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Abstract: Surface roughness is an important property for metallic materials used in medical implants 
or other devices. The present study investigated the effects of surface roughness on cellular function, 
namely cell attachment, proliferation, and differentiation potential. Titanium (Ti) discs, with a 
hundred nanometer- or nanometer-scale surface roughness (rough and smooth Ti surface, 
respectively) were prepared by polishing with silicon carbide paper. MC3T3-E1 mouse 
osteoblast-like cells were cultured on the discs, and their attachment, spreading area, proliferation, 
and calcification were analyzed. Cells cultured on rough Ti discs showed reduced attachment, 
proliferation, and calcification ability suggesting that the surface inhibited osteoblast function. The 
findings can provide a basis for improving the biocompatibility of medical devices. 
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1. Introduction  

Metallic biomaterials, such as titanium (Ti) and its alloys, are widely used in clinical 
applications, including in dental implants, artificial hip joints, and bone and external fixator [1,2]. 
The surface of these devices is often modified to improve biocompatibility [3,4,5]. Surface 
roughening is particularly effective for improving biocompatibility and inducing    
osseointegration [6,7]. For example, it has been demonstrated that surfaces treated by sand blasting 
and alkaline etching (SLA), a major technique for creating a roughened surface improves hard tissue 
compatibility [8], and micro-arc anodic oxidation, MAO yields a roughened surface for providing 
good corrosion resistance and biocompatibility [9,10,11]. On the other hand, excessively strong 
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binding between bone and Ti can lead to refracture after remove the devices [12,13]; which can be 
prevented by inhibiting bone callus formation on the Ti surface [14]. 

There are various reports regarding the effect of roughness on cell behaviors such as 
proliferation and differentiation. Ti with micrometer-scale average surface roughness (Ra) exhibited 
greater cell attachment than Ti with a smooth surface [15]. Osteoblast proliferation and 
differentiation were also shown to be increased by micrometer-scale Ra [16,17]. In contrast, Ti with 
nanometer-scale Ra had no effect on osteoblast function [18]. We previously reported that Ti surfaces 
with Ra in the order of 100 nm markedly reduced fibroblast attachment and proliferation [19]. 
Although these cells formed retained their characteristic morphology, there was little spreading. Cell 
morphology is closely related to cellular function through cell adhesion and membrane       
tension [20,21,22]. 

In the present study, we investigated whether 100 nm-scale surface roughness influences 
osteoblast function. We prepared roughened Ti surfaces with a range of Ra values using silicon 
carbide (SiC) paper, which did not influence the chemical composition of the passive film on the Ti 
surface. Osteoblast were cultured on the surfaces and their adhesion, proliferation, and calcification 
were evaluated. The results insight into interaction between cells and materials as well as a basis for 
inhibiting bone callus formation on Ti implants and thus preventing refracture after nail extraction. 

2. Materials and Method 

2.1. Preparation of substrates 

Commercially sourced pure Ti (Rare Metallic Co., Tokyo, Japan) were mirror-polished. To 
roughen the surface, they were then repolished with SiC paper and rinsed by sonication in acetone, 
methanol, and Milli-Q water. Before cell culture, the Ti discs were sterilized with 70% ethanol for  
1 h under ultraviolet light. The surface of Ti discs was visualized with a scanning probe    
microscope (SPM-9600; Shimadzu, Kyoto, Japan) using a silicon cantilever (NCHR-20; Nano world 
AG, Neuchâtel Switzerland). Ra were automatically calculated by examining Z-range images. 

2.2. Protein adsorption 

Bovine serum albumin (BSA; Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in 
0.1 M phosphate-buffered saline (PBS; Takara Bio, Otsu, Japan) at a concentration of 1 mg/ml. Ti 
discs were immersed in the protein solution at 37 °C for 1 h. Proteins adsorbed on the Ti were 
removed by sonication in 5% sodium dodecyl sulfate (Wako pure chemical, Osaka, Japan) and 
quantified with the micro bicinchoninic acid (micro-BCA) assay (Thermo Fisher Scientific). 
Absorbance at 562 nm was measured with a Smartspec Plus spectrophotometer (Bio-Rad, Hercules, 
CA, USA). 

