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Abstract

TIBAI4V is a standard medical titanium alloy. In this study, we compared ground Ti6Al4V discs with
nanostructured Ti6AI4V discs prepared using the anodic oxidation method at 30V. Subsequently, both the
nanostructured and ground discs were exposed to simulated body fluid (SBF) for 7 days in order to form a
hydroxyapatite-like layer. Human mesenchymal stem cells (hMSC) were seeded on the discs in osteogenic
differentiation medium and cultivated for 21 days. hMSCs were tested for metabolic activity (MTS assay) and
rate of proliferation. The synthesis of type | collagen was evaluated using immunohistochemical staining and
confocal microscopy analysis. All samples supported cell adhesion and proliferation. The highest amount
of type | collagen was found on nanostructured (N) and ground Ti6Al4V exposed to SBF (TiH) surfaces. Thus,
SBF and anodic oxidation positively influenced the growth and osteogenic differentiation of h(MSCs.
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1. INTRODUCTION

Proper bone implants should promote fast adhesion of cells, stimulate cell differentiation and support the
formation of new bone tissue. Currently, titanium alloys are used as biocompatible materials capable of bone
tissue integration [1,2]. Titanium and its alloys are widely used in orthopaedic and dental surgery. Despite the
benefits of titanium alloys for such applications, there are still questions which need to be answered It is
possible to modify the titanium surface in nanoscale using anodic oxidation in fluorides containing electrolytes
[3,4]. This process leads to the formation of self-organised TiO2 nanotube layer on the titanium surface. Such
a change in the nano-topography of the material can improve cell adhesion which is crucial for the implants
osseointegration [5]. Incubation in the simulated body fluid (SBF) forms a hydroxyapatite-like layer on the
exposed surfaces. The deposited layer of hydroxyapatite by immersing Ti6AlI4V in the simulated body fluid
(SBF) was investigated previously [6,7].

This study was focused on the comparison of nanostructured and ground Ti6AI4V titanium alloys, modified by
hydroxyapatite coating, on the cytotoxicity and differentiation capacity of seeded human mesenchymal stem
cells (hMSCs). Nanostructures were fabricated using anodic oxidation. Hydroxyapatite surface modification
of the titanium samples was realized by exposure to SBF.
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2, MATERIALS AND METHODS

2.1. Specimens preparation

Nanostructuring was realized using Potentiostat-Galvanostat IMP 88 PC-200V with PGU-AUTO Extern control
unit (Jaissle). A silver/silver chloride reference electrode with 3 mol/L KCI (SSCE) was used and, glassy carbon
bars were used as counter electrodes. The electrochemical measurement consisted of a potential ramp from
the open circuit potential to the selected end potential 30V with a 100 mV/s sweep rate and potentiostatic
exposure for 2200 s. An ammonium sulphate (1 mol/L) and ammonium fluoride (0.2 wt.%) solution was used
as the electrolyte. All anodization experiments were carried out at room temperature. Following the
electrochemical measurement, the samples were ultrasonicated in ethanol and deionised water for 10 minutes
and then dried in air stream. Ground and nanostructured titanium (Ti6Al4V) discs were exposed in simulated
body fluid (SBF) at temperature of 37 °C for 7 days in order to create a hydroxyapatite layer on the surface. In
this study, 4 sets of flat round Ti6AI4V samples, with 16 mm diameter and height 4 mm, with different surface
treatments were used (Table 1). Before treatment all samples were ground to the roughness of sandpaper
P2500, degreased with ethanol and cleaned with distilled water in an ultrasonic bath. For the morphological
characterization of samples, a Vega3 LMU scanning electron microscope (SEM, Tescan) with an Oxford
Instruments EDS analyzer was used. The results of the elemental analysis by Energy-dispersive X-ray
spectroscopy were evaluated using the Aztec software. The length and inner diameter of the nanotubes was
evaluated from SEM images in ImagedJ software. Data from four distant image fields from at least three samples
were used for analysis.

