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Nanostructured TiO2 nanotubes (NTs) of diameters from 15 to 100 nmwere fabricated by an electrochemical an-

odization process. Biofilm-positive strains of Bacillus cereus and Pseudomonas aeruginosa behaved similarly on all

TiO2 NTs as well as on native titanium (Ti) foil. The adhesion and growth of mesenchymal stem cells (MSc), em-

bryonic stem cells (ESc), and pure cardiomyocytes derived fromESc exhibited significant differences.MSc aswell

as ESc were, in contrast to cardiomyocytes, able to adhere, and grow on TiO2 NTs. A correlation between NTs di-

ameter and cell behaviour was however observed in the case of MSc and ESc. MSc were not in a physiological

state in the case of 100 nm TiO2 NTs, while ESc were not able to grow on 15 nm TiO2 NTs. It can be stated that

these differences can be assigned to different diameters of the NTs but not to the chemistry of the surface. This

is the first study describing the comprehensive behaviour of both eukaryotic and prokaryotic cells on TiO2 NTs.

On the basis of obtained results, it can be concluded that new generation of medical devices providing selective

cell behaviour can be fabricated by optimizing the nanoscale morphology of TiO2.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys are commonly employed in medical im-

plants, but progress in nanotechnologies together with new findings in-

dicating the importance of nanoscale morphology on cell behaviour;

which open the door to new applications utilizing nanostructured tita-

nium surfaces. This emerges from the fact that the interaction between

cells or tissues and any foreignmaterial depends not only on the chem-

ical composition of the material, but also on its nanoscale morphology.

Because of this, the interaction of cells with nanostructured surfaces is

the subject of intensive research. To improve the biological, chemical,

and mechanical properties of biomaterials, significant research efforts

have been made to fabricate suitable morphologies which could offer

the desired biological response (reviewed by Kulkarni et al. [9]). In re-

cent years, several methods have been developed to produce nanoscale

morphologies on titanium (Ti) surfaces. One of thesemethods, the elec-

trochemical anodization of Ti, is a powerful tool for controlling the

nanoscale morphology of Ti. For example, titanium dioxide (TiO2) NTs

with well-controlled morphology can be synthesized by the electro-

chemical anodization of Ti using a two-electrode system. Previously,

self-organized TiO2 NTs layers fabricated in fluoride containing electro-

lytes which were studied intensively [1,12]. Later it was shown that

water content in the electrolyte is the critical factor that determines

whether self-ordered oxide NTs or nanopores are formed during elec-

trochemical anodization; it is thought that tube formation originates

from ordered porous oxide by a “pore-wall-splitting” mechanism [20].

By tailoring the anodization parameters (applied voltage, anodization

time, and concentrations of chemicals), TiO2 NTs of different diameters

ranging from 15 nm to 150 nm and different lengths can be obtained.

Knowledge about the interaction of various nanostructured TiO2

surfaces with cells is one of the crucial factors influencing the use of

TiO2 in medical applications (e.g. orthopaedic, vascular, dental im-

plants). Recently, studies focusing on the interaction between TiO2

NTs and various cell types have emerged. Among the most commonly

studied cell types in this context are mesenchymal stem cells (MSc).

For example, in the work of Bauer et al. [3], MSc exhibited the best ad-

hesion on NTs of 15 nm in diameter, the adhesion decreasing as the

NTs diameter gets increased further. This inverse proportionality was

also confirmed in other works on MSc adhesion and proliferation [5,

Materials Science and Engineering C 77 (2017) 500–507

⁎ Corresponding authors: P. Humpolíček, Polymer Centre, Faculty of Technology, Tomas

Bata University in Zlin, T.G.M. Sq. 5555, 760 01 Zlin, Czech Republic and I. Junkar. Jožef

Stefan Institute, Jamova cesta 39, Ljubljana SI-1000, Slovenia.

