds. Our re-
sults of Saos-2 orientation in the direction of
apatite grooves are in agreement with the results
for osteogenic cells such as human osteoblasts
(HOB) [26], human fetal osteoblasts (hFOB)
[21], Saos-2 and MG63 [22, 19], and
MC3T3-E1 [20]. In the studies above,
well-aligned cells were reported on grooves with
widths between 300 nm to 60 um on various
CaP substrates. In particular, our results on the
apatite grooves with a width of 2 um are very
similar to the results of hFOB on similar grooves

with a width of 3 pum on CaP micro-patterns [21].

The cell area and elongation on grooves was
higher than those on planar apatite, and the
spherical morphology of cells on planar apatite
was also similar. Several researchers reported
that the grooves with narrow widths, from the
submicro-level to several tens of micron, are
effective in controlling the orientation and elon-
gation of cells compared to grooves with wider
widths, from tens to hundreds of microns [22,
26]. These reports supported that the narrow size
of our grooves are suitable for cell orientation on
apatite scaffolds. Additionally, it is known that
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other factors including hydrophilicity [43] and
serum adsorption [44] have an influence on cell
orientation. These factors also contribute to the
alignment of cells on our apatite grooves.
Therefore, the adequate shape and size of pat-
terns would be one of the important factors in
controlling the morphology or orientation of the
cells on the apatite patterns.

Saos-2 cells on pillar patterns exhibited ra-
dially elongated filopodia. Cells on pillars with
smaller diameters in the range of 0.5 um to 2 um
seemed to exhibit larger cell areas (Figures.
5d-5f). The tips of the filopodia were holding
onto the top of the pillars, an observation similar
to that reported previously [43, 45]. Saos-2 cells
held onto the top of carbon nitride coating pillars
and spread to neighboring pillars [43]. Further-
more, numerous filopodia of Saos-2 cells ex-
tended radially and held onto the top of smaller
PLLA pillars with a diameter of 200 nm and a
pitch of 1 pm [45]. Interestingly, the tendency of
increasing ratio of spreading cells (Figure 6a)
was similar to the tendency of decreasing water
contact angle on apatite pillars (Figure 4). On
the other hand, it was reported that Saos-2 cells
or HeLa cells on hydrophobic pillar patterns
were not well spread [43, 46]. Therefore, surface
hydrophilicity, especially enhanced hydrophilic-
ity, of the patterned apatite could be preferable
for large cell spreading.

The number of attached Saos-2 cells on the
patterned apatite was about 1.7-2.2 times higher
than that on the planar apatite at the early stage
(Figure 6b). However, there were no signifi-
cantly differences among the patterned apatites.
Interestingly, there is no correlation between the
contact angle (Figure 4) and the number of at-
tached cells; however, correlation was seen be-
tween the contact angle and the ratio of spread
cells on the patterns, especially on pillars (Fig-
ure 6a). The increased number of attached
Saos-2 cells on our apatite patterns compared to
that on planar apatite is similar to the increased
number of cells on carbon nitride-coating pillars
with a diameter of 20 um [43] and on the poly-
lactic acid pillars with a diameter of 200 nm [45]
compared to corresponding planar surfaces. In
addition, Saos-2 cells showed the same tendency
of increased attachment on the patterns, but bone
marrow stem cells showed the opposite tendency
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of decreased attachment on the patterns [45].
The different behavior of cells on patterns indi-
cates that cell type is an important factor in de-
termining cell attachment. Further, Myllymaa et
al. suggested that surface topography and sur-
face free energy are two important factors that
regulate cell response to biomaterials, and in-
creased wettability has been shown to enhance
cell attachment [43]. In our case, Saos-2 cells
preferred the patterned apatites with widths or
diameters in the range of 0.5-2 pum rather than
planar apatite because of adequate hydrophilicity
and roughness.

On the other hand, our results disagree with
those in a previous report that indicated no sig-
nificant difference in Saos-2 cell adhesion on
hierarchically micro/nano apatite patterns and
planar surfaces after a 4-hour incubation [19].
We speculate that the difference in adhesion
could be caused by different mi-
cro-/nano-structures or differences in wettability.
In the future, it is necessary to search for factors
responsible for the correlation between cell ad-
hesion and patterns in detail.

Conclusion

We prepared patterned apatites without a binder
from apatite cement paste by micro-molding at
room temperature. The resulting patterns of
grooves, holes, and pillars at the mi-
cro/submicro-level were easily transferred, ac-
cording to the corresponding mold of each size
and shape with slight shrinkage while solidify-
ing. However, defects were partially observed in
a portion of the smaller pattern area, especially
within smaller pillars. The results show that this
method is sufficient for the preparation of apatite
grooves, holes, and pillars with widths or di-
ameters of 2 pm. Further improvement is neces-
sary for smaller pillars with diameters below 1
um, because of their brittle nature.

To estimate cell adhesion on the patterned
apatite scaffolds, we carried out cell adhesion
assays using osteoblast-like Saos-2 cells. Saos-2
cells were well orientated on the grooves, and
filopodia were elongated radially on the pillars.
The number of attached cells on the patterned
apatite was higher than that on the planar apatite.
Interestingly, the tendency of increasing ratio of
spread cells was similar to that decreasing water
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contact angle on apatite pillars. These results
show that adhesion and morphology of Saos-2
cells were affected by the type and size of the
patterns on the surface of apatite scaffolds.
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