Table 1 List of samples before and after exposition to simulated body fluid (SBF)

Samples Name SBF
Nanostructured Ti6AI4V N -
Ground Ti6AI4V Ti -
Ground Ti6Al4V exposed to SBF TiH +
Nanostructured Ti6Al4V exposed to SBF NH +

2.2. Cell culturing

hMSCs (ScienceCell, Carlsbad, CA), were cultivated in growth medium consisting of MEM Alpha medium (1X)
(Gibco, Thermofisher Scientific, Waltham, MA, USA) supplemented with 10 % (v/v) fetal bovine serum (FBS),
penicillin/streptomycin (100 IU/mL and 100 pg/mL, Sigma-Aldrich) in 5 % CO2 and 37 °C. The hMSCs were
seeded on TiBAI4V scaffolds and control glass coverslip and control Tissue culture plast (TCP) at a density
of 12,000 cells/cm?. The samples were sterilized in collaboration with the Institute of Nuclear Physics of the
Academy of Sciences of the Czech Republic using the Microtron MT25 cyclic particle accelerator with an
electron beam of 9.8 MeV with a dose of 27 kGy. The cells were cultured in growth medium. After 3 days of cell
culture, when the cells reached confluence, the cultivating medium was enriched by osteogenic differentiation
additives: 40 pg/mL ascorbate-2-phosphate, 100 nM dexamethasone, and 10 mM glycerol-2-phosphate
disodium salt. The osteogenic medium was changed twice a week.

2.3. Cell metabolic activity measurement

The metabolic activity of the hMSCs was determined using MTS assay (CellTiter96® AQueous One Solution
Assay; Promega, Madison, WI, USA). To each scaffold, 800 yL of MTS solution in fresh medium was added.
After 2 hours incubation, the absorbance of the metabolized solution (100 pL) was detected at 490 nm using
Tecan Infinite® PRO 200 series reader (Tecan, Mannedorf, SUI). The background absorbance (690 nm) was
subtracted from the measured data, as well as the absorbance of media with MTS solution.
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2.4. Cell proliferation

To determine the cell proliferation a fluorescence-based kit (Quant- iT™ PicoGreen® dsDNA Assay Kit;
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used. Media was aspirated from the samples
after MTS assay and 1 mL of cell lysis buffer (10 mM L-1 Tris, 1 mM L-1 EDTA, 0.2 % v/v Triton X-100) was
added, incubated 20 min in RT then frozen three times (-80°C) and thawed to facilitate the cell lysis and DNA
release. Fluorescence intensity was detected using Tecan Infinite® PRO 200 series reader Tecan (Aex = 485
nm, Aem = 528 nm) and the DNA content was determined according to the ADNA calibration curve from the
kit.

2.5. Immunohistochemical staining of type I collagen

On day 14, the samples were fixed with 70 % frozen methanol, washed with phosphate buffered saline (PBS)
and incubated in 3 % FBS in PBS/0.1 % Triton-X for 30 min at RT. Primary monoclonal antibody against type
| collagen (M-38-C, DSHB, USA, dilution 1:20) was added, and incubated overnight at 2°C-8°C. After 3 washes
with PBS/0.05 % Tween, and one in PBS, the samples were incubated with secondary antibody Alexa Fluor
488-conjugated anti-mouse antibody for 45 min, RT (4408S, Cell Signalling Technologies, dilution 1:400). Cell
nuclei were stained with 5 uyg/mL propidium iodide in PBS for 5 min, RT (Sigma Aldrich, USA) and twice
washed in PBS. The cells were visualized using a confocal microscope ZEISS LSM 5 DUO at Aexc=488 nm
and Aem =505-550 nm for Alexa Fluor 488, and Aex =560 nm, Aem >575 nm for propidium iodide). The intensity
of fluorescence was evaluated from 8 - 9 photomicrographs per sample group using MATLAB.

2.6. Statistical analysis

Quantitative data are presented as mean * standard deviation. The results were evaluated statistically using
one-way analysis of variance (ANOVA), normality of the data was tested, and Student-Newman-Keuls Method
was used as a post-hoc test. Fluorescence intensity was evaluated using Multifactorial ANOVA. The level
of significance was set at 0.05.

3. RESULTS

Prepared nanostructured Ti6Al4V discs were evaluated using SEM. According to obtained images, nanotubes
of diameter of 70 nm (SD = 16 nm) were fabricated on the surface of the discs (Figure 1). The elemental
composition of the samples was measured using EDS (Table 2). The metabolic activity of seeded hMSC
(Figure 2A) on four different titanium alloys was evaluated using MTS metabolic assay on days 1, 7, 14 and
21. On day 1, the highest metabolic activity was measured in groups Ti and TiH. In the following days the
metabolic activity rose steadily and no differences were seen between the different titanium discs (Figure 2).
Further differences were seen only on days 7 and 21 between all tested groups and the TCP control group
that is specifically modified to support cell growth. These finding are in agreement with a study that confirmed
biocompatibility of the titanium alloys [8]. However, a study by Saha et al. showed improved metabolic activity
of MG63 cells on nanostructured Ti6Al4V discs [9]. The rate of hMSCs proliferation was evaluated using a
PicoGreen kit on days 1, 7, 14, and 21. Both Ti and TiH samples showed a significantly higher amount of DNA
(Figure 2B) compared to both nanostructured samples on day 1. This suggests that nanostructured surface
did not improve cell adhesion regardless of the presence of hydroxyapatite layer.

