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ABSTRACT 

The surface topography of a material can influence osteoclast activity. However, the surface 

structural factors that promote osteoclast activity have not yet been investigated in detail. 

Therefore, we investigated osteoclastogenesis by testing various defined patterns with different 

dimensions and shapes. The systematic patterns, made of a cyclo-olefin polymer, were prepared 

at a micron-, submicron-, and nano-scale with a groove, hole, or pillar shape with a 1:1 pitch ratio. 

RAW264.7 cells were cultured on these patterns in the presence of the receptor activator of NF-

κB ligand (RANKL). Osteoclast formation was induced in the order pillar ˃ groove ≥ hole. The 

two-dimensional factors also indicated that submicron-sized patterns strongly induced osteoclast 

formation. The optimal pillar dimension for osteoclast formation was 500 nm in diameter and 2 

µm in height. Furthermore, we observed two types of characteristic actin structure, i.e., belt-like 

structures with small hollow circles and isolated ring-like structures, that formed on or around the 

pillars depending on size and height. Furthermore, resorption pits were observed mainly on the top 

of calcium phosphate-coated pillars. Thus, osteoclasts prefer convex shapes, such as pillars for 

differentiation and resorption. Our results indicate that osteoclastogenesis can be controlled by 

designing surfaces with specific morphologies. 

Keywords: Micro/nano-pattern, pillar, RAW264.7, osteoclast, actin structure, resorption pit 

 

1  Introduction 

The balance between bone resorption by osteoclasts and bone formation by osteoblasts relies on 

controlled bone tissue remodeling. Osteoclasts, which differentiate from the monocyte-



4 
 

macrophage lineage, resorb bone and are important in regulating bone formation, especially of 

defective bone or around implants because they cooperate with osteoblasts and influence 

resorption of bone replacement materials [1, 2]. However, abnormal osteoclast activity is 

implicated in diseases such as osteolysis, osteoporosis, osteopetrosis, Paget’s disease of bone, and 

inflammatory arthritis [3]. 

Previous studies have suggested that osteoclasts may sense surface topography [4–14]. Indeed, 

osteoclastic resorption activity is influenced by several factors [4–7], one of which is surface 

topography. Geblinger et al. [8] raised the possibility that bone surface features, such as sub-

micrometer cracks, can stimulate local osteoclast resorptive activity. Shemesh et al. [9] reported 

that osteoclasts sealing zone rings preferentially develop around several micron-scale protrusions 

of bone slices. In contrast to active interactions with protrusions, osteoclasts do not preferentially 

interact with negative topography, such as osteocyte lacunae, microcracks, and microscratches, on 

bone and dentin slices [9, 10]. Nevertheless, the relationship between osteoclastogenesis and 

surface topography of the bone remains unclear. 

The surface topography of materials used as a replacement for defective bone parts influences 

osteoclastic activity. Some bone replacement materials are typically regulated by surface 

roughness or porosity at the nano, submicron, or micron scale. Osteoclast formation and function 

was found to be influenced by the surface topography of grain-fused beta-tricalcium phosphate 

disks [11], hydroxyapatite (HA)-coated polycaprolactone (PLC) disks [12], biomimetic HA 

substrates [10], porous HA disks with grain-fused surfaces [13], and sandblasted titanium surfaces 

[14]. In many cases, submicron-scale rough surfaces were found to induce osteoclastic formation 

and function, with nanoscale and microscale rough surfaces having the opposite effect [11–13, 15]. 

However, submicron surface topography-induced osteoclastic formation and function differed 

from the topographic scale effect in other related studies on bone replacement materials, which 
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showed that osteoclastic activity was influenced by topography in a complicated manner [4, 10, 

14, 16]. Thus, the optimal topography for osteoclast formation and function has not been fully 

elucidated because of structural irregularities in the surface topological substrates regulated by 

surface roughness or porosity. 

Osteoclast formation and function on defined patterns (e.g., pillars, holes, grooves) with 

different structural factors at the microscopic or nanoscopic level have not been examined in detail 

[17–23]. These patterns can be fabricated through several methods such as nanoimprinting, micro-

molding, laser ablation, and self-assembly [24–27], and their bioactivities have been widely 

investigated because they are known to influence cell attachment, proliferation, and differentiation 

[28–32]. Our previous study reported that osteoclast formation from RAW264.7 cells is slightly 

improved on hole patterns on glycol-modified polyethylene terephthalate film with a diameter of 

500 nm and a depth of 500 nm [18]. The same has been reported regarding osteoclast formation 

or function on microgrooves [17], submicron-scale holes [18], nano-pillars [20], and concentric 

circular microgrooves [19]. Therefore, the induction or attenuation of osteoclastogenesis on 

defined patterns is dependent on pattern size, shape, and composition. 

In the present study, we investigated the effect of different structural factors of defined patterns 

on osteoclast formation and function. Systematic micron-, submicron-, and nano-scale patterns of 

grooves, holes, or pillars with a 1:1 pitch ratio were prepared by heating and pressing cyclo-olefin 

polymer (COP) films. We used the macrophage cell line RAW264.7 in the presence of the receptor 

activator of NF-κB ligand (RANKL) as an in vitro cell culture system to assess osteoclast 

formation on the different patterns. Actin structure and pit formation by osteoclast-like cells 

derived from RAW264.7 cells were also investigated. Furthermore, actin structure on pillars was 

evaluated using a rat femoral implant model. 
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2  Experimental 

2.1  Preparation of COP patterns 

Patterned COP films were prepared via thermal nanoimprinting as previously reported [33]. The 

advantages of COP include precision molding ability for thermal nanoimprinting [34, 35], non-

toxicity, stability in cell culture medium, and controllable wettability from by plasma treatment. 

