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ABSTRACT: The present work exploits Ti sheets and TiO, nanotube (TNT) layers Sc TO,ALD __ 150c TIO,ALD
and their surface modifications for the proliferation of different cells. Ti sheets with a
native oxide layer, Ti sheets with a crystalline thermal oxide layer, and two kinds of
TNT layers (prepared via electrochemical anodization) with a defined inner diameter
of 12 and 15 nm were used as substrates. A part of the Ti sheets and the TNT layers
was additionally coated by thin TiO, coatings using atomic layer deposition (ALD).
An increase in cell growth of WI-38 fibroblasts (>50%), MG-63 osteoblasts (>30%),
and SH-SYSY neuroblasts (>30%) was observed for all materials coated by five cycles
ALD compared to their uncoated counterparts. The additional ALD TiO, coatings
changed the surface composition of all materials but preserved their original structure and protected them from unwanted
crystallization and shape changes. The presented approach of mild surface modification by ALD has a significant effect on the
materials’ biocompatibility and is promising toward application in implant materials.
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1. INTRODUCTION calcium phosphate.”* Numerous studies> ™" show a positive
effect on cell growth and proliferation by the decorating of
different surfaces (Ti,”° TiO,,”"*" Zr0,,” or Mg/Sr alloy™®) by
atomic layer deposition (ALD) with various coatings
(CaCO;,*" TiO,™ or ZnO™). A study on L1929 murine

Ti is one of the most widely used materials for medical and

dental implants due to its resistance to body fluid effects, low

ion release, §reat tensile strength, flexibility, and high corrosion
1

resistance. ’~ The biocompatibility, bioinertness, and high o -

corrosion resistance of Ti is credited to the presence of a 2— fibroblasts by Radtke et al.”" reports a novel TiO, nano-
S nm thick native oxide layer (TiO,) on the Ti surface.”” tubular/hydroxyapatite nanocomposite based on TiO, nano-
Despite its promising properties, Ti implants tend to be tubes (TNTs) coated by 100 ALD CaCOj; cycles possessing
encapsulated by fibrous tissue in vivo and show a lack of optimized biocompatible properties. A study by Nazarov et
osseointegration, which can lead to infections and implant al”’® on MC3T3-El murine osteoblasts reports improved
failure.” The fate of implant materials is not only governed by properties of Ti implants for osseointegration after 400 ALD
the bulk of the material (decisive in determining the biological TiO, cycles. Ti-based implants coated by 2500 ALD TiO,
performance) but also by its surface properties, which are cycles, reported by Liu et al,*® stimulate primary osteoblast
crucial factors toward the interactions of the biomaterial with adhesion and Proliferation and suppress dermal fibroblast
the surrounding tissue. Surface features, such as surface adhesion and proliferation compared to untreated Ti-based
roughness, topography, shape, and orientation of biomaterials, implants. Also, adhesion of MG-63 cells was improved on Ti
play a Vi6t31 role in tissue engineering and regenerative surfaces after 400 ALD TiO, cycles.” Nevertheless, all of these
medicines”’ and possess a profound influence on the overall reports use a relatively high number of ALD cycles (100—

8—10

cell behavior and phenotypic expression.
In general, nanoscale biomaterials offer an improved cell

adhesion and proliferation for most cell types compared to

their macroscale counterparts.' ™' They mimic not only the ] —

natural tissue roughness but also possess enhanced adsorption Received: July 14, 2020 TR

of selected proteins, thus improving the cell functions.'® AccePted’ August 17, 2020

Therefore, to increase the bioactivity of Ti, various surface Published: August 18, 2020

modifications on Ti have been performed, including abrasive

blasting;”’18 acid and laser etching;w_21 and additional

coating with, e.g, hydroxyapatite,”” silver phosphate,” or

2500), which is disadvantageous from several points of view:
(i) the material loses its original structure and becomes fully

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsabm.0c00871
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covered by the additional ALD coating, which is in particular
undesirable for TiO, nanotubes with their unique structure,
(ii) the risk of delamination due to the low adhesion of rather
thick ALD coatings to the substrate, and (iii) economic and
environmental aspects.