Table 2 Samples composition

Samples | Ti[at. %] Al [at. %] | V [at. %] Ca [at. %] P [at. %]
N 88.6 6.9 4.5 / /

Ti 89.1 6.6 43 / /
TiH 87.7 6.1 3.8 1.5 0.9
NH 78.1 4.2 1.9 9.7 6.1
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Figure 1 SEM image of nanostructure and histogram of nanotube inner diameters created on Ti6AI4V
samples by anodic oxidation at 30V

On day 7, a significant difference in the amount of DNA was detected again on the samples Ti and TiH
compared to sample N. No significant differences were detected on day 14. However, on day 21, a higher
amount of DNA was found on Ti and TiH samples compared to N and TCP group. Thus, the results implied
that nanostructures formed, by anodic oxidation, decreased the rate of cell proliferation in comparison to
ground titanium alloys. However, the exposition of samples to SBF had no effect on the rate of cell proliferation.
This is in contrast to several studies where it was proved that the nanostructured surface of the Ti6AI4V
improved cell proliferation [9,10]. Similarly, Deligianni et al. reported that nanorough surfaces of Ti6AI4V
showed increased adsorption of total proteins from FBS, and the amount of adsorbed fibronectin on surfaces
with higher roughness compared to lower roughness. This finding correlated with number of cells adhered on
the surface [1]. On titanium surfaces modified with nanotubes, the highest protein adsorption was found on
samples containing nanotubes with the diameter of about 30 nm and the lowest with the diameter of 80 nm.
Similarly, hMSCs proliferation correlated with the rate of protein adsorption.

Type | collagen, an extracellular protein, is a marker of osteogenic differentiation. The measurement of type |
collagen (Figure 3) on day 14 revealed the highest amount of this extracellular protein on the samples N and
TiH. Therefore, we conclude that formed nanostructures on the surface of Ti6AI4V discs had the same effect
on collagen type | production as the exposition of the ground titanium alloy to SBF. Moreover, on all the
samples, there was a statistically higher intensity detected in comparison to the glass control. Those results
are in agreement with the study of Filova et al. [5]. Similarly, surfaces with higher roughness of Ti6AI4V showed
higher alkaline phosphatase activity of hMSCs compared to surfaces with lower roughness [1]. Higher
nanotube diameter on titanium samples improved osteogenic markers compared to smaller diameter [11].
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Figure 2 (A) Metabolic activity of the hMSCs measured by MTS assay (B), the proliferation of the hMSCs
determined using the PicoGreen assay. Statistical difference with P < 0.05 marked as * and P< 0.001 as **.
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In a human body, apatite layer is formed on the implant surfaces. Through this layer, bone is binding to the
implant surface [7]. Thus, the properties of the formed layer may affect cell adhesion, growth and
differentiation. Modification of titanium surfaces by hydroxyapatite layer (HAp) has been tested using different
techniques, e.g. electrophoretic deposition, electrophoretic deposition, plasma spraying, phase-transited
lysozyme coating etc. [12,13]. They provide HAp of slightly different composition, morphology, crystallinity, and
different stability. HAp modified titanium surfaces showed higher osteoconductivity and osteoinductivity than
non-modified surfaces [14]. In our study, we used sample incubation in SBF solution. The surfaces of TiH and
NH were completely covered with HAp-like layer. TiH did not negatively affect hMSC proliferation compared
to N samples. On the other hand, type | collagen significantly decreased in NH samples although it amount
was higher than on Ti samples which was probably influenced by decreased roughness.
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Figure 3 Type | collagen intensity on diverse Ti6Al4V discs. Statistical difference with P < 0.05 marked as *,
¥ mean this group showed the lowest fluorescence intensity statistically.

4, CONCLUSION

Following the surface modification of Ti6Al4V discs (Ti) by anodic oxidation, the nanotubes with a diameter
of 70 nm + 16 nm were formed (N). Subsequently, the hydroxyapatite-like layer was deposited on both the
nanostructured and ground titanium surfaces (NH, TiH) by the discs exposure in SBF. Our results clearly
demonstrated that all four kinds of Ti6AI4V discs supported hMSCs metabolic activity and growth. Significant
differences in the fluorescence intensity of collagen type | revealed that both modifications, nanostructuring
of the surfaces and exposition to the SBF, positively influenced the osteogenic differentiation of seeded
hMSCS.
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