E-mail addresses: ita.junkar@ijs.si (I. Junkar), humpolicek@ft.utb.cz (P. Humpolíček).

http://dx.doi.org/10.1016/j.msec.2017.03.174

0928-4931/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec



17,21]. In contrast, results using different cell lines appeared to bediffer-

ent. A study by Yu et al. indicated that the proliferation of pre-osteo-

blasts was similar for all used diameters of NTs (20–120 nm) [22].

However, the performance of human coronary artery endothelial cells

(HCAEC) was shown to decrease with increasing NTs diameter, as

HCAEC function was far less optimal on Ti NTs of 100 nm in diameter

[4]. To the best of our knowledge, there are no studies dealing with

the influence of TiO2 NTs on embryonic stem cells or cardiomyocytes,

despite the fact that these cell types are of great interest; ESc are at

the centre of attention due to their naive phenotype, while

cardiomyocytes are of particular importance because of their interac-

tion with Ti materials used in cardiac support devices.

Biofilm formation, which is highly relevant for all implantable mate-

rials, is another parameterworthy of study. It is awell-known fact that a

significant number of revision surgeries are required due to biomaterial

infections, which increase medical costs and can even, be life threaten-

ing for patients. Due to the rise of antibiotic-resistant bacterial strains, it

is also of primary importance to inhibit the growth of biofilms on im-

plantable materials by influencing their surface properties. Various

studies have already reported that nanotubular features could reduce

bacterial adhesion [15]. For example, Puckett et al. reported that lower

amounts of live Staphylococcus aureus, Staphylococcus epidermidis, and

Pseudomonas aeruginosawere found on nanorough Ti compared to con-

ventional (non-nanorough) Ti [18]. The nanorough surface was pro-

duced by electron beam evaporation. In the same study, adhesion of

the above mentioned bacteria on electrochemically anodized titanium

NTs of 60–70 nm in diameter was also studied. Interestingly, no reduc-

tion in bacterial adhesion was observed on these surfaces. In another

study by Anitha et al., the adhesion of Shewanella oneidensis MR-1

cells on TiO2 NTs with different pore diameters (20–140 nm) was stud-

ied [2]. It was observed that biofilm formation increased with decreas-

ing NT diameter; thus, the greatest degree of bacterial cell adhesion

(biofilm formation) was observed for 20 nm NTs. This indicates that

by appropriately structuring the surface of titanium, it may be possible

to stimulate the desired biological response.

2. Experimental section

2.1. Fabrication of TiO2 nanotubes

TiO2 NTs were fabricated by the electrochemical anodization of Ti

foil (Advent Research Materials, England) of 0.1 mm thickness (99.6%

purity), as published previously [9,10]. Briefly, NTs were obtained by a

two-step anodization method, where, in the first step, a pre-patterned

surfacewas obtained by electrochemical anodization of Ti foil in an eth-

ylene glycol (EG) electrolyte (with 1MH2O and 0.1MNH4F) at 35 V for

2 h, followed by ultrasonication in deionized water (DI) water in order

to remove the grown nanotubular layer. In the second step, electro-

chemical anodization was conducted using EG electrolyte containing

8 M water and 0.2 M hydrofluoric acid (40% HF solution). The anodiza-

tion conditions are presented in Table 1. All reagents were purchased

from Sigma–Aldrich, Germany and used without further purification.

2.2. Scanning electron microscopy (SEM)

High contrast images of TiO2 NTs were obtained by scanning elec-

tron microscopy (Hitachi FE-SEM S4800). All samples were used

without gold sputtering as the NTs samples already display images

with reasonably good contrast.

2.3. Atomic force microscopy (AFM)

Topographic features of TiO2NTswere examined bymeans of Atom-

ic Force Microscopy (Solver PRO, TiO2 NTs -MDT, Russia) in tapping

mode in air. The TiO2NTswere analysed using the standard Si cantilever

with a force constant of 22 N/m, and at a resonance frequency of

325 kHz. The average surface roughness (Ra) across a 3 × 3 μm2 area

was measured from representative images. The results are shown as

the average Ra from five different areas.

