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Abstract: Titanium oxide nanocoatings were synthesized on the surface of monocrystalline silicon and
ultra-fine-grained titanium by atomic layer deposition (ALD) using titanium tetrachloride (TiCl4) and
titanium tetraisopropoxide (TTIP). The morphology of the samples was studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The structure and composition were
studied by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), contact angle measure-
ments, and energy-dispersive spectroscopy (EDS). The cytological response of osteosarcoma MG-63
and human fetal mesenchymal stem cells (FetMSCs) were studied by analyzing their morphology,
viability, and alkaline phosphatase activity with and without the use of medium-induced differentia-
tion in the osteogenic direction. A significant influence of the precursor type and ALD temperature
on the crystal structure, morphology, composition, and surface free energy of TiO, nanocoatings was
found. The biocompatibility of amorphous non-stoichiometric and partially crystalline stoichiometric
TiO, coatings was compared. Both types of cells showed faster adhesion and improved spreading on
the surface for the samples from TTIP compared to those from TiCly at the early stages of cultivation
(2 h) due to the difference in composition and higher surface free energy. No cytotoxic effect was
found on both types of coatings, nor was there a noticeable difference in cell differentiation. All ALD
coatings provided excellent biocompatibility and osteoconductive properties.

Keywords: TiO,; titania; atomic layer deposition; thin films; cell viability; cell differentiation;
mesenchymal stromal cells

1. Introduction

Titanium oxide is commonly used in medicine in the form of thin films and coatings [1,2].
The TiO, coatings serve as an active layer for biosensors [3], protective layers that prevent
the biocorrosion of medical implants [4-6] or regulate the dissolution rate of biodegradable
materials [7,8]. In addition, TiO, has a bactericidal effect [9] and can be used to store and
release drugs [10]. Moreover, its crystalline modifications can significantly accelerate the
osseointegration of the biomaterial [6,11]. In this regard, the development and optimization
of methods and techniques for obtaining titanium oxide coatings with high conformality,
thickness uniformity, and purity are of particular interest to researchers. One of the
most successful and promising methods for obtaining oxide thin films is atomic layer
deposition (ALD).
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ALD is a thin film synthesis technology based on cyclic and self-limiting chemical
reactions at the gas—solid interface, whereby reactant vapors are successively chemisorbed
on the substrate surface [12,13]. The cyclic nature of ALD reactions provides precise
thickness control, which is especially in demand in today’s high-tech industries. Due to
saturation, the surface reactions are self-limiting so the growth of coatings occurs by a
layer-by-layer mechanism that allows, in addition to the possibility of precise thickness
control, a conformal deposition of thin films even on complex three-dimensional and
porous substrates. These features have led to both an increased interest in ALD technology
in the industry and also to an increased number of fundamental studies related to the use
of this film synthesis method over the past decade.

For the synthesis of TiO, nanocoatings by the ALD, a number of precursors are
currently used [14,15]. The most successful ones are titanium (IV) chloride—TiCly,
tetrakis(dimethylamido) titanium (IV)—TDMAT, and titanium (IV) tetraisopropoxide—TTIP.
TiCly has a high vapor pressure, reactivity, and wide ALD temperature window. However,
the use of TiCly results in the release of hydrogen chloride as a by-product of the reactions,
which leads to corrosion of the ALD equipment, as well as etching of the growing titanium
oxide films [14]. TDMAT has a relatively low vapor pressure so it has to be significantly
heated. At the same time, the ALD process involving amidates can also be at low tem-
peratures (less than 100 °C) [14]. This makes TDMAT promising for thermally unstable
substrates. However, coatings in this case can be contaminated with nitrogen and carbon.
Titanium isopropoxide is more volatile than TDMAT. Nevertheless, due to the reversibility
of the ALD exchange reactions, the growth rate of TiO, coatings using TTIP is lower than
that using TDMAT. It should be noted that TTIP decomposes at temperatures above 250 °C.
Despite this, TTIP has been successfully used to form high-purity TiO; coatings.

Over the past few years, only a few papers have been published on the biocompat-
ibility of ALD titanium oxide coatings. In most cases, TiO; coatings were deposited on
temperature-sensitive substrates such as polybutadiene [2], collagen [15], polyetheretherke-
tone (PEEK) [16], chitin nanofibrous membrane [17], and polylactide (PLA) [18]. So, the
TDMAT and less often the TTIP precursors with ALD temperatures lower than 100 °C
were used. Coatings deposited at higher temperatures (150-300 °C) on titanium [19-21],
nitinol [22], and magnesium alloy [23,24] substrates have also been studied. The in vitro
studies revealed a positive cell response and high biocompatibility of ALD titania coatings.
However, depending on the ALD conditions, the results varied greatly. For example, Yang
et al. showed that TiO, coatings deposited using TDMAT and H,O at 150 °C stimulated
coronary artery endothelial cells” adhesion and proliferation but the coatings deposited at
200 °C did not show such positive outcomes [23]. Liu et al. also revealed the deposition
temperature effect on the adhesion and proliferation of osteoblasts and fibroblasts [21].

In this regard, the study of the effect of ALD conditions on the surface characteristics
of titanium oxide and the cytological response is the most important task for the successful
application of ALD technology for medical purposes. Unfortunately, the available litera-
ture on this issue does not make it possible to reliably confirm this effect due to various
experimental conditions (different reagents used, various coatings’ thicknesses, different
cell types, and in vitro conditions). Clearly, detailed comparative studies are needed. In
addition, there are practically no studies of cell differentiation on the ALD TiO, coatings.

