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Abstract: The aim of this study was to prepare different sized porous anodic alumina (PAA)
and examine preosteoblast (MC3T3-E1) attachment and proliferation on such nanoporous surfaces. In this study, PAA with tunable pore sizes (25 nm, 50 nm, and 75 nm) were fabricated
by a two-step anodizing procedure in oxalic acid. The surface morphology and elemental
composition of PAA were characterized by field emission scanning electron microscopy and
X-ray photoelectron spectroscopy analysis. The nanopore arrays on all of the PAA samples were
highly regular. X-ray photoelectron spectroscopy analysis suggested that the chemistry of PAA
and flat aluminum surfaces were similar. However, contact angles were significantly greater
on all of the PAA compared to flat aluminum substrates, which consequently altered protein
adsorption profiles. The attachment and proliferation of preosteoblasts were determined for up
to 7 days in culture using field emission scanning electron microscopy and a Cell Counting
Kit-8. Results showed that nanoporous surfaces did not enhance initial preosteoblast attachment, whereas preosteoblast proliferation dramatically increased when the PAA pore size was
either 50 nm or 75 nm compared to all other samples (P0.05). Thus, this study showed that
one can alter surface energy of aluminum by modifying surface nano-roughness alone (and not
changing chemistry) through an anodization process to improve osteoblast density, and, thus,
should be further studied as a bioactive interface for orthopedic applications.
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In recent years, it has been recognized that biomaterial surface nanostructures greatly
influence cellular behavior.1,2 Nanofeatured surfaces have been investigated as a
potential tool for selectively increasing desirable cell functions while simultaneously
decreasing competitive cell functions.3–5 Therefore, these intriguing results may open
up the possibility for controlling cell behaviors, not by using pharmaceutical agents,
but by simply adapting nanometer surface properties to the desired cell behavior. For
example, many studies have indicated that nanotubular and nanotextured titania (created through various anodization conditions) could modulate the functions of many
types of cells and might be used as an excellent bioactive interface for implantable
devices.6–8 Specifically, it has been reported that fine-tuning the dimensions of such
titania nanofeatures in the 10–200 nm range can enhance functions of osteoblasts,
chondrocytes, and endothelial cells.9,10 Anodization of titanium to form titania nanotubular structures has also been shown to inhibit bacteria growth and macrophage
(ie, inflammatory cell) functions; again, all without the use of pharmaceutical agents,
which may have harmful side effects.9
Similar to titania nanotube arrays, porous anodic alumina (PAA) is a self-organized
material with nanopore arrays that has a relatively long-range order of nanoporous
structures.11 In addition, the PAA porous structure can be uniquely altered by varying
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anodization processing parameters and resulting porous
shapes can be tailored with specific pore diameters.12,13 In particular, PAA has become increasingly important in biomedical applications over the past years because of its chemical
stability as well as orthopedic biomimetic and biologicallyinspired properties.14–19 Recently, Wang et al and Hu et al
studied NIH 3T3 (fibroblasts) and PC12 (pheochromocytoma) cellular behaviors on PAA with different pore
sizes, but the nanopore arrays used in their study were in a
disordered arrangement and pore size distribution was not
even.20–22 Dalby et al have previously proved that nanoscale
disorder on substrates also directly influenced cellular
behaviors.23 Thus, the disorder of the porous arrangement
may interfere with cell sensing of the different sized pores on
PAA in their study. In another study, Chung et al studied the
growth of epithelial normal cells (HMEC) on PAA surfaces
with pore diameters from 30 nm to 80 nm.24 To improve
numerous biomedical applications, PAA interactions with
different types of cells need to be studied extensively to
acquire a full understanding of the cellular responses to such
anodized surfaces. In addition, to the best of our knowledge,
little (if any) studies have systematically examined the
behaviors of preosteoblasts on such nanoporous surfaces of
PAA (with pores in the 0–100 nm range) and elucidated a
mechanism for their altered behavior.
Herein, we took advantage of the structural features of
nanoporous anodic alumina and designed highly ordered
nanoporous arrays with different pore sizes (0–100 nm).
We studied the effects of these nanoporous structures on the
adhesion and proliferation behaviors of preosteoblasts, which
might provide a deeper understanding of how nanoporous
alumina can be used in numerous orthopedic applications.