2.4. Water contact angle measurements

Surfacewettabilitywasmeasured 25 h after TiO2NTswere produced

by anodization and stored in sealed plastic containers at room temper-

ature in order to prevent surface ageing effects (changes in hydrophilic

character). All NT surfaces were analysed after one week of fabrication.

Droplet of 3 μL DIwaterwas placed on the surface of NTs and the contact

anglewas determined fromhigh resolution images. For each sample, six

measurements were performed in order to obtain statistically robust

data.

2.5. X-ray photoelectron spectroscopy (XPS)

The samples were analysed by means of X-ray photoelectron spec-

troscopy (XPS or ESCA) using a PHI-TFA XPS spectrometer (Physical

Electronics Inc.). Samples were placed on a sample holder and intro-

duced into an ultra-high vacuum spectrometer. The analysed area was

0.4 mm in diameter and the analysed depth was about 3–5 nm; this

high surface sensitivity is a general characteristic of the XPS method.

X-ray radiation from a monochromatic Al source with a photon energy

of 1486.6 eV was used to excite the surface, and high-energy resolution

spectrawere acquired by an energy analyser operating at a resolution of

approximately 0.6 eV and a pass energy of 29 eV. During data process-

ing, spectrawere aligned by setting the C 1s peak at 285.0 eV, character-

istic for C\\C bonds. The accuracy of binding energies was

approximately ±0.3 eV. The quantification of surface composition was

determined from XPS peak intensities taking into account relative sen-

sitivity factors provided by the instrument manufacturer. Three differ-

ent XPS measurements were performed for each sample and the

average composition was calculated.

The survey and high resolution spectra of C 1s, O 1s and Ti 2p were

recorded for Ti foil and TiO2 NTs of different diameters one week after

fabrication.

2.6. Biointerface properties

The biointerface properties of Ti foil and TiO2 NT surfaces were

therefore determined by both biofilm positive strains of bacteria (pro-

karyotic cells) and mesenchymal stem cells (MSc), embryonic stem

cells (ESc), and pure cardiomyocytes derived from embryonic stem

cells (eukaryotic cells). A sample of 1 cm2 size was used for all tests.

All tests were performed in quadruplicates and repeated for three

times. Prior to testing, the samples were sterilized using UV light for

30 min.

2.6.1. Bacterial biofilm formation

To detect biofilm formation on pristine Ti foil and TiO2NTs, two bio-

film-forming bacterial strains were used, Bacillus cereus (Czech Collec-

tion of Microorganisms 2010) and Pseudomonas aeruginosa (Czech

Collection of Microorganisms 3955). To inoculate the bacteria, 2 mL of

Trypton soya Broth (Himedia, India) was added to each sample in the

Petri dish and subsequently seeded by 20 μL of the bacterial suspensions

(2. degree of McFarland standard in physiological solution). After

Table 1

Anodization conditions for different TiO2 NTs.

TiO2 NTs diameter Electrolyte Potential Anodization time

15 nm EG + 8 M water + 0.2 M HF 10 V 2.5 h

50 nm EG + 8 M water + 0.2 M HF 20 V 2.5 h

100 nm EG + 8 M water + 0.2 M HF 58 V 2.5 h
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inoculation, samples corresponding to B. cereus and P. aeruginosa were

incubated for 48 h at 37 °C and 30 °C, respectively.

After incubation, the contents of Petri dishes were removed and the

samples gently rinsed with physiological solution and air-dried. The

number of bacterial cells was measured by ATP kit SL (Biothema,

Sweden).

2.6.2. Cytocompatibility

The cyto-compatibilities of Ti foil and TiO2 NTs were tested using

three different cell types:mesenchymal stem cells (MSc), the R1 embry-

onic stem cell (ESc) line [14], and HG8 clone cardiomyocytes derived

from these R1 ESc, carrying cardiomyocyte specific myosin heavy

chain alpha promotor-dependent selection vector [7], kindly donated

by Dr. Field, L.J. (For more information on the cardiomyocytes, see [6,

19]).

