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m cell interaction with Ti6Al4V
alloy pre-exposed to simulated body fluid†
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Vera Sovkova,be Eva Pruchova,a Vojtech Hybasek, a Jaroslav Fojta

and Eva Filova bd

Titanium and its alloys are widely used for substitution of hard tissues, especially in orthopaedic and dental

surgery. Despite the benefit of the use of titanium for such applications, there are still questions which must

be sorted out. Surface properties are crucial for cell adhesion, proliferation and differentiation. Mainly,

micro/nanostructured surfaces positively influence osteogenic differentiation of human mesenchymal

stem cells. Ti6Al4V is a biocompatible a + b alloy which is widely used in orthopaedics. The aim of this

study was to investigate the interaction of the nanostructured and ground Ti6Al4V titanium alloys with

simulated body fluid complemented by the defined precipitation of hydroxyapatite-like coating and to

study the cytotoxicity and differentiation capacity of cells with such a modified titanium alloy.

Nanostructures were fabricated using electrochemical oxidation. Human mesenchymal stem cells

(hMSC) were used to evaluate cell adhesion, metabolic activity and proliferation on the specimens. The

differentiation potential of the samples was investigated using PCR and specific staining of osteogenic

markers collagen type I and osteocalcin. Our results demonstrate that both pure Ti6Al4V, nanostructured

samples, and hydroxyapatite-like coating supported hMSC growth and metabolic activity.

Nanostructured samples improved collagen type I synthesis after 14 days, while both nanostructured and

hydroxyapatite-like coated samples enhanced collagen synthesis on day 21. Osteocalcin synthesis was

the most enhanced by hydroxyapatite-like coating on the nanostructured surfaces. Our results indicate

that hydroxyapatite-like coating is a useful tool guiding hMSC osteogenic differentiation.
Introduction

Titanium alloys are among the most advanced metallic
biomaterials, used mainly in orthopaedics and dental implan-
tology. Their greatest advantages are low density, high fatigue
strength, biocompatibility and excellent resistance to corro-
sion.1–3 Several surface modications, e.g. organic coatings,
electrochemical deposition or plasma spraying of hydroxyapa-
tite, etc. are used to enhance bioactivity, which is the result of
the interaction of the material with the environment of the
body, where a specic biological activity occurs.4–6 The
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mechanism of bioactivity consists of the formation of a layer
which, by its composition and structure, approaches a bone
hydroxyapatite (Ca10(PO4)6(OH)2) (HAp) and where the differ-
entiation and proliferation of osteoblasts occurs.7,8

Another strategy for improving osseointegration is the
preparation of nanostructured surface on titanium alloys.
Electrochemical oxidation in uorides containing electrolytes
leads to self-organised TiO2 nanotube layer formation on the
surface. It is possible to easily control the diameter and length
of the nanotubes by adjusting experimental conditions, such as
the electrolyte composition, potential setting or temperature.
Diameters of nanotubes ranging between 20–100 nm are the
most common.9–12 Selecting the most appropriate nanotube
diameter is very important especially for cell interaction.
Nanotubes of smaller diameters (15–30 nm) are known to
support cell adhesion, while nanotubes of larger diameters (80–
100 nm) have been reported to support osteogenic differentia-
tion but can also result in programmed cell death.13,14 So
changed nanotopography of the material can improve cell
adhesion which is crucial for an implants osseointegration.15

The process of osseointegration is driven by supporting the
adsorption of proteins such as vitronectin or bronectin, which
mediate the signals between cells andmaterial surface. It is well
This journal is © The Royal Society of Chemistry 2020
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Table 1 Ion concentration in simulated body fluid (SBF)

Ion
Concentration
[mmol dm�3] Ion

Concentration
[mmol dm�3]

Na+ 142.0 HCO3
� 27.0

K+ 5.0 SO4
2� 1.0

Ca2+ 2.5 Cl� 109.0
Mg2+ 1.5 HPO4

2� 1.0
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known that cell adhesion is not inuenced only by surface
properties, but also by material chemistry and charge
distribution.16–18

As mentioned above, the binding of bone and metal
implants is mediated by the formation of an apatite layer on the
implants surface. Therefore, the presence and morphology of
the apatite layer can dramatically inuence cell adhesion,
differentiation and nally implant integration. Hydroxyapatite
coated titanium showed better osteoinductivity and osteo-
conductivity as compared to untreated titanium surfaces.19 For
successful implant integration, biologically effective ions Ca
and P are very important for cell adhesion, differentiation and
growth of osteogenic cells, and contribute to bone resorption
and osteoclastogenesis as well.20–23

Various techniques for the coating of titanium and its alloys
with Ca–P layer have been studied, including the sol–gel
method,24 the ion beam assisted vapour deposition method,25

the plasma spraying method,26 the electrochemical deposition
method27 and phase-transited lysozyme coating.28 The exposi-
tion of titanium in a simulated body uid (SBF) in order to
create Ca and P-containing layer was also investigated. It was
revealed, that the presence of the nanostructure enhances
calcium and phosphate deposition and titanium surfaces can
be spontaneously covered with hydroxyapatite-like layer via
exposure to SBF.29

The purpose of the present work was to study the interaction
of human mesenchymal stem cells (hMSC) with HAp-like
coating on ground and nanostructured surfaces of the
Ti6Al4V alloy. To investigate the biocompatibility effect of
nanostructured samples with and without the HAp-like
coating, in vitro cultivation using human mesenchymal stem
cells (hMSC) was applied, whereas a glass coverslip was used as
reference.

Experimental
Samples preparation

Disc specimens of a Ti6Al4V alloy with a 16 mm diameter and
a 3 mm height were ground using 2500 SiC paper and cleaned
with ethanol and demineralised water in an ultrasonic bath.
Nanotube preparation was managed by Galvanostat Jaissle
IMP 88 PC-200V with the control unit PGU-AUTO Extern. A
silver/silver chloride reference electrode with 3 mol L�1 KCl
(ACLE) and two graphite rods as counter electrodes were
used. The procedure consisted of a potential sweep of 100 mV
s�1 to a 30 V potential, followed by a 2200 s delay at this
potential. An ammonium sulphate (1 mol L�1) and ammo-
nium uoride (0.2 wt%) solution was used as the electrolyte.
Samples were cleaned again aer the exposition (sonication
in demineralised water, ethanol and acetone). All anodization
experiments were carried out at room temperature. For the
morphological characterization of samples, a TESCAN VEGA
3 LMU scanning electron microscope (SEM) was used. The
length and the inner diameter of the nanotubes were evalu-
ated from the SEM images using ImageJ soware. Data from
four distant image elds from at least three samples were
used for analysis.
This journal is © The Royal Society of Chemistry 2020
Exposure to simulated body uid

