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Abstract:



This study investigates the results of cell cultures on aluminum (Al) templates with flat-structures, micro-structures, nano-structures and micro/nano-structures. An Al template with flat-structure was obtained by electrolytic polishing; an Al template with micro-structure was obtained by micro-powder blasting; an Al template with nano-structure was obtained by aluminum anodization; and an Al template with micro/nano-structure was obtained by micro-powder blasting and then anodization. Osteoblast-like cells were cultured on aluminum templates with various structures. The microculture tetrazolium test assay was utilized to assess the adhesion, elongation, and proliferation behaviors of cultured osteoblast-like cells on aluminum templates with flat-structures, micro-structures, nano-structures, and micro/nano-structures. The results showed that the surface characterization of micro/nano-structure of aluminum templates had superhydrophilic property, and these also revealed that an aluminum template with micro/nano-structure could provide the most suitable growth situation for cell culture.
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1. Introduction


The surface of dental- or bone-implanted objects must commonly be modified to yield a particular surface roughness in order to increase their surface area for osteoblast attachment, and to enhance the bioactive and osteoconductive properties of the underlying substrate. Effective surface treatment methods include sand- or grit-blasting using abrasives, chemical treatments, and the deposition of calcium phosphate (CaP) coatings.



Technological developments have enabled the preparation of nano-scale structures, including anodized aluminum with neat arrays of holes known as porous alumina, which is a biomedical material. Biomedical engineering involves cell culture, biomedical materials, and surface modification. The cell growth is improved by a biomaterial with an effective structure. Numerous scholars are interested in the scale, micro-structure, and nano-structure of biomaterials.



The powder blasting method for hydroxyapatite (HA) was utilized to blast on a pure titanium (Ti) substrate. They found that the content and crystal structure of Ti substrate after blasting were the same as those of pure HA. The bonding strength of Ti substrate after powder blasting was larger than that by the dip coating, electrolysis deposition, and electrochemical deposition [1]. An animal test was performed for pure Ti after surface modification by blasting. The results demonstrated that the thickness of new bone on Ti substrate after being HA blasted exceeded that of pure Ti substrate [2]. A new method was developed for blasting a Ti surface that involved aluminum oxide (Al2O3) and a dopant (HA, fluoro apatite (FA), magnesium apatite (MgA) and carbonate apatite (CO3A)), and a cell culture was performed on that surface. The results indicated the greatest proliferation of cells on the Ti substrate that was blasted by Al2O3 and CO3A particles [3]. The biocompatibility of Ti substrate was discussed on the condition of being treated by HA blasting alone and by HA blasting with Al2O3. The results revealed that the surface roughness of the Ti substrate was greater following Al2O3 treatment and HA blasting. A cell culture revealed that the viability of cells on Ti substrate that was treated with Al2O3 followed by HA blasting exceeded that of the substrate that had undergone only HA blasting. The results also revealed that the growth of laminate bone has good situation on the Ti substrate that was treated with Al2O3 and HA blasting [4]. The antibacterial effectiveness of Ti substrate treated with pure HA particles or HA combined with zinc apatite (ZnA), silver apatite (AgA), or strontium apatite (SrA) particles were evaluated, and it was found that the substrate that was treated with HA and AgA performed best in this respect [5]. The wear and friction of a TiAl6V4 substrate that was combined with Al2O3 and teflon, silicon carbide (SiC), or boron carbide (B4C) by blasting method was investigated [6]. An MG63 cell culture was conducted on a Ti substrate after blasting with HA and sintered CaP particles. The results revealed that surface modification increased cell proliferation on the Ti substrate [7]. A MG63 cell culture was carried out in vitro on the TiAl6V4 following surface modification (using different co-blasting methods). Their results demonstrated that co-blasting with bioglass and HA particles improved the osteoconduction and growth of cells on TiAl6V4. Their results also indicated that co-blasting of the TiAl6V4 substrate yielded a better alkaline phosphatase (ALP) value than the plasma spray method [8,9]. The researchers reviewed 348 papers on MG63 proliferation on Ti and TiAl6V4 substrates that had undergone various methods of surface modification [10]. The nanostructure of substrate affected the adhesion and proliferation of cells in vitro. The results showed that the moderately rough substrates with large fractal dimension could boost cell proliferation [11,12]. The morphology and biocompatibility of polished nitinol (NiTi) and Ti material surfaces treated with a mixed solution of three acids (HCl–HF–H3PO4) were evaluated. The results showed that surfaces treated with HCl–HF–H3PO4 had higher roughness, lower cytotoxicity, and better biocompatibility than controls [13,14]. MG63 cells were seeded on machined pretreated, nano-modified pretreated, sandblasted/acid-etched, and nano-modified sandblasted/acid-etched Ti disks. The results revealed that the nanoscale structures in combination with micro-/submicro-scale roughness improved osteoblast differentiation and local factor production, which indicated the potential for improved implant osseointegration [15,16].