Materials and methods
Porous anodic alumina preparation
The alumina nanostructured surfaces were fabricated according to a previously published protocol.25 In brief, PAA with
different diameters were fabricated from pure aluminum
(Shtongren Co., Ltd, Shanghai, People’s Republic of China)
foils using a two-step anodization process.26 High-purity
(99.999%) aluminum sheets (8.0 cm ×1.5 cm ×0.5 mm) were
annealed in a muffle furnace (KDF-S70; Tokyo Rikakikai
Co., LTD, Tokyo, Japan) at 400°C for 3 hours to remove
surface residual stresses, then the oil contaminant on the
metal surface was removed in a mixture of ethanol, dichloromethane, and acetone (v/v=1:2:1) (Sinopharm Chemical
Reagent Co., Ltd, Shanghai, People’s Republic of China).
Then, they were electrochemically polished in a solution of
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phosphoric and sulfuric acid (v/v=3:2) (Sinopharm Chemical
Reagent Co., Ltd) at 4.8 Amps and 80°C until the sheets
appeared smooth and shiny. Anodization was performed
in a two-step process using 0.4 M oxalic acid (Sinopharm
Chemical Reagent Co., Ltd) at 40 V. During anodization,
the electrolyte was vigorously stirred in order to achieve a
required temperature and uniform concentration of the electrolyte. A lead sheet was used as a cathode. The anodization
temperature was kept constant at 2°C throughout the process
by cooling the solution with an ice bath. At the end of the
first anodization step, the alumina layer that formed was
etched in a 4 wt% chromic acid and 8% (v/v) phosphoric
acid (Sinopharm Chemical Reagent Co., Ltd) mixture to
form nucleation sites for later uniform pore formation. The
second anodization step was performed under the same conditions as was used in the first electrolysis. After the second
anodization step, the samples were immersed in a 5 wt%
phosphoric acid solution at 37°C for widening the pores,
and the etching time was regulated to obtain pores of different sizes. The pore widening time was controlled for 0, 15,
and 40 minutes. Finally, the PAA samples were thoroughly
rinsed with deionized water. For the cell experiments, all
samples were cut into identical size pieces (5 mm ×5 mm)
and were sterilized using 70% ethanol and ultraviolet light
for 30 minutes and 4 hours, respectively. Then, they were
air dried overnight. Smoothly electrochemically polished
aluminum with a native alumina (Al2O3) oxide layer having
a chemical composition analogous to that of a PAA surface
was used as a control surface.

Surface characterization
The surface elemental composition and pore structure of the
specimens were characterized using X-ray photoelectron
spectroscopy (XPS) (Escalab250; Thermo Fisher Scientific,
Waltham, MA, USA) and a field emission scanning electron
microscope (FESEM) (JSE-5600LV; JEOL, Tokyo, Japan).
The average roughness (Ra) was measured using a surface
stylus profilometer (Wyko NT9100; Veeco Instruments, Inc.,
Plainview, NY, USA). Contact angles were determined with
a video-based optical contact measuring system (OCA40Micro; Dataphysics, Filderstadt, German). The contact angles
were measured using deionized water at room temperature.
At least five measurements were carried out for every sample.
In order to characterize the PAA structure, the calculation of
some structural parameters (such as pore size, pore center-tocenter distance, wall thickness, porosity, and pore density)
was carried out by using Adobe Photoshop CS2 software
(Adobe Systems Incorporated, San Jose, CA, USA). Pore
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diameter, inter-pore distance (a measure of the pore-centerto-pore-center distance), and wall thickness were measured
directly from the FESEM images. The porosity was calculated based on pore area of the unit cell divided by unit cell
area. Pore density was evaluated based on field emission
scanning electron microscope images by counting the number
of pores per field for a given area.

Cell culture
A preosteoblast cell line derived from murine calvaria
(MC3T3-E1 Subclone 4) was purchased from ATCC
(Manassas, VA, USA). Preosteoblasts were cultured in
alpha minimum essential medium (Thermo Fisher Scientific)
supplemented with 10% heat-inactivated fetal calf serum
(Thermo Fisher Scientific), L-glutamine (Thermo Fisher
Scientific), 100 UI/mL penicillin, and 100 µg/mL streptomycin (Thermo Fisher Scientific), and were incubated in
a 75 cm2 flask (Corning Incorporated, Corning, NY, USA)
at 37°C under a humidified atmosphere consisting of 5% CO2.
Cell culture media was refreshed every 2 days. When cell
experiments were performed, cells were harvested from tissue culture flasks using a trypsin-EDTA treatment, collected
by centrifugation, and resuspended in alpha minimum essential medium. The cells were counted using a hemacytometer
and the cell concentration calculated. Generation-three
to -seven cells were used for all cell experiments.

