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In this work the physicochemical and biological properties of nanocrystalline TiO2 thin fi lms were investigated. Thin 
fi lms were prepared by magnetron sputtering method. Their properties were examined by X-ray diffraction, photo-
electron spectroscopy, atomic force microscopy, optical transmission method and optical profi ler. Moreover, surface 
wettability and scratch resistance were determined. It was found that as-deposited coatings were nanocrystalline 
and had TiO2-anatase structure, built from crystallites in size of 24 nm. The surface of the fi lms was homogenous, 
composed of closely packed grains and hydrophilic. Due to nanocrystalline structure thin fi lms exhibited good 
scratch resistance. The results were correlated to the biological activity (in vitro) of thin fi lms. Morphological changes 
of mouse fi broblasts (L929 cell line) after contact with the surface of TiO2 fi lms were evaluated with the use of 
a contrast-phase microscope, while their viability was tested by MTT colorimetric assay. The viability of cell line 
upon contact with the surface of nanocrystalline TiO2 fi lm was comparable to the control sample. L929 cells had 
homogenous cytoplasm and were forming a confl uent monofi lm, while lysis and inhibition of cell growth was not 
observed. Moreover, the viability in contact with surface of examined fi lms was high. This confi rms non-cytotoxic 
effect of TiO2 fi lm surface on mouse fi broblasts. 
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INTRODUCTION

Titanium dioxide has been used for years as biocom-
patible material. High number of devices used in dental 
prosthetics, orthopedics and vascular surgery proves 
excellent physical and chemical properties of TiO2

1, 2. The 
corrosion resistance, mechanical strength at relatively low 
density (approx. 4 g/cm²) and the absence of irritating 
action on the tissue allow on classifi cation of titania as a 
one of the most common used materials in medicine3–6. 
Nowadays, application of titanium implants is connected, 
among others, with oxidation of their surface7. Such thin 
oxide fi lm changes the electric potential of the surface, 
increases resistance to corrosion and affects biocompat-
ibility of the implant7, 8. Therefore, additional TiO2 thin 
fi lm on the top of the implant will have a positive effect 
on its durability (also in biological aspect). According 
to Taubert et al.9 biocompatible material does not cause 
toxic, irritating or allergic reaction in recipient. Titanium 
dioxide is such material in spite of literature data present-
ing adverse local and systemic reactions10–15. Side effects 
due to Ti-implants are explained as oversensitivity of the 
organism. However, allergy to other metals such as Ni 
and Pd, which appear in titanium alloys in trace amounts 
as impurities, is possible16, 17. The determination of cy-
totoxic properties during in vitro studies is necessary for 
evaluation of new materials and selection of these with 
potential systemic toxicity. In this work physicochemical 
properties and cytotoxic evaluation of the surface of 
nanocrystalline TiO2 thin fi lms was presented.

EXPERIMENTAL PART 

Sample preparation 
Titanium dioxide thin fi lms were prepared by modiffi ed 

magnetron sputtering. This process relies on the appli-
cation of several modifi cations added to conventional 

sputtering, e.g. introduction of the so called hot target 
as an effect of applying a small ring-like gap between 
the sputtered round target and the magnetron cooling 
plane. Oxygen was used as both: the working and the 
reactive gas during sputtering and the pressure was kept 
below 10–1 Pa. Low pressure results in a longer mean free 
path of the particles reaching the substrates. Additional-
ly, during the deposition substrates were heated to ca. 
500 K. All these modifi cations allow for nanocrystalline 
TiO2-anatase structure growth during deposition18–20. 

Structural and surface characterization
Structural properties of titania fi lms were determined 

based on the results of the X-Ray Diffraction (XRD) 
method. For the measurements, Siemens 5005 powder 
diffractometer with Co Kα X-ray (l = 1.78897 Å) was 
used. To determine the surface topography, the AFM 
measurements were performed with the use of the UHV 
VT AFM/STM Omicron atomic force microscope operat-
ing in the ultra high vacuum conditions, in the contact 
mode. The physicochemical properties of the surface 
were also examined by X-ray photoelectron spectroscopy. 
XPS studies were performed to determine the chemical 
states of the titanium and oxygen with the aid of Specs 
Phoibos 100 MCD-5 (5 single channel electron multi-
plier) hemispherical analyzer using Specs XR-50 X-ray 
source with Mg Kα (1253.6 eV) beam. Measurement 
results were analysed with the aid of CasaXPS software. 
All spectra were calibrated with respect to the binding 
energy of adventitious C1s peak at 284.8 eV. Analysis of 
the surface properties was completed by measurements 
of contact angle and critical surface tension, carried out 
with a computer controlled Attension Theta Lite tensi-
ometer. Liquids used for the contact angle determina-
tion were deionized water, ethylene glycol and ethanol. 
Contact angle measurements were performed according 
to the sessile drop method21. The wettability of different 
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solid materials can be also characterized by the method 
proposed by Zisman21, 22. Using a series of liquids with 
different surface tensions, a graph of cosθ vs. γ is de-
termined. Critical surface tension equals the surface 
tension at which the plotted line intersects 1.0 and it is 
often interpreted as the highest value of surface tension 
of a liquid, which will completely wet the solid surface.