The oxidation of anodic aluminum oxide (AAO) in sulfuric acid, phosphoric acid, or oxalic acid yields anodized porous alumina. Generally, AAO has a highly porous array structure and straight uniform pores. The diameter of pores varies with anodic reaction conditions. Straight nano-channels of AAO are often used to provide a framework for the formation of highly regular nano-structured materials. Porous anodic alumina membranes are formed from metal aluminum in acidic solution by two-step anodization [17,18,19,20,21,22,23]. The most commonly used electrolytes are sulfuric acid, oxalic acid, and phosphoric acid solution. In the anodizing process, aluminum is the anode, an electric field is applied, and the surface of the aluminum forms an oxide film. The extent of electrolytic oxidation increases with the voltage. Varying the electrolyte and the electrolysis time yields alumina membranes with pore diameters up to several hundred nanometers, or as small as 5 nm. The hole density up to 1011 holes/cm [24,25,26,27] and film thickness from 10 to 100 μm can be obtained. The porous alumina template is by far the most widely used template because it has monodispersed characteristic, it can resist high temperatures, and has high strength. The resulting nanotopography combines ordered nanostructures with widely varying surface energies, providing a unique platform for studying cell–substrate interactions. Human dermal fibroblasts were cultured on these substrates. Surface patterning with nanoscale pillars markedly affected cell morphology, which was independent of surface energy. Cell spreading was significantly reduced on both hydrophobic and hydrophilic surfaces with nanopillars. This analytical result shows that surfaces which resist cell spreading can be fabricated by generating suitable nanoscale topography, without concern for the effect of surface chemistry on hydrophilicity [28,29,30,31]. Popat et al. [32] established that the cell activity on AAO exceeded that on pure aluminum. Hoess et al. [33] showed that the filopodia of a HepG2 cell passed through nanoholes with a diameter of 263 nm, favoring cell adhesion and proliferation.



The motivation of this study is to study the cell culture on aluminum templates with various structures for application on dental- or bone-implanted objects. The purpose of this study is to discuss the behaviors of cell culture on the various structures of Al template by different surface modification methods. The authors have developed the mini screw on prosthodontics in Taipei Medical University. The mini screw was used as the aluminum material. The research emphasizes that the surface property of the mini screw (as the implanted object) influences the osseointegration. This investigation concerns cell culture on aluminum templates with flat structures, micro-structures, nano-structures, and micro/nano-structures. This study focuses on the various structures of Al templates for osteoblast-like cells (MG63, human osteosarcoma cell), because these cells (MG63) have different effects on aluminum templates of micro-sized structures formed by micro-powder blasting and on aluminum templates of anodized nanometer-sized structures and on aluminum templates of micro/nano-structures by micro-powder blasting and anodized process. This study emphasizes the surface roughness and surface property (hydrophilic or hydrophobic) on aluminum templates with various structures for cell culture. The purpose of this study is to apply the implanted object for bone or teeth to osseointegration. This can improve the stability of bone or dental implanted objects and decrease the repair time of bone or teeth. The null hypothesis is that the surface modification methods (micro-powder blasting, anodized process, micro-powder blasting + anodized process) only have an effect on the surface properties of the Al template.