TiO, nanotube (TNT) layers are long recognized as
excellent biocompatible material owing to their low cytotox-
icity, high stability, and antibacterial properties.””*’ An
advantage of TNT layers is that they can be directly grown,
with controllable geometry, on Ti substrates via electro-
chemical anodization.”* Due to their already mentioned
excellent biocompatibility, controllable dimensions, surface
chemistry, and large surface-to-volume ratio, TNT layers have
been shown to be a superior platform for local drug
delivery.”™*” By adjusting the morphology of TNT layers,
the release kinetics of specific dru§s can be tailored to achieve
stable and sustained release.” As they possess good
hemocompatibility and anticoagulation characteristics, TNT
layers are promising for vascular implants and biomedical
applications due to increased osteoblast cell adhesion and
proliferation,>***" increased growth of hydroxyapatite,”>*
enhanced protein adsorption,40 and improved cellular behavior
and tissue integration.”' Vitality, proliferation, and motility of
mesenchymal stem cells (MSCs) and their differentiation to
bone-forming cells are severely influenced by the TNTS
surface topography and is reported as follows: adhesion,
proliferation, migration, and differentiation are very strong for
TNT layers with diameters of around 15 nm, while a strong
decay in cell activity is observed for TNT layers with diameters
larger than 50 nm."”*~**

For the majority of biomedical applications, an amorphous
state of a material is preferred, and these materials have been
frequently used in an aqueous environment. However, soaking
of amorphous TNT layers in a water bath transforms them into
a polycrystalline anatase structure via the so-called water
annealing effect’”*>*® accompanied by significant morpho-
logical changes. Recently, we reported*’ a successful approach
to prevent the water annealing effect by additional utilization
of thin TiO, coatings by ALD to protect TNT layers against
morphological changes during prolonged water soaking.

In the present work, we aimed to estimate the relation
between ALD TiO, coatings of flat and nanotubular TiO,
surfaces and cell growth on these modified surfaces. Thus,
commercial Ti sheets and anodic TNT layers were coated by
additional TiO, coatings using ALD. The morphology and
composition of all surfaces were investigated by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), atomic force microscopy
(AFM), and digital holographic microscopy (DHM). Then,
the cell adhesion and growth using three cell lines of different
origin and cell morphology (WI-38 fibroblasts, MG-63
osteoblasts, and SH-SYSY neuroblasts) were investigated on
the uncoated and ALD TiO,-coated substrates.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis and Characterization. Different kinds
of Ti sheets and TNT layers were used to study the cell proliferation:
(1) Ti sheets with a native amorphous oxide layer (a-TiS), (2) Ti
sheets with a crystalline thermal oxide layer (c-TiS), and (3) TiO,
nanotube (TNT) layers with two different inner diameters of ~12
and ~15 nm (yielding TNT 12 and TNT 15, respectively).

Prior to all experiments, the Ti sheets (Sigma-Aldrich, 0.127 mm
thick, 99.7% purity) were cut in square pieces (1.5 X 1.5 cm), then
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degreased by sonication in isopropanol, acetone, and isopropanol and
dried by a nitrogen jet.

To obtain c-TiS, the a-TiS were annealed in a muffle oven at 400
°C for 1 h. This was done to achieve a crystalline thermal oxide layer
on the surface of ¢-TiS compared to the amorphous native oxide layer
present on the as-purchased a-TiS.

TNT layers were prepared via electrochemical anodization of a-
TiS. The TNT layers were grown at room temperature in an
electrochemical cell with a circular opening exposing 1 cm* of the a-
TiS to the electrolyte. A platinum foil was used as a counter electrode.
Anodization was carried out using a high-voltage potentiostat
(HEIDEN, EA-PSI 9200-15, Germany) attached to a digital
multimeter (Keithley 2100) in a glycerol-based electrolyte containing
50 vol % water and 0.27 M NH,F at 2 and 4 V for 3 h to obtain TNT
12 and TNT 18, respectively. After anodization, the TNT layers were
sonicated in isopropanol and dried in air.

Atomic layer deposition (ALD, TFS200, Beneq) of TiO, was
carried out at 300 °C using TiCl, (electronic grade 99.9998%,
STREM) as the titanium precursor and Milli-pore deionized water
(18 MQ) as the oxygen source. High-purity N, (99.9999%) was the
carrier and purging gas at a flow rate of 400 standard cubic
centimeters per minute (sccm). Under these deposition conditions,
one growth ALD cycle was defined by the following sequence: TiCl,
pulse (500 ms)—N, purge (3 s)—H,O pulse (500 ms)—N, purge (4
s). Part of the Ti sheets and TNT layers were coated by TiO, by
applying S and 150 ALD cycles. Corresponding samples are later
denoted as “+Sc TiO,” or “+150c TiO,”, respectively. Based on our
previous experience and results,"*” the nominal thickness of the ALD
TiO, coating is 0.275 nm and 825 nm on flat and sufficiently
hydroxylated TiO, substrates.

The surface morphology of all Ti sheets and TNT layers was
characterized using a field-emission scanning electron microscopy
(FE-SEM, JEOL JSM 7500F). The morphological parameters were
evaluated by statistical analyses of SEM images using proprietary
Nanomeasure software.