In this work, we studied the influence of the type of precursor pairs (TiCls/H,O,
TTIP/H,0, TTIP/O, plasma) and synthesis temperature on the morphology, structure,
composition, and wettability of the titanium oxide coatings. The resulting TiO; coatings
were also characterized for early adhesion, viability, and differentiation in the osteogenic
direction of osteoblast-like MG-63 and fetal mesenchymal stem cells (FetMSC). To determine
whether the coatings have an effect that stimulates the osteogenic differentiation of cells,
studies were conducted both with and without a stimulating medium.
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2. Materials and Methods
2.1. Supports Preparation

Monocrystalline silicon wafers (100) (diameters—40 mm and 100 mm) and ultra-fine-
grained (UFG) titanium discs (diameter—6 mm) were used as substrates for the atomic layer
deposition of TiO; films. UFG titanium rods were prepared in Nanomet, (Ufa, Russia) from
Grade 4 titanium as described elsewhere [25,26]. The rods were cut into discs (thickness
about 3 mm) with the Buehler IsoMet 1000 (Buehler, Lake Bluff, IL, USA) and polished
by a semiautomatic Buehler MiniMet 1000 (Buehler, Lake Bluff, IL, USA) to the mirror-
like surface using 200, 400, 800, and 1200 grit sandpapers and suspension of 50 nm SiO,
nanoparticles. The polished titanium substrates were cleaned by successive ultrasonic
treatments in acetone (99%, VEKTON, Saint Petersburg, Russia), isopropyl alcohol (99%,
VEKTON, Saint Petersburg, Russia), and deionized water (resistivity 18.2 MQ) cm).

2.2. Atomic Layer Deposition of TiO;

Technological parameters of the ALD process, such as the reagents pulse and purge
times and reactor pressures, were chosen based on the data from the literature [14] and our
previous studies [20,27]. Deposition using TTIP/H0O and TiCly /H,O reagent pairs was
carried out on a Nanoserf setup (Nanoengineering, Saint Petersburg, Russia). TiCly (99%,
Merck, NJ, USA) and H,O vapors pulsed into the continuously purged and evacuated
reactor (base pressure 15 mm Hg). TTIP (99.999%, Sigma Aldrich, Burlington, MA, USA)
was injected into the reactor as part of a 5 vol. % solution in isooctane (99.9%, VEKTON,
Saint Petersburg, Russia). The pulse times of TiCly, TTIP, and H,O were 100, 10, and 100 ms,
respectively. The time for purging the reactor with nitrogen (99.9999%) between reagent
pulses was 10 s. The number of ALD cycles varied from 400 to 3000.

Deposition using TTIP and O, plasma was carried out on a Picosun R-150 setup
(Picosun Oy, Espoo, Finland). The substrates were placed in the reactor and pumped out
to a working pressure of 800 Pa. Synthesis was carried out at 250, 270, and 300 °C. The
container with TTIP was heated to 70 °C. TTIP pulse time was 1.0 s, nitrogen purge time
was 5 s, and plasma treatment time was 14 s. The number of ALD cycles varied from 500
to 1000.

2.3. Study of the Thickness and Morphology of TiO, Coatings

The thickness of the TiO; coatings deposited on the silicon substrates was measured
by spectral ellipsometry (SE) (Ellipse 1891, CNT, Novosibirsk, Russia) using 350-1000 nm
wave range and, selectively, by X-ray reflectometry (XRR) (D8 DISCOVER, Bruker, Billerica,
MA, USA). The SE measurements were carried out at 9 different points over the entire
surface of the substrates. XRR measurements were carried out in the range of angles from
0.3° to 5° with an increment of 0.01 using symmetric scattering geometry. The results were
processed by the simplex method using LEPTOS 7.7.

For the morphology study, scanning electron microscopes Zeiss Merlin (Carl Zeiss,
Oberkochen, Germany) and Tescan MIRA3 LMU (TESCAN, Brno—Kohoutovice, Czech
Republic) were used at accelerating voltages of 15 and 10 kV, respectively. SE (secondary
electrons) and In-lens regimes were used.

Cross-beam SEM-FIB workstation Carl Zeiss Auriga (Carl Zeiss, Oberkochen, Ger-
many) was used for lamella preparation. Then the lamellas were studied using a Carl
Zeiss Libra 200 FE transmission electron microscope (TEM). The distribution of elemental
composition was collected by the methods of electron energy loss spectroscopy (EELS) in
TEM mode and energy-dispersive X-ray (EDX) analysis in scanning transmission electron
microscopy (STEM) mode.

2.4. Study of the Structure and Composition of TiO, Coatings

The phase and elemental composition of the coatings were studied by X-ray phase
analysis (D8 DISCOVER, Bruker) and X-ray photoelectron spectroscopy (Escalab 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA), respectively. XRD was conducted in the
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range of 20-80° with a step of 0.05° in surface-sensitive grazing incidence (GIXRD) modes.
XPS spectra were measured with a Thermo Fisher Scientific Escalab 250Xi spectrometer.
The samples were excited by Al Ko (1486.7 eV) X-rays. Ar ions gun was used for surface
sputtering. Survey spectra and high-resolution C1s, Ols, and Ti2p spectra were measured.
The spectra were charge-compensated by setting the binding energy of the C1s carbon line
to 284.8 eV.

The wetting behavior and surface free energy (SFE) were examined using a sessile
drop method with a Theta Lite optical tensiometer (Biolin Scientific, Gothenburg, Sweden),
as described elsewhere [28]. Two different liquids were used. Ultrapure deionized wa-
ter served as a liquid with a dominant polar component of SFE (SFEp = 51.0 mN/m vs.
SFEd = 21.8 mN/m), and copper stabilized diiodomethane (99%, Sigma-Aldrich, Burling-
ton, MA, USA) was used as a liquid with a dominant dispersive component of SFE
(SFEd = 48.5 mN/m vs. SFEp = 2.3 mN/m). The average contact angles (CA value—®)
were measured, and the SFE values were calculated from these results according to the
Owens-Wendt-Rabel-Kaelble (OWRK)/Fowkes approach [29].

2.5. In Vitro Assessment of the Cellular Response
2.5.1. Cell Culture

In vitro study was carried out at the Institute of Cytology of the Russian Academy of
Sciences. Human osteosarcoma cell line (MG-63) (ATCC® CRL-1427TM) and human fetal
mesenchymal stem cells derived from bone marrow (FetMSC) line cells were obtained from
the shared research facility “Vertebrate cell culture collection” supported by the Ministry of
Science and Higher Education of the Russian Federation (Agreement No. 075-15-2021-683).
MG-63 and FetMSCs were maintained in a CO,-incubator (37 °C, 6% CO,) in DMEM
medium (Sigma-Aldrich, Burlington, MA, USA) supplemented with 2 mM L-glutamine,
10% fetal bovine serum (FBS), and gentamicin (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA).