Specimens with ground and nanostructured surface were
exposed to simulated body uid (Table 1), prepared according to
Müller.30 Exposures were realized in 90 mL of SBF at a tempera-
ture of 37 �C for 168 hours. Experiments were supplemented by
electrochemical measurements based on the dened sequence
of electrochemical measurements. Measurements were per-
formed using potentiostat Gamry Reference 600 with the
Framework 6.25 control program. First, the hourly stabilization
of the open circuit potential (OCP) was carried out, followed by
repeated impedance monitoring at a constant frequency of 2 kHz
and a polarization resistance measurement within�20mV/OCP.
Once every 24 hours, impedance spectra were scanned at the
frequency range 50 kHz to 10 mHz. Aer exposures, the samples
were cleaned again with distilled water in ultrasonic bath. The
pH value of SBF was recorded before and aer each measure-
ment. Subsequently, the specimens were observed using a TES-
CAN VEGA 3 LMU scanning electron microscope with an Oxford
Instruments EDS analyzer. The results of the elemental analysis
were evaluated using the Aztec program. Aer exposures to
simulated body uid, four sets of specimens were obtained and
used for cell tests: ground Ti6Al4V (Ti), nanostructured Ti6Al4V
(N), Ti6Al4V incubated in SBF (TiH), nanostructured Ti6Al4V
incubated in SBF (NH). Glass was used as a reference group.

Samples sterilization

Aer the exposure to SBF, the specimens were transferred to
a 50 mL volumetric ask lled with a physiological saline
solution. The samples were sterilized using a cyclic electron
accelerator with Kapitza's resonator Microtron MT25 (Depart-
ment of Accelerators-Nuclear Physics Institute of the Czech
Academy of Sciences). An electron beam of 9.8 meV with a dose
of 27 kGy was used.

Cell seeding and cultivation

Human mesenchymal stem cells (hMSC, ScienceCell, Carlsbad,
CA) were cultivated in basic medium consisting of: MEM Alpha
medium (1X) (Gibco, Thermosher Scientic, Waltham, MA,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco), penicillin/streptomycin (100 IU mL�1 and 100 mg mL�1,
Sigma-Aldrich) in CO2 incubator with 5% CO2 at the tempera-
ture of 37 �C.

Aer reaching 70% of conuence, the hMSC passage 4 were
seeded on Ti6Al4V disc scaffolds and control glass coverslips at
a density of 12 000 cells per cm2. The cells were cultured in basic
medium. Aer 3 days of cell culture when the cells reached
RSC Adv., 2020, 10, 6858–6872 | 6859
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conuence, cultivating media were enriched by osteogenic
differentiation additives: 40 mg mL�1 ascorbate-2-phosphate,
100 nM dexamethasone, and 10 mM glycerol-2-phosphate diso-
dium salt. The osteogenic medium was changed twice a week.

Cell metabolic activity measurement

Themetabolic activity of the hMSC was determined on days 1, 7,
14 and 21 using the MTS assay (CellTiter96® AQueous One
Solution Assay; Promega, Madison, WI, USA). Scaffolds were
reloaded into new 12-well plate to avoid the distortion of results
by cells occurring outside the scaffolds. To each scaffold, 800 mL
of MTS solution in fresh medium were added. Aer incubation
(37 �C, 5% CO2, 2 hours) the absorbance of the metabolised
solution (100 mL) was detected at 490 nm using Tecan Innite®
PRO 200 series reader (Tecan, Männedorf, SUI). The back-
ground absorbance (690 nm) was subtracted from themeasured
data, as well as the absorbance of media with MTS solution.

Immunohistochemical staining of type I collagen and
osteocalcin

On day 14, and 21, the samples were xed with frozen 70%
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 I collagen (dilution
1 : 20, M-38-c, Developmental Studies Hybridoma bank,
University of Iowa, Iowa City, Iowa, USA) or osteocalcin (dilution
1 : 20, osteocalcin 1–49 (human) IgG, T4743, Peninsula Labo-
ratories, USA) was applied overnight at 2–8 �C. Aer 3 washes
with PBS/0.05% Tween, and once 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) or Alexa Fluor 633-conjugated
anti-rabbit antibody (dilution 1 : 400, Life Technologies, USA).
Aer washing three times with PBS/0.05% Tween, and once in
PBS, cell nuclei were stained for 5 minutes with propidium
iodide (RT, 5 mg mL�1 in PBS, Sigma Aldrich, USA) or using
Hoechst 34580 (30 min at RT, dilution 1 : 5000, H21486, Life
Technologies). Aer two washes with PBS, the cells were visu-
alized using a confocal microscope ZEISS LSM 5 DUO at lexc ¼
488 nm and lem ¼ 505–550 nm for Alexa Fluor 488, lex ¼
405 nm, lem ¼ 420–460 nm for Hoechst 34580, lexc ¼ 633 nm
and lem > 650 nm for Alexa Fluor 633.

Fluorescence intensity was counted from 8 to 9 photomi-
crographs from each sample group using MATLAB. The inten-
sity was normalized for the number of cells and related to the
mean of the control glass.

Immunohistochemical staining of adhesive proteins vinculin
and talin

hMSC were seeded as described in cell seeding. Two days aer
seeding, the cells were xed with 4% paraformaldehyde/PBS for
5 min, washed once with PBS and stored in PBS at 2–8 �C before
staining. The samples were then washed 3 times with PBS and
incubated in 3% FBS/0.1% Triton X in PBS for 30 min at RT. The
samples were then incubated with 1% Tween 20 in PBS for
20 min at RT. Monoclonal antibody against talin (dilution
6860 | RSC Adv., 2020, 10, 6858–6872
1 : 200, clone 8d4, ascites uid, T3287, Sigma-Aldrich) or vin-
culin (dilution 1 : 100, monoclonal hVIN-1, product V9131,
Sigma-Aldrich) was applied overnight at 2–8 �C. Aer washing 3
times with PBS/0.05% Tween (3, 5, 10 min) and once in PBS,
anti-mouse secondary antibody conjugated with goat anti-
mouse IgG/IgA/IgM (H + L) Alexa Fluor 488 (dilution 1 : 300,
A10667, Invitrogen Life Technologies) was added for 45 min at
RT. Subsequently, aer same washing procedure, the samples
were incubated with phalloidin conjugated with ATTO-633
(dilution 1 : 50 in 1 mL PBS, Sigma Aldrich) for 1 hour at RT.
Cell nuclei were counterstained with Hoechst 34580 (1 : 5000,
H21486, Life Technologies) for 30 min at RT and washing twice
in PBS. The samples were scanned using confocal microscope
ZEISS LSM 5 DUO at wavelengths described above, and lex ¼
633 nm, lem >650 nm for ATTO-633 staining.

