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Abstract Titanium, the gold standard for dental implant
materials, is distinguished by its exceptional biocompati-
bility; however, from a long-term perspective, titanium still
lacks sufficient loading strength. Commercially pure tita-
nium with grain size 30 pm was processed by equal
channel angular pressing, and two novel mechanically
improved types of titanium material with grain size 4.6 and
<1 pm were obtained. The surfaces of these ultra-fine
grained titanium samples were further mechanically treated
by grinding and polishing, and their surfaces were char-
acterized by atomic force microscopy and contact angle
measurement. Osteoblast-like cells and human mesenchy-
mal stem cells were used to evaluate the cytocompatibility
of these titanium samples. The cell metabolic activity, cell
number, cell area, morphology, and cell adhesion quality
during the early stage (2 h) and prolonged cultivation
(48 h) were determined. Both cell types displayed
increased initial attachment to all tested titanium materials
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in comparison to reference tissue culture plastic. Impor-
tantly, results revealed that the novel titanium materials
with improved strength were equivalent to the original
commercially pure titanium, thus confirming their suit-
ability for osteoblast and mesenchymal stem cell growth
and proliferation. The present study proved the cytocom-
patibility of the novel forms of titanium with superior
mechanical properties and revealed their potential for
manufacturing of long-term dental implants.

Introduction

Modern dentistry represents well-established field of
medicine dealing with the increasing patient demands on
implant function, permanence, and esthetics. Due to tech-
nological and medical progress, biocompatible materials
with  excellent mechanical properties have been
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successfully designed; however, ensuring their longevity,
particularly under load-bearing conditions, remains diffi-
cult [1-3].

Titanium (Ti) is one of the best materials for the pro-
duction of dental and orthopedic implants. Many metallic
materials are not suitable for applications in living organ-
isms due to their high reactivity and inflammatory process
activation; therefore, currently, only suitable metallic
alloys are being used [4, 5]. Ti is distinguished by its
biocompatibility, low reactivity in tissue, and corrosion
resistance, which is provided by a passive layer of TiO,
that forms spontaneously on the surface. This layer repre-
sents an inert barrier between the material and the bio-
logical environment, which in clinical practice means that
the implant is prevented from releasing ions into the
organism [6]. Moreover, Ti is characterized by its light
weight and high formability, which enables the easy fab-
rication of different low-weight medical devices [7]. The
low elastic modulus of Ti is advantageous over other
metals because it decreases the shield stress of the implant,
which is particularly important in bone tissue. Neverthe-
less, the primary issue of the insufficient loading strength
of Ti remains [8]. A significant improvement of this
characteristic was achieved by fabricating a duplex alloy
with aluminum and vanadium, which resulted in the for-
mation of the most successful and widely used Ti alloy, Ti-
6Al-4 V. Originally, this alloy was designed for utilization
in aerospace engineering, and its suitable properties for use
in biomedicine were discovered as an afterthought [9].
Unfortunately, from a long-term perspective, the utilization
of Ti-6Al-4V increases the risk of the passive dissolution
of metal ions into the surrounding tissue because the layer
of TiO, loses its barrier function in alloys after recurrent
wear and fretting. Slow and gradual ion release is dan-
gerous because this process can lead to the accumulation of
toxic amounts of aluminum and vanadium in an organism,
thus posing a risk of severe systemic tissue damage.
Therefore, Ti-alloys with toxic elements are not used for
the replacement of movable joints where sliding contact
occurs [6, 10].