2. Materials and Methods


2.1. Materials


Specimens were prepared from circular aluminum (Al) templates (99.9%, thickness = 1 mm, Φ = 15 mm) using various processes. To prepare a flat-structure specimen, the Al template was electropolished in a solution of perchloric acid and ethanol (HClO4:C2H5OH = 1:4) at 7 °C for 2 min to remove surface irregularities.




2.2. Micro-Structure of Al Template


A micro-structured Al template was prepared. A micro-blasting machine (MICROPEEN 1300 ZP/ZPD, Iepco, Leuggern, Switzerland) was used to perform micro-powder blasting on Al template (99.9%). The micro-powder blasting formed irregular concave micron-sized holes on the surface of the aluminum template. This method increased the surface roughness of the aluminum. The sands used for micro-powder blasting were MS 245A, MS 300A, MS 550A and MS 550BT (A means sharp sand, BT means round sand), with a diameters of 50–250, 30–70, 10–20, and 20–30 microns, respectively. To form an aluminum template with micro-structure, a blasting pressure of six bars was utilized; the distance between the blasting nozzle and the template was 3 cm; two blasting times were used in each case, and four kinds of sand particles were used.




2.3. Nano-Structure of Al Template (AAO)


A nano-structured Al template was formed, and anodic aluminum oxide (AAO) was prepared as follows:

	
Pre-treatment: Aluminum template with a purity of 99.9% was soaked in an alcohol solution and ultrasonically vibrated for 30 min. It was then placed in 5% NaOH and soaked for 3 min to remove surface oil. Following heat treatment (400 °C, 4 h), it was electrolytically polished using 85% perchloric acid (HClO4, Kanto Chemical Co., Ltd., Tokyo, Japan) and 15% ethanol (C2H5OH). It was then washed twice in deionized water.



	
Anode handling: (1) Aluminum template was firstly anodized using 0.5 M oxalic acid on 30 V at room-temperature for 1 h to do the anodic process for the first time; (2) Chemical etching: The aluminum was rinsed for the second time in deionized water, and placed in a solution of 1.5 wt % chromic acid (Katayama reagent Co., Ltd., Osaka, Japan) that had been mixed with 6 wt % phosphoric acid (Katayama reagent Co., Ltd.) at 70 °C. The reaction time was 1 h. The growth was etched to retain a few pit holes under its surface. It was then washed twice in deionized water, before being anodized for the second time; (3) The second anodic treatment was conducted using 0.5 M oxalic acid at 30 V and room temperature for 3 h.









2.4. Micro/Nano-Structure of Al Template


To generate a surface with micro/nano-structure, the micro-powder blasting method and an anodization process (voltage: 30 V, 0.5 M oxalic acid, room temperature, first anodized period time: 1 h, second anodized period time: 3 h) were utilized to form nano-holes in a micro-structured aluminum template. The novelty of this work is the use of an innovative method to fabricate an Al template with micro/nano-structure. This method is easy, fast, and cheap for the production of the micro/nano-structured Al template. The surface properties of the flat aluminum or aluminum templates with various structures (micro-structure, nano-structure, and micro/nano-structure) importantly affect the cell culture that is performed on these materials. Figure 1 displays the fabrication of Al template with various structures.


Figure 1. Fabrication process for different structures of aluminum (Al) templates.
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2.5. Surface Properties


A contact angle meter (DIGIDROP DGD-DI, GBX, Dublin, Ireland) was used to measure the contact angle of aluminum templates with various structures. The contact angles of the surfaces of Al template with flat-structure, micro-structure, nano-structure, and micro/nano-structure are discussed. 5 points were measured on each specimen. Deionized water (0.5 μL) was dropped on the template surface. The three states of solid/gas/liquid affected the liquiddrop stability, the use of computer-controlled photography (25/s) captured images and converted the image files. The obtained data of measured contact angle were made into charts.



