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Abstract: The rapid development and application of nanotechnology to biological interfaces has
impacted the bone implant field, allowing researchers to finely modulate the interface between
biomaterials and recipient tissues. In the present study, oxidative anodization was exploited to
generate two alumina surfaces with different pore diameters. The former displayed surface pores
in the mean range of 16-30 nm, while in the latter pores varied from to 65 to 89 nm. The samples
were characterized by Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive
X-ray spectroscopy (EDX) analysis prior to being tested with pre-osteoblastic MC3T3-E1 cells. In vitro
cell response was studied in terms of early cell adhesion, viability, and morphology, including focal
adhesion quantification. Both the alumina samples promoted higher cell adhesion and viability than
the control condition represented by the standard culture dish plastic. Osteogenic differentiation
was assessed through alkaline phosphatase activity and extracellular calcium deposition, and it was
found that of the two nano-surfaces, one was more efficient than the other. By comparing for the first
time two nano-porous alumina surfaces with different pore diameters, our data supported the role
of nano-topography in inducing cell response. Modulating a simple aspect of surface texture may
become an attractive route for guiding bone healing and regeneration around implantable metals.

Keywords: MC3T3 cells; nano-porous alumina; nanotexture; cell adhesion; cell viability;
in vitro osteogenesis

1. Introduction

Modern oral dental implants have been developed since Branemark’s first discovery and
successful research line [1]. Titanium implants rely on high survival rates, allowing satisfactory
and predictable clinical [2] outcomes. Despite its biocompatibility, adequate strength, and corrosion
resistance, however, Ti may no longer be deemed a completely bioinert material: several studies
pointed out its possible allergenic action [3-5]. In addition, remarkable titanium concentrations were
dosed in the proximity of oral implants [5] and in regional lymph nodes [6], which might be hazardous
to the human body. Recently, to address these issues, at least in part, massive ceramics such as
yttria-stabilized zirconia [7,8] and alumina-toughened zirconia [9,10] composites have been introduced
as alternative implant materials. Unfortunately, they do not seem to possess mechanical properties [11]
comparable to those of titanium alloys.
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A growing number of elderly and fragile patients require implant treatment, but are affected
by poor bone quality or impaired healing conditions. They represent a great medical need and urge
further advancements in the field. Whatever the material [12] and the level of biocompatibility and
mechanical strength displayed, the capacity of actively enhanced bone healing is still a matter of intense
research. To date, and only in pre-clinical studies, bioactivity has mainly been achieved through the
grafting /functionalization of organic bioactive molecules [13,14], which, however, limits greatly their
clinical usage. On the other hand, surface modification that does not imply the release of growth
factors or signaling molecules may sensibly ameliorate the performance of a given material [15-21].

The unprecedented ability to control and characterize materials on the nanometer scale has led to a
rapid development of the so-called nanostructured surfaces, whose properties vary considerably from
those of the corresponding untreated materials [22]. While micro-topographic features were described
as cell response modulators in a rich body of literature [23] and accelerate osseointegration [24,25],
the role of nano-topography on cell behavior has been acknowledged only recently [26-28]. To improve
cell surface interaction, different materials have been successfully nanostructured, or, in other terms,
have been endowed with surface components such as tubes, spheres, grains, and fibers in the range
of 0.1 to 100 nm [29,30]. The huge progress of nano-fabrication techniques [31] has enabled unique
opportunities to finely modulate the interface between biomaterials and recipient tissues. This is of the
utmost relevance as cells sense their environment by forming focal adhesions in their lamellipodia and
filopodia [32-34].

Nanomaterials can be prepared from many solid materials such as metals, ceramics, polymers,
organic materials, and composites. Due to its high strength to weight ratio, aluminum metal (Al) has
become a suitable candidate for several bio-engineering applications [35]. Its surface characteristics
can also be easily modulated through electro-chemical oxidation, achieving a thick layer usually called
anodic aluminum oxide (AAQ). This porous structure, endowed with a high aspect ratio, is the result
of a highly reproducible process of tuning diameters along with periodicity and density distribution of
the nano-pores [36]. Porous alumina substrates have received growing attention as bone interfaces [37],
since bone cells can adhere and spread throughout their interconnected pores. Several studies reported
that nano-porous alumina sustained the attachment and differentiation of osteoblasts [38—41] and
mesenchymal stem cells [42] in vitro.