Cell morphology
The cell morphology on the different samples after
4 and 24 hours was observed using FESEM (JSE-5600LV;
JEOL). Samples were washed with a phosphate-buffered
saline (PBS) solution twice and fixed in 2.5% glutaraldehyde (Sinopharm Chemical Reagent Co., Ltd) in a 0.1 M
sodium phosphate-buffered solution for 30 minutes. The
fixed cells were washed three times with a PBS solution
and then dehydrated in ascending concentrations of ethanol
(30%, 50%, 70%, 90%, 95%, and 100% [v/v]) for 10 minutes
each. The specimens were prepared for drying by immersion
first in a 50% alcohol–hexamethyldisilazane (Sinopharm
Chemical Reagent Co., Ltd) solution (v/v) for 10 minutes and
then in pure hexamethyldisilazane for 5 minutes. They were
air dried in a desiccator overnight.27 The dried specimens
were glued onto copper specimen stubs and sputter-coated
with gold before observation.

Cell attachment and proliferation assay
For cell adhesion experiments, cells were seeded onto the substrates at a density of 1×104 cells/sample. Cells were allowed
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to adhere for 1 hour before the wells were gently flooded with
medium (1 mL/well). Cell attachment was determined after
incubating for 2 and 4 hours. Cell proliferation was evaluated after seeding cells at a density of 2×103 cells/sample
followed by incubation for 3 and 7 days. Medium was
replaced every second day. Changes in the number of viable
cells on the substrates were quantitatively assessed by
using the WST-8 based Colorimetric Assay (Cell Counting Kit-8 [CCK-8]; Dojindo Laboratories, Kumamoto,
Japan) test. 24 WST-8 (2-(2-methoxy-4-nitrophenyl)-3(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) is
reduced by dehydrogenase in cells to give an orange colored
product such as WST-8 formazan, which is soluble in the
tissue culture medium. The amount of the WST-8 formazan dye generated by dehydrogenase in cells is directly
proportional to the number of living cells. In brief, at the
prescribed time point, the samples were rinsed with PBS
and transferred to new 48-well plates. Three hundred
microliters of the cell culture medium and 30 µL of the
CCK-8 solution were added to each sample and incubated
at 37°C for 2 hours. The absorbance at 450 nm with a
reference wavelength at 650 nm was measured on a multimode microplate reader (EPOCH; BioTek Instruments,
Inc., Winooski, VT, USA). The viable cell number was
determined from a standard curve of absorbance versus
known concentrations of MC3T3-E1 cells in solution run
in parallel with the CCK-8 assay. Five specimens of each
material were tested for each incubation time and each test
was performed in triplicate.

Protein adsorption
The adsorption of bovine serum albumin (Sangon, Shanghai,
People’s Republic of China) on PAA samples was measured in this study. First, 200 µL of the protein solution
(500 µg/mL) was added to the different sized PAA, which
were placed in a 48-well plate. The adsorption study was
conducted in a 37°C incubator for 0.5, 2, 4, and 6 hours,
separately. Then, the PAA samples were transferred to a new
well plate and rinsed carefully with PBS buffer to remove
the nonadherent proteins. The bicinchoninic acid method
was used to measure the adsorbed proteins on the PAA.
Briefly, 200 µL of a sodium dodecylsulfonate solution (1%
v/v) was added to the well plate to desorb the proteins from
the PAA surfaces. After shaking the well plate for 30 minutes at room temperature, the desorption fraction was then
determined in a 96-well plate using the micro bicinchoninic
protein assay reagent kit (Sangon) at 570 nm with an enzyme
labeling instrument (MK 3; Thermo Fisher Scientific).
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Five specimens of each material were tested at each incubation time and each test was performed in triplicate.

Statistical analyses
Statistical analyses were completed using one-way analysis
of variance followed by a post hoc test. All results were
expressed as mean ± standard deviation from the quintuple
samples in each experiment. Differences were considered
statistically significant at P0.05.