Currently, new approaches to improve the mechanical
characteristics of Ti include the following: (a) replacing the
potentially toxic elements in the alloys with non-toxic
elements, and (b) grain refinement [11]. New alloys com-
posed of tantalum (Ta), nickel (Ni), zirconium (Zr),
molybdenum (Mo), or niobium (Nb) have been already
generally in use [12], although their manufacturing some-
times requires high costs (Mo, Ta). However, the sensi-
tivity of the population to previously non-toxic elements
increases (for example, Ni) when these alloys are used
[13]. In contrast, strengthening commercially pure Ti (cp
Ti) by refining the grain size to the nanoscale can extend its
long-term performance and improve the mechanical
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strength of an implant, while preserving its exceptional
biocompatibility due to eliminated release of toxic ions.
Specific criteria must be met when developing methods for
nanostructuring Ti for further biomedical utilization.
Selected production techniques must guarantee the manu-
facture of uniformly defined microstructures within the
bulk material that are stable after further processing. A
widely used technology for metal nanostructuring is severe
plastic deformation (SPD), which forms ultra-fine grain
(UFG) materials from a bulk coarse-grained material using
extremely high strain [14]. One of the most developed
techniques of SPD is equal channel angular pressing
(ECAP), which works on the principle of a simple shear
force applied on a rod-shaped billet [15]. Thermal stability
of Ti-Alloys processed by SPD techniques, such as ECAP,
is up to 450 °C as referred in [16, 17]. Additionally, surface
of the materials should mimic the three-dimensional
extracellular environment of bone tissue and thus stimulate
cell attachment and proliferation. Specific surfaces of bio-
implants with micro/nano-topographies can greatly
enhance the adhesion of cells, particularly in mesenchymal
stem cells and osteoblasts [18-20]. Such treatment can be
performed by many techniques, including acid etching,
plasma blasting, sand/grit blasting or mechanical polishing
and grinding [21]. Enhanced cell adhesion to the surface is
crucial for better acceptance of the implant by an organism,
and proper long-term cell contact with the material can
avoid the creation of deep pockets on the interface, which
can lead to bacterial infection [22].

The aim of our study was to evaluate the cytocompati-
bility of cp Ti Grade 2 processed by ECAP-Conform using
the human osteoblast-like cell line SAOS-2 and human
mesenchymal stem cells (hMSCs). Six types of Ti with
different grain sizes and different mechanical surface
treatments were tested. The interactions and viability of the
cells with the materials were investigated during the early
stages of attachment after short (2 h) and long (48 h)
periods.

Materials and methods
Sample fabrication and mechanical characterization

Ti samples were supplied by COMTES FHT a.s. (Dobrany,
Czech Republic) in the form of discs with diameters of
8 mm (~0.5 cmz). The Grade 2 cp Ti (S) was used as a
substrate for subsequent processing by ECAP-Conform
[15]. The chemical purity and composition of the bulk Ti
material were measured using a Q4 Tasman optical emis-
sion spectrometer (Bruker, USA) and a G8 Galileo gas
analyzer (Bruker, USA). The original material (S) was
passed once (M) or three times (Z) through ECAP-
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Conform, and three different Ti samples with the following
grain sizes were obtained: Z (<1 pm), M (4.6 pum), and
S (30 um). The microstructure of Z and M materials was
confirmed by electron backscatter diffraction (EBSD) maps
acquired in SEM JEOL 7400F (JEOL Ltd., Japan) by
EBSD camera Oxford Nordlys (Oxford Instruments, Uni-
ted Kingdom). Very fine grains of the material Z were
investigated by TEM JEOL 200CX (JEOL Ltd., Japan).
Quasi-static tensile tests were performed according to ISO
6892-1 on triplicates of the investigated Ti samples at room
temperature. Round tensile specimens with threaded
shoulders of diameter 4 mm and with gauge lengths of
20 mm were tested. Tests were performed using a Zwick
Z 250 electro-mechanical testing system (Zwick Roell,
Germany) fitted with hydraulic grips. The strain on the
sample was measured directly using a Messphysik laser
speckle extensometer (Messphysik materials testing, Aus-
tria), which allows for biaxial strain measurement until the
specimen fractures. The specimens’ dimensions were
measured using a micrometer before testing, and their
gauge lengths were marked for elongation evaluation. The
appropriate dimensions were measured after the tests to
evaluate elongation and cross-section reduction. The
elongation shown in Fig. 1 is evaluated from marks on the
specimen. The surface of each Ti sample was treated by
polishing with diamond paste and colloidal silica (p) or by
grinding with abrasive grinding paper (1200) (g). Thus, six
types of Ti samples were evaluated, i.e., Zp, Zg, Mp, and
Mg, representing the new titanium materials with improved
mechanical properties, and Sp and Sg, representing the
original Ti material. All Ti samples were compared with
common polystyrene material for cell cultivation (PS
control).