The roughness of all Ti sheets and TNT layers was determined
using a digital holographic microscope (DHM, DHMR1000, Lyncee
Tec, Switzerland) operating at 785 nm in reflection configuration on
the scale of 170 ym and according to our previous work,” by atomic
force microscopy (AFM, Solver Pro-M, NT-MDT, Russia) on an area
of 5 X 5 pum?

The structure of all Ti sheets and TNT layers was characterized by
X-ray diffraction (XRD, PANalytical Empyrean diffractometer) using
a Cu X-ray tube and a scintillation detector Pixcel®”, respectively. The
XRD measurements were performed in the 20 range of 5—70°, with a
step size of 0.026°. Grazing incidence XRD (GI-XRD) was carried out
using a 3 kW diffractometer Smartlab (Rigaku) equipped with a
detector D-tex Ultra. The diffractometer was set up in parallel beam
geometry and asymmetric grazing incidence mode with the angle of
the incident beam set to 0.5° using a Cu lamp (30 mA and 40 kV).

The composition of all Ti sheets and TNT layers was evaluated by
X-ray photoelectron spectroscopy (XPS, Kratos AXIS Supra) using a
monochromatic Al Ka (1486.7 eV) X-ray source. The X-ray source
was operated at 225 W. The binding energy scale was referenced to
adventitious carbon (284.8 eV). No charging neutralizer was used
during the measurements. The spectra were fitted using the Shirley-
type background by CasaXPS software. The quantitative analysis was
performed using the elemental sensitivity factors provided by the
manufacturer.

2.2. Cell Culture. Human osteoblast-like cells (MG-63, ATCC
No. CRL-1427) and human lung fibroblast cells (WI-38, ATCC No.
CCL-75) were cultured in a modified Eagle’s medium (Sigma) with
10% (v/v) fetal bovine serum (Gibco) and SO pug/mL penicillin-
streptomycin solution (Gibco). Human neuroblastoma cells (SH-
SYSY, ATCC No. CRL-2266) were cultured in supplemented
Dulbecco’s modified Eagle’s medium (DMEM/F12 = 1:1; Sigma)
with 15% (v/v) fetal bovine serum (Gibco) and 50 pg/mL penicillin-
streptomycin solution (Gibco), followed by incubation in an
atmosphere of 5% CO, at 37 °C. The cells were proven to be

https://dx.doi.org/10.1021/acsabm.0c00871
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mycoplasma-free and the STR analysis confirmed the origin of all
three cell lines.

2.3. Fluorescence Staining and Cell Counting. All Ti sheets
and TNT layers were sterilized in 70% ethanol for 30 min, washed
with phosphate-buffered saline (PBS) and deionized water, and dried.
Then, the foils were placed into eight-well chamber slides. Briefly, 200
uL of a suspension of MG-63, WI-38, and SH-SYSY cells with a
density of 7 X 10%/mL, 2 X 10*/mL, and 2 X 10*/mL, respectively,
was added into each well of a chamber slide and the cells were seeded
and cultured for 24 h. To visualize the cells, we used two fluorescence
probes: Hoechst 33258 (Sigma) to stain the cell nucleus and
phalloidin-fluorescein isothiocyanate (FITC) (Sigma) to stain actin
filaments in cells. After 24 h of seeding, the cultured cells were fixed
by 3.7% formaldehyde (S min; 37 °C; dark) and permeabilized by
0.1% Triton X 100 (1S min; 37 °C; dark). Then, 100 uL of
phalloidin-FITC was incubated for 30 min at 37 °C to obtain a final
concentration of 1 #M phalloidin-FITC in a well. After incubation, 10
ML of Hoechst 33258 solution was added to the cells for 10 min. The
final concentration of Hoechst 33258 in a well was 2 yig/mL. After the
loading process, the cells were washed two times with PBS. The actin
filaments (FITC filter, 480/30 nm) and cell nuclei (DAPI filter, 375/
28 nm) were observed with an Eclipse 80i fluorescence microscope
(Nikon, Japan). The number of cells grown on the surface was
counted minimally from 20 fields of view using NIS-Elements AR
(Nikon, Japan). All experiments were repeated 3—S times
independently. The number of cell nuclei was related to 1 mm? and
expressed as mean =+ standard error of mean (SEM).