A MultiMode 3D scanning probe atomic force microscope (DI 3100, Advanced Surface Microscopy, Indianapolis, IN, USA) was utilized to determine the surface roughness of Al templates with various structures. The atomic force microscope (AFM) was also applied to measure the surface profile of aluminum templates with different structures. The authors measured the surface roughness of each test template at 5 measurement points. The scanning range of each measurement point was 5 × 5 μm2. The surface morphology of Al templates with various structures was analyzed by SEM (JSM-6700F, JOEL, Peabody, MA, USA).




2.6. Cell Culture


In the phosphate-buffered saline (PBS) buffer allocation method, PBS and deionized water were mixed in ratio of 1:9. The PBS was put in a sterilized bottle and stored in a refrigerator at 4 °C. Dulbecco’s Modified Eagle Medium from HyClone Co. (South Logan, UT, USA) was added to 10% PBS and 1% penicillin (HyClone Co.). The MG63 cell line (ATCC CRL-1427) was used in the cell culture. MG63 is a human bone precursor cell (human osteogenic sarcoma). MG63 cells are utilized in experimental research of the in vitro attachment and proliferation of bone cells. The microculture tetrazolium test (MTT) is 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. It is a yellow compound that accepts hydrogen ions. It acts on the respiratory chain of living cell lines. Cracking its tetrazolium ring using succinate dehydrogenase and cytochrome C yields a blue formazan crystal. In this study, the crystal was dissolved in dimethyl sulfoxide, and its optical density (OD) was measured using an ELISA machine (Anthos 2020, Biochrom, Cambridge, UK). The OD value indicated the cell activity.




2.7. Statistics


Measured data were subjected to statistical analysis. For any given experiment, each data point represented the mean ± standard deviation (SD) of six individual experiments. The Tukey-test was used to determine significance between groups in the contact angle and surface roughness. Statistical significance was indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results and Discussion


3.1. Surface Morphology of Micro-Structure of Al Template


In this work, micro-powder blasting was carried out to form a micron-scale surface on an aluminum template, which was then anodized to produce nanoholes in anodic alumina. Finally, the micro/nano-structure of the aluminum template was formed. The first goal was to form a suitable micro-structured surface of aluminum using various sand particles on micro-powder blasting (Figure 2). The depth of the surface of the aluminum micro-structure declined as the diameter of the sand particles declined (Figure 2a–c). The results also reveal that surfaces which had been impacted by larger sand particles were more concave and convex. Figure 2d demonstrates that the depth of the surface micro-structure of aluminum that underwent impact by round sand particles was less than that which underwent impact by sharp sand particles. The results also indicate that the micro-structure surface of aluminum that underwent impact by round sand particles was smoother than that by sharp sand particles.


Figure 2. SEM images of Al template by powder blasting processing: (a) MS 245A (Φ = 50–250 μm); (b) MS 300A (Φ = 30–70 μm); (c) MS 550A (Φ = 10–20 μm); (d) MS 550BT (Φ = 20–30 μm).
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3.2. Surface Morphologies of Nano and Micro/Nano-Structures of Al Template


To assess the quality of the prepared anodized aluminum templates, they were observed using SEM and AFM, as presented in Figure 3. Figure 3a shows the SEM images of AAO that were formed by the anodization process. The results reveal that the mean pore size in AAO was approximately 100 nm. Additionally, the formed pore arrays of AAO were very uniform. The micro/nano-structure of the Al template obtained by micro-powder blasting and anodic oxidation process is discussed. Figure 3b presents an SEM image for the previous process with electrolytic polishing, followed by the anodic oxidation process. The results demonstrate that micro-powder blasting barely formed a micro-structure, but rather formed nanoholes in AAO, yielding a pore size of about 60–80 nm. Figure 3c shows the SEM images following anodic oxidation process without electrolytic polishing. The results indicate that the micro-structure formed on the Al template, and nanoholes formed in the micro-structure with sizes about 50–80 nm, suggesting that the micro/nano-structure formed on the Al template.