Surface topography characterization

Qualitative and quantitative analyses of the surface mor-
phology of the Ti samples and PS control were performed
using atomic force microscopy (AFM). A Ti sample area of
50 x 50 pum was studied in air using a Peakforce AFM
system (ICON, Bruker, USA) in quantitative nanome-
chanical mapping mode with a Multi75Al cantilever
(BudgetSensors, Innovative Solutions Bulgaria Ltd, Bul-
garia). In this mode, the interaction between the tip and the
sample is controlled and measured at each point. The
cantilever was treated using CF, plasma to reduce the
contamination and interaction with the surfaces of the Ti
samples. The primary advantage of this mode is its ability
to measure using small forces; moreover, measuring the
elastic modulus of the material and the adhesion between
the AFM tip and the sample is possible using this mode
[23]. Two samples of each type of surface were scanned,
their topographic features were examined, and the root

mean square roughness (Rrvs) of each Ti sample was
quantitatively estimated.

Wettability measurement

The surface wettability of the Ti samples and of the PS
control was examined with a static and dynamic sessile
water drop method using an OCA 20 contact angle appa-
ratus (DataPhysics, Germany). Before the analysis, the Ti
samples were cleaned by gentle rinsing in petroleum ether,
methanol, and then water to remove impurities due to
sample processing [24]. Then, the samples were sterilized
in 70 % ethanol for 10 min and rinsed two times with
deionized water to simulate the conditions of in vitro
experiments. Finally, the Ti samples were dried under a
stream of nitrogen in a flow box and subjected to analysis.
For the static method analysis, each sample was charac-
terized using two drops with volumes of 2 pl. The data
were evaluated using the Young—Laplace method. For the
dynamic method analysis, a 3 pl drop was placed on the
surface, and advancing and receding contact angles were
determined, while the volume of the drop was increased to
8 pl and decreased at a flow rate of 0.2 pl/s. The data were
evaluated using the tangent leaning method. Three Ti
samples of each surface type were measured twice by the
static method and once by the dynamic method.

Cell culture

The SAOS-2 cells (DSMZ, Germany) were cultured in
McCoy’s SA medium without phenol red (HyClone, USA)
supplemented with heat-inactivated 15 % fetal bovine
serum (GE Healthcare, UK), 10,000 U/ml penicillin
(Sigma-Aldrich, USA), and 10 pg/ml streptomycin
(Sigma-Aldrich, USA). The cells were seeded at a density
of 15,000 cells/cm™.

The hMSCs (General University Hospital, Prague and
University Hospital, Pilsen) were obtained from four
patients undergoing diagnostic trephine biopsies for sus-
pected hematological disease without tumor-affected bone
marrow and from volunteers after giving written consent.
This research conforms to general ethical principles and
standards—all the procedures involving living human
participants were approved by the Ethical Committee of
General University Hospital in Prague and by University
Hospital and Medical Faculty in Pilsen, Charles University
in Prague. The isolated cells were cultured in alpha mini-
mum essential medium (a-MEM; Gibco, USA) supple-
mented with heat-inactivated 10 % fetal bovine serum (GE
Healthcare, UK), 10,000 U/ml penicillin (Sigma-Aldrich,
USA), and 10 pg/ml streptomycin (Sigma-Aldrich, USA).
The hMSCs were seeded at a density of 10,000 cells/cm?
and cultured up to the 5th passage.
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Ti samples were placed on the bottom of 24-well plates
(Techno Plastic Products, Switzerland) in doublets. The
sterilization process was performed before cultivation. The
samples were rinsed with 70 % ethanol for 10 min and
then washed twice with deionized water.

Each cell type was plated onto the Ti samples at the
density listed above using the droplet technique. Briefly,
100 Wl of cell suspension was dropped onto Ti samples,
and 380 pl of the cell suspension was dropped onto PS
control wells to obtain identical cell densities on the sur-
face. The cells were cultured for 2 or 48 h in a humidified
5 % CO, atmosphere at 37 °C. To prevent droplet evapo-
ration, the Ti samples and PS control were covered with
additional complete culture media to a volume of 1000 pl
at 1 h after initial attachment, and the cells were further
cultured until the desired time points.

Metabolic activity

The metabolic activity of the cells at 48 h after plating was
assessed by MTS assay (Cell Titer96® AqueousOne,
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Promega, USA). The principle of this colorimetric assay is
the reduction of the MTS ((3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-

zolium)) compound into a soluble colored formazan pro-
duct by mitochondrial dehydrogenases. The assay was
performed according to the manufacturer’s protocol. After
the cells were incubated for 2 h with MTS reagent, the
optical density was measured using a microplate reader
(Inﬁnite® 200 PRO, Tecan Group Ltd., Switzerland) at
490 nm, subtracting the background at 655 nm. The
obtained results were compared to the results of the cells on
the PS control. These results are expressed as percentages.