Real time PCR

RNA was isolated from four samples per group in day 0, 7, 14
and 21 using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
followed the manufacturer's instructor. RNA content (ng per
sample) and ratio of absorbance at 260 nm to 280 nm, indi-
cating RNA purity, was measured using Tecan Innite® M200
Pro reader. Presence of the RNA in the samples was checked
using standard agarose gel electrophoresis. The isolated RNA
was processed followed manufacturers instruction. Briey,
osteogenic markers osteocalcin (OCN), collagen type I
(COL1A2), integrin binding sialoprotein (ISBP), and EE1
(eukaryotic elongation factor, was used as housekeeping gene)
genes were analysed. Detail description of the analysed genes in
ESI Table S1.† For the reactions RevertAid H Minus First Strand
cDNA Synthesis Kit (Thermo Scientic, Waltham, MA), TaqMan
probes with a uorescent label at the 50 end and the quencher
on the 30 end (reviewed in ESI†), TaqMan Gene Expression
Master Mix (Thermo Scientic, Waltham, MA, USA) and RT-PCR
Grade Water (Thermo Scientic, Waltham, MA) was used.
Results were generated from the values obtained by calculation
according to the formula 2�DCp. Light Cycler 480 (Roche, Basel,
Switzerland) was used to measure the uorescence intensity.

Statistical analysis

The data are presented as mean � standard deviation. The
results from the biological experiments were evaluated statis-
tically using SigmaStat soware (Systat Soware, San Jose, CA,
USA) by normality test and one-way analysis of variance
(ANOVA). The Student–Newman–Keuls, Tukey, or Dunns
method was used as post hoc test. Fluorescence intensity of
collagen type I was measured from at least 8 confocal images.
The intensity was normalised for glass and statistically evalu-
ated using Multifactorial ANOVA where the level of signicance
was set as 0.05.

Results
Preparation of nanostructured surface

Aer anodization in uorides contained electrolyte, the nano-
structured surface of Ti6Al4V alloy was obtained. Due to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The nanostructured surface of Ti6Al4V alloy with cavities after beta phases (yellow arrows), SEM. Right image corresponds to themagnified
marked square on the left.
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presence of both a and b phases in the studied alloy, a non-
uniform etching occurred, which led to the formation of cavi-
ties (arrows) aer b phases (Fig. 1). The inner diameter of
nanotubes ranged from 30 to 120 nm, the size between 50 and
80 nm was the most frequent (Fig. 2).
Surface treatment

Fig. 3 shows the surfaces of specimens aer the exposure in
simulated body uid. The EDS analyses detected the content of
calcium and phosphorus in the precipitated layer on speci-
mens, which was 1.5% at. of Ca and 0.9% at. of P for the ground
surface. In case of the nanostructured surface, the content of
these elements was higher, 9.7% at. of Ca and 6.1% at. of P.
Fig. 2 The relative distribution of nanotube diameters created on
Ti6Al4V by anodic oxidation at 30 V. Diameters were evaluated from
100 areas on 5 samples.

This journal is © The Royal Society of Chemistry 2020
Moreover, EIS monitoring demonstrated that a faster hydroxy-
apatite precipitation occurs on the nanostructured surface (18
hours) compared to the ground sample (30 hours).
Electrochemical measurements

The open circuit potential of the specimen with ground surface
was stabilized at�220mV/ACLE aer approximately 30 hours of
exposure. At the same time, the stabilization of polarization
resistance also occurred. The induction period of he layer
precipitation was also 30 hours, which was obvious from the
impedance monitoring results at a constant frequency of 2 kHz
(ESI Fig. S1†). The change in impedance spectra during expo-
sure time is reected in Fig. 4. The spectrum from the rst day
corresponds to the passive layer, the other spectra already show
the change at the phase interface when the layer precipitated.

In the case of specimen with nanostructured surfaces, the
time dependency of open circuit potential and polarization
resistance was different in comparison with the ground surface.
Open circuit potential was decreasing to �10 mV aer approx-
imately 50 hours of exposure time. In contrast, the value of
polarization resistance was increasing as in the case of ground
sample (ESI Fig. S2†). Also, the impedance spectra of nano-
structured surfaces (Fig. 5) are different as compared to the
ground alloy. Their shape is inuenced by the charge transfer
through the nanostructured surface. The change in surface
condition occurred aer 18 hours, what was evident from
impedance monitoring.
Cell response to Ti6Al4V surface modications

In order to investigate cell adhesion, growth, and differentiation
on the specimens, hMSC from fourth passage were cultured on
the specimens in osteogenic media for 3 weeks (Fig. 6). On day
2, well spread cells with polygonal morphology and developed
cytoskeleton were seen on the specimens. As shown,
RSC Adv., 2020, 10, 6858–6872 | 6861
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Fig. 3 SEM image of ground specimen (a and b) and nanostructured specimen (c and d) after the exposure in SBF.
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microphotographs with immunohistochemical staining,
diffused dot-like distribution of cytoplasmic vinculin and talin
were detected in all samples. Matured focal adhesions were
visible on Ti and TiH group, and on glass in distant parts of the
cell membranes 48 hours aer cell seeding (Fig. 7 and 8).

In this study, metabolic activity assay was employed to
evaluate the viability of hMSC cultured on Ti6Al4V with four
types of surfaces. 0 summarizes the absorbance of produced
formazan by hMSC during 21 days of the culture. HMSC grown
on all types of substrates, but signicantly higher absorbance
was measured on Ti and TiH when compared to both nano-
structured samples N and NH on day 1. The highest values of
metabolic activity were measured on glass on day 1 and 7.
However, no signicant differences in viability were observed
among titanium samples on days 7–21.

The synthesis of collagen type I was evaluated from photo-
micrographs. As shows Fig. 9, nanostructures and HAp coating
positively inuenced collagen type I synthesis. On day 14,
6862 | RSC Adv., 2020, 10, 6858–6872
signicantly higher uorescence showed N and NH group
compared to Ti and TiH. On day 21, higher collagen intensity
was visible on both nanostructured samples and TiH than on Ti
and glass. No signicant difference was observed between N
and NH on day 21.

The expression of osteogenesis-related genes and collagen
synthesis were determined to assess the effect of surface modi-
cation on hMSC osteogenic differentiation. In parallel, 4 and 15
describe hMSC osteogenic differentiation trend cultured on four
types of tested titanium surfaces and control glass coverslip for
21 days. It can be seen, that hMSC expressed COL1A2 similarly on
all tested surfaces; the signicant differences were visible only on
day 14 in case of Ti and glass. Additionally, up-regulated
expression of collagen at late stage of differentiation (day 21)
were on glass compared to all titanium samples. However, partial
detachment of cells from glass during medium exchange was
observed and growing cells might have inuenced this effect. No
signicant differences were observed in mRNA expression of late
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08912h


Fig. 4 Electrochemical impedance spectra of the specimen with ground surface over exposure time.