Briefly, a silicon master mold containing grooves, holes, and pillars 4 × 4 mm2 or 5 × 5 mm2 in 

area were obtained from Kyodo International, Inc. (Kawasaki, Japan). The mold pattern 

dimensions included grooves/ridges and pillars with widths or diameters of 2 μm, 1 μm, or 500 

nm and a height of 500 nm; holes with diameters of 2 μm, 1 μm, or 500 nm and a depth of 500 nm, 

1 μm, or 2 μm; deeper holes with diameters of 50, 10, 5, and 1 μm and a depth of 10 or 5 μm; 

deeper groove with a width of 5 μm and a depth of 10 μm; and higher pillar with a diameter of 5 

μm and a height of 10 μm. A silicon mold with an area of 10 × 10 mm2 and a nano-scale hole with 

a diameter of 100 nm and a depth of 200 nm was provided by Sousei Hall at Hokkaido University 

though the Nanotechnology Platform Japan program. All patterns were designed as a 1:1 pitch 

ratio pattern. To transfer mold patterns to film, a COP film (ZF14-188; 188 μm thickness; ZEON 

Corp., Tokyo, Japan) was pressed onto the master mold using a heating press (AH-1TC; ASONE 

Co., Osaka, Japan) at 175 °C for 4 min under 2 MPa. The resulting patterned film was carefully 

peeled off from the mold. To regulate surface wettability, the patterned films were treated with 

low-pressure air plasma in a desktop vacuum plasma-generating device (45 W, YHS-R; Sakigake-

Semiconductor Co., Kyoto, Japan) for 0, 1, 4, or 60 s. These plasma irradiation times were adopted 

upon considering the relationship between irradiation time and contact angle on the planar surface. 
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Briefly, the contact angles were set by considering similar intervals selected, as indicative from 

hydrophobicity to hydrophilicity (contact angle for the planar surface: 94° for 0 s, 69° for 1 s, 46° 

for 4 s, and 38° for 60 s) to avoid troublesome procedures due to the high number of samples used. 

To stabilize the wettability of the surface, patterned films were stored exposed to air for 1 week. 

The patterned films were then fixed in 3.5 cm tissue culture polystyrene (TCPS) dishes (AGC 

Techno Glass Co., Shizuoka, Japan) and sterilized using UV irradiation prior to performing 

biological assays. 

2.2  Characterization of the surface patterns 

Surface morphology was observed by scanning electron microscopy (SEM; S-4000; Hitachi 

High-Tech Fielding Co., Tokyo, Japan) after the surface of the patterned COP film was coated 

with Pt-Pd using an ion-sputtering device (E-1030; Hitachi High-Tech Fielding Co.). Contact 

angles of the patterns were measured after 1 week of plasma treatment, which was conducted to 

stabilize the surface properties. Ultra-pure water (0.5 μL; Kanto Chemical Co., Inc., Tokyo, Japan) 

was dropped onto the surface at 25 °C and 21% humidity for 10 s, after which images of the 

spreading water were acquired using a contact angle meter (DMs-200; Kyowa Interface Science 

Co., Saitama, Japan) [36].  

2.3  Osteoclastogenic differentiation 

Osteoclast formation on patterned COP films in the presence of RANKL was performed using 

an osteoclastogenic differentiation assay with RAW264.7 macrophages (TIB-71TM; American 

Type Culture Collection, Manassas, VA, USA), using a modified version of a previously reported 

protocol [18]. Briefly, frozen RAW264.7 cells were incubated in Dulbecco’s modified Eagle’s 

medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; 



8 
 

CELLect Silver; MP Biomedicals, Santa Ana, CA, USA) for 1 day. The attached RAW264.7 cells 

were scraped, collected, and seeded at a density of 6,000 cells/cm2 on the patterns fixed in 3.5 cm 

TCPS. The cells were then cultured in 2 mL of α-minimum essential medium (Gibco, Waltham, 

MA, USA) supplemented with 10% FBS, 1% penicillin-streptomycin-amphotericin B suspension, 

and 10 ng/mL recombinant soluble RANKL (sRANKL; Oriental Yeast Co., Tokyo, Japan) at 37 °C 

in a 5% CO2 humidified atmosphere for 6 days. The medium was changed every 2 days. 

To confirm osteoclast formation, osteoclasts were identified by tartrate-resistant acid 

phosphatase (TRAP) staining and nuclei counting [18, 37]. TRAP activity is a histochemical 

marker of osteoclasts. Briefly, RAW264.7 cells were cultured under osteoclastic differentiation 

conditions. After 6 days of culturing, the cells were stained using a TRAP staining kit (Cosmo Bio 

Co., Tokyo, Japan) according to manufacturer’s instructions. For clear nuclei counting, cells were 

stained in 2 mL deionized water containing 30 μL 4′,6-diamidino-2-phenylindole (DAPI) solution 

(1 mg/mL; Dojindo Laboratories, Kumamoto, Japan). The TRAP- and DAPI-stained cells were 

imaged under the bright field and fluorescence modes, respectively, of an all-in-one fluorescence 

microscope (BZ-9000; Keyence Corp., Osaka, Japan). TRAP-positive multinucleated cells were 

counted in random four fields over a total area of 11.2 mm2 for each pattern; TRAP-positive 

multinucleated cells with > 3 nuclei were counted as osteoclasts.  

2.4  SEM of cell morphology 

To determine the morphology of cells growing on different patterns, the cultured cells were 

rinsed with phosphate-buffered saline (PBS) and fixed in 2.5% glutaraldehyde solution for 2 h. 

The specimens were dehydrated in a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%, 
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99.5%, and 100%) for 5 min each. The specimens were then subjected to critical-point drying, 

after which dried cells on the patterns were coated by Pt-Pd sputtering and observed using SEM. 

2.5  Immunofluorescence staining 

Immunofluorescence staining was performed as previously described [33]. Briefly, after 6 days 

of cell culture with 10 ng/mL sRANKL on pillar patterns (or 100 ng/mL sRANKL on groove and 

hole patterns with a height or depth of 10 μm), the cells were fixed in 4% paraformaldehyde in 

PBS for 5 min, followed by incubation with 0.5% Triton X-100 in PBS for 10 min and blocking 

with 1% bovine serum albumin (BSA) in PBS for 30 min. The cells were then stained with Acti-

stain 555 fluorescent phalloidin (1:166; Cytoskeleton Inc., Denver, CO, USA), anti-vinculin 

Alexafluor 488 (1:83; eBioscience, San Diego, CA, USA), and/or 3 μL DAPI solution (1 mg/mL; 

Dojindo Laboratories) in 0.5 mL of 1% BSA in PBS, and incubated overnight at 4 °C. Finally, the 

cells were washed three times with PBS and mounted using ProLong Diamond Antifade Mounting 

Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 

Typical two-dimensional (2D) cytoskeletons of the cells were observed under a fluorescence 

microscope (BZ-9000) while 3D cytoskeletons were observed using confocal laser scanning 

microscopy (CLSM; Leica TCS SP8, Leica Microsystems, Wentzler, Germany). Images of serial 

sections along the Z-axis were acquired at 0.3 μm intervals; these Z-stacks were then processed 

using the Leica Application Suite X v3.4 software. The Z-stack images were then re-sliced to 

generate cross-sectional images. 