Optical properties
Optical properties were evaluated on the basis of trans-

mission and refl ection measurements. The experimental 
system was based on an Ocean Optics QE 65000 spec-
trophotometer and a coupled deuterium-halogen light 
source. On the basis of these measurements the analysis 
of the refractive index was performed with the aid of 
FTG FilmStar software using Generalized Cauchy model 
for materials with extinction coeffi cient higher than 0.

Scratch resistance
Scratch resistance of the deposited thin fi lms was 

investigated using the Summers Optical’s Lens Coating 
Hardness Test Kit. For the purpose of abrasion resistance 
examination, steel wool test was carried out and consisted 
of rubbing the surface of prepared coatings with 0 grade 
steel wool pad using applied load of 0.5 N. Steel wool pad 
was pressed to the surface of the coating with selected 
force and was moved across the thin fi lm for 75 cycles. 
The abrasion resistance test was performed according to 
the well acknowledged standard23 and literature reports 
[e.g.24]. Surface was examined for scratch resistance by 
optical microscope and optical profi ler. 

Cell culture preparation for biological test 
Preparation of the cell culture for studies was based 

on the principles contained in the standard ISO 10993-
5:2009, which describes test methods to assess the in 
vitro cytotoxicity of medical devices. Cells L929 – muri-
ne fi broblasts after thawing were twice passaged using 
trypsin-EDTA 0.25% (SIGMA). They were cultured 
with an EMEM medium with L-glutamine (ATCC) and 
10% Horse Serum (ATCC), under standard conditions 
in constant humidifi ed chamber – in an Steri Cycle 381 
incubator (Thermo Scientifi c) at 37°C with 5% CO2 
addition. 

Indirect method (MTT test) 
Indirect test was performed using extracts of tested and 

control materials. Four kinds of extracts were prepared. 
They were performed using the following ratio - sample 
of material with a total area of 6 cm2/1 cm3 of culture 
medium with serum. The extracts were used with the 
following concentrations: 100%, 50%, 25% and 12.5%. 

To detect possible errors of the experimental procedure 
– the positive attempt was conducted (sodium laureth 
solution of sulphate (SLS) in concentrations: 0.1 mg/ml, 
0.2 mg/ml). In contrast, the negative control performed 
correctly allows on observing the effect of only one test 
factor. High density polyethylene HDP as recommended 
negative control material was used. Last of these extracts 
was a blind sample – culture with nutritious medium25.

L929 cells were suspended at a concentration of 
1x105 cells/ml (1x104 cells/well) and seeded in 96-well 
cluster cell culture plates. After 24, 48 and 72 h the 

complete culture medium was replaced with equal volu-
mes (100 ml/well) of experimental and control extracts. 
Cells with appropriate extracts were incubated by 24 h, 
48 h and 72 h. After this time tested and control extracts 
were removed from the plates, the wells were rinsed 
with 100μl medium. After washing, 100 ml solution of 
MTT was added to each well and incubated for 2 h at 
37°C in 5% CO2.

The MTT (Thiazolyl Blue Tetrazolium Bromide) assay 
used in this study is a sensitive, reliable and commonly 
used enzymatic assay to determine the cytotoxicity and 
biocompatibility of biomaterials dedicated for medical 
devices25–27. The principle of MTT assay is evaluation 
of the ability of a living cell to perform reaction of 
yellow tetrazolium salt transformation into a dark blue 
insoluble formazan. Responsibility for the transforma-
tion falls on Succinate dehydrogenase – mitochondrial 
enzyme active in every undamaged cell. The amount of 
created formazan is directly proportional to the number 
of cells in culture28. The level of L929 cells survival in the 
indirect contact was determined by absorbance method 
with the use of Epoch (Biotek) spectrophotometer at 
570 nm wavelength (reference wavelength of 650 nm).