Fig. 5 Electrochemical impedance spectra of the specimen with nanostructured surface over exposure time.
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osteogenic markers osteocalcin (OCN) and integrin-binding sia-
loprotein (IBSP). The high increase of OCN and IBSP expressions
were measured in all groups. On day 0, almost zero expression of
IBPS was found (not shown) (Fig. 11).

The immunohistochemical staining of osteocalcin, a late
marker of osteogenic differentiation, showed that the highest
density of osteocalcin was present on nanostructured samples
exposed to SBF and lower amount on ground samples exposed
This journal is © The Royal Society of Chemistry 2020
to SBF. Other samples showed only faint osteocalcin staining
(Fig. 12).
Discussion

Our aim was to study the effects of hydroxyapatite layer, formed
on different surfaces, on the adhesion, growth and differentia-
tion of the human MSCs. Both nanostructure formation and
RSC Adv., 2020, 10, 6858–6872 | 6863
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Fig. 6 Visualisation of collagen type I synthetized by hMSC cultured for 14 or 21 days on Ti6Al4V samples with four different surface modifi-
cations: ground (Ti), nanostructured by anodic oxidation at 30 V (N), Ti6Al4V incubated in SBF (TiH), 30 V incubated in SBF (NH) and control glass
(G). Immunohistochemical staining of type I collagen (green, Alexa Fluor 488) and cell nuclei (red, propidium iodide) was used. Confocal
microscopy, objective �20, magnification 1�, scale bar 50 mm.
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hydroxyapatite layer formation have already been separately
studied, yielding positive effects on both cell differentiation and
bone formation.
6864 | RSC Adv., 2020, 10, 6858–6872
In the rst part of this study, the interaction of Ti6Al4V with
simulated body uid was investigated, when the two surface
treatments were compared – ground and nanostructured
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Visualization of adhesive molecules vinculin (V-) and talin (T-) in hMSC adhered on ground and modified Ti6Al4V scaffolds 48 hours after
seeding. Cells cultured on ground Ti6Al4V (Ti), nanostructured Ti6Al4V by anodic oxidation at 30 V (N), Ti6Al4V incubated in SBF (TiH), nano-
structured at 30 V and incubated in SBF (NH) and control glass (G). Confocal microscopy, objective 63�, magnification 2�, scale bar 10 mm,
immerse oil. Staining: vinculin and talin (green, primary antibody and Alexa Fluor 488), actin cytoskeleton (red, phalloidin conjugated with ATTO-
633), cell nuclei (blue, Hoechst 34580).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 6858–6872 | 6865
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Fig. 8 Metabolic activity of hMSC cultured on Ti6Al4V samples with
four different surface modifications: ground (Ti), nanostructured by
anodic oxidation at 30 V (N), Ti6Al4V incubated in SBF (TiH), nano-
structured at 30 V and incubated in SBF (NH) and control glass
coverslip. Statistical difference with P < 0.05 marked as *.
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surfaces. Many surface treatments of titanium alloys in order to
enhance bioactivity and thus the cell differentiation and
proliferation have been studied. Electrochemical oxidation
under xed experimental conditions in an electrolyte contain-
ing uorides allowed the preparation of a well-dened and
structurally arranged nanomorphology. Based on the previous
study by Filova et al.,15 the oxidation process was managed at
the potential of 30 V. In that investigation it was observed that
nanotubes with the inner diameter of 50–80 nm obtained at the
potential of 30 V had the best inuence on bone cells adhesion,
proliferation and differentiation. Also Oh et al. reported
promoted MSC differentiation on nanotubes with diameter 70–
Fig. 9 Collagen type I fluorescence intensity per cell in hMSC cultured o
30 V (N), Ti6Al4V incubated in SBF (TiH), 30 V incubated in SBF (NH) and
difference P < 0.05 marked with *, # significantly differs to all other gro

6866 | RSC Adv., 2020, 10, 6858–6872
100 nm thanks to stem cell elongation leading to cytoskeletal
stress and enhanced differentiation into osteoblasts.31 Simi-
larly, Lv et al. found that 70 nm was the optimal nanotube
dimension for osteogenic differentiation of human adipose
derived MSC in vitro and in vivo.

As mentioned above, Ti6Al4V is consists of a and b phases.
The b phase is less corrosion stable than a phase because it is
enriched with highly soluble vanadium compounds, thus
b phase is etched preferentially. The area of the cavities covers
approximately 11% of the whole surface as mentioned by
Moravec et al.32

A wide range of electrochemical methods can be used to
study the interaction of biomaterial with the human body
environment. Open circuit potential for both ground and
nanostructured specimens decreased until its stabilization at
the value of �220 mV/ACLE in the case of ground surface and
later at the value of �100 mV/ACLE for the nanostructured
surface. Increasing polarization resistance values for both
surface treatments could be explained by phase interface
stabilization. The lower resistance value of the nanostructured
surface is caused by the much larger surface of the nanotubes as
compared to the ground surface.

Another method used was electrochemical impedance
spectroscopy, which provides accurate and high-quality infor-
mation on phase interfaces. The different shape of the imped-
ance spectra is obvious when comparing the ground and
nanostructured specimens. In the case of the ground sample,
the spectrum from the rst day corresponds to the passive layer
and the other spectra already showed the change at the phase
interface when the layer precipitated. The spectra obtained
while exposing the nanostructured specimen have a totally
different character; their shape is inuenced by the charge
transfer through the nanostructured surface.
n Ti6Al4V samples: ground (Ti), nanostructured by anodic oxidation at
control glass coverslip. Data were normalized against glass, statistical
ups.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Collagen type I mRNA expression in hMSC cultured on Ti6Al4V samples: ground (Ti), nanostructured by anodic oxidation at 30 V (N),
Ti6Al4V incubated in SBF (TiH), 30 V incubated in SBF (NH) and control glass coverslip. Statistical significance P < 0.05 marked with *.
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Based on the measurement of impedance spectra over the
entire frequency range, a 2 kHz frequency value was selected at
which the greatest variances in phase angle and impedance
module were detected. From the measurement of these
parameters at a constant frequency of 2 kHz, it was possible to
accurately evaluate the time of change on phase interface,
hydroxyapatite (HAp) layer formation and growth was antici-
pated. This assumption was conrmed by EDS analyses aer
the exposure to SBF, when Ca and P were detected at an atomic
ratio almost 1.67. The positive effect of the nanotubes is obvious
from the single frequency results; the induction period of the
nanostructured surface was about 12 hours shorter than that of
the ground sample. Higher amount of Ca and P measured by
EDS also conrmed the enhanced bioactivity of the nano-
structured surface.