2.6  Pit formation assay 
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Resorption of calcium phosphate (CaP) by osteoclasts on the patterned films was assessed using 

a pit formation assay with CaP-coated substrates [38, 39]. Pillars, grooves, and holes with a 

diameter or width of 5 μm and a height of 10 μm were treated with 120 s of plasma to facilitate 

CaP deposition. To deposit CaP, the plasma-treated patterns were immersed in 5 mL of Hank’s 

balanced salt solution (Lonza Japan, Tokyo, Japan) and incubated at 37 °C for 5 days [40]; the 

solution was changed every two days. The resulting CaP-coated patterns were washed with water, 

dried, and fixed on 3.5 cm TCPS and sterilized using UV irradiation. Pit formation assays were 

performed under the culture conditions described for the osteoclastic differentiation assay. 

RAW264.7 cells were cultured on CaP-coated pillar patterns with 10 ng/mL sRANKL or CaP-

coated groove and hole patterns (height or depth, 10 μm) with 100 ng/mL sRANKL for 12 days. 

The cells were then removed from the surface of the pillars by immersing in 5% sodium 

hypochlorite for 3 min. The CaP-coated patterns were washed with water and dried, after which 

resorption pits on the patterns were observed by SEM after coating with Pt-Pd. 

2.7  Animal experiments 

First, patterned films with pillars (diameter and height, 1 and 5 μm or 5 and 5 μm) were treated 

with 120 s of plasma and cut into 2 × 4 mm pieces. An animal model of implantation was then 

established as previously described, with minor modifications [41]. Briefly, one male Wistar rat 

(7-week-old, approximately 200 g) was anesthetized, after which the pillar pattern was inserted 

into the medullary space through a 1 × 2 mm rectangular hole made in the femur (Fig. 1b). After 

4 weeks of implantation, the rat was anaesthetized and perfused with 2.5% glutaraldehyde diluted 

in 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer. The femur with the patterned 

film was extracted, fixed in 2.5% glutaraldehyde solution, and decalcified in 10% 

ethylenediaminetetraacetic acid. To prepare the sample for transmission electron microscopy 
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(TEM) [42], it was stained with 1% OsO4, dehydrated, and embedded in Epon. This was followed 

by ultrathin sectioning and staining with uranyl acetate and lead citrate prior to TEM (JEM-1400, 

JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 80 kV. Animal experiments were 

performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved 

by Hokkaido University Committee (approval no. 20-0105). 

2.8  Statistical analysis 

Statistical analysis was performed using JMP Pro v14.0 (SAS Institute, Inc., Cary, NC, USA). 

All data are presented as the mean ± standard deviation (n = 6). Statistical differences were 

assessed by one-way analysis of variance with Tukey’s multiple comparison post-hoc tests. p 

values < 0.05 were considered statistically significant. 

 

3  Results 

3.1  Morphology of multinucleated osteoclast-like cells on the patterned films 

Overview of the experiments is shown as Fig. 1. To estimate cell attachment, the cells cultured 

on the patterns were observed via SEM. SEM images of multinucleated osteoclast-like cells 

derived from RAW264.7 cells on COP films after 6 days of culturing with RANKL are shown in 

Fig. 2. Small cells were RAW264.7 or mononucleated osteoclast-like cells. Numerous small, 

nondifferentiated RAW264.7 or small, mononuclear osteoclast-like cells were located around one 

multinucleated cell when under differentiation culture conditions. The patterned films were treated 

for 4 s with plasma because of the strong attachment of RAW264.7 cells to the surface of the 

substrates. We found that micro/nano-scale patterning of the COP planar surface affected the shape 
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and size of multinucleated osteoclast-like cells. Osteoclast-like cell areas on the planar, groove, 

and hole surfaces with a width or diameter of 500 nm, and a pillar with a diameter of 2 μm were 

smaller than those grown on pillars with diameters of 500 nm or 1 μm (Fig. 2a–f); indeed, the pillar 

shape markedly affected cell morphology (Fig. 2d–h). Osteoclast-like cells on pillars with 

diameters of 1 μm or 500 nm developed larger circular shapes than those on pillars with a diameter 

of 2 μm. Some of the filopodia appeared to grasp or cover the pillars. The cell periphery exhibited 

belt-like actin structure (Fig. 2e, f, and h). In contrast, cells on pillars with a diameter of 100 nm 

did not spread and seemed to weakly adhere to the patterned surface (Fig. 2g). The effect of the 

patterns on the osteoclast-like cell area was also supported by a quantitative analysis of cell area 

(Fig. S-1 in the ESM). The trend noted in the quantitative analysis of cell area on the patterns was 

similar to that observed in SEM images of the cell area. The following experiments will focus on 

the pillar pattern because characteristic morphologies of the cells on pillars were observed. 

3.2  Osteoclast formation assay on the patterned films 

We next investigated how the treatment time of plasma for COP surface wettability affects 

osteoclast formation from RAW264.7 cells. Fig. 3a shows the number of TRAP(+) multinucleated 

osteoclasts and contact angles of water on the planar and pillar (diameter and height, 500 and 500 

nm) surfaces treated for 0, 1, 4, and 60 s with plasma. The contact angles gradually decreased from 

94° to 38° for the planar surface and 114° to 17° for the pillar surface as plasma treatment time 

increased. The peak number of osteoclasts formed after 4 s of plasma treatment on both the planar 

and pillar surfaces. However, the total number of osteoclasts was 1.8-fold higher, on average, on 

the pillar pattern than on the planar surface (p < 0.05). 