2.5.2. Cell Morphology

Titanium samples were autoclaved in water steams at 121 °C and a pressure of
1.5 atmospheres. Then, the samples were placed into the wells of 4-well plates (Nunc,
CIITA). MG-63 and FetMSCs cells were seeded (1 x 10° in 20 uL of DMEM/F12 nutrient
medium) on the surface of the samples and incubated for 24 h in CO,. After incubation, cells
were washed with Dulbecco’s Phosphate Buffer Saline (PBS) (Sigma-Aldrich, Burlington,
MA, USA) and fixed in 2.5% glutaraldehyde in phosphate buffer (pH = 7.2, Sigma-Aldrich,
Burlington, MA, USA). After 3 days the samples were washed in phosphate buffer and
successively dehydrated in 30, 50, 70, 90, 96%, and absolute ethanol (30 min each). The
final drying was carried out three times for 15 min using a Leica EM CPD300 dryer at CO,
critical point. Finally, the Au coatings about 10 nm thick were deposited with a Leica EM
SCD500. Evaluation of the cells” morphology was performed using a scanning electron
microscope Tescan MIRA3 LMU (TESCAN, Brno, Czech Republic).

2.5.3. Cell Viability

The suspension of MG-63 and FetMSC cells was seeded into wells of a 96-well plate
(Nunc, Ocala, FL, USA) at the same concentration (5000 cells/well). Two titanium samples
of each type were placed into the wells and incubated in 1 mL of nutrient medium at
37 °C for 24 h. The conditioned medium (CM) was used to evaluate the cytotoxicity of the
material with respect to the cells under study. Standard cell culture condition was used as
a control. For each sample, cytotoxicity was assessed five times after 24 h contact using the
Vibrant MTT Cell Proliferation Assay Kit (Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s protocol.
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2.5.4. Cell Osteogenic Differentiation Assessments

For evaluation of the cell osteogenic differentiation, early marker alkaline phosphatase
(ALP) was analyzed. The cell seeding was carried out in the same way as in the study
of morphology. After seeding, 300 puL of nutrient medium was added to each well to
completely cover the samples’ surfaces. The assessment was performed after 7 and 14 days
of cell co-incubation on the samples with and without basal medium-induced cellular
differentiation (StemPro Osteogenesis Differentiation Kit, Thermofisher Scientific, Waltham,
MA, USA). The medium was changed once a week. As a control, we used standard
conditions for culturing cells on the surface of the culture plastic. The media were sampled
and placed at —80 °C for subsequent assessment of the presence of ALP using a Human
Alkaline Phosphatase Assay ELISA Kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. Optical density measurements were performed
on a Thermo Scientific Varioskan LUX multimodal reader at a wavelength of 450 nm.

2.5.5. Statistical Analysis

Two samples of each type were used for MTT-test and five samples for differentiation
analysis. The number of repeats for both studies was five. The error bars in the figures
represent the confidence interval (CI). Student’s t-tests were used to evaluate the differences
between the experimental and control groups. Credible interval of p < 0.05 was considered
statistically significant for all tests.

2.6. Study of Mineralization

Additionally, cellular (MG-63 and FetMSCs) differentiation was determined by alkaline
phosphatase and von Kossa staining after 3 weeks of cultivation on the culture plastic. For
detection of alkaline phosphatase (ALP) cells were fixed with 4% paraformaldehyde and
incubated for 60 min with BCIP-NBT solution (Sigma-Aldrich, Burlington, MA, USA). For
assessment of mineralization, cells were fixed with methanol and incubated with a 2%
solution of AgNOs3 and a 2.5% solution of NayS,0Os. Stained preparations were washed
3—4 times with distilled water and dried. Glasses were mounted with a mounting medium
(Molecular Probes, Eugene, OR, USA). Images were obtained using an Axiovert 200 M
microscope (Carl Zeiss, Munich, Germany) and a Leica DFC420C (Leica Microsystems,
Wetzlar, Germany) digital camera.

To evaluate the mineralization ability of titania coatings, the samples were placed
in simulated body fluid (SBF) for 10 days at 37 °C. A commercially available Dulbecco’s
phosphate-buffered saline (Sigma—Aldrich, Burlington, MA, USA) with pH = 7.4 was used
as an SBE. After that, the samples were washed three times in deionized water and dried
in an inert gas flow. The surface morphology was examined with a Zeiss Merlin electron
microscope (Carl Zeiss, Oberkochen, Germany) using Oxford Instruments INCAx-act
system for energy-dispersive X-ray spectroscopy (EDS).

3. Results
3.1. Atomic Layer Deposition of TiO, Nanocoating on Silicon Substrate
3.1.1. Thickness and Morphology of TiO, Nanocoatings

To measure the thickness of the deposited coatings, we used spectral ellipsometry (SE)
and, selectively, X-ray reflectometry (XRR). The data on thickness, roughness, and density
are given in Table 1. The SE and XRR data for the TiCly/H,O and TTIP/H,O samples
differ significantly but converge well for the samples of the TTIP/O, plasma samples. This
difference can be explained by the difficulties in constructing an accurate model for rougher
and better-crystallized films (TiCly /H,O series). Nevertheless, the data obtained clearly
indicate a greater growth per cycle (GPC) for the TiCly /H,O process (0.052-0.072 nm) than
for the TTIP/H,O (0.042-0.049 nm) and TTIP /O, plasma (0.0186-0.0256 nm) processes.
At the same time, TTIP series coatings have a significantly lower roughness than those of
TiCly. The density values of all coatings are close to the density of the bulk phase of anatase
TiO; (3.9-4 g/cm?).
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Table 1. Synthesis conditions and characteristics of TiO, nanocoatings.