Figure 3. SEM images of nano-structure and micro/nano-structure: (a) Φ = 100 nm (anodic aluminum oxide (AAO)); (b) Φ = 60–80 nm (nano-hole on micro/nano-structure with electrolysis polishing); (c) Φ = 50–80 nm (nano-hole on micro/nano-structure, without electrolysis polishing).
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3.3. Surface Properties of Various Al Template Structures


The surface properties of the various structured templates importantly affect the cell culture thereon. The effects of contact angle and surface roughness of Al templates with various structures on their surface are considered. Table 1 displays measured contact angles on smooth Al template (flat-structure), a micro-structured Al template that was formed by micro-powder blasting (MS 245A, MS 300A and MS 550BT), the nano-structure (AAO) and the micro/nano-structured Al template, revealing that the contact angles of the Al templates with the different structures fall into three groups. The contact angles of the smooth Al template and the micro-structure of Al substrate formed by micro-powder blasting (MS 245A) were about 77°–88°. The contact angle of Al template by MS 245A did not decline very much as the size of the sand particles increased, yielding a larger micro-structure, so the surface properties of the Al template did not improve with an increase in the particle size. The contact angles of the Al template with micro-structure formed by micro-powder blasting (MS 300A, MS 550BT) were around 28°–36°, revealing that the surface of the Al template by micro-powder blasting changed from hydrophilic to more hydrophilic. Furthermore, the contact angles of Al templates with various structures were affected by the size of sand particles, and are independent of their shapes. Finally, the contact angles of the nano-structure (AAO) and micro/nano-structure on Al template were about 7°–21°, indicating that these structures are superhydrophilic. These results also show that the micro/nano-structured Al template had the lowest contact angles, and that the micro/nano-structure of the Al template was more hydrophilic than the other structures of the Al template. Contact angle values by Tukey-test are also listed in Table 1. The contact angle indicates that there was no statistically significant difference between the smooth Al template and the Al template with micro-structure (MS 245A). The results also show that the contact angle between Al template with micro-structure (MS 300A) and the Al template with micro-structure (MS 500BT) had no statistically significant difference. The other two had statistically significant differences from each other in terms of contact angle for different structured templates.



Table 1. Contact angles and surface roughnesses for different structured templates by Tukey-test.







	
Group

	
Contact Angle (°)

	
Surface Roughness (nm)

	
p-Value

	
Tukey-Test






	
AAO

	
18.76 ± 3.09

	
12.65 ± 0.06

	
0.001 ***/0.001 ***

	
A/A




	
MS 245A

	
80.70 ± 3.86

	
13.88 ± 0.07

	
–

	
B/A




	
MS 300A

	
33.58 ± 3.04

	
51.67 ± 0.13

	
–

	
C/B




	
MS 550BT

	
31.22 ± 3.02

	
40.07 ± 0.20

	
–

	
C/C




	
Micro/nano-structure on Al substrate

	
11.08 ± 4.19

	
56.37 ± 0.28

	
–

	
D/B




	
Smooth Al

	
85.72 ± 3.54

	
25.57 ± 0.13

	
–

	
B/D








*** p < 0.001.








Table 1 also presents the surface average roughness (Ra) values of Al templates with various structures. The results of surface roughness (Ra) indicate that the Ra of the Al template after micro-powder blasting is larger than that of flat Al template. The Wenzel equation appears that the surface roughness of the template can improve the surface wetting property. The contact angle of the template decreased as its surface roughness increased [34]. The results indicate that micro-powder blasting with smaller sand particle yielded larger Ra values of the Al template, because larger sand eroded the Al template more strongly and it could not produce small bumps on the surface of the Al template. The Ra value of the Al template fell as the size of the sand in the micro-powder blasting increased. The results also demonstrated that rounder sand in micro-powder blasting yielded smaller Ra values of the Al template, because sharp sand could more easy produce bumps on the surface of the Al template. The micro/nano-structure of the Al template had the highest Ra value. The Tukey-test for surface roughness of Al templates with various structures is also listed on Table 1, indicating that there was no statistically significant difference between the nano-structured (AAO) template and the micro-structured template (MS 245A). The results also reveal that the surface roughness between the micro-structured template (MS 300A) and the micro/nano-structured template had no statistically significant difference. The other two had statistically significant differences with each other in surface roughness for different structured templates.