Direct method
In direct method examined samples (TiO2 thin fi lms 

on glass substrates) in size of 1 cm2 were used. Cells 
were seeded on their surface at concentration of 1x105 
cells/ml. The incubation time was 24, 48 and 72 h. The 
level of cells survival was measured with automated cells 
counter – ADAM. It utilizes a LED based fl uorescence 
microscope, CCD detection technologies. ADAM is 
based on a fl uorescent dye – Propidium Iodide (PI). PI 
does not enter cells with intact cell membranes or active 
metabolism. In contrast, cells with damaged membranes 
or with inactive metabolism are unable to prevent PI 
entering the cell. As a result, the nuclei of non-viable 
cells are onlystained. Qualitative information in form of 
photographic documentation was obtained with the use 
of reverse-phase contrast microscope CKX 41 (Olympus). 
Morphological evaluation of cells was performed accor-
ding to toxicity scale considering the proper criteria25. 
Continuous recording of morphological changes, cell 
growth and death provide reliable data. JuLI Br Live 
Cell Movie Analyzer allowed for monitoring the dynamics 
of cell proliferation of mouse fi broblasts. Pictures were 
taken every minute for 24 hours. All observations were 
carried out on the line L929 (NCTC clone 929) reference 
cell line from American Type Culture Collection25. The 
use of L929 – murine fi broblast –  is preferred in in vitro 
toxicity assessment of biomaterials due to the easiness 
of their amplifi cation or relatively consistent and well-
-known behavior29, 30. After absorbance test L929 cells 
survival level was calculated with relation to the control, 
which was taken as 100%, according to the equation25:

 (1)

where: V – survival level, pB – average absorbance values 
for the test sample, pK – average absorbance values for 
the control.
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root mean square (RMS) surface roughness was small 
and equal to ca. 2.9 nm. Additionally, the cross-section 
surface profi le (Fig. 2d), marked in three-dimensional 
image in Fig. 2b, showed that visible grains were of 
round shape. 

XPS measurements were performed to determine the 
chemical states of the titanium and oxygen on the surface 
of deposited TiO2 thin fi lms. In Figure 3 a, b the Ti2p 
and O1s core level spectra are presented, respectively. 
Spectroscopic parameter which can be related to the 
stoichiometry of the Ti(IV) is the difference between 
the binding energies of Ti2p3/2 and Ti2p1/2 and should be 
equal to approximately 5.6–5.7 eV32–34. For deposited thin 
fi lms the position of the Ti2p doublet and the separation 
energy width equal to 5.7 eV between the Ti2p3/2 and 

RESULTS AND DISCUSSION  

Structural and surface properties
The XRD patterns for as-prepared thin fi lms are shown 

in Figure 1. Undoped, as-deposited titanium dioxide has 
nanocrystalline structure dominated by the anatase phase 
with an average crystallite size of approximately 24 nm. 
Determined crystallites sizes might be encumbered with 
small error, while the Signal-to-Noise ratio of registered 
XRD pattern was rather poor. A negligible shift of the 
diffraction peak related to the (101) anatase crystal 
plane towards lower angle (2q), as-compared to the 
standard Powder Diffraction File31, indicates presence 
of a tensile stress.

Figure 1. XRD pattern of as-deposited titania thin fi lm on 
Corning 7059 glass substrate

Figure 3. XPS spectra of a) Ti2p and b) O1s core levels for 
TiO2 thin fi lms

Figure 2. AFM images of TiO2 thin fi lms surface (a, b) with 
height distribution of grains size in Z direction (c) 
and cross-section profi le of the surface (d)

AFM investigation was performed in order to gain 
information related to the surface topography of the as-
-prepared TiO2 thin fi lms. The three-dimensional AFM 
images with various X-Y scales are shown in Figures 
2a, b. The surface of deposited thin fi lms was crack-
-free, composed of visible grains and densely packed, 
whose maximum height was approximately 24.4 nm. The 
height distribution of as-prepared coatings is presented 
in Figure 2c. The results show a symmetric height di-
stribution in the samples thus testifying about the good 
homogeneity of their surface. Moreover, the calculated 

Ti2p1/2 peaks indicate the Ti4+ oxidation state, which as 
a result testifi es to the formation of TiO2

35. 
Results obtained for the O1s oxidation state revealed 

that on the surface of the thin fi lms, water molecules 
(H2Oads) and hydroxyl radicals (OH–) were adsorbed. 
The summarized level of adsorbed water molecules and 
hydroxyl radicals is equal to ca. 60.9%, which could 
indicate good wettability and water adsorption of thin 
fi lms surface. Presented O1s results also confi rmed the 
presence of Ti(IV) species on the surface of the coating.