Sample . )
Precursor Pair g Deposition, ALD Coetey  Thickness by SE(GPO), nm  Thicicnese (b Dg‘;‘;f;?' Roughness,
200°C 500 26.0 + 2.5 (0.0519) ** - - -
1000 56.9 + 6.8 (0.0569) * 50.9 3.92 6.89
250°C 500 25.8 + 2.4(0.0516) ** - - -
TiCl,/H,0 1000 60.4 + 8.2 (0.0604) * 635 391 4.67
300°C 500 36.0 & 2.5 (0.0720) ** - - -
1000 69.0 + 11.4 (0.0690) * 58.2 3.87 4.07
350 °C 1000 62.1 + 9.6 (0.0621) * 60.4 3.92 4.06
200 °C 500 23.6 +1.8 (0.0472) ** - - -
220°C 3000 134.1 + 0.4.6 (0.0447) ** - - -
e, 250°C 500 212 + 32 (0.0424) 17.0 3.98 047
250 °C 800 35.1 % 0.9 (0.0439) ** 269 4.06 021
250 °C 1000 49.1 £ 2.9 (0.0491) ** - - -
250 °C 400 7.5+ 1.0 (0.0187) ** - - -
OZTFTII;{n . 270 °C 500 12.8 + 0.6 (0.0256) ** 127 3.84 0.14
300 °C 500 9.2+ 1.1 (0.0186) ** 104 3.98 0.44

* The measurements are carried out on the surface of a silicon wafer with a diameter of 100 mm. ** The
measurements are carried out on the surface of a silicon wafer with a diameter of 40 mm.

The surface morphology of coatings deposited on the monocrystalline silicon was
studied using SEM. The samples’ surfaces for the TiCly /H,O series are characterized by the
presence of a continuous layer of densely spaced grains. The size of the grains decreases
from 100-200 nm to several tens of nanometers with an increase in the ALD temperature
from 200 to 350 °C (Figure 1). This is in good agreement with the observation of a decrease
in roughness found by XRR (Table 1). As indicated in [14], crystalline grains formed inside
or on the surface of the amorphous TiO; due to absorbing the amorphous layer as the
coating grows. Therefore, it can be assumed that the higher the temperature, the more
crystallization grains are formed, and the smaller the grain size that can fit on the limited
surface of the substrate.

Figure 1. SEM images of TiO, coatings deposited on the silicon using TiCly /H,O at 200 °C (a),
250 °C (b), 300 °C (c), and 350 °C (d).

On the surface of the samples of TTIP/H,O and TTIP/O, plasma samples deposited
at 250 °C, there are no significant morphological features (Figure 2a,b). Only for the
TTIP /H,O samples, a faintly discernible nanotexture can be seen. However, a sample of the
TTIP /O, plasma deposited at 270 °C is characterized by the presence of isolated crystalline
particles ranging from several hundred nanometers to one micrometer in size (Figure 2c).
For the samples obtained at 300 °C, the number of particles increases significantly; they
merge and form a discontinuous layer (Figure 2d). SEM data and the XRR roughness
values show that using TTIP as a precursor and ALD temperatures below 250 °C, results in
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uniform films with a low roughness. With an increase in the synthesis temperature, intense
crystallization occurs with the formation of micron and submicron crystallites.

700

600 -~

(101)

Figure 2. SEM images of TiO, coatings deposited on the silicon using 800 ALD cycles TTIP/H,O
at 250 °C (a), 400 ALD cycles TTIP/O, plasma at 250 °C (b), 500 ALD cycles TTIP/O; plasma at
270 °C (c), and 500 ALD cycles TTIP/O; plasma at 300 °C (d).

3.1.2. Crystal Structure of TiO, Nanocoatings

X-ray diffraction patterns for the TiCly /H,O samples deposited at 200, 250, 300, and
350 °C showed the presence of reflections for all samples in the region of 25, 37, 38, 39, 48,
54, 55, 63, and 75°, which corresponds to the TiO, crystal structure of anatase (Figure 3).
The positions and intensities of the peaks practically do not change with an increase in the
ALD temperature; however, for the sample obtained at the highest temperature (350 °C),
peaks at 27.5 and 54.5° appear, which correspond to the formation of rutile TiO,.

——Ti02-200C-1000cycles

—Ti02-250C-1000cycles

——Ti02-300C-1000cycles

——Ti02-350C-1000cycles
| Anatase (PDF-21-1272)
| Rutile (PDF-21-1276)

— o =
- —
o o —_
_ 2 = —
- [=] - - S © « -
= z, = ‘ Si o - o o
=

30 40 50 60 70 80
20, °

Figure 3. XRD patterns of titanium oxide samples obtained using TiCly for 1000 ALD cycles on the

silicon surface.

For the sample deposited using TTIP and H,O at 200 °C and 500 ALD cycles, no
peaks were observed in the diffraction pattern (not shown here). Only for the sam-
ple with a large thickness of about 130 nm (3000 ALD cycles) deposited at a higher
temperature—220 °C—was a small peak corresponding to the anatase TiO, observed
(Figure S1). However, with the ALD temperature increasing up to 250 °C, even rela-
tively thin films with thicknesses around 21 (500 cycles) and 35 nm (800 cycles) became
polycrystalline (Figure 4). Peaks at 25, 48, 54, 55, and 63° correspond to the TiO; anatase
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structure. The diffraction patterns of the samples obtained using TTIP and oxygen plasma
at 270 and 300 °C also contain all these peaks, except for 63°. The peaks in the region
from 50 to 53° reflect the imperfection of the crystalline structure of the substrate. Despite
the higher deposition temperature of the TTIP/O, plasma samples, the peak intensities
are lower than those for the TTIP/H,O samples, which is probably due to the smaller
film thickness.

TiO2-300C-O2 plasma (500 cycles)
——— Ti02-270C-02 plasma (500 cycles)
) ——— Ti02-250C-Hz0 (800 cycles)
| Si ——— Ti02-250C-H20 (500 cycles)
I | | Anatase (PDF-21-1272)
' I Rutile (PDF-21-1276)

400 +

— (101)

w

(=]

(=]
1

(1186)

S (204)

b
! s L
! d
|
".1 Tk
|

R

intensity (a.u.)

100 ‘f‘ L i WA Wl ..,\ | }
i “| A

i f
W "“""L“”U’f MFTI Loy Wy,
byt Mo | L M b M,
! iy b i y Moot WA o e

LA |” o I\ A "
e et !L,,m.“_;"“aﬁuﬂ A At

’W’!{b{ﬁ;‘;}mﬁ,gj Tln
|V |y

Figure 4. XRD patterns of titanium oxide samples deposited using TTIP on the surface of the silicon.