Also, the SEM microphotographs clearly demonstrated that
formation of HAp-like layer was greatly enhanced by
Fig. 11 Expression of osteogenic markers in hMSC cultured on Ti6Al4V
structured by anodic oxidation at 30 V (N), Ti6Al4V incubated in SBF (TiH),
were isolated from cultivation plastic, IBSP – integrin binding sialoprote

This journal is © The Royal Society of Chemistry 2020
nanostructured surface. This outcome is in accordance with
previous studies.29,33

From the biomedical point of view, the use of Ti6Al4V alloy
for bone replacements could be occasionally viewed with
apprehension, as elements Al and V are known for their possible
cytotoxic effects.34–37 In earlier studies dealing with the form of
these two elements in the nanotubes15,32 it was conrmed that
Al is present in the form of Al2O3, also known as alumina, which
is a widely used biomaterial that positively affects the adhesion
and growth of osteoblasts,38 especially in the form of nano-
particles. In the case of V, this element was detected as oxide
V2O5. Since the effects of V2O5 are more controversial.39,40

As a hydroxyapatite layer is more natural for cells than arti-
cial surfaces, the surface covered by it may have improved
biocompatibility and bioactivity. 3D-HAp/poly-d/l-lactide
composites showed earlier osteoblast differentiation
compared with b-TCP.41 In collagen composites with HAp, the
samples with four different surface modifications: ground (Ti), nano-
30 V incubated in SBF (NH) and control glass on day 21. On day 0mRNA
in. No significant differences on day 21.

RSC Adv., 2020, 10, 6858–6872 | 6867
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Fig. 12 Photomicrographs of osteocalcin in hMSC cultured for 21 days on Ti6Al4V samples with four different surface modifications: ground (Ti),
nanostructured by anodic oxidation at 30 V (N), Ti6Al4V incubated in SBF (TiH), 30 V incubated in SBF (NH) and control glass (G). Confocal
microscopy, objective �63, magnification 1�, scale bar 20 mm.
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osteogenic differentiation was inuenced by concentrations of
collagen, HAp, and pore diameter, with the best results on
composite with 50 wt% Hap and 0.05% collagen.42 Similarly,
Sun et al. reported better osteogenic differentiation of rat BMCs
on collagen/HAp (60 wt% HAp) scaffolds than on b-tricalcium
phosphate/Hap or pure HAp scaffold.43

Previous studies shown that micro- and nano-patterned HAp
bioceramic surfaces enhance cell attachment and can stimulate
osteogenic differentiation or bone regeneration.44,45 As an
example, the micropatterned HAp surface showed strong oste-
oblasts contact guidance effect on 8 mm width microgrooves,
whereas on larger patterns the cell alignment in the grooves
direction proved to be weak.46 In another study, microgrooved
HAp ceramic was applied to direct growth of osteoblasts.47

It was also shown that micro and nanostructures on bio-
ceramic activate expression of different stem cell integrins.
Zhao et al. described the synergic effect of hybrid micro/
nanostructured surface of HAp bioceramics on osteogenesic
differentiation of hBMSCs (human bone marrow stem cells). In
addition, their results also revealed signicantly enhanced cell
adhesion, proliferation and expression of osteogenic genes on
both patterned surfaces, compared to at control.48

HAp coating with nanorod-structures on Ti6Al4V implants
were applied to promote cell adhesion and osteointegration in
diabetes mellitus rabbit models.49 The importance of distinct
architecture of the biomaterial surface were recently reviewed.
6868 | RSC Adv., 2020, 10, 6858–6872
Cell fate is guided by the micro and nano patterned substrates,
which inuences protein adsorption, cell adhesion, migration,
growth, differentiation and cell death. Various cell types
differently react on the micro or nano patterned surfaces.50 In
the study of Özçelik et al. BMSCs preferred smooth surface
while osteosarcoma Saos-2 cells preferred nanopillar surfaces.
However, the presence of bronectin improved the BMSCs
adhesion on nanopillar surfaces.51 The different behaviour of
osteoblasts and myoblasts were strongly inuenced by the
width of HAp microgrooves prepared by photolithography, and
subsequent coating with HAp.46

It is believed that nanotubes offer greater surface area for
cell-biomaterial contact, and therefore better mimic bone
architecture and function.13,14 Another approach to promote
bone regeneration and new bone formation from the
surrounding native bone is surface coating using SBF that
create calcium phosphate structures similar to HAp of native
bone.52,53 It was supposed that combining these two above
mentioned surface modications could greatly inuence
osteoinductivity and osteointegration of the Ti6Al4V implants.

For orthopaedic and dental implants success, not only
osteoblast cells but also MSC play a key role in bone tissue
regeneration. Recently, multipotent cells are becoming
preferred model in a tissue engineering studies and hMSC are
widely used as an osteogenesis model and for bone-tissue
engineering applications. Therefore, in the current study
This journal is © The Royal Society of Chemistry 2020
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hMSC were chosen to investigate the bioactivity of the created
surfaces in vitro. NanoHAp coating of Ti specimen supported
growth and osteogenic differentiation of hBMSC, which was
enhanced by the addition of growth factors.54

From the previous studies it can be concluded that by
specically designing the nanotube diameter it is possible to
support either hMSC adhesion or osteogenic differentiation.55,56

As was shown larger nanotube diameters lead to elongation of
the cells and stimulate osteogenic differentiation via cytoskel-
etal stress.31 Moreover, it was clinically proven, that rough
surfaces induce a more rapid osseointegration than the smooth
surfaces57–60 and some of the porous Ti-based biomaterials are
already in clinical trials.61

A crucial step for implant stability and subsequent cell
differentiation is initial cell adhesion. This process is initiated
by the adsorption of proteins from the body uids to the
implant surface that are recognised by the cell integrins, as the
rst step of the cascade leading to the formation of adhesion
plaques. These highly organized protein complexes mediating
ECM-cell contact but also act as mechanosensors that regulate
cell phenotype.62 As was mentioned, focal adhesion complex
consists of many proteins, where the mostly considered are
talin, that forms a structural core of the focal adhesion, and
vinculin which strengthens and stabilizes the focal adhesion
complex.63,64

This phenomenon can be related to the fact that MSC were
shown to adhere better on smaller nanotubes (30 nm), while
larger nanotubes (100 nm) induced stem cell differentiation
and proliferation.65 Although nanotubes with larger diameters
were shown to be osteoinductive without the use of osteogenic
supplements,13 other aspects such as cell sources, adsorbed
proteins and their conformation, age and even the sex of the
donor may inuence cell response.66,67

In this study, cell attachment and morphology were evalu-
ated 48 hours aer seeding. Well spread polygonal-shaped cells
were visible on all type of surfaces. Additionally, the distribution
of molecular markers of cell adhesion, talin and vinculin, were
evaluated by immunouorescence staining. As shown in Fig. 7,
vinculin was relatively diffused with well-developed focal
adhesions on Ti and TiH group. Cytoplasmic talin was captured,
but focal adhesions were not clearly visible.