Fluorescence microscopy

After 2 and 48 h, the cells were fixed in 4 %
paraformaldehyde. Then, the nuclei were stained with
DAPI (1:1000, Sigma-Aldrich, USA), actin filaments were
stained with Phalloidin-Alexa Fluor 488 (1:1000, Invitro-
gen, USA), and the vinculin protein in cell focal adhesions
was visualized by antibodies (mouse monoclonal anti-
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vinculin antibody, 1:500, Sigma-Aldrich, USA and Alexa
Fluor 568-conjugated goat anti-mouse antibody, 1:500,
Invitrogen, USA). An Eclipse Ti-S or Eclipse Ti-U epi-
fluorescence microscope (Nikon, Japan) and a DS-QilMc
digital camera (Nikon, Japan) were used to acquire fluo-
rescence images of the stained cells.

Cell number and cell area

For cell number determination, ten random fluorescence
images of DAPI-stained nuclei from every Ti sample and
PS control were acquired using a fluorescence microscope
at 10x magnification. For cell area determination, ten
random fluorescence images of DAPI-stained nuclei and
phalloidin-Alexa488-stained actin filaments were acquired
for every Ti sample and PS control using a fluorescence
microscope at 20 x magnification. The cell nuclei were
automatically counted, and the single cell area was esti-
mated using ImageJ [25] and Cell Profiler [26]. The cell
number is expressed as the number of cells per cm® The
cell area is expressed as the mean area of the cell in pm?
for every substrate. The results obtained from both analyses
were compared to the results of cells on the PS control.
These results are expressed as percentages.

Statistical analysis

All presented data were derived from at least two inde-
pendent experiments performed in duplicate. The results
are presented as the mean values with error bars indicating
standard deviations. Data distribution was evaluated using
the Shapiro—-Wilk test. The non-parametric Wilcoxon
matched-pairs test was used to determine significant dif-
ferences between the datasets from the Ti samples and the
PS control. An ANOVA was used to compare Ti samples
to each other. P values of less than 0.05 were considered
statistically significant. Statistical analysis was performed
using the software STATISTICA (StatSoft, Inc., USA).

Results

Chemical and mechanical characterization of Ti
samples

The chemical purity and composition of the original Ti
material (S) were examined before undergoing the ECAP-
Conform process. The listed weight percentages of the
elements (Table 1) show that the bulk material was com-
posed of 99.80 % Ti. The mechanical characterization of
each of the three Ti samples without surface treatment
involved determining their strength characteristics (yield
stress and tensile strength) and plastic characteristics

(elongation and cross-section reduction). The measured
values and representative microstructure images are sum-
marized in Fig. 1, and the resultant stress—strain curves for
each Ti sample are shown in Fig. 2. The original S samples
exhibited the lowest strength parameters and had the grains
with the largest area. The M samples exhibited slight
increases in their mechanical properties of approximately
15 %, while maintaining almost the same deformation
behavior as the S samples. The highest stress—strain curves
were obtained in the case of the Z samples, as they
exceeded the S samples by more than 30 % while main-
taining sufficient ductility for potential further product
formation. The Z samples exhibited superior properties to
the other investigated samples.

Surface topography of Ti samples

Characterization of the surface topography of all Ti sam-
ples and the PS control was performed by AFM. The sur-
face profiles are presented in diagrams in Fig. 3.
Quantitative measurements of the Ry were also con-
ducted for each material (Table 2). The obtained AFM data
show that the polished samples have a fine topography and
lack distinctive surface roughness and tall peaks. The Zp
samples revealed many small 10 nm deep holes and
occasional large-scale roughness (~35 um in X-Y direc-
tions). On the Mp samples, many 10-20 nm tall Ti parti-
cles above a flat layer were detectable. Sp samples were of
a similar topography as Mp samples, with fewer tall par-
ticles, which was most likely caused by the larger grain
size of the S samples.

In contrast, all ground samples had an RMS roughness
of approximately 270 nm, irrespective of the grain size.
The width of the 500-1000 nm tall peaks was 10 &= 3 um
for all Ti samples. Even on a smaller scale (10 pum), the
morphologies of Zg, Mg, and Sg samples were similar
(data not shown). Furthermore, AFM data showed that tall
objects, holes, and flat regions of all Ti samples had similar
elastic moduli (data not shown), confirming that the tall
objects on the surface are of Ti origin.

