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Ultrasound-driven titanium modification with formation
of titania based nanofoam surfaces

Abstract

Titanium has been widely used as biomaterial for various medical applications because of its
mechanical strength and inertness. This on the other hand makes it difficult to structure it.
Nanostructuring can improve its performance for advanced applications such as implantation
and lab-on-chip systems. In this study we show that a titania nanofoam on titanium can be
formed under high intensity ultrasound (HIUS) treatment in alkaline solution. The
physicochemical properties and morphology of the titania nanofoam are investigated in order to
find optimal preparation conditions for producing surfaces with high wettability for cell culture
studies and drug delivery applications. AFM and contact angle measurements reveal, that
surface roughness and wettability of the surfaces depend nonmonotonously on ultrasound
intensity and duration of treatment, indicating a competition between HIUS induced roughening
and smoothening mechanisms. We finally demonstrate that superhydrophilic bio-and
cytocompatible surfaces can be fabricated with short time ultrasonic treatment.
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Abstract

Titanium has been widely used as biomaterial for various medical applications because of its
mechanical strength and inertness. This on the other hand makes it difficult to structure it.
Nanostructuring can improve its performance for advanced applications such as implantation
and lab-on-chip systems. In this study we show that a titania nanofoam on titanium can be
formed under high intensity ultrasound (HIUS) treatment in alkaline solution. The
physicochemical properties and morphology of the titania nanofoam are investigated in order
to find optimal preparation conditions for producing surfaces with high wettability for cell
culture studies and drug delivery applications. AFM and contact angle measurements reveal,
that surface roughness and wettability of the surfaces depend nonmonotonously on ultrasound
intensity and duration of treatment, indicating a competition between HIUS induced
roughening and smoothening mechanisms. We finally demonstrate that superhydrophilic bio-

and cytocompatible surfaces can be fabricated with short time ultrasonic treatment.

Keywords: ultrasound, cavitation, titanium, TiO,, nanotopography, roughness

1. Introduction

Artificial heart valves and joint components, dental implants, orthopedic screws,
pacemaker cases, vascular stents are commonly used biomedical applications of titanium-
based implants [1]. Titanium is a bioinert metal, it induces a tolerable reaction in the host
tissue, shows an adequate resistance to the corrosive in-vivo environment, and has the
necessary strength, ductility and endurance limit to withstand loading experienced in
everyday life [2]. Intense research is still being pursued in the development of new titanium
alloys with enhanced biocompatibility and lower elastic modulus closer to bone [3]. Due to its

outstanding properties, Ti and its alloys up to nowadays represent the standard in orthopedic
1
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surgery and implantology, in particular, of permanent load-bearing implants [4].
Modifications of the surface at the nanoscale have an effect on the chemical reactivity of a
biomedical material affecting biomolecular, ionic and other interactions of the surface with
the tissue [6]. Such changes in surface properties, altered by ultrasonic modification, may
change wetting properties, leading to different protein adsorption, or influence bone
mineralization [5]. Recent advances in regenerative therapies and surface science suggest, that
cell adhesion to the implant surface can be regulated by various features of the underlying
adhesive substrate, such as its chemical composition, physical properties, and topography (for
more information about surface modification strategies and cellular recognition of these
surfaces see these review papers [5] [6]). Recent studies in surface nanostructuring suggest

that cells respond to nanotopography [7].

The high mechanical strength and inertness of titanium is also the main issue when
trying to nanostructure it. Straight-forward known surface treatments of Ti and its alloys
(Ti6Al4V)can be divided into three main groups: mechanical, chemical and physical methods
[4]. Polishing, machining, blasting belong to the mechanical methods. Chemical
manufacturing methods for surface modification are acid- and alkali-treatments, anodic
oxidation. Physical methods can be represented by plasma spray treatment [8], ion
implantation [9] and laser treatments [10]. These methods can be used either individually or in
combination with other treatments, and cause the formation of different nanotopographies
with inhomogeneous features. However, the majority of methods for surface nanostructuring
are expensive, time consuming, or difficult to apply for large scale implant production [11].
Parameters, which are required for large-scale manufacturing, are the following: 1) ability to
simultaneously reach all surfaces in devices with complex geometries (e.g. femoral stems,
dental screws and cardiovascular stents); 2) possibility to modify at the nanoscale
commercially available biocompatible metals and implants; 3) simple integration into
industrial process lines [4]. According to the above mentioned features, chemical treatments
seem to be attractive for large-scale manufacturing, because they provide uniform access of
the reactive substance to all surfaces, but this leaves often unwanted residuals. In addition
chemical treatment needs further processing in the case of annealing of crystalline materials at
high temperatures. Thus, it is important to find an alternative technology with minimum
chemicals addition for nanoscale modification of titanium, which could be applied for
multifaceted devices with complex geometries such as dental screws and cardiovascular stents