The water contact angle was equal to 70.1o, therefore 
TiO 2 thin fi lms can be considered as hydrophilic one 
(Fig. 4). In case of ethylene glycol and ethanol the contact 
angle was equal to 56.4o and 9.9o, respectively. Based 



36 Pol. J. Chem. Tech., Vol. 17, No. 3, 2015

on these results critical surface tension was calculated 
and it was approximately 18.9 mN/m. Such value proves 
good surface wettability of nanocrystalline TiO2 also for 
liquids other than deionized water. It is worth to em-
phasize that according to Taubert et al.9 materials with 
water contact angle around 60o favour cells adhesion. 
That is one of the factors why the surface of prepared 
titanium dioxide coating should have a positive effect 
on a cell adhesion.

Optical properties
The analysis of optical properties has shown that pre-

pared titania fi lms were well transparent in visible light 
range. Based on transmission (Tl) and refl ection (Rl) 
characteristics it can be noticed that average transparency 
level was equal to ca. 80% (Fig. 5a). The value of the cut-
off wavelength (lcut-off) was approximately 330 nm. On the 
basis of transmission investigations, the refractive index 
and thickness were determined for deposited thin fi lms. 
Results for the refractive index are shown in Fig. 5b. The 
value of the real part of the refractive index is equal to 
2.15 at the wavelength l = 550 nm. Such value is similar 
to reported for anatase structure in the literature [e.g. 
36]. Moreover, the calculated thickness of thin fi lms is 
equal to 365 nm, which is in good correlation with the 
results obtained by optical profi ler.

Scratch resistance
In case of coatings deposited on the surface of bioma-

terials their scratch resistance is one of the most impor-
tant properties. For this reason investigation of scratch 
resistance was carried out. The three-dimensional profi les 
(Fig. 6a) showed that the surface of TiO2 fi lms before 
the scratch test was homogenous with low roughness 
(1.5 nm). After the steel wool test had been performed, 

Figure 6. Results of surface geometry measurements of TiO2 thin fi lms before (left side) and after (right side) scratch tests

Figure 5. Characteristics of a) transmission and refl ection of light and b) refractive index of TiO2 thin fi lm on Corning 7059 glass 
substrate

Figure 4. The results of contact angle measurements (for water, 
ethylene glycol and ethanol) and the graph of critical 
surface tension (marked with Zisman method) for 
as-prepared TiO2 thin fi lm
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the surface roughness increased of approximately 25%, up 
to 1.9 nm (Fig. 6b). The evaluation of fi lms surface was 
also performed with an optical microscope before and 
after scratch test (Fig. 6c, d). The results of microscopy 
observations show negligible traces of scratches, which 
were visible on the thin fi lm surface (Fig. 6d). Moreover, 
scratches are also clearly visible in the surface profi le 
of the investigated fi lm, however they are very shallow, 
their depth does not exceed 10 nm and its amplitude 
remained low (Fig. 7). It proves quite good scratch 
resistance of the prepared titania fi lm. 

riments lysis and inhibition of growth was not observed, 
only single cytoplasmic granulations and lack of inhibition 
of cells growth were ascertained – cells morphology was 
proper for L929 line (Fig. 9a, b). Extract concentration 
did not show infl uence on cells survival and morphology. 
Moreover, results of the direct contact showed lack of 
cytotoxic action of the tested material (Fig. 9c, d). Cells 
grown directly on TiO2 samples characterized by proper 
morphology and viability compared to control materials. 

Figure 8. The level of metabolic activity of L929 cells in con-
tact with the TiO2 extracts after 24, 48 and 72 h of 
exposure

Figure 7. Two-dimensional surface profi les of TiO2 thin fi lm 
before and after scratch test

Figure 9. Cells L922 line exposed (via 24 hours) to different 
concentrations of TiO2 extract: a) 100%, b) 12.5%; 
with cell proliferation on the fi lm after: c) 2 and d) 
24 hours of incubation

Biological (in vitro) studies
L929 cells were exposed to TiO2 samples, TiO2 extracts 

(100%, 50%, 25% and 12.5%) and control materials for 
24, 48 and 72h and cytotoxicity was determined with the 
MTT assay (Fig. 8). The level of cell survival in contact 
with the tested material was compared with the level of 
cells survival incubated in a neutral environment. The 
amount of metabolically active cells of the control was 
considered as 100% survival rate. Actual number of 
metabolically active cells after contact with TiO2 did 
not decrease below 70% compared to control25. After 
24 hours of incubation the level of survival reached 
96%. After 48 hours cell viability in relation to control 
was slightly decreased to 95%. The highest level of cell 
survival (118%) was observed after 72 h of incubation 
in the extracts. Lack of inhibition of cell viability below 
70% indicates absence of TiO2 cytotoxicity. During expe-
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Obtained results demonstrate that TiO2 does not show 
cytotoxic action in relation to murine fi broblasts L929. 