Surface wettability of Ti samples
The wettability of Ti samples and the PS control was
determined by water contact angle (0) measurements using

static and dynamic (advanced and receding 0) sessile drop
methods. The results are presented in Table 2. The tested

Table 1 Chemical composition of Ti bulk material (wt%)

Fe (6] C H N Ti

0.0460 0.1200 0.0230 0.0026 0.0074 99.8010

@ Springer
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Fig. 3 AFM images of Ti samples and polystyrene (PS) control with corresponding 2D diagrams of height profiles

Ti samples represented hydrophilic surfaces with a static 0
between 30° and 45° based on the surface treatment. 0
values obtained by the static measurement method were
generally 5° lower than the values of the advanced 6 (0,)

@ Springer

obtained by the dynamic method. However, the trend
between Ti samples remained similar. Importantly, the
receding 0 (0r) was not determined by the dynamic method
in the case of all Ti samples, indicating profound water
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Table 2 Quantitative characterization of the surface of Ti samples and polystyrene (PS) control

Surface Grain size (um) Surface treatment Rrums (nm) Static contact angle 6 (°) Dynamic contact angle
0a (°) Or (°)
PS control - - 4.7 69.0 + 1.4 71.0 £ 1.1 227+ 0.5
Zp <1.0 Polished 2.0-5.0 440+ 13 49.0 £ 0.5 N/A
Mp 4.6 Polished 2.0-5.0 430+ 1.3 47.0 £ 1.8 N/A
Sp 30.0 Polished 5.0-12.0 41.0 £ 0.8 46.0 £ 0.1 N/A
Zg <1.0 Ground ~270.0 340 £ 0.5 37.0 £ 0.6 N/A
Mg 4.6 Ground ~270.0 30.0 = 1.0 35.0 £ 0.0 N/A
Sg 30.0 Ground ~270.0 340+ 0.3 41.0 £ 0.9 N/A

Rrus root mean squared roughness, 0, advancing contact angle, 0 receding contact angle

interactions with Ti samples that could not be evaluated
using only the static 0 analysis. Water was adsorbed and
retained on all Ti samples more strongly than on the PS
control, with Oy of 22°.

The surfaces of the polished samples (Zp, Mp, Sp)
showed dynamic 0, values between 46° and 49°. A slight
tendency of 0, to decrease with increasing grain size was
also observed. The 0, values obtained for the ground sam-
ples (Zg, Mg, Sg) were approximately 10° lower than the
values of the polished samples. Here, the grain sizes of the
material did not affect the surface wettability. Thus, treat-
ment by grinding resulted in more hydrophilic surfaces.

Cell metabolic activity on Ti samples

The metabolic activity of the cells on the Ti samples was
assessed after 48 h of incubation. For SAOS-2 cells, no
significant difference was observed between the Ti samples
and the PS control (Fig. 4a). Moreover, no obvious dif-
ference was observed even among the different Ti samples.
The slightly decreased metabolic activity of the cells plated
on both M samples compared to the cells plated on PS
control was not statistically significant. In the case of
hMSCs (Fig. 4b), the metabolic activity did not differ
significantly between the cells cultivated on Ti samples and
on the PS control, except for ground M and S samples,
where the slight decrease was statistically significant.

Cell number

The number of cells on the Ti samples was measured after
2 and 48 h of cultivation to assess the extent of the initial
attachment of the cells to the material and to define their
growth during cultivation (Fig. 5).

The number of adherent SAOS-2 cells on Ti samples
during the first 2 h was substantially higher than the number
of these cells on the PS control (Fig. 5a). This considerable
increase in the number of adherent SAOS-2 cells at this

initial phase was comparable among all Ti samples. The
difference between the Ti samples and the PS control
remained significant even after 48 h of incubation. However,
the increase in the cell numbers on the Ti samples in com-
parison to the PS control was more pronounced after 2 h (3-
fold) than after 48 h (2-fold) of incubation (Fig. 5c), sug-
gesting a slower growth of SAOS-2 cells on Ti samples.
hMSCs also showed higher numbers of adherent cells on
the Ti samples compared to the PS control after a 2-h
incubation (Fig. 5b); however, the increases were not sig-
nificant in all cases. In contrast, after 48 h, the cell number
on the PS control was higher compared to all Ti samples.
Similar to SAOS-2, the increase in the cell number on the
Ti samples was slower than on the PS control. However, in
the case of hMSCs, the difference was even more pro-
nounced (Fig. 5d), which led to the lowered cell number on
the Ti samples after 48 h in comparison to the PS control.