3. RESULTS AND DISCUSSION

3.1. Surface, Structure, and Composition Character-
istics. Surface properties along with the crystallinity and

No ALD

+5¢ TiO,

+150c TiO,

a-TisS

c-TiS

TNT 12

TNT 15

Figure 1. SEM top-view images of (A, B, C) Ti sheets with a native
amorphous oxide layer (a-TiS), (D, E, F) Ti sheets with a crystalline
thermal oxide layer (c-TiS), (G, H, I) TiO, nanotube (TNT) layers
with an inner diameter of ~12 nm, and (J, K, L) TNT layers with an
inner diameter of ~15 nm. The left column shows uncoated samples,
the middle column + ALD Sc TiO,, and the right column + ALD
150c¢ TiO,.

composition of a material are of immense importance for cell
attachment and proliferation. Therefore, characterization of
uncoated and ALD TiO,-coated Ti sheets and TNT layers was
performed using SEM, XRD, XPS, AFM, and DHM to study
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Figure 2. Roughness values (root mean square, RMS) obtained by
DHM in the form of the box-plot describing mean (open square); 1st
and 3rd quantile (box); and min/max values (whisker) of uncoated
and ALD-coated (Sc and 150c TiO,) Ti sheets with a native oxide
layer (a-TiS), Ti sheets with a crystalline thermal oxide layer (c-TiS),
and TiO, nanotube (TNT) layers with inner diameters of 12 and 15
nm (TNT 12 and TNT 1S, respectively). The full rectangle reflects
the experimental RMS value for each line.

the changes in their morphology, structure, composition, and
surface roughness.

Representative top-view SEM images of all Ti sheets and
TiO, nanotube (TNT) layers are shown in Figure 1. The first
column of Figure 1 shows the uncoated surfaces, i.e., from top
to bottom, Ti sheets with a native oxide layer (a-TiS), Ti
sheets with a crystalline thermal oxide layer (c-TiS), and TNT
layers with inner diameters of ~12 and ~15 nm (TNT 12 and
TNT 18, respectively).

The Ti sheets (a-TiS and c-TiS) are rather flat with the
typical morphology of commercial Ti sheets with visible rolling
lines as a result of the manufacturing process (Figure 1A,D).
The surface morphology of ¢-TiS does not significantly change
after annealing compared to a-TiS. By tailoring the anodization
conditions, vertically oriented TNT layers were obtained with
inner diameters of ~12 nm (TNT 12, Figure 1G) and ~1S5 nm
(TNT 15, Figure 1J). The TNT layer thickness of ~50 and
~300 nm was determined from cross-section images (Figure
S1) of TNT 12 and TNT 15, respectively. More detailed top-
view SEM images of the obtained nanotubular surfaces indicate
well-controlled diameters and an open top of the TNTs
(Figure S2).

The SEM images in the second and third column of Figure 1
show surfaces of Ti sheets and TNT layers coated with S and
150 ALD TiO, cycles, respectively. After 5 ALD TiO, cycles,
the surface of a-TiS + Sc TiO, and c-TiS + 5S¢ TiO, became
visibly smoother (Figure 1B,E) and the original rolling lines of
the titanium sheets were covered with the additional ALD
TiO, coating. It was not possible to observe the newly added
ALD TiO, coating after 5 ALD cycles on any of the TNT
layers (TNT 12 + Sc TiO,, Figure 1H, and TNT 15 + Sc TiO,,
Figure 1K) by SEM due to their extremely small thicknesses
(the nominal thickness of the coating is approx. 0.3 nm). Thus,
the morphology is comparable with the uncoated TNT layers
(TNT 12, Figure 1G, and TNT 18, Figure 1_]) However, the
successful coating of TNT layers by additional ALD TiO,
coating was confirmed by XPS, which is discussed later. Based

https://dx.doi.org/10.1021/acsabm.0c00871
ACS Appl. Bio Mater. 2020, 3, 6447—6456
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Table 1. XPS Data Showing the Chemical Composition (Atomic %) of Uncoated and ALD TiO,-Coated (5c and 150c TiO,) Ti
Sheets with a Native Oxide Layer (a-TiS), Ti Sheets with a Crystalline Thermal Oxide Layer (c-TiS), and TiO, Nanotube
(TNT) Layers with Inner Diameters of 12 and 15 nm (TNT 12 and TNT 18, Respectively)

chemical composition (atom %)

sample O 1s Cls
a-TiS 38.95 39.85
a-TiS + Sc TiO, 42.33 36.81
a-TiS + 150c TiO, 43.48 31.56
c-TiS 49.25 27.64
c-TiS + 5c TiO, 51.96 24.63
c-TiS + 150c¢ TiO, 52.18 22.84
TNT 12 39.95 41.00
TNT 12 + Sc TiO, 45.37 36.27
TNT 12 + 150c TiO, 49.95 25.93
TNT 15 36.42 42.17
TNT 15 + 5S¢ TiO, 36.36 41.23
TNT 15 + 150c TiO, 44.16 28.10

N Is F 1s Ti 2p other
2.08 9.16 10.81
2.75 13.21 291
1.15 14.98 9.39
0.93 18.18 4.00
1.25 19.45 2.93
1.17 30.80 2.78
2.08 2.77 14.19

2.24 0.43 15.70

1.41 19.67 3.04
1.78 2.66 15.79 2.12
1.88 0.34 16.60 2.14
1.42 22.51 3.48
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Figure 3. Density of WI-38 cells grown for 24 h on uncoated and
ALD-coated (Sc and 150c TiO,) Ti sheets with a native oxide layer
(a-TiS), Ti sheets with a crystalline thermal oxide layer (c-TiS), and
TiO, nanotube (TNT) layers with inner diameters of 12 and 15 nm
(TNT 12 and TNT 15, respectively). Data are presented as mean =+
SEM.