XRD data showed a tendency to crystallize at lower temperatures for the samples
obtained using TiCly. These results agree with the SEM data (Figures 1 and 2) and the data
from the literature. In a review by Niemeli et al., it is indicated that crystallization with
TiCl4 can occur in the temperature range of 125-165 °C, whereas the ALD process with
TTIP usually require temperatures above 200 °C [14].

3.2. Atomic Layer Deposition of TiO, Nanocoatings on Titanium Surface
3.2.1. Thickness and Morphology of TiO, Nanocoatings

For the ALD TiO; nanocoatings on the UFG titanium, TiCly/H,O and TTIP/H,O
were used as the precursor pairs. In both cases, 200 °C and 400 ALD cycles were used. The
morphology of the TiO, nanocoatings was studied by SEM. The TTIP/H,0 samples do not
have any surface features and the morphology of the coating is similar to the morphology
of the substrate surface (Figure 5a). The surface of the TiCly /H,O samples has a number of
nanoparticles with 40-60 nm in diameter (Figure 5b,c).

Figure 5. SEM images of TiO, coatings deposited on the UFG titanium using TTIP/H,O at
200 °C (a) and TiCly /H,0 at 200 °C (b,c).
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According to the TEM data (Figure 6a), titanium oxide forms a continuous layer of
amorphous titanium oxide with crystalline nanoparticles (Figure 5c). The thickness of
the amorphous layer was about 20 nm (Figure 6b). The TEM images also clearly show
an amorphous layer of native titanium oxide with a thickness of 3—4 nm, as well as an
interface layer (Figure 6b) at the surface of native oxide enriched with chlorine and carbon
(Figure 6¢,d). The presence of carbon may be due to contamination during the polishing and
storage of the titanium. The presence of chlorine can be explained by the passivation of the
titanium surface by chlorine upon interaction with hydrogen chloride and hydroxychlorides
formed during the ALD chemical reactions [14].

500 : . . . ; ; ;
d2 —— Titanium :?::.: Titanium Support
—— Carbon TIO:
20005 Chlorine
—— Oxygen
£1500 ALD-TiO2 8

|

. T T
2 10 18 26 34 42 50 58

100nm

Electron Image 1

Depth, nm

Figure 6. TEM images of TiO, coatings deposited on the UFG titanium using TiCly and H,O at
200 °C (a,b), STEM images (c), and STEM-EDS profile of elemental composition (d).

3.2.2. Chemical Composition and Surface Free Energy of the TiO; Nanocoatings

The chemical composition of the surface and bulk of the TiCly /H,O, TTIP/H,0, and
TTIP /O, plasma coatings was studied by XPS. Titanium, oxygen, and carbon were found on
the surface of all samples. Chlorine was not detected on the surface and bulk of TiCly /H,O
coatings. The Cls spectra (Figure 7a—c) for all samples show three components with
maxima at 284.8, 286.2, and 288.5 eV. The most intensive peak at 284.8 eV corresponds to the
aliphatic hydrocarbons (C-C, C-H) or other organic molecules but the less-intensive peak
(286.2 eV) corresponds to C-OH and/or C-O groups. The smallest peaks at about 288.5 eV
correspond to the carboxyl (O-C=0O) and aldehyde (C=0) groups. Most of the carbon
originated from surface contamination (adventitious carbon) during the storage of the
samples in the air [30]. These carbon-containing compounds are exclusively concentrated
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on the surface of the samples and completely disappear after sputtering the surface layer
with argon ions.
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Figure 7. XPS Cl1s (a—c), Ols (d—f), and Ti2p (g—i) spectra of all studied coatings obtained using
TiCl4/Hy0 (a,d,g), TTIP/H,O (b,e,h) and TTIP/O, plasma (c,f,i).

The Ols spectra (Figure 7d—f) of the samples show three overlapping peaks. The
most intense peaks at 530.1 eV for TiCly /HyO and TTIP/O, plasma samples belong to the
oxygen of TiO,. However, for the TTIP/H,O sample, the peak at 531.2 eV is more intensive.
It corresponds to both surface hydroxyl groups [31,32] and oxygen in nonstoichiometric
titania (TiOx) [33]. The third peak with a maximum at 532.0 eV corresponds to the oxygen
of organic surface contaminants (C-O, C=0).

The Ti2p spectra (Figure 7g-i) for all samples show intense peaks of Ti2p3,, and Ti2p; /»
at 458.5-458.8 and 464.5-464.2 eV. The doublet splitting for the TiCly/H,O and TTIP/O,
plasma samples is 5.7 eV, which corresponds to TiO; [34], whereas for the TTIP/H,0O
sample, it is about 5.6 eV. The observed peaks for the TTIP/H,O sample are asymmetric,
which is explained by the presence of the second components (peaks around 459.1 and
465.2 eV), corresponding to titanium in lower oxidation states (Ti**, Ti>").

To assess the hydrophilicity and surface free energy (SFE) of the titania coatings’
surface, the contact angles were measured using water and diiodomethane. Based on the
obtained data, calculations of polar, dispersive, and total surface energy were carried out
(Table 2). The polar component characterizes the interaction through molecular polarization
forces, e.g., dipole—dipole or hydrogen bonding. The disperse component represents
the interaction through nonpolar dispersion (London) forces. The polished titanium is
weakly hydrophilic (the water contact angle is about 76°), whereas the value of the polar
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component of the SFE is smaller than that of the dispersive component. The deposition
of TiO, using titanium chloride leads to a decrease in SFE due to a decrease in the polar
component, and, consequently, to an increase in surface hydrophobicity (91°). The TiO,
films obtained using TTIP have a weakly hydrophilic surface (74°), which is associated
with a slightly higher value of its surface free energy (Table 2). In general, a clean TiO,
surface like other metal oxides is a high-energy one and, therefore, should be completely
wetted by most polar liquids. However, the accumulation of organic contaminants on the
surface can increase the contact angle and reduce the SFE [35]. Thus, the difference in the
wettability of the TiCly /H,O and TTIP/H;O samples may be due to the differences in the
composition of adsorbed to surface species, which, in turn, is associated with changes in
the crystal structure, the concentration of the surface hydroxyl group, and stoichiometry of
the elemental composition of the sample surface.