The results of this study also reveal that the micro-powder blasting + anodized method yielded the minimum contact angle and the maximum surface roughness in the Al template. The contact angle had a smaller value and the surface roughness had the smallest value via the anodized method. The contact angle was largest via micro-powder blasting with different sized particles.




3.4. Cell Viability Evaluation in Vitro


Figure 4 displays the MTT assay on Al templates with various structures. The OD value was statistically significantly different between the smooth Al template and the micro/nano-structured Al template. The results show that the OD value increased with the cell time regardless of the template structure. The results also reveal that the micro/nano-structure of the Al template had the highest OD value because it had the largest surface area; this explains why its surface approaches superhydrophilicity. The results also show that the OD values among the smooth Al template and micro/nano-structured Al template were statistically significantly different at day 4. In vitro studies revealed that the growth response of specific cell types give insight into the surface properties of the substrate. The surface roughness affects the cell response. The growth behavior of osteoblast-like cells (MG63) demonstrates the phenotypic characteristics of roughness-dependence. The results herein demonstrate that surface roughness may play an important role in determining cell response [35,36,37]. The results also demonstrate that the OD value depends on the contact angle. There are many studies indicating that the suitable hydrophilic property of a template surface can improve the cell adhesion and spreading on the surface [35,38,39]. A smaller contact angle yields a larger OD value, indicating that the hydrophilic nature of the template favors the cell adhesion and proliferation.


Figure 4. The microculture tetrazolium test (MTT) assay for different structured templates. (Values are the mean ± SD of six experiments (n = 6), * p < 0.05, ** p < 0.01, *** p < 0.001).
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The results also indicate that a good behavior of cell adhesion and proliferation appeared on the surface of the Al template obtained by micro-powder blasting + anodized method, followed by the use of micro-powder blasting. The OD value had the smallest value on the smooth Al template.




3.5. The Results of Null Hypothesis


The null hypothesis was that surface modification methods (micro-powder blasting, anodized process, micro-powder blasting + anodized process) only has an effect on the surface of the Al template. The authors wanted to determine the depth of the Al template micro-structure or micro/nano-structure after surface modification. Figure 5 shows the surface profile of different structures of aluminum templates measured by AFM. The depth of the Al template was about 80.89 nm. The results show that the depths of the micro-structure of the Al template were 109.15 nm, 158.93 nm, and 164.52 nm for sand particles MS 245A, MS 300A, and MS 550BT by micro-powder blasting, respectively. The depth of AAO was 150.00 nm for the anodized process. The depth of Al template micro/nano-structure was 171.15 nm by the micro-powder blasting + anodized process. The previous results can reveal that the surface modification methods influence the surface layer of the Al template. The experimental results fit the null hypothesis.


Figure 5. Surface profile of different structures on aluminum templates: (a) Al template; (b) MS 245A; (c) MS 300A; (d) MS 550BT; (e) AAO; (f) micro/nano-structure without electrolysis polishing.
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4. Conclusions


This study evaluates the effects of Al template with various structures on cell cultures. The results can be used for the reference on bone or dental implants. The Al template with the flat-structure was slightly hydrophilic; the Al template with micro-structure formed by micro-powder blasting was more hydrophilic. The Al template with nano-structure became superhydrophilic by the anodization method. The Al template with micro/nano-structure became superhydrophilic, and it had the maximum value of contact angle. The Al template with micro/nano-structure had the maximum value of surface roughness, followed by the Al template with micro-structure, followed by the smooth Al template, and the Al template with nano-structure had the minimum value. Osteoblast-like cells (MG63) were cultured on the variously structured templates for 4 h, 1 day, and 4 days, before the MTT assays were performed. The results revealed that the Al template with micro/nano-structure had the highest OD value. The reason is that this template had the superhydrophilic property and the maximum surface roughness. The Al template with micro/nano-structure was more suitable for cell culture in this study.
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