2.3. Analysis of cell attachment and proliferation 

MC3T3-E1 mouse osteoblasts were obtained from Riken Cell Bank (Tsukuba, Japan) and 
cultured in -Minimal Essential Medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 
10% fetal bovine serum (Biowest, Nuaillé, France), 100 U/ml penicillin, and 100 g/ml  
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streptomycin (Nacalai Tesque, Kyoto, Japan). To evaluate attachment, cells were seeded on 
substrates at a density of 30,000 cells/cm2. After 1 or 4 h of incubation, non-adherent cells were 
removed washing with PBS. Attached cells were quantified using Cell Counting Kit (CCK)-8 (Dojin 
Chemical, Kumamoto, Japan). To assess proliferation, cells were seeded on Ti discs and tissue 
culture polystyrene (TCPS) at a density of 5000 cells/cm2. After 1, 3, 5, and 7 days of culture, the 
number of cells was quantified with CCK-8. 

2.4. Fluorescence microscopy 

Integrin 5 expression was visualized by immunocytochemistry. Cells were fixed with 4% 
paraformaldehyde for 1 h. Nonspecific antibody binding was blocked with SuperBlock (Thermo 
Fisher Scientific). For integrin 5 labeling, cells were incubated with rat anti-mouse CD49e IgG as a 
primary antibody followed by fluorescein isothiocyanate-conjugated goat anti-rat IgG secondary 
antibody (both from Sigma-Aldrich), then visualized by fluorescence microscopy (IX-71; Olympus, 
Tokyo, Japan). Images were captured with a charge-couple device camera and processed with ImageJ 
software (http://imagej.nih.gov/ij/). 

2.5. Determination of cell spreading analysis 

To facilitate visualization, cells were seeded at a density of 3000 cells/cm2 and cultured in a 
CO2 incubator. After 4 h, the cells were stained with calcein-AM (Dojin Chemical) and observed 
with a fluorescence microscope. Cell spreading area was calculated using ImageJ software. 

2.6. Analysis of calcification 

Calcification was induced in MC3T3-E1 cells grown on Ti discs by adding 2 mM 
-glycerophosphate (Calbiochem, San Diego, CA, USA) and 50 mM ascorbic acid (Wako Pure 
Chemical) to the culture medium for 7, 14, 21, and 28 days. Calcification level was assessed by 
Alizarin Red S quantification assay according to following paper [23]. Briefly, cells were fixed with 
4% paraformaldehyde at room temperature for 15 min. After rinse with distilled H2O, the cells were 
stained with 1% Alizarin Red S solution (adjusted to pH 4.1 with ammonium hydroxide) at room 
temperature for 30 min. After removing the Alizarin Red S solution, the discs were rinsed twice with 
distilled H2O. For quantification Ti discs were immersed in 10% acetic acid for 30 min and the 
mineralized layer was scraped from the surface, yielding a slurry that was heated at 85 °C for 10 min 
and then transferred to ice for 5 min. After heating, the slurry was centrifuged at 20,000 × g for    
15 min and the supernatant was transferred to a new tube. Ammonium hydroxide (10% v/v) was 
added to neutralized the acid and the absorbance of the solution at 405 nm was measured. 

2.7. Statistical analysis 

Five samples (n = 5) were analyzed for each experiment. Differences between groups were 
evaluated by one-way ANOVA. P < 0.05 was considered statistically significant. 
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3. Results and Discussion 

The surface topology of Ti discs with varying degrees of roughness were examined (Figure 1). 
Ra was measured with an SPM in 20 m  20 m area. Ra values and water contact angles are listed 
in Table 1; Ra value were 1.8  1.5 nm, and 118.3  1.9 nm and contact angles were 50.8  8.9, and 
56.2  12.4 for Smooth and rough Ti, respectively. The slight difference in contact angle between 
the two surface was due to roughness, since their surface chemistry was quite similar. The adsorption 
of BSA on Ti was determined with the micro-BCA assay and was found to be 14.8  2.0 g and  
13.2  2.0 g for rough and smooth surfaces, respectively (Figure 2). These results suggest that 
nanometer-scale roughness has minimal effect on the amount of protein adsorbed. 

Table 1. Ra and water contact angle of rough and smooth Ti. 

 Rough Ti Smooth Ti 

Roughness, Ra (nm) 105.6  1.9 1.8  1.5 

Contact angle (degree) 50.8  8.9 56.2  12.4 

 

Figure 1. AFM topological images of each substrate. (a) rough and (b) smooth Ti in of 
20 m × 20 m area. 