Table 2. Results of water contact angle measurements and surface free energy calculation.

Contact Dispersive
Sample Angles, ° Total SFE, mN/m Polar SFE, mN/m SFE, mN/m
Ti 76 379 7.6 30.2
TiO,
(TiCl, /H,0) 91 34.0 1.6 324
TiO,
(TTIP/H,0) 74 394 8.3 31.1

3.3. In Vitro Study of TiO) Nanocoatings on Titanium Surface

The morphology of MG-63 and FetMSCs cells after 2 and 24 h of cultivation on the
polished titanium, TiCly/H,O, and TTIP/H,0O samples was studied using SEM. Good
adhesion and spreading of MG-63 cells occurred for polished titanium and TTIP/H,O
samples already after 2 h of cultivation (Figure 8a,c). Sample TiCly/H,O, on the other
hand, did not induce fast adhesion and spreading. The cells retained a rounded shape
(Figure 8b). However, after 24 h of cultivation, the cells completely spread out on the surface
of all samples. The samples coated by TiO, layers began to form outgrowths (filopodia)
connecting the cells to each other (Figure 8d-f).

Figure 8. SEM images of MG-63 cells incubated during 2 h (a—c) and 24 h (d—f) on Ti (a,d), Ti-TiO,
(TiCl4/H0) (b,e), and Ti-TiO, (TTIP/H;,0) (c,f) samples.
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For the mesenchymal cells after 2 h of cultivation, the morphology is similar to the
osteosarcoma MG-63 cells. During this period, cell spreading and adhesion began on the
polished titanium and TTIP/H,O samples, but not on the TiCly /H,O samples (Figure 9a—c).
After 24 h, the cells on all samples were well-spread. The FetMSCs were elongated, bipolar,
spindle-shaped (Figure 9d—f), and interconnected by filopodia (Figure 52). This morphology
is typical for the cells of this line [36,37]. On the surface of TiCly /H,O, crystalline particles
with a diameter of 10-20 um were found. These particles are evenly distributed over the
surface (Figure 9f). The SEM-EDS analysis showed that they are composed of phosphorus,
oxygen, and a small amount of calcium (Figure S3 and Table S1).

Figure 9. SEM images of FetMSC cells incubated during 2 h on Ti (a), Ti-TiO, (TiCl4/H,O) (b), and
Ti-TiO, (TTIP/H,0) (c) samples and incubated during 24 h on Ti (d), Ti-TiO, (TiCly/H,O) (e), and
Ti-TiO, (TTIP/H,0O) (f) samples.

After incubation of the MG-63 and FetMSC cells for 1 day, the cytotoxicity was mea-
sured using an MTT assay. No significant statistical difference was observed between the
polished Ti, coated TiO, samples, and control samples (cells cultivated on plastic plates)
for both cells (Figure S4). Since the MTT test shows the overall metabolic activity in the
living cells, one can conclude that all samples did not cause toxic activity for MG-63 and
FetMSC cells.

The differentiation of cells in the osteogenic direction was studied using alkaline
phosphatase (ALP), which is a marker of early differentiation [38]. Studies of ALP activity
were conducted with and without a special basal medium that induces cellular differen-
tiation in the osteogenic direction. A similar trend in ALP activity change was observed
for MG-63 cells on all samples using the medium (red bars) and without it (white bars)
(Figure 10). The ALP activity for samples cultivated for 1 week (Figure 10a) was higher
than for 2 weeks (Figure 10b). The decrease in ALP activity indicates a gradual completion
of early differentiation. The induction medium had a slight positive effect in the first
week of cultivation but had almost no effect in the second week for all samples, except for
TiCly /HO. In general, the ALP activity for the TiO;-coated samples was slightly higher
than for the polished titanium and significantly higher than for the control sample.
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Figure 10. Alkaline phosphatase production by MG-63 cells on the samples with and without a
medium-induced cellular differentiation in the osteogenic direction after 1 week of cultivation (a) and

2 weeks of cultivation (b). Each value represents mean + S.D. from five independent experiments
(p = 0.05).

The FetMSC cells showed a different trend of ALP activity than the osteoblast-like
MG-63 cells. For the mesenchymal stem cells, the ALP activity increased after 2 weeks of
cultivation (Figure 11). It indicates a longer process of differentiation in the osteogenic
direction for these cells. A lower rate of differentiation in the osteogenic direction is an
inherent characteristic of the cells of this line. Indeed, the optical photographs of the control
samples (cultivation on glass slides) after 2 weeks of cultivation showed a significant
difference in the differentiation of these cells (Figure 12). MG-63s represent a continuous
layer of differentiated cells (Figure 12a), whereas the FetMSCs are visible as separated
and partially interconnected cells (Figure 12b). For the FetMSC cells, a significant effect
of the induction medium on the stimulation of osteogenic differentiation is clearly visible
(Figure 11). The ALP activity for the TTIP/HO and TiCly /H;O samples practically do not
differ from each other and slightly exceed that for the polished titanium. At the same time,
all the samples show a significant superiority in differentiation compared to the control
sample both with and without the induction medium.
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Figure 11. Alkaline phosphatase activity by FetMSCs on the samples with and without a medium
induced cellular differentiation in the osteogenic direction after 1 week of cultivation (a) and 2 weeks
of cultivation (b). Each value represents mean + S.D. from five independent experiments (p = 0.05).

Optical photographs of the MG-63 and FetMSC cells cultivated for 3 weeks on glass
slides (control samples) using a Von Kossa stain showed that mineralization of the cells is
proceeding. The beginning of mineralization is indicated by black spots corresponding to
calcium phosphates (Figure S5).

When the samples were soaked in phosphate buffer for 10 days, isolated crystals tens
of micrometers in size formed on their surfaces (Figure 13). These crystals are similar in
morphology to crystals found earlier for the ALD-produced Ti-TiO; samples soaked in SBF
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for 9 days [11]. The SEM-EDS analysis showed that they are composed of phosphates with
a relatively small content of calcium (Figure S6 and Table S2).