The effect of 4 s of plasma treatment on the different COP patterns, including grooves, holes, 

and pillars, on osteoclast formation was also determined (Fig. 3b). The peak number of osteoclasts 
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was observed for all patterns with a diameter or width of 500 nm, with the pillar pattern showing 

the highest number of osteoclasts. Patterns with a diameter or width of 2 μm had the lowest number 

of osteoclasts among all patterns with a height or depth of 500 nm. Interestingly, the pillar with a 

diameter of 100 nm had the lowest number of osteoclasts among all patterns. 

Fig. 3c shows the results of multinucleation without RANKL and after 4 s of plasma treatment. 

The number of multinucleated cells was reduced to one-tenth the number of cells in the presence 

of RANKL. A small number of TRAP(+) multinucleated cells was observed for each pattern, and 

those with a diameter or width of 500 nm had the highest number of cells within their pattern group. 

The number of TRAP(+) multinucleated osteoclasts on 4 s plasma-treated pillar patterns of 

different diameters and heights was also assessed (Fig. 3d). The number of osteoclasts on pillars 

with a diameter of 500 nm increased with increasing pillar height (500 nm to 2 μm), with the peak 

at 2 μm. In contrast, the number of osteoclasts on pillars with diameters of 1 μm or 2 μm was not 

influenced by increased pillar height. Comparison of the number of osteoclasts on the pillars with 

those on the grooves and holes of different widths or diameters and heights was also performed 

(Fig. S-2 in the EMS). The number of osteoclasts on pillars with a diameter of 500 nm apparently 

increased with increasing height, whereas the number of osteoclasts on grooves and holes did not 

show that trend. 

We also investigated the effect of different pillar heights (500 nm to 2 μm; diameter, 500 nm; 4 

s plasma) via immunofluorescence staining (Fig. 3f). Notably, the size and number of actin 

structures in osteoclasts were markedly influenced by increased pillar heights. Belt-like actin 

structures on the pillars were larger with increasing a height of pillar; the largest belt-like structure 

was observed on pillars with a diameter of 500 nm and a height of 2 μm. Moreover, osteoclast-like 

cells on the pillars with a height of 2 μm exhibited a greater number of nuclei and higher fusing 

activity than those on shorter pillars. On the planar surface, multinucleated osteoclast-like cells 
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were small (Fig. 3f, white arrows) and a belt-like actin structure was not observed under our culture 

conditions. Furthermore, the movement of osteoclast-like cells appeared hindered on pillars with 

a diameter of 10 μm, 5 μm, or 1 μm and a height of 10 μm (Fig. S-3a in the ESM) as compared 

with that on pillars with a height of 2 μm (Fig. 2h). The pillars with a diameter of 10 μm or 5 μm 

pushed up a part of cell body, transforming it into a cell with several attached pillars. The 

lamellipodia of the osteoclasts on pillars with a diameter of 1 μm invaded between pillars as shown 

in Fig. S-3a (iv) right image in the ESM. The formation of osteoclasts on pillars with a diameter 

of 1 μm was the highest among the 10 μm height pillar group (Fig. S-3b in the ESM).  

Next, we monitored TRAP activity and belt-like structure formation in osteoclasts across the 

boundary between the planar and pillar (diameter and height, 500 nm and 2 μm; 4 s plasma 

treatment) surface after 6 days of culturing. Notably, strong TRAP staining of osteoclasts across 

the boundary was observed only on the pillar patterned side, with the planar side showing a weak 

staining intensity (Fig. 3g). Similar to TRAP activity, the semicircle belt-like structure showed a 

higher fluorescence intensity in osteoclasts on the pillar patterned side, compared with the faint 

intensity on the planar side (Fig. 3h). 

3.3  Actin structure of multinucleated osteoclast-like cells on the pillar pattern 

The actin structure of multinucleated osteoclast-like cells cultured from RAW264.7 cells on 

COP pillars (diameter, 1 or 5 μm; height, 2 or 10 μm) was evaluated using immunofluorescence 

(Fig. 4a and c). Actin structures appeared clearly on the pillar patterns; moreover, actin structures 

were influenced by the pillar diameter. On pillars with a diameter of 1 μm, the actin structure 

appeared as a large circle with a belt-like structure, whose diameter was on average 140 μm in the 

cell shown in Fig. 4a; interestingly, this large belt-like structure exhibited rows of small hollow 

circles (Fig. 4a, inset), which corresponded to a pillar diameter of 1 μm. Furthermore, the isolated 



15 
 

ring-like actin structures were mainly observed on pillars with a diameter of 5 μm and a height of 

10 μm (Fig. 4c); Similarly, the isolated hollow circular shapes corresponded to a pillar diameter 

of 5 μm. 

We next obtained a 3D reconstruction of multinucleated osteoclast-like cells cultured on COP 

pillars via CLSM (Fig. 4b and d). We found that the osteoclast-like cells were spread over a large 

number of pillars (Fig. 4b), and a large circle with a belt-like actin structure was observed at the 

cell periphery. Actin structure against the pillars consisted of small rings around the pillar base; 

rings that are fused or in contact with neighboring rings; and the rings wrapped over the pillars 

(Fig. 4b; i–iii). This first type formed on pillars with a diameter of 1 µm and a height of 2 µm as 

follows: (i) a small ring-like actin structure formed around and on the base of the pillars. The top 

view showed it as an isolated small hollow circle; (ii) the isolated ring-like structure developed 

further at the lower part of the pillars, and then neighboring isolated ring-like structures got in 

contact with each other or fused; (iii) the actin structure progressed upwards and became wrapped 

over the top of the pillar, which appeared as a filled circle from the top view (Fig. 4b; iii, top and 

side view). 

In contrast, Fig. 4d shows multinucleated osteoclast-like cells spread over only a few pillars, 

with strongly or weakly appeared and isolated ring-like actin structures around the pillars with a 

diameter of 5 µm and a height of 10 µm. Interestingly, in the sectioned view, the 3D actin ring 

formed along the base and sides of the pillars (Fig. 4d; iv), whereas expression of actin filaments 

was faint at the top of the pillar. 