In this study, nano-porous alumina samples with different pore diameters were compared in terms
of early cell adhesion, viability, and osteogenic potential. The authors aimed to ascertain a possible
role of the nano texture alone in promoting different cell behaviors, in the absence of other variables.

2. Results

2.1. Morphology and Elemental Composition

A view obtained by Field Emission Scanning Electron Microscopy (FESEM) of the nano-porous
alumina surfaces, along with their cross-section, is given in Figure 1. As it can be observed, the samples
differed in terms of pore size and thickness, which is also quantitatively reported in Table 1. As for the
chemical composition of the specimens, it is portrayed in Figure 2 and Table 2.

Table 1. The pore size distribution over the cross-section of the sample and on the surface.

Surface Features Sample A Sample B
Pore distribution Homogenous Homogenous
Pore diameter on the surface 16-30 nm 65-89 nm
Surface 16-30 nm 64-87 nm
Pore diameter in the cross-section of the sample Center 1620 nm 47-62 nm
Substrate 10-20 nm 25-40 nm

Thickness 25 um 82 um
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Figure 1. Electron microscopy. Field Emission Scanning Electron Microscope (FESEM) analysis of
npAlL,O3_A (A,C) and npAl,O3_B (B,D) at 100,000 (A,B) and 200,000 (C,D) magnifications.
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Figure 2. Energy Dispersive X-ray spectroscopy (EDX) of nano-porous Al,O3. Material is composed
of aluminum (Al) and oxygen (O). The presence of platinum (Pt) is related to the metallization of the
sample for FESEM analysis. The presence of the carbon (C) is due to sample contamination.

Table 2. Relative elemental concentrations found on the specimens are given in wt % (weight percent)
and in at % (atomic percentage). Pt was used to metallize the samples before FESEM analysis.

Element wt % at %
C 39.39 55.78
(@] 20.38 21.26
Al 35.06 22.10
Pt 517 0.45

Total 100.00 100.00
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2.2. Cell Adhesion

In order to investigate the biological response elicited in vitro by the two different textures of
nano-porous alumina, the widely diffused [43] pre-osteoblastic murine cell line MC3T3-E1 was used.
Cells grown on the plastic dishes were used as a control. As it can be seen in Figure 3, both npAl,O3_A
and npAl,Os_B significantly increased the number of adherent osteoblasts (10 min of seeding) compared
to the control.

Cell Adhesion
801 * *

60+ T —I_

k=)
@
E
= 40 —|_
8
B 1 l
20
1
0 T T T
& i 7
S
K KR

Figure 3. Cell adhesion evaluation. MC3T3-E1 adhesion was evaluated on all samples 10 min after
seeding. The level of cell adhesion was measured by counting the number of nuclei for each field.

The symbol (*) indicates a statistically significant difference versus the control (Ctrl), considering a
p-value < 0.05.

2.3. Cell Viability

Cell viability at 24, 48, and 72 h was similar in all of the tested conditions, albeit lower in the control
at day 2 (Figure 4). At day 3, the cells plated on both of the np-alumina samples were significantly
more viable than those on the control.
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Figure 4. Cell viability evaluation. Cell viability of MC3T3-E1 performed through CellTiter-glo
luminescent assay. Data are expressed as Relative Luminescent Unit (RLU) as measured at 24, 48,
and 72 h after seeding. The symbol (*) indicates a statistically significant difference versus the control
(Ctrl), considering a p-value < 0.05

2.4. Cell Morphology and Focal Adhesion Quantification

MC3T3-E1 cells were properly adherent on control and nano-porous alumina samples at 24 h
(Figure 5A-C). It is interesting to note that cells seeded on nano-porous alumina showed a very high
number of filopodia and ramifications (Figure 5B,C,E,F) compared to cells seeded on the control
material that appear more rounded and less elongated without ramifications (Figure 5A,D).
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Figure 5. Representative pictures of MC3T3-E1 morphology. Fluorescence photomicrographs of
MC3T3-E1 seeded on the control condition (A,D), npAl,O3_A (B,E), and npAl,O3;_B (CF). The cells
were stained for the nucleus (DAPI, blue), the actin (thodamine-phalloidin, red), and the focal adhesions
(paxillin, green) at 200 magnifications (A—C) or only for actin at 900 magnifications (D-F).