. . 4547 . . .
on our previous studies,"”*” we did not expect any island-like

growth or any nucleation issues for the ALD TiO, coating, in
particular as we grow ALD TiO, coatings on TiO, substrates.
Significant alterations on the surface morphologies of all Ti
sheets and TNT layers were observed after applying 150 ALD
TiO, cycles, which corresponds to an approx. 8 nm thick ALD
TiO, coating, due to the growth of TiO, crystals on the
surfaces. Details are discussed later in the XRD section.
Moreover, in the case of TNT 12 + 150c TiO, (Figure 1I) and
TNT 15 + 150c TiO, (Figure 1L), a significant decrease in the
inner tube diameter is observed and a part of the nanotubes is
clogged by the additional TiO, coating. The clogging of TNT
15 after 150 ALD TiO, cycles is depicted in Figure S3 for
TNT layers.

Additional information about the surface morphology
alterations of uncoated and ALD TiO,-coated Ti sheets and
TNT layers was acquired by DHM and AFM profilometric
measurements. The corresponding results are discussed in
detail in the Supporting Information (Table S1, Figures S4 and
SS). Briefly, the root mean square (RMS) values obtained by
DHM represent statistically the roughness deviation calculated
for each line from Figure S4 and are statistically processed into
a box-plot (Figure 2). Overall, the highest DHM RMS values
were obtained for uncoated a-TiS (mean DHM RMS ~121
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nm) while uncoated c-TiS were the smoothest substrates
(DHM RMS ~85 nm). DHM RMS values of ~108 and ~99
nm were obtained for TNT 12 and TNT 185, respectively. After
5 and 150 ALD TiO, cycles, the relative roughness of Ti sheets
and TNT layers was not statistically affected by the additional
ALD TiO, coating compared to that of the uncoated ones.
Nevertheless, based on AFM (Figure S5 and Table S1), the
difference in the surface features is pronounced for Ti sheets
and TNT layers. a-TiS shows surface cracks as a result of the
manufacturing process. However, the c-TiS samples are
covered by TiO, grains due to expansion of the oxide during
thermal annealing at 400 °C (such a thermal volume expansion
is expressed by the Pilling—Bedworth ratio””). In the case of
TNT layers, irregular pits (approx. 1 X 1 ym?®) are present on
the surface of the TNT layers as a result of the anodization
process (i.e., formation and dissolution of TiO, by the voltage-
induced etching of Ti by fluoride ions).”” Nevertheless, the
trend in the AFM RMS values does not significantly change for
uncoated and ALD TiO,-coated Ti sheets and TNT layers,
which is in good correlation with DHM profilometric
measurements.

The phase composition of uncoated and ALD TiO,-coated
Ti sheets and TNT layers was studied by XRD. The results are
discussed in detail in the Supporting Information (Figures S7—
S10). In sum, in the case of uncoated Ti sheets and TNT
layers, the surface of a-TiS consists of an amorphous native
TiO, layer, the surface of c-TiS consists of a crystalline TiO,
layer, and the TNT layers are of amorphous nature. After 5
ALD TiO, cycles, the phase composition of all Ti sheets and
TNT layers remained amorphous with no significant changes
in the phase composition. However, after 150 ALD TiO,
cycles, crystallization of the additional ALD TiO, coating
proceeded. Indeed, TiO, crystallites were visible on the surface
of all Ti sheets and TNT layers coated by 150 ALD TiO,
cycles (Figure 1, third column). The reason for this is that the
temperature used during the ALD process (300 °C) is
sufficient to transfer the amorphous TiO, to crystalline anatase
TiO, with space group P4,/mnm (ICCD 01-086-1157).°"
This crystallization occurs only in the case of a thicker TiO,
coating (approx. 8 nm after 150 ALD TiO, cycles) where the
amorphous-to-anatase nucleation occurred, whereas in a
thinner TiO, coating (approx. 0.3 nm after S ALD TiO,
cycles), nucleation did not occur. This is due to physical
constraints against crystallization imposed by a very low
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Figure 4. Photomicrographs of WI-38 cells grown for 24 h on uncoated and ALD-coated (Sc and 150c TiO,) Ti sheets with a native oxide layer (a-
TiS), Ti sheet with a crystalline thermal oxide layer (c-TiS), and TiO, nanotube (TNT) layers with inner diameters of 12 and 15 nm (TNT 12 and
TNT 15, respectively). The cells were stained using the Hoechst 33258 dye (blue, nuclei) and phalloidin-FITC probe (green, actin filaments).