The formation of a large belt-like and/or isolated ring actin structure changed according on pillar 

diameter (between 500 nm and 10 μm; Fig. S-4 in the ESM). However, it was difficult to develop 
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actin structures on pillars 100 nm or 50 μm in diameter and 200 nm or 10 μm in height or planar 

surfaces. 

3.4  Pit formation assay on CaP-coated pillars 

Next, we wondered whether resorption occurs in the actin structure space around a pillar, such 

as the sealing zone. To evaluate CaP resorption by osteoclasts, we performed a pit formation assay 

using CaP-coated pillars; the deposition of CaP nanoparticles covered most of the pillar surface 

(Fig. S-5c in the ESM). After performing the assay, the smooth surface of the COP pillars indicated 

that the CaP coating was completely resorbed, as evidenced by SEM (Fig. 4e). Moreover, CaP 

resorption pits were observed on the convex part of the isolated pillar but not on the planar floor 

(Fig. 4e; middle panel). SEM images acquired at a 45° tilt angle showed that resorption of the CaP 

coating was completed at the top of the pillars but was comparatively in progress near pillar base, 

resulting a decreased roughness of the CaP coating surface (Fig. 4e; bottom panel).  

3.5  Actin structure and pit formation assay on groove and hole patterns 

We also evaluated the actin structure and pit formation on groove and hole patterned surfaces 

with a width or diameter of 5 µm and a depth of 10 µm (Fig. 5). However, the cells were 

differentiated at a high concentration (100 ng/mL) of sRANKL because it is harder for the cells to 

develop actin structures on groove and hole patterns than on pillar patterns. Fig. 5a shows that 

actin structures on the ridge formed along the long axis of the groove/ridge pattern direction, 

forming a rectangular shape. Pit formation on the CaP-coated groove pattern demonstrated a 

rectangular resorption pit on the ridge of the groove/ridge pattern (Fig. 5b). For the hole pattern, 

small dots appeared inside holes, corresponding to the hole diameter, within a large belt-like actin 

structure corresponding to the cell periphery (Fig. 5c). Pit formation on the CaP-coated holes 
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showed resorption pits at the planar surface of the hole pattern (Fig. 5d). Notably, there were two 

different types of resorption modes inside the hole within the resorption pit: resorption inside hole 

and non-resorption inside hole (Fig. 5d; illustrations). 

It is noteworthy that osteoclasts can change actin structures according to the pattern size, shape, 

and height (Fig. S-4 in the ESM). Furthermore, a wide variety of actin structures on the high aspect 

patterns was observed at a high concentration of sRANKL (100 ng/mL) (Fig. S-6 in the ESM). 

Large belt-like actin structures and/or the fusion structures of rings or half circle rings were 

observed on pillars and holes. 

3.6  Animal implantation model 

Lastly, we focused our attention to the sealing zones formed by osteoclasts against the pillars in 

vivo. To assess the pillar pattern performance in vivo, COP pillars (diameter and height, 1 and 5 

µm, or 5 and 5 µm; 120 s plasma treatment) were implanted into a rat femur for 4 weeks; Fig. 4f 

shows the TEM images of the decalcified specimen between the bone matrix and pillars. 

Osteoclast-like cells were found to be in contact with the pillar surface. The pillars appeared to be 

pushing against the cells and sinking the cell body. Furthermore, on the pillars (diameter and height, 

1 and 5 µm), some pillars were covered with sealing zones formed by the osteoclast-like cells; 

some sealing zones formed as isolated pillars covers that were in contact with each other (Fig. 4f; 

A), whereas other sealing zones were fused at the base of the pillars (Fig. 4f; B). The pillars 

(diameter and height, 5 and 5 µm) showed some sealing zones formed at their base and sides (Fig. 

4f; C), indicating an isolated, ring-like actin structure at the base of the pillars. 
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4  Discussion 

4.1  Effect of pattern size and shape on osteoclast formation 

In the present study, we investigated systematic patterns with defined shapes with a 1:1 pitch 

ratio to reveal the optimum structural factors, such as 2D size, height, and shape, for osteoclast 

formation and function. 

Regarding the 2D size factor, submicron-sized patterns, but not micron- and nano-sized patterns, 

strongly induced osteoclast formation. Thus, patterns with a diameter or width of 500 nm appear 

suitable for pre-osteoclast adhesion and induce osteoclast formation. Previously, we reported that 

the number of attached RAW264.7 cells are higher on pillars with a diameter of 500 nm than a 

diameter of 2 µm [33]; however, this reduced cell adhesion was not linked to the development of 

actin structure as an adhesion apparatus. We thus speculated that the pattern itself directly 

stimulates pre-osteoclasts or osteoclasts to induce osteoclast formation or function. This may occur 

via mechanotransduction, where osteoclasts translate mechanical cues from the substrate’s texture 

into chemical signals via actin structures such as podosomes [43, 44]. Our observations of 

osteoclasts across the pillar and planar surface borders indicate that the cells are directly stimulated 

by the pillar structure, promoting TRAP activity and belt-like actin pattern formation (Fig. 3g and 

h). It is possible that submicron-sized patterns (e.g., 500 nm in diameter) effectively stimulate pre-

osteoclasts owing to the presence of many pillars of optimal size that directly stimulate the cell. In 

contrast, nano-sized pillars (100 nm in diameter) reduced osteoclast formation as it was difficult 

for pre-osteoclast RAW264.7 cells to adhere and spread well (Fig. 2g), and thus they were unable 

to differentiate and fuse (Fig. 3b).  

Regarding pattern height, pillars (diameter, 500 nm) with a height of 2 µm were optimum for 

osteoclast formation (Fig. 3d, f, and S-2). Taking our findings into consideration, it can be 
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concluded that the optimal pattern dimensions promote cell adhesion, influence cell motility, and 

stimulate pre-osteoclasts, thereby promoting osteoclast formation. Indeed, cells on tall pillars (10 

µm) had difficulty moving over them as the height became an obstruction (Fig. S-3 in the ESM). 

It is thus necessary to balance stimulation and obstruction by optimizing the size and height of the 

patterns.  

In terms of shape, osteoclast formation was induced in the order pillar ˃ groove ≥ hole. One 

explanation is that osteoclast formation is influenced by the upper surface area or convex volume 

of the pattern shapes. As mentioned previously, sealing zone rings preferentially develop around 

protrusion of bone slices with lateral dimensions of several micrometers and ~1 µm in height [9]. 