Cell area

The areas of single cells were determined after 2 and 48 h
of cultivation. The determination of both cell type areas
indicated very similar features for both time points of the
assessment (Fig. 6). The real cell area on the PS samples is
presented in Fig. 6a. From the beginning, both cell types
plated on the Ti samples were smaller than those plated on
the PS control. After 2 h of incubation, the area of SAOS-2
cells cultivated on the Ti samples was only fractionally
smaller than that on the PS control (Fig. 6b), with signifi-
cant differences found only for Zp, Mp, and Sg. In contrast,
hMSCs were significantly smaller on most of the Ti sam-
ples compared to those cultivated on the PS control (ap-
proximately, a 20 % size reduction) (Fig. 6c).

The area differences were more pronounced after 48 h
of cultivation. The areas of SAOS-2 cells were reduced by
approximately 20 %; however, the areas of hMSCs on all
Ti samples were reduced even more (by approximately
50 % in comparison to the PS control).

@ Springer
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Cell morphology and adhesion

The cell morphology on different Ti samples was analyzed
by the double fluorescence staining of actin filaments and
nuclei after 48 h (Fig. 7). Moreover, vinculin, as an intra-
cellular protein participating in the formation of focal
adhesions, was also visualized by immunofluorescence
staining to investigate the quality of focal adhesion plaques
of SAOS-2 cells on different Ti samples (Fig. 8). Repre-
sentative images of cells cultivated on the different sub-
strates are shown in Fig. 7. A common cuboidal-like
morphology was displayed by SAOS-2 cells on all Ti
samples (Fig. 7b, c) as well as on the PS control (Fig. 7a).
Thus, in spite of the observed smaller sizes of these cells on
Ti samples, their morphology and cytoskeleton quality
were comparable to those cultivated on the PS control and
were not altered. The morphology of hMSCs grown on Ti
samples (Fig. 7e, f) and on the PS control (Fig. 7d) dif-
fered. hMSCs cultured on ground samples displayed
noticeable elongation and filopodia extensions, and their
spreading to the orientation of valley-like structures was
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Fig. 6 Cell area after 2 and 48 h of cultivation on Ti samples.
a Values of cell area on PS control in pmz, b osteoblasts (SAOS-2)—
relative values expressed as a percentage of PS control (dashed line),
¢ human mesenchymal stem cells (hMSCs)—relative values
expressed as a percentage of PS control (dashed line). Asterisk

more intense. Polished samples enabled the growth and
spreading of hMSCs in all directions; thus, their mor-
phology varied, and they often grew in vertical layers.

The most pronounced focal adhesions were observed in
SAOS-2 cells, as shown in Fig. 8. In particular, the cells
cultured on ground samples displayed noticeable focal
adhesion plaques (Fig. 8e—g), where the most of the vin-
culin signal was localized in the form of circular structures
on the edges and extensions of the cells. By contrast,
SAOS-2 cells grown on polished samples exhibited elon-
gated focal adhesions localized on the entire basal pole of
the cells and displayed strong similarity with the cells
cultured on the PS control (Fig. 8b—d).

Discussion

The biocompatibility of the material is not the only
parameter that defines the lifespan of an implant. Long-
term stress conditions demand a material that represents an
excellent combination of strength and plastic properties.
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means a significant difference from PS control (Wilcoxon matched-
pairs test, p < 0.05). Groups marked with different lower-case letters
(2 h) or with different upper-case letters (48 h) express significant
inter-group difference within samples (ANOVA, LSD post hoc test,
p < 0.05)
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Fig. 7 Representative images of cells on different substrates after sample (b, e), ground sample (c, f). Actin cytoskeleton stained by
48 h of cultivation. Osteoblasts (SAOS-2) (a—¢) and human mes- phalloidin-AF488 (green), nucleus stained by DAPI (blue)
enchymal stem cells (hMSCs) (d—f) on PS control (a, d), polished

N (B ()