Figure 12. Optical microphotographs of MG-63 (a) and FetMSCs cells (b) on the surface of control
samples (glass slides) after cultivation for 2 weeks. Scale bars—50 pm.

Figure 13. SEM images of the Ti-TiO, (TiCly /H,O) (a) and Ti-TiO, (TTIP/H,0) (b) samples soaking
in SBF for 10 days.

4. Discussion

Titania nanocoatings have been successfully prepared by ALD using titanium (IV)
chloride and titanium (IV) isopropoxide. It was found that the type of precursor signifi-
cantly affects the crystal structure, stoichiometry, surface free energy, and wettability. This
difference made it possible to synthesize coatings that differ greatly in their characteristics
and cytological response. The TiCly /H,O coatings have an amorphous structure with crys-
talline nanoparticles and stoichiometry close to TiO,. Also, they are hydrophobic and have
low surface free energy. On the contrary, the TTIP/H,O coatings were amorphous, nonstoi-
chiometric, hydrophilic, and have a relatively high SFE due to the polar components.

It is well-known that all the above factors should have a strong influence on the
cytological response. Hydrophilicity has a positive effect on the osseointegration of the
material since the most important proteins for cell adhesion and proliferation are adsorbed
faster and stronger on hydrophilic surfaces [39,40]. Our results showed that at the early
stages (2 h of cultivation), the osteoblast-like MG-63 and mesenchymal stem cells have
poorer adhesion and spread over the more hydrophobic surface of the TiCly /H,O sample.
However, with a longer cultivation time (24 h), the difference practically disappears, and in
terms of viability and differentiation, it is not noticeable at all. The stoichiometry (presence
of TipO3, TiO, TizOs, etc.) and SFE are also important factors for the biocompatibility
of titanium oxide coatings. However, their influence is primarily due to the effect on
hydrophilicity. Indeed, Lin et al. showed that stoichiometry and the concentration of
hydroxyl groups are the most important factors determining the hydrophilicity of the
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titanium oxide surface [41], and Vieira et al. showed that the formation of oxygen vacancies
can increase in the polar component of SFE and hydrophilicity [42].

The crystal structure of TiO; coatings is also important since various crystalline modi-
fications and amorphous titanium oxide have different concentrations of hydroxyl groups
on the surface, which determines its surface free energy and wettability [43,44]. The anatase
structure is believed to be able to enhance osteoblast adhesion and proliferation by af-
fecting wettability [45]. This difference at the initial stage is small; however, at the final
stages of osseointegration, the crystal structure begins to play a more decisive role in
the process of cellular mineralization. Previously, it was shown that the crystallinity of
titanium oxide ALD coatings positively affects the formation of hydroxyapatite, which is
one of the most important components of mature bone tissue [11]. Our results showed that
ALD TiO; coatings stimulated the formation of phosphate when samples were placed in
phosphate-buffered saline. Visually, the partially crystalline TiCly /H>O samples contain
more phosphate crystals than the TTIP/H,O ones; however, to confirm these findings a
more detailed statistical analysis based on several samples is needed.

To date, many studies have been carried out to study the biocompatibility and cyto-
logical response of titanium oxide coatings (Table 3). Different cell lines were used but in
almost all cases a positive effect of the coatings on biocompatibility has been found. The
only exception is the data from the Matijosius group [46], in which ALD TiO, showed
worse biocompatibility than the much thicker magnetron sputtering coatings. The results of
several other studies showed that even ultra-thin coatings (<10 nm) significantly improve
the adhesion and proliferation of dental pulp stem cells [2] and the growth of fibroblasts,
MG-63 osteoblasts, and human neuroblastoma [19]. At the same time, Liu showed that the
coatings can simultaneously stimulate the adhesion and proliferation of preosteoblasts but
impair them for fibroblasts [21]. In our study, to assess the cytological response, the most
common MG-63 and less-studied FetMSC cells were used. Both cell types showed high
viability and good adhesion to titania ALD nanocoatings. These results are consistent with
those of most studies (Table 3).

There are almost no results in the literature on the effect of ALD TiO, coatings on
differentiation. Chuang et al. studied the differentiation of dental pulp stem cells on the
ultra-thin TiO; coatings in detail [2]. It was shown that the presence of the titania layer
promotes the stabilization of extracellular matrix proteins and assists the proper folding
of the collagen structure, which improves terminal differentiation. We showed that the
mesenchymal cells, due to their nature, were differentiated more slowly than the osteoblast-
like MG-63 cells. Also, the medium-stimulated differentiation had a markedly greater
effect on the FetMSC cells. Nevertheless, both types of ALD coatings undoubtedly induce
the differentiation in the osteogenic direction without the medium. Since the difference
between samples TiCly /H,O and TTIP/H,O was minimal, the influence of crystallinity
and surface topography on differentiation was insignificant. It is more likely that the ALD
titanium oxide surface is better suited for the adsorption of signaling biomolecules that
promote rapid differentiation in the osteogenic direction [2,6].

Despite all the above, a comparison of the cytological response of the samples with
and without coatings showed that the positive effect is not very great. Uncoated polished
titanium also showed high biocompatibility and stimulation of cell differentiation in the
osteogenic direction. Therefore, TiO, ALD coatings on the surface of titanium implants
are not very promising for practical application, because the positive effect will be neg-
ligible. However, when using other materials, such as biodegradable magnesium alloys
or alloys containing potentially hazardous elements, titanium oxide coatings can be very
relevant [24]. In such cases, the ALD technology will be very good, because the resulting
coatings have excellent uniformity, conformality, and purity. It should be emphasized that
the most important advantage of ALD is the ability to deposit uniform coatings on the
implant surfaces of the most diverse and complex shapes and to process a large number
of implants simultaneously. Thereby, ALD is already actively used in the manufacture of
dental implant coatings [8,47,48].



Coatings 2022, 12, 668

16 of 19

Table 3. Results of in vitro study of TiO, ALD coatings using different cell lines.