Results
Characterization of the prepared samples
Figure 1A–C shows the FESEM micrographs of the 25 nm,
50 nm, and 75 nm nanoporous PAA samples, respectively.
In order to present the data clearly, PAA with tunable pore
sizes (25 nm, 50 nm, and 75 nm) were denoted as PAA25,
PAA50, and PAA75, respectively, according to the pore
diameters on the PAA surfaces. The images reflect changes
in the nanostructure because of differences in the pore size.
As can be seen, all the anodized substrates showed a highly
ordered and uniform nanoporous honeycomb morphology
with long-range order. Flat aluminum appeared relatively
smooth as expected (Figure 1D).
The surface composition of the different substrates was
determined by XPS as shown in Figure 2. The main elements
in the PAA and flat aluminum were carbon, oxygen, and
aluminum, with traces of phosphorus. The XPS analysis also
confirmed the presence of Al2O3 on the Al substrates. The Ra

A

values of the different surfaces are shown in Table 1. With
the increase of the pore size on the PAA surfaces, the average surface roughness shifted from 107.7 nm to 166.7 nm.
The Ra value for the flat aluminum was around 78.4 nm. As
expected, the nanopore surfaces were rougher than the flat
aluminum.
The wettability of the different surfaces was determined by measuring contact angles. Flat aluminum had
the strongest hydrophilic properties with a contact angle
of 42.4°±2.4°. With the increase of pore size on the PAA
surfaces (from 25 nm to 75 nm), the water contact angles
were 72.8°±2.8°, 65.1.9°±3.6°, and 86.5°±3.9°, respectively.
Physical details of the PAA nanopores are portrayed in
Table 2. The table summarizes the values of porosity density,
inter-pore distance, wall thickness, and porosity variations
with changes in pore diameters. The porosity of the PAA
samples was influenced by pore size, which displayed a
steady increase from 8.2% to 45.2% with an increase of pore
size from 25 nm to 75 nm; the wall thickness also decreased
from 70 nm to 25 nm when the pore size varied from 25 nm
to 75 nm. However, the porosity density and the inter-pore
distance were both homogeneous for all samples, reaching
up to about 10.0×109/cm2 and 100 nm, respectively.

Cell morphology
To investigate the influence of the different nanopore
structures on cellular behavior, cell adhesion and shortterm cell growth for MC3T3-E1 cells were measured. The

B

300 nm

300 nm

C

D

300 nm

2 µm

Figure 1 FESEM micrographs of flat aluminum and nanoporous anodic alumina membranes with three different pore diameters.
Notes: The images show highly ordered nanoporous structures with three different pore sizes: (A) nanoporous anodic alumina 25 nm; (B) nanoporous anodic alumina 50 nm;
and (C) nanoporous anodic alumina 75 nm. (D) Flat aluminum.
Abbreviation: FESEM, field emission scanning electron microscope.
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Table 1 Roughness and contact angle characterization of the
aluminum substrates of interest
Sample

Roughness Ra (nm)

Contact angle (degrees)

Flat aluminum
PAA25
PAA50
PAA75

78.4±4.0
107.7±5.1
109.3±5.7
166.7±2.3

42.4±2.4
72.8±2.8
65.1±3.6
86.5±3.9

Abbreviations: PAA25, porous anodic alumina with 25 nm pore size; PAA50,
porous anodic alumina with 50 nm pore size; PAA75, porous anodic alumina with
75 nm pore size; Ra, average roughness.

adhesion of cells to the different substrates was determined
at 2 and 4 hours. Representative images of adherent cells on
PAA25, PAA50, PAA75, and flat aluminum are shown in
Figure 3 (4 hours). After 4 hours, MC3T3-E1 cells exhibited a flattened and branched shape with differences in cell
spreading on all the various substrates. Most cells had a
branched shape, appearing flat with a smooth dorsal surface
and, importantly, no round cells were found on the different
substrates (Figure 3A–D). On high magnification scanning
electron microscope micrographs, cell adhesion and morphology was characterized in more detail. It was observed that
the cells had many filopodia anchored on/in many different
pores simultaneously, resulting in an intensive cell-substrate
interaction (Figure 3E–H).
After 24 hours of incubation, the spread cells maintained
physical contact with each other, and the cells cultured on
the surface of all the substrates appeared flat and progressed
to form a monolayer. Furthermore, the MC3T3-E1 cells
increased alignment on all of the samples (Figure 4A–D).