Physicochemical properties of thin-fi lm coatings such 
as topography, wettability and chemical composition can 
infl uence on cellular response. According to Chang et 
al.37, these parameters affect the cytoskeleton organiza-
tion and are crucial in the evaluation of cytotoxicity. In 
case of thin fi lms many factors may infl uence on surface 
properties. It was found that roughness lower than 1 mm 
and hydrophilic character of the surface promotes cell 
adhesion38, 39. According to Wachesk et al.40 increase of 
mitochondrial activity (MTT, LDH) and decrease of LDH 
activity testify about a positive cellular response of L929 
to contact with the surface of TiO2 thin fi lms. Moreover, 
the results of MTT assays used for screening potential 
of biomaterials and predict systemic toxicity25, 41, 42, con-
fi rmed the lack of TiO2 cytotoxic effect also in relation 
to other cell lines    PC12 (adrenal glands of a rat in 
the medulla of chromaffi nite tumour)43 and BEAS-2B 
(human bronchial epithelial cells)44. Although, modifi ca-
tion of the TiO2 properties can also result in receiving of 
cytotoxic and antimicrobial effect, which are dependent 
mainly on its concentration45, particle size46 and crystal-
line phase47. Titanium dioxide thin fi lms usually occur 
in a form of anatase or rutile. In case of the anatase 
phase the toxic action appears through release of LDH 
(lactate dehydrogenase) leading to the cell death. While, 
the rutile phase causes an increase of ROS production 
(reactive forms of oxygen) and appearance of oxidative 
stress, which lead to apoptosis induction48. However, per-
formed investigations showed that magnetron sputtered 
TiO2 thin fi lms with nanocrystalline anatase structure did 
not reveal cytotoxic effect and had positive infl uence on 
the viability of L929 cells.

SUMMARY

The i nvestigation results revealed that as-prepared 
TiO2 fi lms had nanocrystalline anatase structure with 
average crystallites size of 24 nm. The surface of the 
fi lms was homogenous, composed of closely packed grains 
and hydrophilic. Due to nanocrystalline structure thin 
fi lms exhibited good scratch resistance. Moreover, they 
were well transparent in visible light range. During in 
vitro tests lack of toxic action was shown, which makes 
deposited TiO2 thin fi lm a potential biomaterial and al-
lows it to be qualifi ed for further biocompatibility tests. 
The viability of cell line upon contact with the surface of 
nanocrystalline TiO2 fi lm was comparable to the control 
sample. L929 cells had homogenous cytoplasm and were 
forming a confl uent monofi lm, while lysis and inhibition 
of cell growth was not observed. Moreover, the viability 
in contact with surface of examined fi lms was high. This 
confi rms non-cytotoxic effect of TiO2 fi lm surface on 
mouse fi broblasts.

ACKNOWLEDGEMENT

This work was co-fi nanced by the NCN as research pro-
ject number DEC-2012/07/B/ST8/03760, DEC-2013/09/B/
ST8/00140. Authors would also like to acknowledge the 
fi nancial support from Ministry of Science and Higher 
Education within the Iuventus Plus program (no. IP2014 

051673 and no. IP2014 029473) and from the sources 
given as statutory fund (S40043, B40044).

LITERATURE CITED
1. Branemark, P.I., Breine, U., Adell, R., Hansson, B., 

Lindström, J. & Ohlsson, A. (1969). Intra-osseous anchorage 
of dental prostheses. I. Experimentalstudies. Scand J Plast 
Reconstr Surg. 3, 81–100. DOI: 10.3109/02844316909036699.

2. Hanawa, T. (1991). Calcium phosphate naturally formed 
on titanium in electrolyte solution. Biomaterials 12, 767–774. 
DOI: 10.1016/0142-9612(91)90028-9.

3. Brunette, D.M., Tengvall, P., Textor, M. & Thomsen, P. 
(2001). Titanium in medicine. DOI: 10.1007/978-3-642-56486-4.

4. Choubey, A., Balasubramaniam, R. & Basu, B. (2004). 
Effect of replacement of V by Nb and Fe on the electro-
chemical and corrosion behavior of Ti-6Al-4V in simulated 
physiological environment. J. All. Comp. 381, 288–294. DOI: 
10.1016/j.jallcom.2004.03.096.