In addition, nano-porous alumina surfaces promoted significantly higher focal adhesion density
than the control, as per the quantitative analysis (Figure 6).
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Figure 6. Focal adhesions density evaluation. Focal adhesions density was measured for MC3T3-E1 as
the number of focal adhesions/cell area after 24 h from seeding on different samples. The symbol (*)
indicates a statistically significant difference versus the control (Ctrl), considering a p-value < 0.05.

2.5. Osteogenic Differentiation

The osteogenic differentiation was assessed by evaluating the Alkaline Phosphatase (ALP) activity
at 7 days (Figure 7A) and the calcium deposition at 21 days (Figure 7B). Both nano-porous alumina
surfaces significantly increased ALP activity and calcium deposition compared to the control condition;
moreover, npAl,Os_B showed significantly enhanced ALP activity and calcium deposition compared
to npAl,Os_A (Figure 7A,B).
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Figure 7. Osteogenic evaluation. Alkaline Phosphatase (ALP) activity assay (A) and Alizarin Red S
quantification (B) performed by seeding MC3T3-E1 on different samples for 7 days (A) and for 21 days (B).
The symbol (*) indicates a statistically significant difference versus the control (Ctrl), considering
a p-value < 0.05. The symbol (°) indicates a statistically significant difference versus npAl,O3_A,
considering a p-value < 0.05.

3. Discussion

Cell adhesion, proliferation, and differentiation result from the complex interaction between cells
and the extracellular environment, where physicochemical cues trigger specific cellular processes
owing to the spatially and temporally coordinated integration of outer stimuli performed by cells [22].
Among all the possible surface features, topography [24,25] at the dental implant interface has been
recognized for many years as a factor of paramount relevance. The importance of nanoscale topography
in guiding cell functions such as cell morphology, adhesion, and viability has been reported for
endothelial cells grown on three different island heights of 13, 35, and 95 nm obtained by the demixing
of polystyrene and poly (4-bromostyrene) in a paradigmatic study by Dalby and colleagues [44].
Titanium nano-surfaces [45] with a mean pore size of 20 nm were found to induce focal adhesions and
filopodia in osteogenic cells.

To investigate the possible role played by the nano-topography of an acknowledged biocompatible
material like alumina [46—48] on the early response and differentiation of pre-osteoblasts, we prepared
two different nano-porous aluminum oxide surfaces that were chemically identical, but differed in pore
size. Namely, npAl,Os_A displayed surface pores in the mean range of 16-30 nm, while npAl,O3;_B
pores varied from to 65 to 89 nm. Both samples supported cell adhesion and viability better than the
control represented by the standard culture dish plastic, which is consistent with the literature [38,39].

Focal adhesions are the sites of interaction between the extracellular matrix and the cytoskeleton,
mainly mediated through the integrin family [49]. To visualize these cell structures, the integrin-
binding protein Paxillin was stained with immunofluorescence. Notably, the so-called focal adhesion
density, i.e., the number of focal adhesions per surface unit, increased on both the alumina surfaces
significantly compared to the control condition. Thus, the present work showed that the higher number
of adherent and viable cells correlated with a significant increase in focal adhesion density, as observed
elsewhere [45]. Nano-porous surfaces were capable of triggering the cellular mechanisms regulating
the formation and maturation of the focal adhesions, which, in turn, could strengthen cell adhesion to
the surface and possibly trigger intracellular cascades regulating cell behavior.