 

Figure 2. Determination of protein adsorption. Adsorbed bovine serum albumin on rough 
and smooth were determined by micro-BCA method. Data are the mean  SD (n = 5). 
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Cell attachment to the Ti surface was calculated as a percentage of the value for cells attached to 
TCPS after 1 and 4 h of incubation (Figure 3). The percentage of cells attached to rough and smooth 
surfaces was 35.6  5.5% and 67.0  4.2respectively, after 1 h and 49.2  4.4% and        
89.3  respectively, after 4 h.More cells were attached to the smooth that to the rough surface. 
Wettability and protein adsorption data indicated that smooth and the rough Ti had similar chemical 
composition; hence, the observed difference in cell behavior the two surfaces was attributable to 
roughness. Cell adhesion to the smooth surface which had a nanometer-scale Ra and to TCPS was 
similar (data not shown), consistent with findings that nanometer-scale surface roughness had no 
effect on cellular function [18]. However, the rough surface which had an Ra value in the order of 
hundreds of nanometer reduced osteoblast attachment, consistent with our previous observations in 
fibroblasts [19]. 

 

Figure 3. Cell attachment analysis. Attachment activity of cells cultured on the rough  
Ti (open bar), and smooth Ti (gray bar) for 1 h and 4 h. Data are the mean  SD (n = 5). 

Cell spreading area on rough and smooth Ti surfaces after 4 h of culture according to histogram 
peaks was 1,900 m2 and 5,000 m2 for rough and smooth Ti surface, respectively (Figure 4a). 
Fluorescence micrographs of cells cultured on the two types of surface for 4 h revealed that those on 
the smooth surface had a spindle-shaped morphology similar to ells grown on TCPS; in contrast, 
cells on rough Ti had a rounded shape and showed less spreading (Figure 4b). To investigate the 
potential of Ti discs to act as scaffolds, we visualized integrin 5 expression by fluorescence 
microscopy (Figure 4c). Cells on the smooth Ti surface showed clear punctae corresponding to 
integrin 5. Integrin 5 subunit forms heterodimer with β1 subunit and binds Arg-Gly-Asp motif of 
extracellular matrix (ECM) protein [24]. Thus, the higher degree of cell attachment activity to the 
smooth Ti surface was achieved via integrin-mediated adhesion. In contrast, there was no distinct 
integrin 5 expression in cells grown on rough Ti, suggesting that they attach via an integrin 
independent mechanism, although the rough surface did not induced extensive cell attachment. 
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Figure 4. Evaluation of cell adhesion and morphology. (a) Histograms of the cell 
spreading area of cells cultured on rough Ti (top) and smooth Ti (bottom). (b) 
Fluorescent microscopic image of cytoplasm stained by calcein-AM of cells cultured on 
rough Ti (right) and smooth Ti (left). Scale bar = 50 m. (c) Fluorescent microscopic 
image of immunostaining of integrin 5 of of cells cultured on rough Ti (right) and 
smooth Ti (left). Scale bar = 25 m. 

Integrin-ECM complexes generate intracellular signals for cell growth, proliferation, migration, 
and differentiation [25–28]. To investigate the effect of Ra on cellular function, we compared the 
proliferation of MC3T3-E1 cells grown on rough and smooth Ti surfaces (Figure 5). Cells on the 
smooth Ti surface showed similar proliferative capacity to those on TCPS; however, proliferation 
was inhibited by the rough Ti surface. We also examined calcification of extracellular component as 
a marker of differentiation capacity. The level of calcification was higher in cells on the smooth as 
compared to the rough Ti (Figure 6). These results suggest that the latter surface inhibits osteoblast 
proliferation and differentiation. 

 

Figure 5. Proliferation of cells cultured on rough Ti and smooth Ti for 1 (open bar), 2 
(lightgray bar), and 4 (gray bar) days. Data are the mean  SD (n = 5). 
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Figure 6. Determination of calcification activity of the cells cultured on rough Ti (open 
bar) and smooth Ti (gray bar). The cells were induced calcification by ascorbic acid and 
-glycerophosphate during 7 to 28 days after seeding. Data are the mean  SD (n = 5). 

4. Conclusion 

The results of this study revealed that the rough Ti surface, which had an Ra value in the order 
of hundreds of nanometers, inhibited cells attachment as well as osteoblast proliferation and 
differentiation, despite having a similar water contact angle and protein adsorption capacity as the 
smooth Ti surface. Our findings provide insight into interactions between cells and materials and can 
be useful for improving the biocompatibility of metallic materials used for medical devices. 
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