MSc were cultivated in ATCC–formulated Dulbecco's Modified

Eagle'sMedium (BioSera, France) containing 20% of calf serum (BioSera,

France), 100 U mL−1 Penicillin/Streptomycin (GE Healthcare HyClone,

United Kingdom) and 0.05 mM mercaptoethanol (Serva, Germany).

ESc were propagated in an undifferentiated state by culturing on

gelatinized tissue culture dishes using complete Dulbecco's Modified

Eagle's Medium containing 15% fetal calf serum, 100 U mL−1 Penicillin,

0.1 mg mL−1 Streptomycin, 100 mM non-essential amino acids (all

from Gibco-Invitrogen; US), 0.05 mM β-mercaptoethanol (Sigma–Al-

drich; US), and 1000 U mL−1 of leukemia inhibitory factor (Chemicon;

US). Cardiomyocytes were cultured in Dulbecco's Modified Eagle's Me-

dium - F12 media supplemented by 7.5% fetal calf serum, 100 U mL−1

Penicillin, 0.1 mg mL−1 Streptomycin, 100 mM, 0.025 mM β-

mercaptoethanol (Sigma–Aldrich; US), and Insulin, Transferin and Sele-

nium (ITS supplement, Gibco-Invitrogen; US).

The cyto-compatibility testwas designed as follows:MScwere seed-

ed onto native surfaces at a concentration of 5 × E4 cells per cm2 and

cultivated for 48 h. Subsequently DNA staining with Hoechst 33258 (5

μg mL−1 Invitrogen USA) and actin filament staining (ActinRed™ 555,

Thermo Fisher Scientific USA) was used to determine cell morphology

ESc and cardiomyocytes were cultivated either on native surfaces or

on surfaces coated with gelatine.

ESc R1 cells were seeded at a density of 10 × E4 cells per cm2. After

48 h, cells were either uploaded by Calcein AM (10 μM) (Invitrogene;

US), which coloured only viable cells, or fixed by 2% formaldehyde

and visualized through nuclei staining by DAPI (10 ng mL−1, Sigma).

The mass of viable cells was also determined as the level of ATP using

Cellular ATP Kit HTS (Biothema, Sweden). Cardiomyocytes were seeded

on native surfaces at a density of 10 × E4 cells per cm2 and, after 48 h,

fixed with 2% formaldehyde and stained by antibody against cardio-

myocyte specific myosin heavy chain (MF20 antibody, developed by

Drs. Donald and Fischman, was obtained from the Developmental Stud-

ies Hybridoma Bank under the auspices of theNational Institute of Child

Health and Human Development and maintained by the University of

Iowa, Department of Biological Sciences). As a secondary antibody, don-

key anti-mouse IgG Alexa Fluor 568 antibody was used. Nuclei were

counterstained by DAPI (10 ng mL−1, Sigma). Micrographs were taken

by means of an inverted Olympus phase contrast microscope (IX 81,

Japan).

3. Results and discussion

3.1. Nanoscale morphology and surface chemistry of TiO2 NTs

The surface properties of both Ti foil and TiO2 NTs were character-

ized in terms of surface morphology (using SEM and AFM techniques),

wettability, and surface chemistry (using XPS).

The analysis of surface morphology by SEM and AFM techniques re-

vealed that pristine Ti foil had no specialmorphological features,while a

uniform nanotubular structure was observed for electrochemical anod-

ized TiO2 surfaces (Fig. 1). From SEM images it can easily be observed

that TiO2NTs are evenly distributed on the surface and that anodization

potentials of 10 V, 20 V and 58 V lead to the formation of TiO2NTs of 15,

50 and 100 nm in diameter, respectively (Fig. 1). According to the re-

sults of AFM, Ti foil is not completely flat, as the average surface rough-

ness measured on a 3 × 3 μm2 area was about 19.3 nm. In the case of

NTs, the calculated average surface roughness increasedwith NTs diam-

eter, from about 11.7 nm for 15 nm NTs, to about 18.6 and 27.9 nm for

50 and 100 nm NTs, respectively. Although penetration of the AFM tip

inside the hollow NTs interior is limited, due to the tip radius and the

size of the NTs, the calculated roughness values and images obtained

provide additional information about the 3D structures of the NTs,

these having the specific ability to interact with different cell types.