Interestingly, npAl,O3_B promoted osteo-differentiation more effectively than npAl,O3_A, as detected
from alkaline phosphatase activity and calcium deposition in the mineralized matrix. In accordance,
the nano-pores attained on titanium and TigAly V—creating oxide surface layers [50]—selectively enhanced
osteoblasts’ activity in vitro [51,52] and osteogenesis in a canine model [53]. Substrate nanofeatures have
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been also investigated as versatile tools for guiding either maintenance or differentiation in innovative
culture systems [46—48], without falling back to the well-established usage of soluble chemical cues.

It is to be underscored that only one study [54] directly compared the effects of pore diameters on late
osteoblastic differentiation, and none have employed nano-porous alumina, to our knowledge. Specifically,
Lavenus et al. [54] cultured human mesenchymal stem cells (hMSCs) on three nanostructured titanium
substrates with 30, 150, and 300 nm pores, along with a suitable control. At 24 h, cells already exhibited
different morphologies as a function of surfaces. Overall, the surface with the smallest nano-pores proved
to be the most effective for the osteogenic differentiation of hMSCs. Our findings may postulate an optimal
effect at a slightly different dimensional range, npAl,O3;_B being better than npAl,O3_A, which seems
surprisingly consistent with the data obtained by Nasrollahi and colleagues [55]. Indeed, these authors
observed that anodized aluminum oxide membranes of 80 nm enhanced cell activity more than those
with 40 nm pore diameters in NIH-3T3 fibroblast cells.

The possible mechanisms underlying the correlation between pore size and enhanced cell response
have been recently postulated [43], but they are far from having been completely dissected. Stimulating
perspectives were offered by Song et al. [56] on the modulatory effects that macrophages grown on
nano-porous anodic alumina exert on the osteogenic differentiation of bone marrow stromal cells
(BMSCs). In their paradigmatic work [56], the authors proved that, among all the different pore sizes
tested, the osteo-immune environment promoted by the 50 nm nano-porous structure was beneficial
to the osteo-differentiation of BMSCs. Indeed, nano-topography and pore size affected macrophage
spreading, shape, and activation, leading ultimately to the modulation of the inflammatory response
and the release of osteogenic factors including bone morphogenetic protein 2 (bmp2) and WNT10b.
Consequently, BMSCs treated with 50 nm nano-porous structure/macrophage-conditioned medium
produced more mineralization nodules and expressed higher levels of collagen 1 and osteopontin
than the conditioned medium obtained on polished substrates. Furthermore, media conditioned by
the stimulated macrophages could upregulate the expression of three important osteogenic factors,
namely, bmp2, bmp6, and the wingless-type MMTYV integration site family.

According to McMurray et al. modulating the substrate topography [47] and specifically its porosity
could be the key to easily establishing culture systems aimed at maintaining a given cell population
or to direct its lineage commitment, eventually producing new bioreactors. Alternatively, knowing
the optimal nano-pore size for cell differentiation could be conveniently exploited whenever bone is
needed in tissue engineering protocols. To follow this promising route, further research is required to
elucidate properly how topography is capable of guiding osteo-differentiation both in vitro and in vivo
on nanostructured interfaces.

4. Materials and Methods

4.1. Sample Preparation

Nano-porous alumina was prepared and shaped into 10-mm diameter membranes by anodization
in an acid environment. (Eltek SpA, Casale Monferrato, Italy).

4.2. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

The microstructure of the samples was characterized through a Field Emission Scanning Electron
Microscope (FESEM) (FEI INSPECT F, Thermo Fisher Scientific, Waltham, MA, USA) with an Energy
Dispersive X-ray spectroscopy (EDX) analyzer for elemental composition analysis. Prior to being
observed and tested, the samples were washed in distilled water, rinsed thoroughly in 70% ethanol,
cleaned ultrasonically for 20 min in absolute ethanol, and finally air dried under a laminar flow hood
to avoid contamination.
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4.3. Biological Assays

To assess the biological response in vitro, the pre-osteoblastic murine cell line MC3T3-E1 (ECACC,
Salisbury, UK) was used. Cells were maintained in Alpha Modified Eagle Medium (Alpha MEM)
supplemented with 10% fetal bovine serum (Life Technologies, Milan, Italy), 100 U/mL penicillin,
and 100 pg/mL streptomycin, under a humidified atmosphere of 5% CO, in air, at 37 °C. To prevent
contact inhibition, cells were passaged at subconfluency.