This preferential interaction of osteoclasts with protrusions is similar to our results showing 

preferential osteoclast formation on pillars. Another possibility is that osteoclasts are highly 

activated by patterns with a high-density of small stimulating shapes, such as submicron-sized 

pillars. 

Other than structural factors, surface wettability can also affect osteoclast formation and function 

[13, 45–47]. However, the relationship between wettability and osteoclastogenesis is unclear, and 

previous studies employed non-uniform topographic substrates without altering wettability. By 

testing different wettability conditions, we demonstrated that RAW264.7 cells prefer hydrophilic 

surfaces for osteoclast formation. Moreover, a 30° contact angle for pillars (diameter and height, 

500 and 500 nm) and a 46° contact angle for the planar surface exhibited the highest osteoclast 

numbers. The contact angles at a peak for osteoclast formation were estimated under limited 

interval times (0, 1, 4, and 60 s) of plasma treatment so its value could be roughly estimated. At 

least, there is a nonlinear relationship between wettability and osteoclast formation, indicating that 

both wettability and topography of the patterns should be optimized. 
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The optimal topography for osteoclast formation and function has not been fully determined 

using rough-surfaced substrates. In grain-fused beta-tricalcium phosphate disks, the submicron-

scale surface (Ra = 0.13 µm) promotes higher TRAP activity compared with the micron-scale 

surface (Ra = 1.29 µm) [11]. In contrast, on a sandblasted titanium surface, the number of 

osteoclasts increases with increasing roughness (Ra = 0.24–3.63 µm) [14]. Although these studies 

demonstrate that osteoclast formation and activity are affected by surface roughness [12, 13], the 

correlation appears nonlinear. In many cases, submicron-scale surfaces induce osteoclast 

formation and function, whereas nano- and micron-scale surfaces are not as effective. In other 

cases, this trend is not observed. These incongruent results may have resulted from the substrates 

having structural irregularities. 

Osteoclast function and formation have not been examined in detail on defined patterns (e.g., 

pillar, hole, groove) at the micron or nano level, owing to the limited variations in pattern structural 

patterns [17–23]. One study reported that these patterns induce osteoclast formation and function, 

where osteoclastogenic differentiation of RAW264.7 cells was promoted on bioactive glass 

microgrooves with a ridge width of 10 µm, groove width of 30 µm, and groove depth of 8 µm [17]. 

In contrast, these patterns were found to reduce osteoclastogenesis, as osteoclastogenic 

differentiation was significantly inhibited in RAW264.7 cells on PLC disks with concentric 

circular microgrooves 20 µm in width and 20 µm in height compared with parallel linear 

microgrooves and flat surfaces [19]. No previous studies have used the exact same sized patterns 

as ours (optimal size: pillar with a diameter of 500 nm and height 2 µm). However, our optimized 

pattern is supported by other reported similar surfaces/materials that promote the development of 

osteoclast-like cells in vitro and/or in vivo, such as grain-fused beta-tricalcium phosphate disks 

with grain size of approximately 1 µm [11, 48], porous HA disks with graine size of approximately 

500 nm [13], and plate-like octacalcium phosphate crystals with a width within 0.3 to 2.0 µm [49]. 
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Nonetheless, the optimal pattern size may slightly change depending on the cell type or the 

conditions being investigated. These findings indicate that osteoclast formation and function is 

dependent on the size and shape of the defined patterns. Indeed, our findings revealed that 

osteoclastogenesis can be controlled by varying the pattern size and shape. 

4.2  Actin structure and resorption pit formation on the patterned surfaces 

F-actin structure in osteoclasts contributes to cell adhesion, mechanotransduction, and bone 

resorption [44, 50, 51]. Immature or mature osteoclasts control the aggregation, shape, and 

movement of actin filaments during osteoclast differentiation. The cells form distinctive actin 

patterns, such as actin rings or clusters, podosome belts, and sealing zones. Moreover, the 

formation and shape of these actin patterns are influenced by substrate type and roughness [9, 52, 

53]. 

In this study, highly expressed actin filaments and characteristic actin structure were identified 

on and around pillars (Fig. 4). Notably, actin structure exhibited different shapes depending on the 

size and height of the pillars. We observed two types of actin structure, and both displayed hollow 

circles. The first type consisted of a large belt-like actin structure with small hollow circles (Fig. 

4a and b) that formed on pillars with a diameter of 1 µm and a height of 2 µm and the second type 

was an isolated, ring-like actin structure around pillars with a diameter of 5 µm and a height of 10 

µm. The first type was also observed wrapped around the implanted pillars (diameter and height, 

1 and 5 µm) of the rat femoral implant model. The second type was also observed in an actin 

structure at sides of pillars (diameter and height, 5 and 5 µm) in vivo, the actin structure can be 

presumed to be an isolated, ring-like actin structure around the implanted pillars. These in vivo 

observations indicate that primary osteoclasts also form unique actin structures against pillars in 
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vivo. Furthermore, a wide variety of actin structures appeared by controlling pattern structural 

factors and RANKL concentration (Fig. 5, S-4 and S-6 in the ESM). 

One advantage of using defined patterns is the ease of observing how the actin structure adapts 

to different patterns [53]. Using fluorescence microscopy, we demonstrated a clear adaptation of 

actin structure to the pillar shape. Generally, it is difficult to judge the adaptation of actin to rough 

surfaces owing to the irregular structural factors of the substrates. Nevertheless, previous studies 

have shown that the size and shape of actin structures in osteoclasts change according to certain 

factors, such as substrate roughness and composition. Geblinger et al. [52] reported that 

translocation of the sealing zone is arrested by the sharp edges of topographical obstacles on 

sandblasted rough surfaces. Thus, studies indicate that actin structure, such as the sealing zone [9], 

can adapt to patterns based on their specific structural properties. 