of potentially partially crystalline materials.
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Ultrasound is used in different areas, from surface modification to capsules’ opening
and diagnostics. High intensity ultrasound (HIUS) is a promising method for the production
of nanostructured materials. Ultrasound is a unique energy source [12] which provides energy
localization with possible acoustic cavitation phenomena, i.e., the formation, growth, and
implosive collapse of cavitation bubbles in a liquid. This collapse is able to produce intense
local heating (hot spots with temperatures of roughly 5000 °C) and high pressures of about
500 atm [12]. At the liquid-solid interface, the collapse drives high-speed jets of liquid into
the surface, whose impact is sufficient to locally melt most metals [12, 13] and induces
significant changes in surface morphology, composition, and reactivity. On contrary to the
ultrasound power used for disruption of carriers [14, 15], the ultrasound power used in our

study for surface modification is at least 3 times higher.

The strategy we demonstrate here combines the extreme conditions provided for short
times by HIUS with a dedicated short term chemical treatment, in special we combine HIUS
with an alkali surface treatment. The alkali surface treatment [16] showed an effect analogous
to heat treatment on the bone-bonding ability of alkali-treated titanium. Additional treatment
with ultrasound [17] can be an attractive method for the production of a partially crystalline
titania nanofoam layer strongly adhering to the substrate. It has been used for the development
of multifunctional nanomaterials such as bimetallic nanoparticles [18, 19], magnetic
nanoparticles [20], nanocomposites [21], mesoporous metal surfaces and sponges [22]. The
effect of ultrasound irradiation on the surface morphology and physicochemical properties has
been demonstrated in various studies [23, 24]. Metal based surfaces irradiated by HIUS are
highly hydrophilic [25] due to their high roughness, and an active oxide layer is formed on the
metal surface. The surfaces are porous and attractive as surface encapsulation systems, since
no additional surface coating is required for encapsulation of bioactive molecules [26]. High
intensity ultrasound (HIUS) offers a fast and versatile methodology for fabrication of
nanostructured materials, both inorganic and organic [27], that are often unavailable by

conventional methods [28].

This paper contributes to the understanding of the mechanisms involved in titanium
surface modification in alkali solution during HIUS. The morphology and chemical properties
of the nanostructured surfaces produced by the sonochemical method extensively depend on
the various treatment parameters related to HIUS and alkali treatment. HIUS processing is
characterized by various ultrasound parameters (amplitude, intensity, frequency), and duration

of treatment, which can be summarized as the energy input into the system. Alkali treatment

3
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is characterized by the nature and concentration of the electrolyte solution. In this study, we
test the effect of HIUS energy input and alkali treatment on morphology and physicochemical
properties of the titanium surface. Furthermore, we investigate the cytocompatibility of the
nanostructured titanium surfaces to show prospects of nanostructured materials for bio-

application.
2. Experimental Section
Materials

A titanium layer (99.9%) of thickness 400 nm was deposited on glass or silicon
substrates by means of Electron Beam Physical Vapor Deposition (EB-PVD). The size of the
substrates was (approx.) 1 x 1 cm” to fit the homemade Teflon sample holder used for HIUS.
Prior to sonication, the metal plates were degreased with isopropanol and rinsed with Milli-Q

water (18 MQ-cm).

Bulk titanium or its alloys, although being very tough, can be used for modification. In
our experiments with cell studies it is advantageous to use a nanoscale-thick Ti layer on a
glass substrate rather than bulk titanium, since the optical observation of the cell growth
requires transparent samples. The formed titania nanofoam layer on glass is transparent
enough to observe cell adhesion and growth on the surface. Closest to bulk titanium are
thicker layers, 400 nm to 150 nm. Thus, as model we use a 400 nm deposited layer on glass or

on silicon for atomic force microscopy study.

Fabrication of nanostructured surfaces

Samples were ultrasonically treated in presence of sodium hydroxide using the
ultrasonic processor UIP1000hd (Hielscher Ultrasonics GmbH, Germany) with a maximum
output power of 1000 W. The apparatus was equipped with a sonotrode BS2d18 (head area
2.5cm?® and a booster B2-2.2, magnifying the working amplitude 2.2 times. Sonication
parameters are controlled and presented in Fig. 1. Sonication was performed at ca. 20 kHz
and constant temperature of around 333 K monitored by the thermo sensor inserted into the
working solution. In order to investigate the effect of preparation conditions on the
morphology of nanostructured titanium surfaces, samples were treated with ultrasound of

different amplitude (60, 70, 80%) for different time periods (3, 5, 7, 10, and 15 minutes). The
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maximum intensity was calculated to be 250 W cm” at mechanical amplitude of 187 um (at

100%). After treatment the samples were additionally rinsed with isopropanol and water.