Fig. 8 Vinculin staining of osteoblasts (SAOS-2) on different adhesion is stained by indirect immunofluorescent staining (secondary
substrates after 48 h of cultivation. a PS control, b Z polished sample, antibody conjugated with AF568). Arrows in the images point to the
¢ M polished sample, d S polished sample, e Z ground sample, focal adhesion plaques

f M ground sample, g S ground sample. Vinculin as a protein of focal
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This study describes two novel UFG Ti materials with
improved mechanical properties and different grain sizes
produced by ECAP-Conform. This technique represents a
repetitive modification of the standard ECAP, which can
significantly reduce the costs of the previously expensive
grain-refinement techniques and therefore enables a higher
availability of UFG materials for biomedicine [27, 28]. The
negligible number of impurities in our employed bulk cpTi
Grade 2 (Table 1) is an important input parameter that is
often difficult to achieve [29]. Recently, there have been a
number of studies of materials that are distinguished for
their immense mechanical strength during excessive stress
[30, 31]. This report, however, focuses on the fact that
implant materials must not only meet the criteria of suffi-
cient tensile strength to fulfill their main purpose in tissue
replacement, but they also must have an appropriate level
of ductility. A balanced combination of these parameters
was achieved in our tested UFG Ti (Fig. 1).

The influence of polishing and grinding on the surface
topography of Ti samples characterized by AFM showed
that polished samples differed despite the fact that the
identical polishing method was used; therefore, grain size
influenced the final surface topography after the samples
were polished. For examples, AFM image of the sample
Mp (Fig. 3) shows many spikes. The size of those spikes
corresponds well to the size of Ti grains (4.6 um) used for
Mp sample preparation. Thus, those spikes can be the top
parts of Ti grains drown into Ti sample, which were not
removed during polishing. On the other hand, the surfaces
of ground samples were most likely defined by the mor-
phology of the abrasive paper and not by the grain size.
The number of different topographical features (pits, peaks,
tall objects) could have a strong influence on the adhesion,
growth, and morphology of cultivated cells. High amounts
of nano-scaled peaks are not recognized by the cells as a
rough surface; thus, the cells tend to behave as if they are
seeded on a completely flat surface. Moreover, these nano-
sized objects appear to have no strong influence on cell
behavior [32]. In contrast, many tall micro-scaled objects
are considered unsuitable for cell growth because of a lack
of places for proper cell attachment [32]. Generally, the
combination of nano- and micro-scaled structures is cur-
rently considered the most suitable surface topography for
supporting cell adhesion and growth [19, 33]. This state-
ment was also approved for in vitro [34] and in vivo dental
applications [35]. According to the literature, Ti samples
represent usually the surfaces with contact angles around
70°-80° [18, 19, 33]. Significantly lower 0,4 values (46°—
49°) observed for the polished Ti samples in our study
resulted from a proper removal of the oily impurities from
the machine fabrication. The grinding process provided
surfaces with the roughness Rrys of two orders higher than
that of the polished surfaces. The increasing surface

roughness imprinted on further decrease in 04. This
observation correlates with the literature where wettability
increased with increasing roughness of hydrophilic sur-
faces [36]. This effect is explained by spreading the water
drop through the rough features, thus decreasing the values
of 0 [37]. Additionally, Webb et al. [38] confirmed that the
hydrophilic character of the materials increases the initial
cell attachment and spreading compared to more
hydrophobic materials. Although the polished samples
were stated to be more hydrophobic compared with the
ground samples, both samples had hydrophilic character,
with 0 values of approximately 40°, and should both be
favorable for cell attachment.

Based on the cell metabolic activity results, a key
observation is that none of the tested Ti samples had a
significant negative effect on the metabolic activity of
SAOS-2 cells and hMSCs after 48 h of cultivation. All the
measured values of metabolic activity were higher than
75 % of the control, which is the value that determines
cytotoxicity [39]. We determined that all manufactured
types of Ti samples are non-cytotoxic and do not exten-
sively harm the cells. Other authors have shown that more
pronounced differences in osteoblast metabolic activity are
noticeable after longer incubation times up to 7 days, when
the hampered cell—cell communication on the rough surface
may depress cell functions and the differences between cells
cultivated on different materials may be more evident [40].
Comparing the results of cell number and metabolic activ-
ity, despite the high level of initial SAOS-2 cell attachment
to the Ti samples, the further growth of cells was slowed.
This statement is consistent with the findings of Kubo et al.
[41], who found that the number of osteoblasts was dra-
matically higher on a rugged surface during the first hours
of attachment, but that the proliferation rate on the rugged
surfaces was lower compared to that on smooth surfaces
after 24 h of incubation. Surprisingly, after 48 h of culti-
vation, the cell number of SAOS-2 on the Ti samples was
higher than that on the PS control, but the metabolic activity
remained similar on all the tested surfaces (Fig. 4a). This
controversy could be explained by the adaptation of the
cells to the surface of the Ti samples, accompanied by a
slight reduction in metabolic activity during the 48 h of
cultivation compared to the PS control, possibly indicating
the initiation of the differentiation process, which appears
earlier on osteoinductive materials such as Ti than on
materials prepared only for optimal cell adhesion and
growth [42]. Additionally, an MTS assay is often used as a
tool for the assessment of the number of cells [40, 43];
however, we suggest that this assay is not suitable for the
present study. To prevent the over- or underestimation of
cell growth [44], the MTS assay should be accompanied by
a method based on different principles (cell count, protein,
or DNA quantification).
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The decreased proliferation found in osteoblasts was
found also in hMSCs. The decrease in hMSC proliferation
could also be the consequence of their adaptation to the
ultra-fine topography of the Ti sample surfaces within 48 h
or of earlier initiation of differentiation induced by the
material.