Osteoclast resorptive activity is largely influenced by surface roughness and porosity [4, 11–13, 

15, 16, 54]. Previous studies have indicated that sufficient substrate roughness is necessary for 

high resorption activity. However, it has not been clarified whether resorption pit formation 

responds to the substrate surface shape. Here, we showed that osteoclasts preferentially exhibit 

resorption on convex shapes such as pillars, given the higher number of osteoclasts on pillars than 

on holes; the formation of ring-like actin structures at the base of the pillars, which was especially 

remarkable on the 5 µm pillar; and resorption occurring at the top of the pillar, not at the flat bottom 

surface except a convex part of pillar pattern. Furthermore, resorption occurred at the top of the 

groove and hole surfaces. Höner et al. [17] reported that resorption pits are observed in the grooves 

and on the groove walls of a bioactive glass groove [17]; this disagrees with our results, in which 

resorption pits formed at top part of the groove/ridge patterns (Fig. 5b). This discrepancy may have 

resulted from the bioactive glass groove having a smooth instead of a sharp edge, and thus the 
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osteoclasts could not recognize it. Therefore, it is possible that patterns with sharp edges are 

important for triggering the osteoclast resorption response. 

Osteoclasts may sense surface topography, and osteoclast precursors may possess specific 

sensors that detect rough surfaces to initiate differentiation into mature osteoclasts [16]. 

Relationships between osteoclastic activity and bone surface roughness or imperfections in vivo 

have been suggested by previous studies [8, 9, 16]; for instance, it is conceivable that old and 

damaged bone is considerably rougher than newly formed bone [8]. Overall, our study also 

supports the notion that bone resorption is mediated by surface topography sensing of osteoclasts. 

There are some limitations associated with our study. We used the mouse macrophage cell line 

RAW264.7, which is a model osteoclast precursor; however, to further investigate the effect of 

different patterns on osteoclasts, primary pre-osteoclasts or primary monocyte/macrophage 

hematopoietic lineage cells should also be employed. Moreover, the variations in the tested 

systematic patterns were still limited, i.e. further higher patterns or patterns with varying chemical 

composition. The effect of wettability for osteoclastogenesis was investigated within preset contact 

angles so this approach could show a rough indication of the peak of osteoclastogenesis. One of 

the important factors of patterns is known as pitch, which in the present study were all designed 

as a 1:1 pitch ratio. Further studies are warranted to explore in greater detail the impact of the pitch 

factor in patterns on osteoclastogenesis so to elucidate the underlying mechanism for 

osteoclastogenesis induction. 

 

5  Conclusions 
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In summary, we prepared systematic micro/nano-scale patterns with a 1:1 pitch and evaluated 

their effect on osteoclastogenesis. The optimal structural factors for osteoclast formation and 

function from pre-osteoclastic RAW264.7 cells were submicron-sized pillar patterns with a 

diameter of 500 nm and a height of 2 µm. We also identified two types of characteristic actin 

structures on and around pillars depending on the pillar dimensions as well as resorption of CaP-

coated pillars that mainly occurred at the top of the pillars. This indicates that osteoclasts prefer 

convex shapes for the formation of resorption pits. Notably, osteoclasts can change their resorption 

style by adapting their actin structures to different pattern sizes and shapes. Taken together, these 

results indicate that osteoclast formation from RAW264.7 cells can be highly promoted by limited 

morphological shapes, and that precise surface design is pivotal for controlling pre-osteoclast and 

osteoclast function. These findings can aid the design of bone prosthetic and replacement material 

surfaces.  

Our study also supports the notion that osteoclasts may sense surface topography as a mechanism 

of bone resorption. Moreover, defined patterns will help elucidate several unclear mechanisms 

underlying osteoclast formation, function, and resorption. The questions that need to be addressed 

in future studies are as follows: Is the effect of pattern compositions, e.g., apatite and collagen 

pattern, on osteoclastogenesis? Can osteoclasts resorb on how height of pattern? How do 

osteoclasts recognize the height of pattern in molecular biology? Which pattern is best for 

osteoclastogenesis in vivo? 
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Figure captions 
Figure 1  Diagrams illustrating the (a) osteoclast formation assay and (b) actin structure or pit 

formation on cyclo-olefin polymer (COP) micro/nano-scale patterns in vitro or in vivo. 

 

Figure 2  SEM images at a 45° tilt angle of multinucleated osteoclast-like cells derived from 

RAW264.7 cells on COP micro/nano-scale patterns after 6 days of culturing with RANKL. The 

surface patterns were treated with plasma for 4 s. (a–h) Representative images of cells on different 

patterns with varying diameters, width, height or depth. The dotted squares on the left panels are 

magnified in the corresponding right panels. Scale bar = 2 µm. White arrows indicate 

multinucleated osteoclast-like cells. Small cells are RAW264.7 or mononucleated osteoclast-like 

cells. Dimensions are indicated as pattern diameter (φ), width (w)/height (h), or depth (d). 

 

Figure 3  Osteoclast formation assay of RAW264.7 cells on COP micro/nano-scale patterns after 

6 days of culturing with or without RANKL. (a) Number of multinucleated cells on the planar 

surface and pillars in the presence of RANKL. The numbers at the top indicate the contact angle 

(°). (b) Number of multinucleated cells on groove, hole, and pillar patterns after 4 s of plasma 

treatment in the presence of RANKL. (c) Multinucleated cell number without RANKL. (d) The 

effect of pillar height on cell number. TCPS, tissue culture polystyrene. Significant differences 

between groups are indicated above each column with different lowercase letters (p < 0.05). (f) 

Representative immunofluorescence images of cells on the planar surface and pillars. Dimensions 

are indicated as pillar diameter (φ)/height (h). Red, F-actin; blue, nuclei. White arrows indicate 

multinucleated osteoclast-like cells on the planar substrate. (g) Bright field image of TRAP-stained 

multinucleated osteoclasts across the boundary between the planar surface and pillar. (h) Left panel, 
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immunofluorescence of multinucleated osteoclast-like cells across the boundary between the 

planar surface and pillar. Red, F-actin; green, vinculin; blue, nuclei. Right panel, illustration of the 

belt-like actin structure observed across the boundary. 