-
8

g

H
8

Number of cells/mm?
N w
g8 8

g

o

& A & A & A & A
N & N & <& & <& &
Y o & o
~ & > &
& & & &
N N N &
SH-SY5Y MG63

Figure S. Density of SH-SYSY and MG-63 cells grown for 24 h on
uncoated and ALD-coated (Sc TiO,) TiO, nanotube (TNT) layers
with inner diameters of 12 and 15 nm (TNT 12 and TNT 15,
respectively). Data are presented as mean + SEM.

thickness of the additional ALD TiO, coating. In the case of an
approx. 0.3 nm thick TiO, coating, the rearrangement of atoms
(ie., crystallization from amorphous to anatase TiO,) is
impossible as the anatase crystallites are bigger in size
compared to the total thickness of the coating.

It should be mentioned that the original crystalline status of
TiO, in Ti sheets and TNT layers remained unchanged after
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150 ALD TiO, cycles, i.e.,, TNT layers remained amorphous
(Figure S10), as verified by side experiments described in the
Supporting Information.

Table 1 shows the chemical composition in atomic %
obtained by XPS measurement. Considerable differences in the
composition of uncoated and ALD TiO,-coated Ti sheets and
TNT layers were obtained, particularly in that of the TNT
layers. In the ALD TiO,-coated TNT layers, the amount of C
and F, stemming from air (C species) and from the
anodization in fluoride containing a glycerol-based electrolyte
(C and F species), decreased, while, simultaneously, the
amount of O and Ti increased compared to the uncoated TNT
layers. This is due to the additional ALD TiO, coating shading
the C and F species. The concentration of F in TNT layers was
decreased 7—9 times after ALD decoration compared to that of
the uncoated TNT layers. As XPS is a very sensitive surface-
analytical technique with an analysis depth only in the
nanometer range, a thin compact coating of approx. 0.3 and
8 nm after 5 and 150 ALD TiO, cycles, respectively, prevents
the detection of other species underneath. The observed
increase in the amount of O and Ti in ALD-coated samples
was due to the high purity of the additional ALD TiO, coating
(i.e, it contains no detectable contaminants). Moreover, the
additional compact ALD TiO, coating prevents the surface
contaminants (e.g., C and F species) from being potentially in
direct contact with the surface/vicinity interface with cells,
protects the TNT layers from being crystallized, and prevents
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Figure 6. Photomicrographs of SH-SYSY and MG-63 cells grown for 24 h on uncoated and ALD-coated (Sc TiO,) TiO, nanotube (TNT) layers
with inner diameters of 12 and 15 nm (TNT 12 and TNT 15, respectively). The cells were stained using the Hoechst 33258 dye (blue, nuclei) and

phalloidin-FITC probe (green, actin filaments).

the nanotubes from changing their shape due to the water
annealing effect.*’

3.2. Cell Behavior on Uncoated and ALD TiO,-Coated
Ti Sheets and TNT Layers. Cell behavior, i.e., adhesion and
growth, was evaluated in the response to uncoated and ALD
TiO,-coated surfaces of Ti sheets and TNT layers using
fibroblast WI-38 cell line (i.e., counting of cells to quantitate
their occurrence per mm?*). The particular diameters of TNT
layers (~12 nm, TNT 12, and ~15 nm, TNT 15) were chosen
intentionally. Previous studies*”~** reported the cell behavior
on TNT layers with the diameter ranging from 15 to 100 nm,
where nanotubes with the diameter of ~15 nm were shown to
be optimal for the cell growth of mesenchymal stem cells
(MSCs). Additionally, TNT 12 were included in this study as
the lowest possible diameter of nanotubes that we could
prepare by anodization of a-TiS in a glycerol-based electrolyte.
In the case of TNT 12, a nanotubular structure was formed
using mild anodization conditions (2 V, 3 h). By lowering the
applied voltage during anodization (<2 V) and/or by
decreasing the anodization time (<3 h), a porous instead of
a nanotubular structure was formed.