Cell attachment and proliferation
The relative number of cells adherent to the different substrates was assessed using a CCK-8 assay (Figure 5). For
the MC3T3-E1 cells, the cell numbers increased with time
on all the substrates, but adhesion was more rapid on the
flat aluminum than on the PAA samples. More importantly,
there was a higher number of cells on PAA75 than that on
the PAA25 surfaces (P0.05). However, there was no significant difference in cell numbers between the PAA25 and
PAA50 surfaces. After 4 hours of incubation, a similar
trend was observed to that of cells cultured after 2 hours.
MC3T3-E1 cell proliferation on PAA75 was greater as
compared to the control substrates after 3 days of culture
(Figure 6). In addition, the proliferation rates of cells on
the 25 nm and 50 nm porous sized PAA were comparable to
that of the controls. But after 7 days of growth, PAA50 and
PAA75 clearly enhanced cell proliferation compared to
controls (P0.05).

Protein adsorption
Bovine serum albumin adsorption on the different sized PAA
after 0.5–6 hours is presented in Figure 7. Results showed
that the amounts of bovine serum albumin adsorbed on all
specimens continued to increase with increasing adsorption time and all samples reached adsorption saturation
after 6 hours. Results indicated that PAA75 had the strongest
protein adsorption compared to other samples after all time
periods, reaching up to 29.7 µg/cm2 after 6 hours. In contrast,
flat aluminum showed significantly lower protein adsorption
O1s

A12pA12s

P2s

PAA75

C1s

PAA50

PAA25

Flat Al
0

100

200

300

400

500

600

700

800

Binding energy (eV)
Figure 2 XPS survey spectra showing the chemical composition of the surfaces: (PAA25, PAA50, PAA75, and flat aluminum).
Abbreviations: Flat Al, flat aluminum; PAA25, porous anodic alumina with 25 nm pore size; PAA50, porous anodic alumina with 50 nm pore size; PAA75, porous anodic
alumina with 75 nm pore size; XPS, X-ray photoelectron spectroscopy.
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Table 2 Porosity characterization of the aluminum substrates of interest
Pore size (nm)

Porosity density
(pores/cm2)

Inter-pore
distance (nm)

Wall thickness
(nm)

Porosity (%)

PAA25 (25)
PAA50 (50)
PAA75 (75)

9.8×109
10.4×109
10.4×109

100
100
100

70
50
25

8.2%
19.1%
45.2%

Abbreviations: PAA25, porous anodic alumina with 25 nm pore size; PAA50, porous anodic alumina with 50 nm pore size; PAA75, porous anodic alumina with 75 nm
pore size.

A

E

2 µm

50 µm

B

F

50 µm

C

2 µm

G

50 µm

D

2 µm

H

50 µm

2 µm

Figure 3 FESEM micrographs after 4 hours of incubation.
Notes: FESEM micrographs of: (A and E) PAA25; (B and F) PAA50; (C and G) PAA75; and (D and H) flat aluminum seeded with MC3T3-E1 preosteoblast cells after 4 hours
of incubation. E, F, G and H are high magnification images. The images depict the main characteristics of interest on each substrate.
Abbreviations: PAA25, porous anodic alumina with 25 nm pore size; PAA50, porous anodic alumina with 50 nm pore size; PAA75, porous anodic alumina with 75 nm pore
size; FESEM, field emission scanning electron microscope.
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B

A

50 µm

50 µm

D

C

50 µm

50 µm

Figure 4 FESEM micrographs after 24 hours of incubation.
Notes: FESEM micrographs of (A) PAA25, (B) PAA50, (C) PAA75, and (D) flat aluminum seeded with MC3T3-E1 preosteoblast cells after 24 hours of incubation.
Abbreviations: PAA25, porous anodic alumina with 25 nm pore size; PAA50, porous anodic alumina with 50 nm pore size; PAA75, porous anodic alumina with 75 nm pore
size; FESEM, field emission scanning electron microscope.

amounts compared with PAA50 and PAA75 after 6 hours,
and the overall amount of protein adsorption on flat aluminum
only reached 15.9 µg/cm2.