 

Figure 4  2D immunofluorescence (a and c) and orthogonal section views (b and d) of 

multinucleated osteoclast-like cells from RAW264.7 cells on COP pillars. The cells were cultured 

on 4 s of plasma-treated pillars with RANKL for 6 days. Dimensions are indicated as pillar 

diameter (φ)/height (h). Red, F-actin; green, vinculin; blue, nuclei. The fluorescence images and 

one bright field image were merged. Orthogonal section views were obtained, and then 3D images 

were reconstructed by confocal laser scanning microscopy (CLSM). i–iv regions in the cross-

sectional side views (b, d) correspond to the i–iv illustrations below the panels to visualize the type 

of actin structure observed. (e) Pit formation assay. Top panel: diagram showing the preparation 

of a calcium phosphate (CaP)-coated pillar. Middle and bottom panels: scanning electron 

microscopy (SEM) of CaP-coated pillars showing the top view (middle) and at a 45° tilt angle 

(bottom). White arrows indicate complete resorption of CaP coating by osteoclasts. Black arrows 

indicate in progress resorption of CaP coating. (f) Animal implantation model. The COP films 

with pillar patterns (diameter/height) were implanted in a rat femur for 4 weeks. Transmission 

electron microscopy (TEM) showing osteoclast contact with pillars. An osteoclast sealing zone 

(SZ) covered on the pillars, or which some were formed at the base and sides of the pillars. Right 

images show a magnified view. Illustrations demonstrate how the SZ formed around the pillars. 
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Figure 5  Immunofluorescence and pit formation assay of groove and hole patterns. Dimensions 

are indicated as pattern diameter (φ) or width (w)/depth (d). (a, c) The cells were cultured on 4 s 

plasma-treated patterns in the presence of 100 ng/mL sRANKL for 6 days. Red, F-actin; green, 

vinculin; blue, nuclei. Three fluorescence images and one bright field image were merged. (b, d) 

Pit formation assay on CaP-coated patterns. SEM images were acquired at a 45° tilt angle. 

Illustrations on the right demonstrate the different resorption styles of osteoclasts on the hole 

pattern. 
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Electronic Supplementary Material (ESM) 

 

S-1. Area of osteoclast-like cells cells 
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Figure S-1  Quantitative cell area analysis of osteoclast-like cells derived from RAW264.7 cells 

in the presence of 10 ng/mL sRANKL for 6 days. COP patterned films were treated with 4 s of 

plasma. Area of 30 multinucleated cells on each pattern was measured based on optical microscope 

photographs using ImageJ software (http://rsb.info.nih.gov/ij/). Statistical differences were 

assessed by one-way analysis of variance with Tukey’s multiple comparison post-hoc tests. 

Significant differences between groups are indicated above each column with different lowercase 

letters (p < 0.05). 

 

S-2. Effect of height or depth of the patterns on osteoclastogenesis 
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Figure S-2  The effect of pattern height or depth on the number of osteoclast-like cells derived 

from RAW264.7 cells in the presence of 10 ng/mL sRANKL for 6 days. COP patterned films were 

treated with 4 s of plasma. Bar graphs represent the number of multinucleated cells on the patterns 

with a height or depth of (a) 0.5, (b) 1, and (c) 2 µm. (d) Comparison of the different cellular 

patterns (a–c). Statistical differences were assessed by one-way analysis of variance with Tukey’s 
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multiple comparison post-hoc tests. Significant differences between groups are indicated above 

each column with different lowercase letters (p < 0.05). Dimensions are indicated as pattern 

diameter (φ) or width (w). 

 

S-3. Effect of pillars of 1 µm to 50 µm in diameter and 10 µm in height on osteoclast formation 

Osteoclasts on pillars with a diameter of 10 µm or 5 µm spread and wrapped over multiple 

pillars. These pillars pushed up a part of the cell, transforming it into a cell with several attached 

pillars. Furthermore, the osteoclasts spread widely on pillars with high-aspect ratios (diameter, 1 

µm; height, 10 µm). Interestingly, the lamellipodia of osteoclasts on pillars invaded the spaces 

between these pillars and reached their roots (Figure S-3a; iv). Figure S-3b shows that the number 

of osteoclasts was the highest on pillars with a diameter of 1 µm (p < 0.05).  



5 
 

 

Figure S-3  Effect of pillars between 1 µm to 50 µm in diameter and 10 µm in height on osteoclast 

formation from RAW264.7 cells in the presence of 10 ng/ml sRANKL for 6 days. COP patterned 

films were treated with 4 s of plasma. (a) SEM images at a 45° tilt angle of the multinucleated 

osteoclast-like cells. The dotted square indicates the magnified region. (b) The number of TRAP(+) 
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multinucleated osteoclasts on pillars with different dimension. TCPS, tissue culture polystyrene. 

Dimensions are indicated as pillar diameter (φ)/height (h). 

 

S-4. Adaptation of actin architecture to the different patterns 

 

Figure S-4  Representative immunofluorescence images of multinucleated osteoclast-like cells 

cultured from RAW264.7 cells on different COP patterns. The cells were differentiated on 4 s 
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plasma-treated patterns with 10 ng/mL sRANKL for 6 days. Red staining, F-actin; green, vinculin; 

blue, nuclei. The three fluorescent images and bright field image were merged. Dotted squares 

indicate the magnified region. Scale bars = 5 µm (insets). Dimensions are indicated as pattern 

diameter (φ), width (w)/height (h), or depth (d). 

 

 

S-5. Preparation of CaP-coated patterns  

 

Figure S-5  SEM images of CaP-coated patterns (width or diameter/height or depth). 
Dimensions are indicated as pattern diameter (φ), width (w)/height (h), or depth (d). 

 

 

S-6. Adaptation of actin architecture to patterns with high concentrations of sRANKL 
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RAW264.7 cells were differentiated in the presence of higher RANKL concentrations 

(100 ng/mL) to observe whether the actin architecture would be more developed.  
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Figure S-6  Representative immunofluorescence images of multinucleated cells cultured from 

RAW264.7 cells on different COP patterns. The cells were differentiated on 4 s plasma-treated 

patterns in the presence of 100 ng/mL sRANKL for 6 days. Red staining, F-actin; green, vinculin; 

blue, nuclei. The three fluorescence images and bright field image were merged. Dimensions are 

indicated as pattern diameter (φ), width (w)/height (h), or depth (d). 
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