5. Azevedo, C.R.F. (2003). Failure analysis of a commercially 
pure titanium plate for osteosynthesis. Engine. Fail. Anal. 10, 
153–164. DOI:10.1016/S1350-6307(02)00067-5.

6. Eisenbarth E., Valten D., Mullee M., Thull R. & Bre-
me J. (2004). Biocompatibility of β-stabilizing elements of 
titanium alloys. Biomaterials 25, 5705–5713. DOI:10.1016/j.
biomaterials.2004.01.021.

7. Zitter, H. & Plenk, H.J. (1987). The electrochemical 
behavior of metallic implant materials as an indicator of 
their biocompatibility. J. Biomed Mater. Res. 21, 881–896. 
DOI: 10.1002/jbm.820210705.

8. Cui, W.F., Jin, L. & Zhou, L. (2013). Surface characteristics 
and electrochemical corrosion behavior of a pre-anodized mi-
croarc oxidation coating on titanium alloy. Materi. Sci. Engine.: 
C 33(7), 3775–3779. DOI: 10.1016/j.msec.2013.05.011. 

9. Taubert, A., Mano, J.F., Rodríguez-Cabello, J.C. (2013). 
Biomater. Surf. Sci. DOI: 10.1002/9783527649600.

10. Yamauchi, R., Morita, A. & Tsuji, T. (2000). Pacemaker 
dermatitis from titanium. Cont. Dermat. 42, 52–53. PMID: 
10644034. 

11. Thomas, P., Bandl, W.D., Thomas, P., Bandl, W., Maier, 
S., Summer, B. & Przybilla, B. (2006). Hypersensitivity 
to titanium osteosynthesis with impaired fracture healing, 
eczema, and T-cell hyperresponsiveness in vitro: case report 
and review of the literature. Contact Dermatitis 55, 199–202. 
DOI: 10.1111/j.1600-0536.2006.00931.x.

12. Verbov, J. (1985). Pacemaker contact sensitivity. Cont. 
Dermat. 12, 173. DOI: 10.1111/j.1600-0536.1985.tb01089.x.

13. Brun, R. & Hunziker, N. (1980). Pacemaker dermatitis. 
Cont. Dermat. 6, 212–213. DOI: 10.1111/j.1600-0536.1992.
tb00867.x.

14. Viraben, R., Boulingues, S. & Alba, C. (1995). Granulo-
matous dermatitis after implantation of a titanium containing 
pacemaker. Cont. Dermat. 33, 437. DOI: 10.1111/j.1600-
0536.1995.tb02089.x.

15. Yamauchi, R., Morita, A. & Tsuji, T. (2000). Pacemarker 
dermatitis from titanium. Cont. Dermat. 42, 52–53. 

16. Schuh, A., Thomas, P., Kachler, W., Göske, J., Wagner, 
L., Holzwarth, U. & Forst, R. (2005). Allergic potential of 
titanium implants. Orthopade 34, 327–333. DOI: 10.1007/
s00132-005-0764-2.

17. Suohonen, R. & Kanerva, L. (2001). Allergic contact der-
matitis caused by palladium on titanium spectacle frames. Cont. 
Dermat. 45, 244–245. DOI: 10.1034/j.1600-0536.2001.440409-
-13.x.

18. Kaczmarek, D., Domaradzki, J., Wojcieszak, D., Prociów, 
E., Mazur, M., Placido, F. & Lapp, S. (2012). Hardness of 
nanocrystalline TiO2 thin fi lms, J. Nano Res. 18/19, 195–200. 
DOI: 10.4028/www.scientifi c.net/JNanoR.18-19.195.

19. Domaradzki, J., Kaczmarek, D., Prociow, E., Borkowska, 
A., Schmeisser, D. & Beuckert, G. (2006). Microstructure and 



  Pol. J. Chem. Tech., Vol. 17, No. 3, 2015 39

optical properties of TiO2 thin fi lms prepared by low pressure 
hot target reactive magnetron sputtering. Thin Sol. Films 513,  
269–274. DOI: 10.1016/j.tsf.2006.01.049.

20. Mazur, M., Wojcieszak, D., Kaczmarek, D., Domaradzki, 
J., Zatryb, G., Misiewicz, J. & Morigiel, J. (2015). Effect of 
the nanocrystalline structure type on the optical properties of 
TiO2:Nd (1 at. %) thin fi lms. Opt. Mater. DOI: http://dx.doi.
org/10.1016/j.optmat.2015.01.040.