Discussion
It is now increasingly recognized that the physical as well as
the chemical properties of materials can regulate biological
responses.2 Physical guidance is considered to be an effective method to elicit specific cellular responses and direct
new tissue formation for the development of improved

Cell density (cells per square cm)

PAA25
PAA50
PAA75
Flat AI

10,000
9,000

7,000

Cell density (cells per square cm)

24,000

11,000

8,000

#

*

#

*

6,000
5,000
4,000
3,000
2,000
1,000
0

biomaterials.28 In this study, the behavior of MC3T3-E1 cells
on different sized PAA was investigated and compared.
Ordered nanoporous surfaces with different pore sizes demonstrated an ability to influence MC3T3-E1 cell activity. Explaining this behavior requires an understanding of the many surface
parameters characterized here among the various samples that
can influence cellular responses, including surface chemical
composition, surface energy, and topography.
Importantly, the detailed XPS analysis indicated that the
different PAA nanoporous surfaces and polished aluminum

2 hours

4 hours

Incubation time
Figure 5 Evaluation of MC3T3-E1 cell adhesion on the PAA membranes of different
pore sizes and flat aluminum.
Notes: Data are represented as mean ± standard deviation, n=5. Both substrates
were seeded with 1×104 cells. *P0.05 compared to the flat aluminum; #denotes a
significant difference between the PAA75 and PAA25.
Abbreviations: Flat Al, flat aluminum; PAA, porous anodic alumina; PAA25, PAA
with 25 nm pore size; PAA50, PAA with 50 nm pore size; PAA75, PAA with 75 nm
pore size.
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22,000
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PAA25
PAA50
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#
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6,000
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Day 3

Day 7

Incubation time
Figure 6 Evaluation of MC3T3-E1 preosteoblast cell proliferation on the PAA
membranes of different pore sizes and flat aluminum.
Notes: Data are represented as mean ± standard deviation, n=5. Both substrates
were seeded with 2×103 cells. *P0.05 compared to the flat aluminum; #denotes a
significant difference between the PAA25, PAA50, and PAA75.
Abbreviations: Flat Al, flat aluminum; PAA, porous anodic alumina; PAA25, PAA
with 25 nm pore size; PAA50, PAA with 50 nm pore size; PAA75, PAA with 75 nm
pore size.
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Figure 7 Dynamic bovine serum albumin adsorption on the different sized PAA
surfaces.
Notes: Data are represented as mean ± standard deviation, n=5. *P0.05 compared
to the flat aluminum.
Abbreviations: Flat Al, flat aluminum; PAA, porous anodic alumina; PAA25, PAA
with 25 nm pore size; PAA50, PAA with 50 nm pore size; PAA 75, PAA with 75
nm pore size.