Precursors, ..
Temperature Crystallinity,
emp ! Morphology Cell Lines Titanium Dioxide Effect Ref.
Thickness (nm), Wettabilit
Substrate y
TDMA?;{)ngcplasma, amorphous, Enhances cell adhesion, promotes cell
! uniformal, MG-63 osteoblasts proliferation, and reduces cytotoxicity. [22]
4-16 nm . ° . . . o
NiTi hydrophilic (62°) Increase in thickness improves positive effect
Improvement in adhesion and proliferation
TTIP/H,0, DPSCs, regulation of osteopontin and bone
80 °C . . dental pulp stem sialoprotein, representing osteogenic
34 nm ultrathin coatings cells (DPSCs) differentiation. Improved the ability to 2]
polybutadiene nucleate banded collagen fibers and induced
the osteogenesis of DPSCs
TDAMT/O3Room water contact angle  ostesarcoma MG-63, Improve biocompatibility promoting higher
temperature (WCA) was 0° for human growth and proliferation of MG-63 and [15]
150, 300, 600 cycles fresh samples, >60° mesenchymal stem  hMSCs, the higher level of calcium phosphate
Collagen after 3-day storage cells (hMSCs) or apatite formation
TTIP/O; plasma, amorphous Bioactive properties of PEEK implants are
100 °C WC A—5§° (1 day) Mouse MSCs improved by TiO; thin films deposited with [16]
53 nm 82° (21 da )a Y line ST-2. PEALD. Strong interaction and the focal
Polyetheretherketone ys adhesion of cells with the surface.
TTIP/OHZO Excellent osteointegration and
70 °C MC3T3-E1 . :
immunosuppressive effects and afforded
2.5-10 nm amorphous preosteoblasts, . . . [17]
. . . well-guided bone growth by increasing
chitin nanofibrous NIH3TS3 fibroblast . 2 7
affinity at the bone—chitin interfaces.
membrane
TDI\;%{/CHZO periodontal Deposition of TiO, by ALD was less
- ligament stromal beneficial to biocompatibility than deposition [46]
5 10and 15 nm (PDLS) by magnetron sputterin
anodized aluminum y magnetron sputiermg.
TiCly /H,0 WI-38 human lung Increase in cell growth of WI-38 fibroblasts
30% S c2 anatase fibroblast, MG-63 (>50%), MG-63 osteoblasts (>30%),
osteoblasts, and SH-SY5Y neuroblasts (>30%) was [19]
0.28 and 8.25 nm (150 cycles) . .
. SH-SY5Y Human observed for all materials coated by five
Ti sheets and TNT *
neuroblastoma ALD cycles
TTIP/H,O
70 °C } human lung High resistance to rapid degradation, [18]
20 nm fibroblast MRC-5 biocompatible and non-toxic.
polylactide (PLA)
TDMAT/H,0O . 190 —anatase. . human osteoblasts Stimulated osteoblast adhesion and
o Slightly hydrophilic, (PromoCell, . . . s
120, 160, 190 °C proliferation while suppressing fibroblast
and the SFE was C-12720) human . . . [21]
100 nm . . adhesion and proliferation compared to
Ti foils higher compared to dermal fibroblasts uncoated materials
the Ti control surface (Lonza, CC-2509) )
TiO,-150 °C stimulated cell adhesion and
T]f;\(;[ lggél;léo human Coronary proliferation but TiO,-200 °C did not show
1 (,)O nm WCA =53-65° Artery Endothelial positive outcomes with cell assays due to [23]
Me-Zn allo Cells unstable surface morphology and less than
& y optimal SFE
TDMAT/H,0 . . TiO, + APTES **-coated AZ31 has more
180 C uniform and compact mouse calvarial P bl face f di e [24]
63 nm TiO, film cells (MC3T3-EL) 2 e obar A D ovomocats
AZ31 alloy viability of osteoblasts, higher expression

* TNT—titania nanotubes. ** APTES—(3-Aminopropyl)triethoxysilane.
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5. Conclusions

Titanium oxide nanocoatings prepared by ALD on silicon surface using TiCly and
H>O have an anatase structure even at the lowest temperature of 200 °C. At a synthesis
temperature of 350 °C, in addition to anatase, a high-temperature rutile phase appears.
When using TTIP, the crystallization of films begins in the range from 220 to 250 °C and leads
to the formation of anatase. The SEM and XRR data also showed that the ALD temperature
and the type of precursor significantly affect the film’s morphology. Amorphous samples
of the TTIP series have low roughness, whereas the TiCl; samples are characterized by the
formation of nanocrystalline particles formed due to the crystallization of the amorphous
layer. It was found that the surface of the TiCly /H,O samples is hydrophobic and contained
stoichiometric TiO,. When using TTIP and H,O, the sample surface is hydrophilic and has
a non-stoichiometric elemental composition. This difference in surface characteristics has
a significant effect on human osteosarcoma MG-63 and human fetal mesenchymal stem
FetMSC cell line adhesion and spreading at early stages (2 h) but has almost no effect on
cell viability and differentiation. Both types of coatings have a stimulating effect on cellular
differentiation in the osteogenic direction for osteoblast-like and mesenchymal stem cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings12050668 /s1, Figure S1: XRD pattern of titanium oxide
deposited using TTIP and H20 at 220 °C on the silicon surface; Figure S2: SEM images of FetMSC
cells incubated during 24 h (on Ti (a,d), Ti-TiO2 (TiCl4/H20) (b,e), and Ti-TiO2 (TTIP/H20O) (c,f)
samples. Figure S3: SEM images of particle formed on the surface of TiCl4/H20O samples after
FetMSCs cultivation during 24 h (a), and SEM-EDS spectrum in point 1 (b); Table S1: Results of
SEM-EDS study for particle formed on the surface of TiC4/H2O samples after FetMSCs cultivation
during 24 h; Figure S4: MG-63 and FetMSCs cells viability after co-incubation during 24 h. Data are
presented as mean £ S.D. from five independent series of experiments (p = 0.05); Figure S5: Optical
microphotographs of the control samples after cultivation of MG-63 (a) and FetMSCs cells (b) during
3 weeks with Von Kossa stain. Scale bars—50 um. Figure S6: SEM images of crystals formed on the
surface of TiCl4/H2O samples after SBF soaking for 10 days (a), and SEM-EDS spectrum in point 1
(b); Table S2: Results of SEM-EDS study for particle formed on the surface of TiCl4/H20O samples
after SBF soaking for 10 days.
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