Based on the previously publishedworkwe can conclude that the nano-

tubes have about 1 to 4 μm in height and are stable on the surface [8].

Another important aspect of a biomaterial surface is its wettability

[13], which could, together with other surface properties, influence on

the biological response. Water contact angle measurements conducted

on Ti foil and freshly fabricated TiO2 NTs indicate that Ti foil is poorly

wettable (awater contact angle of about 78°), while TiO2NTs are all hy-

drophilic (a water contact angle of b50). However, it should be noted

that fabricated TiO2 NT surfaces tend to age if exposed to the atmo-

sphere and become hydrophobic, as shown in our previous work [10].

Thus, to ensure the hydrophilic character of the surfaces, all biological

experiments were conducted one week after fabrication.

The chemical compositions of Ti foil and TiO2 NTs of different diam-

eters were determined from XPS survey spectra; the spectra for NT 100

is presented in Fig. 2A. No significant differences in chemical composi-

tion were observed between different diameter NTs (Table 2). More-

over, similar surface chemistry was observed for pristine Ti foil. The

composition of the top surface layer of Ti foil was approximately 38%

carbon, 41% oxygen, 18% titanium, and a few percent nitrogen. In the

case of all nanotubular surfaces the chemical compositionwas very sim-

ilar; the only difference was in the presence of fluorine on the surface.

The fluorine content was about 3–5% and was ascribed to the remains

of the electrolyte used for electrochemical anodization. In Fig. 2A, the

survey spectra for 100 nm NTs are presented. It can clearly be seen

that only C, O, Ti, N and F atoms are present on the surface. Similar sur-

vey spectra were also recorded for the other NT diameters as well as for

the Ti foil. From the high resolution spectra of C 1s, O 1s, and Ti 2p,

which are presented in Figs. 2B–D, no significant differences in peaks

among different NT diameters and between NTs and Ti foil were ob-

served. The C 1s peak has a main peak at 284.8 eV, corresponding to

C\\C and C\\H groups, and a small shoulder peak appearing at

288.9 eV, which corresponds to C_O bonds (Fig. 2B). In the case of

the O 1s high-resolution scan, a primary peak at a binding energy of

about 530.2 eV can be seen, which corresponds to the TiO2 component

(Fig. 2C). In the case of the Ti 2p peak, a doublet peak with maxima at

458.7 eV and 464.5 eV is observed, which is typical for the TiO2 compo-

nent (Fig. 2D). Differences in high-resolution peaks amongdifferent NTs

diameters were not observed, indicating that the binding of C, O and Ti

is similar for all NTs.

3.2. Biointerface properties

The interaction of any biomaterialwith biological fluids, cells, tissues

or the immune system begins on the surface of the material. Therefore,

the biointerface properties of any biomaterial ormedical device are cru-

cial for its biocompatibility. Titanium and its alloys are commonly

employed for medical implants, but progress in nanotechnologies to-

gether with new findings indicating the importance of nanoscale mor-

phology on cell behaviour opens the door for the application of

titanium nanostructured surfaces.

From a practical point of view, interactions with biofilm-forming

species of bacteria are highly relevant, especially in the case of nosoco-

mial infections and implants. Therefore, interactions with B. cereus and

P. aeruginosa, representing both G+ and G− biofilm forming bacteria,
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were studied. The results demonstrate that both bacteria can form

biofilms with slightly higher amounts on TiO2 NTs compared to Ti foil

(Table 3); however, the differences in our study were not significant.