The WI-38 cell line has been frequently used and is well
established for determining the cell growth on different
biomaterials’ surfaces.’>* As indicated in Figure 3, a
significant increase in cell growth after 24 h of incubation
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was observed on all ALD TiO,-coated Ti sheets and TNT
layers compared to that of the uncoated ones. In general, the
addition of S ALD TiO, cycles was more beneficial for WI-38
cell growth than that of 150 ALD cycles. The results for both
ALD sample sets are discussed individually, as follows.
Coating of Ti sheets and TNT layers by S ALD TiO, cycles
increased the WI-38 cell growth by >50% compared to that of
the uncoated ones. Increased cell growth on these surfaces can
be ascribed to the additional thin ALD TiO, coating (nominal
thickness of approx. 0.3 nm) that covers the surface of Ti
sheets and TNT layers by a protective TiO, coating with high
purity and strong adhesion to the original surface. Therefore,
the naturally occurring surface contaminants on Ti sheets and
TNT layers are not in contact with the surface/vicinity
interface with cells. In particular, according to reported
studies,*”*>*° the native F species in TNT layers may inhibit
cell growth and proliferation. Moreover, the additional thin
ALD TiO, coating protects TNT layers from crystallization
and shape change due to water annealing effect®>*>*® and also
increases the surface hydrophilicity compared to that of the
original surfaces.”*"’ In §enera1, increased hydrophilicity leads
to enhanced cell growth. 933,58 Therefore, increased WI-38 cell
growth on Ti sheets and TNT layers after Sc ALD TiO, can be
also ascribed to the enhanced wettability of the surfaces that
induced WI-38 cell adhesion and growth. The results
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presented here on the beneficial effect of 5 ALD TiO, cycle-
coated Ti sheets and TNT layers on improved cell growth are
significantly advanced compared to those of previous
reports,””***" where an extremely high number of ALD
TiO, cycles (400—2500) was used to achieve a similar effect.
Here, using a much lower number of ALD cycles, the resulting
biomaterial exhibited beneficial properties of both the original
substrate (Ti sheets and TNT layers) and the additional ALD
TiO, coating. By this effort, the original surface of a-TiS and c-
TiS was preserved. Unique properties of TNT layers, such as
hemocompatibility, great cell adhesion and proliferation,
enhanced protein adsorption, improved cellular behavior, and
tissue integration,">**™"" were also preserved after 5 ALD
TiO, cycles.

Preservation of both constituents’ properties (the unique
morphology of the original surface and the protective benefits
of the additional ALD TiO, coating) of any of the herein
investigated substrates was not possible when the original
surface of it was completely covered by a considerably thick
additional ALD TiO, coating, obtained after 150 ALD cycles
(approx. 8 nm thick compared to approx. 0.3 nm thin after §
ALD cycles). Indeed, a significant alteration of the original
surface is seen in Ti sheets and TNT layers coated by 150 ALD
TiO, cycles (Figure 1, third column, and Figure S3) and in
previous reports.”*>**" In the case of TNT layers, the inner
tube diameter decreased substantially and parts of the
nanotubes were clogged by the ALD TiO, coating (Figures
ILL and S3). These significant changes in the surface
morphology were detrimental for WI-38 cell growth as the
biomaterial lost its original advantageous flat (for Ti sheets)
and nanotubular (for TNT layers) morphology. Moreover, the
additional ALD TiO, coating is crystalline after 150 ALD TiO,
cycles compared to the amorphous TiO, coating after 5 ALD
TiO, cycles. The crystalline status of TiO, is a crucial factor
affecting cell behavior.>”*® Nevertheless, contradictory bio-
logical responses have been reported for the amorphous and
anatase TiO, surfaces. Previous reports’' ~®* showed improved
implant osseointegration on anatase TiO, surfaces compared
to that of amorphous TiO,. On the other hand, mesenchymal
stem cells have been reported®”* to exhibit improved cellular
activity on amorphous TiO, surfaces. In general, the
differences in cell behavior on amorphous and crystalline
TiO, surfaces depend on the cell type (i.e., primary cells versus
cell lines) and different methods employed to assess cellular
activities.”’