4.3.1. Cell Adhesion

Cell adhesion was evaluated on np-alumina samples using a 24-well plate (BD, Milan, Italy) as a
support. After being detached with trypsin for 3 min, cells were counted and seeded at 1 x 103 cells/disk
in 100 pL of growth medium on the np-alumina samples [57]. The 24-well plates were kept at 37 °C,
0.5% CO, for 10 min. Before and after fixation in 4% paraformaldehyde in Phosphate Buffered Saline
PBS for 15 min at room temperature, cells were washed two times with PBS and then stained with 1 uM
DAPI (Molecular Probes, Eugene, CA, USA) for 15 min at 37 °C to visualize cell nuclei. Images were
acquired using a Nikon Eclipse T-E microscope with a 40 x objective. As previously reported [16,58-60],
the cell nuclei were counted using the ‘Analyze particles’ tool of Image] software (Image]J, U. S. National
Institutes of Health, Bethesda, MD, USA, Available online: http://imagej.nih.gov/ij/).

4.3.2. Cell Viability

MC3T3-E1 cells were plated at a density of 2500 cells/well in 24-well culture dishes and the
proliferation rate was assessed by Cell Titer GLO (Promega, Milan, Italy) according to the manufacturer’s
protocol at 1, 2, and 3 days.

4.3.3. Cell Morphology and Focal Adhesion Quantification

MC3T3-E1 cells were seeded at a concentration of 5000 cells/well in a 24-well plate. After 24 h,
cells were fixed in 4% paraformaldehyde in Phosphate Buffer Saline (PBS) and stained with Rodamine-
Phalloidin and DAPI (Life Technologies, Milan, Italy) to highlight the actin network and nuclei,
respectively. Focal adhesions were specifically detected by an anti-Paxillin N-Term 04-581 antibody
from Millipore (Merk, Darmstadt, Germany) [61]. Images were acquired with a Nikon Eclipse Ti-E
microscope using different objectives: Nikon Plan 20 x /0.10; Nikon Plan Fluor 40x /0.75; Nikon Plan
Apo VC 60x/1.40 (Nikon Instruments, Amsterdam, The Netherlands). Cell spreading and focal
adhesion density were quantified with Image] software.

4.3.4. Osteogenic Cell Differentiation

To assess the osteogenic differentiation, MC3T3-E1 cells were cultured in osteogenic media
by supplementing the normal culture medium with 10 mM (-glycerophosphate and 50 ng/mL
ascorbic acid.

4.3.5. Alkaline Phosphatase Activity

Alkaline Phosphatase Activity (ALP) was determined colorimetrically as previously reported [62—64]
and assessed at day 7. Cells were lysed with 0.05% Triton X-100 and incubated with the reagent solution
containing phosphatase substrate (Sigma-Aldrich, Milan, Italy) at 37 °C for 15 min. A calibration curve
of p-nitrophenol standards was always used. Alkaline phosphatase values were determined (Optical
Density 405 nm) and normalized to the whole protein content, which was determined (Optical Density
562 nm) with a BCA™ Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA).
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4.3.6. Calcium Content

The extracellular matrix calcification was quantified by Alizarin Red staining. At day 21, MC3T3-E1
cells were first incubated in a solution of 40 mM Alizarin Red (pH 4.2) and subsequently lysed with acetic
acid. Absorbance of the lysates was finally measured at 405 nm.

4.4. Statistical Analysis

Data were analyzed by GraphPad Prism6 (GraphPad Software, Inc., La Jolla, CA, USA). Each experiment
was repeated at least three times. Statistical analysis was performed by using the Mann-Whitney test.
A p-value of < 0.05 was considered significant.
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Al Aluminum metal

AAO Anodic Aluminum Oxide

FESEM Field Emission Scanning Electron Microscope
EDX Energy Dispersive X-ray spectroscopy

PBS Phosphate Buffer Saline

ALP Alkaline Phosphatase Activity
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