21. Kwok, D.Y. & Neumann, A.W. (1999). Contact angle 
measurement and contact angle interpretation. Adv. Coll. 
Interfac. 81, 167–249. DOI: http://dx.doi.org/10.1016/S0001-
8686(98)00087-6.

22. Sharfrin, E. & Zisman, W.A. (1960). Constitutive relations 
in the wetting of low energy surfaces and the theory of the 
retraction method of preparing monolayers. J. Phys. Chem. 64, 
519–524. DOI: 10.1021/j100834a002.

23. ISO/TC 172/SC 7/WG 3N30 Standard. (1998). Spectacle 
Lenses: Test Method for Abrasion Resistance. 

24. Blacker, R., Bohling, D., Coda, M. & Kolosey, M. (2000). 
Development of intrinsically conductive antirefl ection coatings 
for the ophthalmic industry, 43rd Annual Technical Conference 
Proceedings, 15–20 April 2000. Society of Vacuum Coaters, 
(pp. 212–216). Denver, Colorado, USA.

25. I.S. EN ISO 10993-5 Standard. (2009).  Biological evalu-
ation of medical devices: Part 5: Tests for in vitro cytotoxicity. 

26. Ciapetti, G., Cenni, E., Pratelli, L. & Pizzoferrato, A. 
(1993): In vitro evaluation of cell/biomaterial interaction by 
MTT assay. Biomaterials 14(5),359–64. DOI:  http://dx.doi.
org/10.1016/0142-9612(93)90055-7.

27. Denizot, F. & Lang, R. (1986). Rapid colorimetric assay 
for cell growth and survival. Modifi cations to the tetrazolium dye 
procedure giving improved sensitivity and reliability. J. Immu-
nol. Meth. 89(2), 271–277. DOI:10.1016/0022-1759(86)90368-6 .

28. Garrelds, I.M., Zijstra, F.J., Tak, J.A., Bonta, I.L., Beck-
mann, I. & Efraim, B. (2005). A comparison between two me-
thods for measuring tumor necrosis factor in biological fl uids. 
Infl am. Res. C. 89–91. DOI: 10.1007/BF01991147.

29. Heravi, F., Ramezani, M., Poosti, M., Hosseini, M., Sha-
jiei, A. & Ahrari, F. (2013). In Vitro Cytotoxicity Assessment 
of an Orthodontic Composite Containing Titanium-dioxide 
Nano-particles. J. Dent. Res. Dent. Clin. Dent. Prospect. 7(4): 
192–198. DOI: 10.5681/joddd.2013.031. 

30. Malkoc, S., Corekci, B., Ulker, H.E., Yalcin, M. & Sengun, 
A. (2010). Cytotoxic effects of orthodontic composites. Angle 
Orthod. 80, 571-6. DOI: 10.2319/092809-537.1.

31. Powder Diffraction File, Joint Committee on Powder 
Diffraction Standards. (1967). ASTM, Philadelphia, PA, Card 
21-1272 – PDF.

32. Finetti, P., Caffi o, M., Cortigiani, B., Atrei, A. & Rovida, 
G. (2008). Mechanism of growth and structure of titanium 
oxide ultrathin fi lms deposited on Cu(001). Surf. Sci. Vol. 602, 
p. 1101–1113. DOI:10.1016/j.susc.2008.01.016.

33. Chastain, J. (Ed.). (1992). Handbook of X-ray Photoelec-
tron Spectroscopy. Perkin-Elmer, Eden Prairie MN.

34. Mayer, J.T., Diebold, U., Madey, T.E. & Garfunkel, E. 
(1995). Titanium and reduced titania overlayers on titanium 
dioxide (101). J. Electr. Spectrosc. Relat. Phenom. Vol. 73, 1–11. 
DOI: 10.1016/0368-2048(94)02258-5.

35. Moulder, J., Stickle, W., Sobol, P. & Bomben, K. (1995). 
Handbook of X-ray Photoelectron Spectroscopy. Physical Elec-
tronics Inc. United States of America. ISBN 0-9648124-1-X.

36. Mazur, M., Domaradzki, J., Wojcieszak, D., Kaczmarek, D. 
& Mazur P. (2014). Investigation of physicochemical properties of 
(Ti-V)Ox (4.3 at.% of V) functional thin fi lms and their possible 
application in the fi eld of transparent electronics. Appl. Surf. Sci. 
304, 73–80. DOI: http://dx.doi.org/10.1016/j.apsusc.2014.01.073.