had similar surface chemical composition. Moreover, the
as-prepared PAA materials were found to be amorphous,
similar to the surface of flat aluminum (data not shown
here). Thus, this work was able to focus on elucidating
changes in cellular behavior based on nanostructured surface features alone.
It has been reported that cellular adhesion is sensitive to
surface roughness. In most cases, high surface roughness of
a material leads to enhanced cell adhesion.29 In the present
study, the PAA25, PAA50, and PAA75 showed a mean
roughness of 107.7 nm, 109.3 nm, and 166.7 nm, respectively.
Such values are in the range (0.11–0.28 µm) reported to
influence osteoblast-like cell activity.30 Our results suggest
again that MC3T3-E1 cells grew more on nano-rough PAA
than on nano-smooth PAA.
Previous studies have confirmed the positive influence of
hydrophilicity towards early osteoblast attachment.31,32 Hydrophilic surfaces have been found favorable for the rapid attachment and spreading of osteoblasts. The improved wettability
of surfaces indicates higher surface energies.33 Such changes
in surface wettability influence the type, conformation, and
bioactivity of proteins to alter the establishment of focal contacts from cells.34 Interestingly, in this study, flat aluminum
had the lowest contact angles among the surfaces studied,
indicating that it had higher surface energy than the other
samples, possibly rendering the surface more favorable for
MC3T3-E1 cell attachment. However, surface nanometer
topography is another important property that could expose
numerous amino acids in adsorbed proteins to promote focal
adhesion contacts.29
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To demonstrate how changes in surface nanometer
roughness alone (not accompanied by changes in surface
chemistry) can influence protein adsorption, the adsorption of
bovine serum albumin to the different surfaces was explored
here. Recent studies have indicated that the macromolecular
interactions of bovine serum albumin with preosteoblasts
leads to higher expression levels of fibronectin, vinculin,
and actin stress fibers, which could be beneficial in prompting MC3T3-E1 cellular functions.35,36 PAA75 significantly
enhanced the adsorption of bovine serum albumin to its
surfaces as compared to PAA25 and PAA50. Therefore,
although requiring more investigation, it is reasonable to
hypothesize that a synergistic effect of these factors (surface nanometer roughness changes leading to changes in
surface energy and, consequently, changes in initial protein
adsorption) leads to improved MC3T3-E1 cell growth on
PAA75 compared to on flat aluminum.
Of course, cell attachment is a complicated process that
involves numerous proteins. The conformation and bioactivity of the protein is also crucial. All of the changes in protein
interactions need to be determined to fully understand the
greater cell growth on such PAA surfaces. This is especially
intriguing as our results suggest that the aluminum nanostructure did not enhance cell adhesion during the initial
stage of MC3T3-E1 cell culture. Similar results have been
obtained by others. For example, Chung et al recently studied the adhesion of epithelial cells on various nanoporous
alumina surfaces and found that the adhesion rate of cells on
nanoporous surfaces (0 [flat aluminum], 30, 40, and 45 nm)
did not vary, and even the number of cells that adhered to
the 50 nm and 80 nm sized nanoporous surfaces was slightly
lower than controls. They explained that this phenomenon
was most likely due to a lack of surface area to which the
cells could adhere when the pore size increased. In other
words, more open porosity leads to less surface area for cell
attachment.24 Therefore, the flat aluminum in the present
work might provide more surface area for initial cell attachment as compared to the nanoporous surface. Although it is
difficult to evaluate whether surface area or hydrophilicity is
more influential towards the initial MC3T3-E1 cell attachment on the present materials, the results from this study
suggest that both parameters may be responsible for promoting the attachment of MC3T3-E1 cells on flat aluminum,
which needs to be further explored.
Nonetheless, cell proliferation was affected by surface
topography and roughness. Recent findings indicated that
surface nanomorphology was even more important for the
long-term proliferation capacity of cells.37,38 For example,
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Chung et al found that the proliferation of epithelial cells
was influenced by the small pore sizes of the nanoporous
surface because the small (in their case, 30 nm) nanostructure
could control the interaction between extracellular matrix
molecules and the surface.24 Wang et al also showed that
the optimal pore size of aluminum oxide membranes
for cell growth was 80 nm for PC12 cells and 50 nm for
NIH 3T3 cells.20 However, in another study, they also
found that the topographical changes at the nanoscale on
aluminum oxide membrane’s surfaces showed no significant
effects on the viability and proliferation of rat mesenchymal
stem cells.21 The differences in these observations might be
explained by the different surface topographies employed in
PAA and the different cell types investigated, which does not
allow for proper comparisons between them. Most importantly, in our study, higher levels of cell proliferation were
observed on the PAA50 and PAA75 than on the PAA25 and
flat aluminum after 7 days of culture. The porous surfaces
with larger pore sizes (50 nm and 75 nm) improved roughness
and bovine serum albumin adsorption, which might be major
factors contributing to improved MC3T3-E1 cell proliferation. Further studies are now aimed towards fabricating a
wide range of pore sizes of PAA and investigating the genetic
mechanisms of cell–PAA interactions with a particular focus
on preosteoblast differentiation, which would be helpful for a
deeper understanding of the influence of this porous structure
on a number of medical applications.

Conclusion
In this study, highly ordered PAA of defined pore sizes
ranging from 25 nm to 75 nm were prepared by a two-step
anodization technique. The attachment and proliferation of
MC3T3-E1 on different sized PAA surfaces were assessed
and compared. It was found that the nanoporous changes on
PAA surfaces could modulate surface roughness, wettability,
and bovine serum albumin adsorption at early stages of cell
growth (up to 7 days). Of particular interest, nanoporous
surfaces did not enhance MC3T3-E1 cell attachment whereas
cell proliferation dramatically increased when the pore size
was 50 nm and 75 nm. Porous surfaces with relatively larger
pore sizes (50 nm and 75 nm) improved roughness and
bovine serum albumin adsorption, which might be responsible for improved MC3T3-E1 cell growth. Consequently,
these results suggested that the MC3T3-E1 cell responses
may be controlled and optimized by varying the pore size
of PAA, and the nanoporous surfaces can be designed to
support osteoblast growth, which is important for improving
orthopedic materials.
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