In addition, slightly higher amounts of formed biofilm were observed

for Bacillus cereus compared to Pseudomonas aeruginosa; the differences,

however, were also not significant. In this study, biofilm-positive bacte-

rial strains were employed, which differ in many of their properties

compared to the planktonic form of bacteria, which were preferentially

used in previous works. The findings from this study are therefore com-

parable to only a few previous studies, mainly the work of Puckett et al.,

who reported that lower amounts of live Staphylococcus aureus, Staphy-

lococcus epidermidis, and Pseudomonas aeruginosa were found on

nanorough Ti compared to conventional (non-nanorough) Ti [18]. In

another paper, Anitha et al. studied the adhesion of Shewanella

oneidensisMR-1 cells on TiO2 NTs. They found increased biofilm forma-

tionwith decreasingNT diameter; thus, the highest level of bacterial cell

adhesion (biofilm formation) was observed for 20 nm NTs [2]. The re-

sults of the present study are therefore not in accordance with these

studies, as we found no significant differences in bacterial behaviour

with respect to biofilms formed on Ti.

In the present study, MSc were able to adhere and subsequently

grow on all surfaces, although cells behaved differently on TiO2 NTs of

different diameters. On 15 nm TiO2 NTs (Fig. 3b) and 50 nm TiO2 NTs

(Fig. 3c), the cells exhibited similar morphology and also their quantity

was comparable to that found on Ti foil (Fig. 3a). On 100 nm TiO2 NTs,

(Fig. 3d) the cells drastically changed their morphology. The cells did

not spread out and their viabilitywas significantly lower (this is evident

from the number of dead cells, as only DNA and not the cytoskeleton is

seen on the micrograph). The 100 nm TiO2 NTs can therefore be

assigned as having a critical diameter, which initiates different behav-

iour of mesenchymal stem cells on TiO2 NTs.

According to Fig. 4, it can be concluded that ESc were able to adhere,

grow and survive in spherical compact colonies on both gelatine non-

coated and coated surfaces, but with NTs diameter having an important

influence. It is important to note that only viable cells were coloured

with the dye, so we can also conclude that surface morphology influ-

ences the number of viable cells which adhere. ESc seem to be able to

behave similarly on Ti foil, TiO2 NTs 50 nm and TiO2 NTs 100 nm, but

on TiO2 NTs 15 nm (Fig. 4a) the cells form smaller non-spherical

colonies.

To confirmobservations from fluorescencemicroscopy, the quantifi-

cation of EScwas performed using ATP staining. The first graph (Fig. 5A)

shows how the cells behave in contact with native non-gelatine-coated

Fig. 1. Surface morphology of Ti foil and TiO2 NTs determined from images taken by SEM and AFM.

Table 2

Surface composition of pristine Ti-foil and freshly prepared NTs of 15, 50, and 100 nm in

diameter obtained with XPS.

Material Atomic % Ratio

C O Ti N F C/O Ti/O

Ti-foil 38.3 41.2 18.0 2.5 0.0 0.93 0.44

15 nm 39.2 41.3 15.1 1.3 3.1 0.95 0.36

50 nm 36.2 42.7 16.1 0.8 4.2 0.85 0.38

100 nm 37.6 39.9 16.1 1 5.4 0.94 0.40
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surfaces. The results confirm that significantly lower amounts of viable

cells was found on the TiO2NTs 15 nm sample, compared to both tissue

culture plastic and pure Ti foil. 50 nmTiO2NTs and 100 nmTiO2NTs ex-

hibit comparable abilities with respect to cell adhesion and survival;