37. Chang H. & Wang Y. (2011). Cell Responses to Surface 
and Architecture of Tissue Engineering Scaffolds, regenerative 
Medicine and Tissue Engineering - Cells and Biomaterials. ISBN 
978-953-307-663-8. DOI: 10.5772/21983.

38. Affrossman, S., Henn, G., O’Neill, S.A. & Pethrick, R.A., 
Stamm M. (1996). Surface topography and composition of deu-
terated polystyrene-poly(bromostyrene) blends, Macromolecules 
29, 5010–5016. DOI: 10.1021/ma9516910.

39. Dalby, M.J., Giannaras, D., Riehle, M.O., Gadegaard, 
N., Affrossman, S. & Curtis, A.S.G. (2004). Rapid fi broblast 
adhesion to 27nm high polimer demixed nano-topography. 
Biomaterials 25, 77–83. DOI: 10.1016/S0142-9612(03)00475-7.

40. Wachesk, C.C., Pires, C.A.F., Ramos, B.C., Trava-Airoldi, 
V.J., Lobo, A.O., Pacheco-Soares, C., Marciano, F.R. & Da-Silva, 
N.S. (2013). Cell viability and adhesion on diamond-like carbon 
films containing titanium dioxide nanoparticles. Appl. Surf. Sci. 
266, 176–181. DOI: 10.1016/j.apsusc.2012.11.124.

41. Scheers, M.E., Ekwall, B. & Dierickx, J.P. (2001). In 
vitro long-term cytotoxicity testing of 27 MEIC chemicals on 
HepG2 cells and comparison with acute human toxicity data. 
Toxicol. In Vitro 15, 153–161. DOI:10.1016/j.toxlet.2005.07.001.

42. George, F. & Timbrell, A. (2006). In vitro cytotoxicity 
assays: Comparison of LDH, neutral red, MTT and protein 
assay in hepatoma cell lines following exposure to cadmium 
chloride. Toxicology Letters 160, 171–177F. DOI: 10.1371/jour-
nal.pone.0026908.

43. Liua, S., Xua, L., Zhangb, T., Renc, G. & Yanga, Z. 
(2010). Oxidative stress and apoptosis induced by nanosized 
titanium dioxide in PC12 cells. Toxicology 267, 172–177. DOI: 
10.1016/j.tox.2009.11.012.

44. Gurr, J.R., Wang, A.S., Chen, C.H., Jan, K.Y. (2005). 
Ultrafine titanium dioxide particles in the absence of photoacti-
vation can induce oxidative damage to human bronchial epithe-
lial cells. Toxicology 213, 66–73. DOI: 10.1016/j.tox.2005.05.007.

45. Horie, M., Nishio, K., Fujita, K., Kato, H., Endoh, S., 
Suzuki, M., Nakamura, A., Miyauchi, A., Kinugasa, S., Yama-
moto, K., Iwahashi, H., Murayama, H., Niki, E. & Yoshida, 
Y. (2010). Cellular responses by stable and uniform ultrafine 
titanium dioxide particles in culture-medium dispersions when 
secondary particle size was 100 nm or less. Toxicology in Vitro 
24, 1629–1638. DOI:10.1016/j.tiv.2010.06.003.

46. Park, S., Lee, Y.K., Jung, M., Kim, K.H., Chung, 
N., Ahn, E.K., Lim, Y., Lee, K.H. (2007). Cellular toxi-
city of various inhalable metal nanoparticles on human 
alveolar epithelial cells. InhalToxicol 19 (Suppl. 1), 59–65. 
DOI: 10.1080/08958370701493282.

47. Sayes, C.M., Wahi, R., Kurian, P.A., Liu, Y., West, J.L., 
Ausman, K.D., Warheit, D.B. & Colvin, V.L. (2006). Corre-
lating nanoscaletitania structure with toxicity: a cytotoxicity 
and infl ammatory response study with human dermal fi bro-
blasts and human lung epithelial cells. ToxicolSci. 92, 174–185. 
DOI: 10.1093/toxsci/kfj197.

48. Braydich-Stolle, L.K., Schaeublin, N.M., Murdock, R.C., 
Jiang, J., Biswas, P., Schlager, J.J. & Hussain, M.S. (2008). 
Crystal structure mediates mode of cell death in TiO2 nano-
toxicity. An Interdisciplinary Forum for Nanoscale Science and 
Technology. J. Nanopart. Res. DOI: 10.1007/s11051-008-9523-8.