Here, the WI-38 cell growth was increased on Ti sheets and
TNT layers after coating by 150 ALD TiO, cycles compared to
their uncoated counterparts, but it was not so high compared
to the WI-38 cell growth on Ti sheets and TNT layers coated
by 5 ALD TiO, cycles. Similar to the thin ALD TiO, coating
(after S ALD TiO, cycles), the significantly thicker additional
ALD TiO, coating (after 150 ALD TiO, cycles) covers the
surface contaminants on Ti sheets and TNT layers. This itself
has an effect on the increased cell growth and the additional
ALD TiO, coating also protects TNT layers from water
annealing.”> However, except the change in crystallinity,
coating by 150 ALD TiO, cycles was accompanied by
significant morphological changes of Ti sheets and TNT
layers (Figure 1, third column, and Figure S3). The surface of
Ti sheets and TNT layers after 150 ALD TiO, cycles was less
favored for cell growth compared to the surface after S ALD
TiO, cycles, where the morphology of the original TNT layers
was preserved. This comparison between the results obtained
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for 5 and 150 ALD TiO, cycles clearly points out that for a
given substrate, the composition of the surface compared to
the surface roughness has a more important effect on cell
growth. Somewhat surprisingly, one exception in this WI-38
cell growth trend was found for TNT 12 + 150c TiO,, but the
difference from TNT 12 + Sc TiO, was not very significant.
This difference can be assigned to the combination of optimal
surface composition, morphology, and roughness, which as a
whole could be slightly more favorable for cell growth in the
case of TNT 12 + 150c TiO, compared to TNT 12 + Sc TiO,,
for this particular tube diameter. Nevertheless, the original
unique morphology of nanotubes was lost in TNT 12 + 150c
TiO, and the increased cell growth was not substantial (within
the error of the mean + SEM) compared to that of TNT 12 +
Sc TiO,.

Fluorescence microscopy imaging (Figure 4) of WI-38 cells
after 24 h of incubation was carried out to support the
obtained quantitative data (Figure 3). Fluorescence staining of
nuclei and actin filaments was used to identify the functional
morphology of WI-38 cells. A typical elongated morphology
(green) of WI-38 cells was proven. A higher density of nuclei
(blue) was observed in Ti sheets and TNT layers coated by S
and 150 ALD TiO, cycles compared to that of the uncoated
ones. This is in good agreement with the quantitative data
obtained in Figure 3.

At last, the cell growth of SH-SYSY neuroblasts and MG-63
osteoblasts on uncoated and ALD TiO,-coated TNT layers
was evaluated. Those cell lines with a different origin and
morphology (SH-SYSY have a stellar shape, while MG-63 have
a round shape) were chosen to compare the outcomes from
experiments with WI-38 cells of an elongated shape. Only
uncoated and ALD Sc TiO,-coated TNT layers were further
studied. As the experimental work carried out within this
article was already very extensive, the focus was to exploit only
the nanotubular surfaces (TNT layers). Moreover, preserva-
tion of the unique morphology of nanotubes combined with
the enhanced cell growth and the protective properties of the
additional TiO, coating after ALD was very promising and had
potential toward advanced biomedical applications. As
indicated in Figure 5, the cell growth of SH-SYSY and MG-
63 cells after 24 h of incubation increased by >30% on ALD
TiO,-coated TNT layers compared to that of the uncoated
ones. The difference of the absolute numbers of cell growth
occurring per square millimeter of uncoated or ALD TiO,
TNT layers was strongly inversely correlated with a cell size
being lowest in SH-SYSY and largest in MG-63 cells. The
results of fluorescence microscopy imaging (Figure 6) of SH-
SYSY and MG-63 support the obtained quantitative data.

4. CONCLUSIONS

ALD was exploited to coat Ti sheets and TNT layers by
additional TiO, thin coatings to improve their biocompatibility
for potential medical use. Our results show that coating of
these surfaces by only S ALD TiO, cycles resulted in
significantly improved cell growth on the Ti sheets and TNT
layers surfaces due to morphological, compositional, and
structural changes on the corresponding surfaces. The cell
growth of WI-38 fibroblasts was increased by >50% on Ti
sheets and TNT layers coated by 5 ALD TiO, cycles.
Moreover, the MG-63 osteoblast and SH-SYSY neuroblast cell
growth was increased by >30% on TNT layers coated by §
ALD TiO, cycles compared to their uncoated counterparts.

https://dx.doi.org/10.1021/acsabm.0c00871
ACS Appl. Bio Mater. 2020, 3, 6447—6456


http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00871/suppl_file/mt0c00871_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00871/suppl_file/mt0c00871_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00871/suppl_file/mt0c00871_si_001.pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00871?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

This novel ALD-based approach offers three distinct
advantages: (1) The shown Ti sheets and TNT layers coated
by additional thin ALD TiO, coating (nominal thickness of
approx. 0.3 nm) retain their original structure. This is
especially demanded for TNT layers with their unique
morphology. (2) A thin ALD TiO, coating protects the
TNT layers from crystallization and shape change due to water
annealing and prevents contaminants (naturally occurring on
the surface of all materials) from being in direct contact with
cells. (3) The risk of delamination of the additional ALD TiO,
coating is avoided due to the nature of the ALD process
creating strong chemical bonds between substrates and
coatings. The results presented here pave a way for the ALD
modification of various TiO,-based and other oxide substrates
to increase their biocompatibility and promote cell growth.
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