however, compared to tissue culture plastic their ability is significantly

lower. As the gelatinization of surfaces is a frequently used technique

for improving surface cyto-compatibility, this technique was also ap-

plied on nanostructured titanium surfaces. When the surfaces were

coated with gelatine (Fig. 5b), the differences between 15 nm TiO2

NTs and the other diameter NTs were insignificant. The significant dif-

ference found with tissue culture plastic, however, remained. It can be

concluded that gelatinization eliminates significant differences between

different nanostructures, i.e., differences that were observed previously

on freshly fabricated surfaces. Although improvements in ESc cell re-

sponse on gelatine-covered nanostructured surfaces were observed in

the case of 15 nm TiO2 NTs, the overall influence of gelatinization was

not as prominent. Thus, nanotopographic features seem to prevail

over the chemical alteration of surfaces coveredwith gelatine, as the re-

sponse of ESc to these surfaces was still lower compared to control. The

small differences between the results from Calcein staining and ATP are

based on the fact that Calcein loading leads to the release of cell colonies

from surfaces in a time dependent manner, probably mediated by its

toxicity to cells. Based on the results presented in Figs. 4 and 5, it can

be concluded that ESc can adhere to and grow on TiO2 nanostructured

surfaces, except on NTs of 15 nm in diameter.

In contrast toMSc and ESc, the ability of cardiomyocytes to adhere to

and mainly to survive and grow on all the tested Ti based samples was

very limited. From Fig. 6 it is clear that cell artefacts counterstained by

DAPI are observed on the surfaces; yet, when the specific myosin

heavy chain is stained, it is clear that the cells are not in their physiolog-

ical state. It can be concluded that neither Ti-foil nor TiO2 NTs provide

the required cues for cardiomyocytes. In addition, the quantification of

cells (determined by ATP level), showed practically no viable cells on

Ti-foil or TiO2 NTs (data not shown).

The ability of both prokaryotic and eukaryotic cells to adhere, sur-

vive and grow on any surface substantially depends on the surface's

chemical composition, wettability, morphology, and nanoscale mor-

phology, and even eventually on the leaching of toxic impurities. In

our study, chemical composition and wettability, as described above,

did not significantly differ between the different TiO2 NTs. Interactions

with the proteins of culture media, which can influence subsequent

cell adhesion and growth, should therefore be similar. Thus, it can be

concluded that any differences in cell reaction can be assigned to the dif-

ferent surfacemorphologies. This is also supported by the fact that gela-

tinization improves the cyto-compatibility of nanostructured titanium

surfaces, especially in the case of 15 nm NTs. However, the overall im-

provement in ESc interaction with gelatinized surfaces was not as

prominent as expected, as the control surfaces and gelatinized Ti-foils

seemed to provide a better environment for cell growth compared to

the even gelatinized nanostructured surfaces of TiO2.

It is also well known that different cell lines can react differently on

the same surface topography, as every cell line has its specific cues,

these provided by the extracellular matrix. For example, rat mesenchy-

mal stem cells adhere, proliferate and migrate significantly better on

TiO2NTs of 15 nm in diameter compared to flat TiO2 [17]. With increas-

ing diameter, cell adhesion as well as the subsequent proliferation and

migration start to decline. Similarly, in the work of Bauer et al. [3], the

best adhesion ofMScwas detected on NTs of 15 nm in diameter, the ad-

hesion decreasing as the NTs diameter increased further. A different sit-

uation, however, arose in a study by Lewandowska et al., in which nine

different diameters of NTs (from 23 to 145 nm) were examined for

Fig. 2. Surface chemistry determined byXPS analysis; (A)XPS survey spectra for TiO2NTs of 100 nm indiameter, and thehigh resolution scan of TiO2NTs of 100 nm indiameter for (B) C 1s,

(C) O 1s, and (D) Ti 2p peaks.

Table 3

Biofilm formation expressed as the number of bacterial cells on an area of 28.3 mm2 after

48 h incubation.

Sample Bacillus cereus Pseudomonas aeruginosa

Ti foil 1.24 × 106 2.52 × 106

15 nm 66.5 × 106 7.10 × 106

50 nm 16.7 × 106 12.5 × 106

100 nm 52.5 × 106 2.42 × 106
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murine fibroblast adhesion and proliferation. The cell adhesion and pro-