Distribution of the vinculin positive areas in our work agreed
with the study conducted by Saha et al. who showed dot-like
cytoplasmic localisation of vinculin in osteoblasts on nano-
structured Ti6Al4V68 and with our previous study using cpTi.69

We have shown similar dispersal of vinculin and talin in oste-
oblasts cultured one day on nanotubes with diameters among
24–66 nm.69

The study conducted by Filova presented the increase of both
talin and vinculin concentrations in osteoblasts on nanotubes
created by anodic oxidation at 30 V with an inside diameter
around 35–80 nm compared to untreated Ti6Al4V.15 Costa et al.
found that as roughness and complexity of HAp coated PCL
matrices increased, the number of focal adhesions decreased.70

Higher vinculin staining implies that more focal adhesions
were present in hMSC cultured on treated surfaces. The data
suggest that increase in roughness could lead to enhanced
This journal is © The Royal Society of Chemistry 2020
initial adhesion. Similarly, increased formation of focal adhe-
sions due to nano-roughened surface has been reported in
osteogenic cells.71 We suggest that less developed focal adhe-
sions on NH group could be caused by the phenomenon that
nanotubes were overlapped by the HAp-like layer created by SBF
treatment, therefore the simultaneous effect of nanotopography
and HAp crystals could not be clearly detected. Our data indi-
cating that talin synthesis or morphology were inuenced by
presence of the HAp. Talin intensity was lower on TiH and NH
samples (Fig. 7) Colocalised F-actin and vinculin signal was
visible only on Ti and TiH and glass group, but not on nano-
structured groups which corresponds to our results on cpTi.69

A possible explanation of different results obtained from
previous studies reporting focal adhesion formation,53,71,72

could be the shorter time of cultivation and possibly different
type of integrins expressed in hMSC and other osteoblast cells.66

It has been shown that various types of integrins are expressed
in osteoblasts.73 The type of expressed integrins subsequently
determine important downregulated signalling pathways
resulting in different cell fate and behaviour.62 Surface depen-
dent expression of integrins described Brugge et al. in rat bone
marrow cells cultured on titanium implants with various
surface treatments.74 Other studies, considering substrate-
dependent integrin expression, have shown that surface
energy, chemistry and structure can fundamentally inuence
osteoblasts fate on titanium implants throughout integrin
expression.75–78

In the present study, MTS assay was employed to evaluate the
metabolic activity of hMSC cultured on different substrates. The
method is based on the reduction of yellow MTS substrate by
mitochondrial enzymes in living cells to water soluble purple
formazan.

MSC grown on nanostructured surfaces NH and N displayed
lower metabolic activity when compared to those cultured on Ti,
TiH and glass on day 1. However, cell metabolic activity
increased signicantly in all samples and was similar on the
titanium substrates from day 7 till day 21. It has been docu-
mented, that hMSC cultured on rough Ti surfaces decreased in
cell number aer 5 days of culture compared to smooth
surfaces. The authors suggest that lack of proliferation was
caused by the selection of hMSC compatible with growth on
rough Ti surface or committed to osteogenic lineage, from
phenotypically heterogenous hMSC population.79 Considering
this, the observations of decreased cell numbers on TiH and N
group are therefore no surprising.

To investigate the inuence of modied titanium substrates
on hMSC differentiation, osteoblast differentiation associated
genes COL1A2, IBSP, and OCN were evaluated together with
detection of selected proteins by immunohistochemical stain-
ing. Upregulated collagen type I synthesis was evident on both N
and NH surfaces on day 14 and on all modied samples on day
21 (Fig. 10). Comparison of ground Ti and treated samples did
not show any signicant up-regulated expression of selected
genes towards modied surfaces. However, the highest amount
of mRNA for IBSP and collagen type I was found for TiH group,
with the same trend in COL1A2 expression on day 14. High
values of IBSP indicate the presence of terminal osteoblastic
RSC Adv., 2020, 10, 6858–6872 | 6869
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differentiation. IBSP, a non-collagenous osteogenic matrix
protein, also known as marker of both terminal osteoblastic
differentiation and new bone formation, is also believed to be
involved in hydroxyapatite nucleation.80

On day 14, the exposition of Ti and N samples to SBF did not
increase the collagen type I intensity on TiH and NH samples.
Moreover, nanostructured samples showed signicantly
increased collagen intensity than other samples. However, on
day 21, both nanostructured and HAp-modied samples
showed a signicant increase of collagen intensity compared to
unmodied Ti and glass. Thus, the collagen formation is more
inuenced by nanostructured surface than HAp layer
formation.

In our previous study, higher collagen synthesis on larger
nanotubes (66 nm) compared to both smaller diameters and
untreated surface were described.69 Current data correlate with
upregulated collagen synthesis and no change in osteocalcin
expression described previously on nanostructured implant
surface in vivo, indicating an accelerated bone formation
around the nanotubes.81

Furthermore, osteocalcin as an extracellular protein
produced by differentiated osteoblast, indicating late stage of
differentiation andmineralization stage.82 Although osteocalcin
expression was not signicantly affected by hereby used modi-
cations, the numerous signals was visible on NH and less rare
on TiH samples, compared to very rare signal on Ti but no
signal on N and glass on day 21. The presence of osteocalcin
(positive red signal in Fig. 12) suggests that MSC had differen-
tiated into mature osteoblasts preferentially, mainly on HAp-
like coated surfaces.

Oh et al. reported osteoblastic differentiation of human
MSCs on nanotubes with higher diameter (70–100 nm) of
nanotubes, but no osteogenic differentiation on nanotube with
small diameter about 30 nm. Conversely, Park et al. reported
better osteogenic differentiation of hMSC on 15 nm-diameter
TiO2 nanotubes.83

The study conducted by Habibovic, showed positive effect of
calcium phosphate coated Ti6Al4V on bone healing in vivo.
Authors suggested that presence of calcium phosphate is
important for ectopic bone formation.84 Also Barrere et al. re-
ported enhanced bone integration in case of SBF mediated
apatite-coated Ti6Al4V compared to noncoated implants on goat
models.85 Cai et al. reported titanium (cpTi) treatment with
potassium hydroxide and heat, and subsequent exposure to SBF
and its effects on the rat BMSCs. The samples treated with
potassium hydroxide, heat and exposed to SBF showed signi-
cantly higher metabolic activity, alkaline phosphatase activity
and osteocalcin synthesis compared to pure cpTi. Samples
treated with potassium and heat but not exposed to SBF did not
show positive effect on BMSCs osteogenic differentiation.86

Considering above mentioned studies and our data, the SBF
mediated mineralised surfaces of metal implants and other
biomaterials have great future application, as this approach can
be used for drug delivery that can dramatically enhance tissue
regeneration. For instance, implant surfaces can be function-
alised by the incorporation of bioactive molecules, such as
6870 | RSC Adv., 2020, 10, 6858–6872
antibiotics, growth factor and proteins, even nucleotide acids
that can be used in gene therapy.52