Although the results showed that the cells on the Ti
samples were significantly smaller than those on the PS
control, a visual inspection (Fig. 7) demonstrated that they
spread on all tested surfaces, evenly forming high-density
clusters. However, notably, the hMSCs were isolated from
different donors; thus, the results of each measurement
were highly dependent on the state of the donor at the time
of the biopsy. The possible influence of the material on the
size of the cells was also observed by Zinger et al. [45],
who found a correlation between rough surface topography
and decreased cell area. These authors hypothesized that
the rougher the surface, the thicker the cells are as they
spread more into the structures and minimally into the
horizontal line.

The influence of the material surface topography on the
cell morphology and spreading was previously described
and confirmed [20, 32, 33]. In our study, we observed that
the polished surfaces with nano-topography approaching a
flat surface did not force the cells to spread and elongate to
find better places to fit. In contrast, the cells cultivated on
the rough ground surfaces with a combination of nano- and
microstructures were usually elongated or had a greater
number of variable shapes as they attempted to cope with
the rugged substrate (Fig. 8e—g). The findings of focal
adhesions suggest that SAOS-2 cells cultured on the rough
surface of the ground samples tend to form focal adhesions
on their extensions while they grow and mimic the surface.
Smooth topography does not force the cells to exhibit large
focal adhesions, and SAOS-2 cells are anchored around
their bottom poles (Fig. 8b—d). The same statement was
also confirmed for hMSCs. However, their vinculin signal
was hardly detectable; thus, the data are not shown.

Taken together, our study highlighted the possibility of a
cost-saving fabrication of the mechanically advanced Ti
material (Z sample), while maintaining the excellent bio-
logical properties of the original Ti (S sample), and the
usage of this material in dental implant applications.

Conclusion

The aim of this work was to evaluate the short-time bio-
logical responses of human osteoblasts and mesenchymal
stem cells to the newly developed ultra-fine grain Ti
materials with enhanced mechanical resistance and long-
term performance. Two novel types of the original Ti were
produced, and the surfaces of all tested Ti samples were

@ Springer

subsequently treated by polishing or grinding. The samples
differed in grain size, final surface topography, and wet-
tability, where the rough ground samples showed increased
hydrophilicity compared to the polished samples, irre-
spective of the grain size. Both cell types attached onto all
Ti samples in a significantly higher amount than onto the
PS control. Additionally, the cytocompatibility of the Ti
samples was evaluated by metabolic activity, and the
favorable spreading of osteoblasts confirmed that all the Ti
samples had exceptional properties suitable for osteoblast
growth and future bone implant development. Although the
hMSCs displayed lower cell numbers and metabolic
activity compared to osteoblasts, the Ti samples were
shown to be suitable surfaces for their growth and possible
osteoblast-like differentiation.

The increased strength and longevity of commercially
pure Grade 2 Ti are highly demanded dental implant
material properties, and the construction of reliable
implants remains a topic of discussion. This new ultra-fine
grain Ti can successfully compete with the present mate-
rials utilized in dentistry due to its balanced mechanical
properties which provide high toughness in the stress
conditions in the oral cavity while keeping its formability
for further processing of various implants. Moreover, its
considerably lower production costs and excellent bio-
compatibility make this Ti an affordable material for sub-
sequent utilization in the development of dental implants.
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