liferation were significantly higher for all diameters relative to pure Ti

foil [11]. Remarkably, in a study by Park et al., the cell response was di-

rectly proportional to the size of NTs [17], while in a study by

Lewandowska et al. this dependence was indirect. The highest level of

cell proliferation was observed on the surface with a NTs diameter of

96 nm [11]. Another cell type (osteoblast) on similar diameter was

used in another study [16]. It was shown that cell growth was signifi-

cantly decreased after 48 h of incubation on nanostructured TiO2 NTs

with outer diameters ranging from 70 to 120 nm compared to a flat

titanium surface. Thus it is not surprising that our results are in agree-

ment with some previous studies, while some other studies present

contradictory results. For example, Xu et al. studied the adhesion and

proliferation of bone marrow MS cells on titanium NTs with diameters

of 30, 100 and 200 nm. While proliferation on 30 and 100 nm NTs was

comparable with Ti, cell proliferation on the largest diameter was con-

siderably reduced [21]. Likewise, Zhao et al. studied boneMS cell prolif-

eration on NTswith diameters of 25 and 80 nm, but did not observe any

statistically significant difference in the cell quantities on these two di-

ameters after 4 days of cultivation [23]. A different situation arose in a

Fig. 3. Mesenchymal stem cell proliferation on a) Ti foils; b) TiO2 NTs 15; c) TiO2 NTs 50; d) TiO2 NTs 100. Cell nuclei were counterstained by Hoechst 33258; the cytoskeleton was

counterstained by ActinRed™ 555.

Fig. 4. Viable ESc on a) Ti foils; b) TiO2 NTs 15; c) TiO2 NTs 50; d) TiO2 NTs 100 after 48 h cultivation. ESc exhibited similar morphology both on gelatinized and non-gelatinized surfaces.

Only results from non-gelatinized surfaces are shown.
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study by Park et al., in which the MS cell count decreased with the in-

creasing diameter of NTs. Generally, the highest cell quantity was ob-

served on 15 nm NTs and the lowest on 100 nm NTs [17].

The above-described different behaviours of MSc, ESc and

cardiomyocytes show that nanostructured titanium surfaces can be

used either as selective substrates for cell cultivation, or as selective sur-

faces for medical devices, on which only some cell lineages will be able

to grow. In the case of cardiomyocytes, nanostructured surfaces could

be applied for cardiac support devices, concretely in the part of devices

where interactions with cardiomyocytes are not desired.

4. Conclusions

Native tissues are highly hierarchical systems with defined struc-

tures on the nanoscale level. The nanostructures of tissues, together

with the biomolecules of the extracellular matrix, growth factors, and

other biologically active compounds determine cell fate. The impact of

various nanostructures created on biomaterials is therefore one of the

crucial parameters influencing cell behaviour and should be studied be-

fore any application is considered. In addition, the variety of cell lineages

with divergent properties that specifically interact with

nanotopographic features must be taken into account. In the present

work, three different cell lineages –mesenchymal stem cells, embryonic

stem cells, and cardiomyocytes – were seeded on nanostructured sur-

faces of titanium. Differences in their behaviour were studied and it

was shown that mesenchymal and embryonic stem cells were able to

adhere to and grow on the tested surfaces, while the contrary was ob-

served for cardiomyocytes. Moreover, a correlation between the nano-

tube diameter NTs and cell behaviour was observed. The 100 nm NTs

appear to present a crucial diameter for, which NTs, critically influences

on mesenchymal stem cells behaviour, while the 15 nm NTs appear to

present a critical diameter for embryonic stem cells. However the

Fig. 5.Amounts of ESc cells on a) native and b) gelatine coated surfaces of individual samples after 48 h cultivation (ctrl– non-coated, TC plastic). Statistical significancewas determined by

ANOVA and post hoc Bonferroni's Multiple Comparison test. * marks P b 0.05; ** marks P b 0.01.

Fig. 6. HG8 cells on a) Ti foils; b) TiO2 NTs 15; c) TiO2 NTs 50; d) TiO2 NTs 100 after 48 h cultivation.
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behaviour of both G+ and G− biofilm-forming prokaryotic cells was

similar. The results of our study provide new essential knowledge

about the interaction of well-defined nanostructured titanium surfaces

with two types of cell linages, which could be of significance for the de-

velopment of novel nanostructured implantable devices.
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