In this study, we showed that nanostructured Ti6Al4V
exposed to SBF was able to stimulate collagen type I and
osteocalcin synthesis in hMSC, together with a high rate of cell
growth.
Conclusions

In summary, anodic oxidation at 30 V created nanotubes with
inner diameters ranged from 30–120 nm on titanium alloy
Ti6Al4V. Subsequently, SBF exposition was applied to form HAp-
like layer on the ground and nanostructured titanium surface.
In this study, SEMmicrophotographs clearly demonstrated that
formation of HAp-like layer was greatly enhanced by nano-
structured surfaces and covered almost the whole surface of the
specimens. Our data showed that the hereby presented tita-
nium surface modications supported proliferation and oste-
ogenic differentiation of hMSC. In particular, treatment of
ground Ti6Al4V with SBF resulted in enhanced collagen
synthesis, similar to nanotubes modied samples aer a longer
cell culture. In addition, nanotubes exposed to SBF enhanced
osteocalcin synthesis better than other surfaces. Our data
suggest that Ti6Al4V nanostructuring together with SBF incu-
bation can enhance extracellular matrix formation and thereby
can improve bone regeneration.
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21 W. E. G. Müller, H. C. Schröder, E. Tolba, B. Diehl-Seifert and

X. Wang, FEBS J., 2016, 283, 74–87.
22 M. Schumacher, A. Lode, A. Helth and M. Gelinsky, Acta

Biomater., 2013, 9, 9547–9557.
23 J. Zhang, M. Li, E.-T. Kang and K. G. Neoh, Acta Biomater.,

2016, 32, 46–56.
24 K. Kuroda and M. Okido, Bioinorg. Chem. Appl., 2012, 2012,

405–406.
25 M. Hamdi and A. Ide-Ektessabi, Surf. Coat. Technol., 2003,

163–164, 362–367.
26 T. Laonapakul, A. R. Nimkerdphol, Y. Otsuka and Y. Mutoh,

J. Mech. Behav. Biomed. Mater., 2012, 15, 153–166.
27 I. Stirbu, P. Vizureanu, M. Ratoi and N. Cimpoesu, IEEE

Health and Bioengineering conference, Iasi, Romania, 2013.
28 J. Yang, K. Zhang, K. Que, S. Hou, Z. Chen, Y. Li, Y. Wang,

Y. Song, B. Guan, W. Zhang, D. Zhu, C. Li, D. Wang,
P. Geng and X. Zhang, Mater. Sci. Eng. C, 2018, 92, 206–215.

29 N. A. El-wassefy, I. M. Hammouda, A. Habib, G. Y. El-awady
and H. A. Marzook, Clin. Oral Implant. Res., 2014, 25, E1–E9.

30 L. Muller and F. A. Muller, Acta Biomater., 2006, 2, 181–189.
31 S. Oh, K. S. Brammer, Y. S. J. Li, D. Teng, A. J. Engler,

S. Chien and S. Jin, Proc. Natl. Acad. Sci. U. S. A., 2009, 106,
2130–2135.

32 H. Moravec, M. Vandrovcova, K. Chotova, J. Fojt,
E. Pruchova, L. Joska and L. Bacakova, Mater. Sci. Eng. C,
2016, 65, 313–322.

33 A. Kodama, S. Bauer, A. Komatsu, H. Asoh, S. Ono and
P. Schmuki, Acta Biomater., 2009, 5, 2322–2330.

34 Z. Wang, X. Wei, J. Yang, J. Suo, J. Chen, X. Liu and X. Zhao,
Neurosci. Lett., 2016, 610, 200–206.

35 G. M. Keegan, I. D. Learmonth and C. P. Case, J. Bone Joint
Surg. Br. Vol., 2007, 89B, 567–573.

36 D. Zaffe, C. Bertoldi and U. Consolo, Biomaterials, 2004, 25,
3837–3844.

37 S. K. Ghosh, R. Saha and B. Saha, Res. Chem. Intermed., 2015,
41, 4873–4897.
This journal is © The Royal Society of Chemistry 2020
38 S. N. Sethu, S. Namashivayam, S. Devendran, S. Nagarajan,
W.-B. Tsai, S. Narashiman, M. Ramachandran and
M. Ambigapathi, Int. J. Biol. Macromol., 2017, 98, 67–74.

39 J. J. Rodriguez-Mercado, R. A. Mateos-Nava and
M. A. Altamirano-Lozano, Toxicol. In Vitro, 2011, 25, 1996–
2002.

40 O. Tsave, S. Petanidis, E. Kioseoglou, M. P. Yavropoulou,
J. G. Yovos, D. Anestakis, A. Tsepa and A. Salifoglou, Oxid.
Med. Cell. Longevity, 2016, 2016, 10.

41 Y. P. Bai, J. J. Sha, T. Kanno, K. Miyamoto, K. Hideshima and
Y. Matsuzaki, J. Investig. Surg., 2019, 1.

42 E. Prosecka, M. Rampichova, L. Vojtova, D. Tvrdik,
S. Melcakova, J. Juhasova, M. Plencner, R. Jakubova,
J. Jancar, A. Necas, P. Kochova, J. Klepacek, Z. Tonar and
E. Amler, J. Biomed. Mater. Res., Part A, 2011, 99, 307–315.

43 X. Y. Sun, W. Su, X. M. Ma, H. Y. Zhang, Z. Sun and X. D. Li,
Regener. Biomater., 2018, 5, 93–103.

44 L. G. Xia, K. L. Lin, X. Q. Jiang, Y. J. Xu, M. L. Zhang, J. Chang
and Z. Y. Zhang, J. Mater. Chem. B, 2013, 1, 5403–5416.

45 K. L. Lin, L. G. Xia, J. B. Gan, Z. Y. Zhang, H. Chen, X. Q. Jiang
and J. Chang, ACS Appl. Mater. Interfaces, 2013, 5, 8008–8017.

46 X. Lu and Y. Leng, J. Biomed. Mater. Res., Part B, 2009, 90,
438–445.

47 Z. Wang, Z. W. Xiao, H. S. Fan and X. D. Zhang, J. Inorg.
Mater., 2013, 28, 51–57.

48 C. Zhao, X. Wang, L. Gao, L. Jing, Q. Zhou and J. Chang, Acta
Biomater., 2018, 73, 509–521.

49 Z. K. Hu, X. H. Wang, W. Xia, Z. L. Wang, P. B. Zhang,
L. G. Xia, K. L. Lin and M. Zhu, J. Biomed. Nanotechnol.,
2019, 15, 1701–1713.

50 M. Ermis, E. Antmen and V. Hasirci, Bioactive Materials,
2018, 3, 355–369.

51 H. Ozcelik, C. Padeste and V. Hasirci, Colloids Surf., B, 2014,
119, 71–81.

52 K. Shin, T. Acri, S. Geary and A. K. Salem, Tissue Eng., Part A,
2017, 23, 1169–1180.

53 R. S. Clavell, J. J. M. de Llano, C. Carda, J. L. G. Ribelles and
A. Valles-Lluch, J. Biomed. Mater. Res., Part A, 2016, 104,
2723–2729.

54 H. W. Liu, D. X. Wei, J. Z. Deng, J. J. Zhu, K. Xu, W. H. Hu,
S. H. Xiao and Y. G. Zhou, Artif. Cells, Nanomed.,
Biotechnol., 2018, 46, S460–S470.

55 K. S. Brammer, C. J. Frandsen and S. Jin, Trends Biotechnol.,
2012, 30, 315–322.

56 J. Park, S. Bauer, K. von der Mark and P. Schmuki, Nano Lett.,
2007, 7, 1686–1691.

57 A. Wennerberg, C. Hallgren, C. Johansson and S. Danelli,
Clin. Oral Implant. Res., 1998, 9, 11–19.

58 P. R. Klokkevold, P. Johnson, S. Dadgostari, A. Caputo,
J. E. Davies and R. D. Nishimura, Clin. Oral Implant. Res.,
2001, 12, 350–357.

59 R. Jimbo, J. Sotres, C. Johansson, K. Breding, F. Currie and
A. Wennerberg, Clin. Oral Implant. Res., 2012, 23, 706–712.

60 L. Le Guehennec, A. Soueidan, P. Layrolle and Y. Amouriq,
Dent. Mater. J., 2007, 23, 844–854.

61 T. Kokubo and S. Yamaguchi, Acta Biomater., 2016, 44, 16–
30.
RSC Adv., 2020, 10, 6858–6872 | 6871

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08912h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

5 
5:

37
:4

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
62 M. C. Siebers, P. J. ter Brugge, X. F. Walboomers and
J. A. Jansen, Biomaterials, 2005, 26, 137–146.

63 S. Di Cio and J. E. Gautrot, Acta Biomater., 2016, 30, 26–48.
64 J. R. Liu, Y. L. Wang, W. I. Goh, H. Goh, M. A. Baird,

S. Ruehland, S. Teo, N. Bate, D. R. Critchley,
M. W. Davidson and P. Kanchanawong, Proc. Natl. Acad.
Sci. U. S. A., 2015, 112, E4864–E4873.

65 W. Q. Yu, C. Qian, X. Q. Jiang, F. Q. Zhang and W. M. Weng,
Colloids Surf., B, 2015, 136, 779–785.

66 B. D. Boyan, A. Cheng, R. Olivares-Navarrete and Z. Schwartz,
Adv. Dent. Res., 2016, 10–17.

67 L. Bacakova, E. Filova, M. Parizek, T. Ruml and V. Svorcik,
Biotechnol. Adv., 2011, 29, 739–767.

68 S. Saha, R. Kumar, K. Pramanik and A. Biswas, Appl. Surf.
Sci., 2018, 449, 152–165.

69 B. Voltrova, V. Hybasek, V. Blahnova, J. Sepitka, V. Lukasova,
K. Vocetkova, V. Sovkova, R. Matejka, J. Fojt, L. Joska,
M. Daniel and E. Filova, RSC Adv., 2019, 9, 11341–11355.

70 D. O. Costa, P. D. H. Prowse, T. Chrones, S. M. Sims,
D. W. Hamilton, A. S. Rizkalla and S. J. Dixon,
Biomaterials, 2013, 34, 7215–7226.

71 D. G. Bello, A. Fouillen, A. Badia and A. Nanci, Acta Biomater.,
2017, 60, 339–349.

72 E. Filova, J. Fojt, M. Kryslova, H. Moravec, L. Joska and
L. Bacakova, Int. J. Nanomed., 2015, 10, 7145–7163.

73 S. Gronthos, K. Stewart, S. E. Graves, S. Hay and
P. J. Simmons, J. Bone Miner. Res., 1997, 12, 1189–1197.

74 P. J. ter Brugge, R. Torensma, J. E. De Ruijter, C. G. Figdor
and J. A. Jansen, Tissue Eng., 2002, 8, 615–626.

75 R. Olivares-Navarrete, P. Raz, G. Zhao, J. Chen, M. Wieland,
D. L. Cochran, R. A. Chaudhri, A. Ornoy, B. D. Boyan and
6872 | RSC Adv., 2020, 10, 6858–6872
Z. Schwartz, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 15767–
15772.

76 B. G. Keselowsky, L. Wang, Z. Schwartz, A. J. Garcia and
B. D. Boyan, J. Biomed. Mater. Res., Part A, 2007, 80, 700–710.

77 L. P. Wang, G. Zhao, R. Olivares-Navarrete, B. F. Bell,
M. Wieland, D. L. Cochran, Z. Schwartz and B. D. Boyan,
Biomaterials, 2006, 27, 3716–3725.

78 H. Zreiqat, S. M. Valenzuela, B. Ben Nissan, R. Roest,
C. Knabe, R. J. Radlanski, H. Renz and P. J. Evans,
Biomaterials, 2005, 26, 7579–7586.

79 I. Wall, N. Donos, K. Carlqvist, F. Jones and P. Brett, Bone,
2009, 45, 17–26.

80 B. Ganss, R. H. Kim and J. Sodek, Crit. Rev. Oral Biol. Med.,
1999, 10, 79–98.

81 C. von Wilmowsky, S. Bauer, R. Lutz, M. Meisel,
F. W. Neukam, T. Toyoshima, P. Schmuki, E. Nkenke and
K. A. Schlegel, J. Biomed. Mater. Res., Part B, 2009, 89, 165–
171.

82 R. T. Franceschi, Crit. Rev. Oral Biol. Med., 1999, 10, 40–57.
83 J. Park, S. Bauer, K. A. Schlegel, F. W. Neukam, K. von der

Mark and P. Schmuki, Small, 2009, 5, 666–671.
84 P. Habibovic, J. P. Li, C. M. van der Valk, G. Meijer,

P. Layrolle, C. A. van Blitterswijk and K. de Groot,
Biomaterials, 2005, 26, 23–36.

85 F. Barrere, C. M. van der Valk, G. Meijer, R. A. J. Dalmeijer,
K. de Groot and P. Layrolle, J. Biomed. Mater. Res., Part B,
2003, 67, 655–665.

86 K. Y. Cai, M. Lai, W. H. Yang, R. Hu, R. L. Xin, Q. Liu and
K. L. P. Sung, Acta Biomater., 2010, 6, 2314–2321.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08912h

	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h

	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h

	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h
	Mesenchymal stem cell interaction with Ti6Al4V alloy pre-exposed to simulated body fluidElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra08912h