The calculation of the energy corresponding to each ultrasonic intensity and duration
of treatment is given below. Firstly, according to operating instructions for UIP1000hdT, the
maximal mechanical amplitude at 100 % for the sonotrode BS2d18 without booster is 85 pm.
With an enhancing booster B2-2.2, the maximal mechanical amplitude was increased by a
factor of 2.2 and A;pp=187 pm, which correspond to the maximal ultrasonic intensity /;9;=250
W cm™. The equipment was operated at three amplitudes 80, 70 and 60 %, which correspond
to ultrasonic intensities 1,=200, I,=175 and ;=150 W cm™. The total power output of an

ultrasonic unit is the product of the sonotrode frontal area S and ultrasonic intensity (Egs. 1).
P[W]ZI[Wcm_Z:IXS[cmZ:I €Y

The energy E is the product of the corresponding power output P and the time of exposure ¢:
E[Ws]=P[W]xt[s] 2

After rearranging, Equ. 2 becomes:
E[Ws]=1[Wem™ |xS[ em® |xt[s] 3)

The values of energy corresponding to ultrasonic intensities and durations of treatment are

given in Table 1.
Atomic Force Microscopy (AFM)

AFM measurements were carried out in air at room temperature in tapping mode with
micro cantilevers OMCL-AC160TS-W (Olympus, Japan). Typical cantilever values:
resonance frequency 300 kHz; spring constant 42 N/m. Atomic force micrographs of a scan
size 3x 3 umz were made on three different places on the sample. Image analysis was carried
out with the software Nanoscope V614rl. Quantitative data about the surface roughness,
height profile, and three-dimensional projections of the micrographs were obtained using this
software. The surface roughness was quantified by the software as an arithmetic average of

the absolute values of the surface height deviations measured from the mean plane:
1 N
R =—)|Z @

Water contact angle measurements
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The contact angle was measured using the homemade system described in ref. [29].
Measurements were performed with a 1 pul water droplet deposited onto the titanium

substrates with a syringe from the top. During the process, the contact angles, from the left &,
and from the right 6,, are continuously monitored. After that, the average contact angles G_L

andG_R, A@ and an average contact angle 6 were calculated as follows:

6.-6,|= A8 5)

6, 6 -
R 7L g (6)
2 2
Untreated titanium substrates were used as a control.

Scanning Electron Microscopy (SEM)

Prior to microscopy the samples were sputtered with gold. SEM was conducted with a
Gemini Leo 1550 instrument (Leo Elektronenmikroskopie GmbH, Germany) at an operating

voltage of 3 keV.
Transmission Electron (High-resolution) Microscopy (TEM, HRTEM)

Transmission electron microscopy (TEM) measurements were performed on a Zeiss
EM 912 Omega (Carl Zeiss AG, Germany) transmission electron microscope operated at
300 kV and equipped with an electron-diffraction (ED) unit. High-resolution transmission
electron microscopy (HRTEM) was performed by TEM in a Philips CM30 operated at 300
kV. The samples were ultramicrotomed (Leica EM FC6) and placed onto carbon-coated

copper grids.
Cell culture studies

A mouse calvarial preosteoblast cell line MC3T3-E1 was obtained from the Ludwig
Boltzmann Institute, Vienna, Austria. Preosteoblasts were cultured in a-MEM supplemented
with 10 % (by volume) fetal calf serum (FCS), 4500 mg glucose, 0.1 % (by volume)
gentamycin, 0.1 % (by volume) ascorbic acid, and maintained at 37 °C with 5 % CO, in
humidified atmosphere. Cells were passaged in total three times every 24 hours by a dilution
factor of 1/6. After reaching confluence, cells were removed from the culture vessels by

incubating with pronase for 3 — 5min and seeded onto glass and TMS surfaces at
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6000 cells/cm?. Three samples were tested per substrate type, three independent experiments
were conducted. All surfaces and scaffolds were autoclaved before cell culture experiments.

After 3 hours of growth optical images were obtained with a phase contrast microscope.
Actin cytoskeleton staining

The surfaces were washed with phosphate buffer saline (PBS), fixed with 4%
paraformaldehyde in PBS, and permeabilized with buffered Triton-X100 (Sigma-Aldrich,
Steinheim, Germany) for 10 min at room temperature. The scaffolds were then thoroughly
washed with PBS and stained for 60-90 min with phalloidin Alexa488 (Invitrogen, Oregon,
USA) (1:20) in dark at 4°C. After that scaffolds were thoroughly washed with PBS again, and
stained for nuclei with TO-PRO3 iodide (Invitrogen, Oregon, USA) (1:300) for 5 min at room
temperature. The scaffolds were washed with PBS, mounted with Fluoro-Mount in inverted
position on the glass slides, and examined via confocal microscopy (Leica Microsystems,

Mannheim, Germany).

3. Results and Discussion

In this study, we test first the effect of processing parameters, such as HIUS energy
input and alkali treatment, on morphology and physicochemical properties of the titanium
surface, then the cytocompatibility of the nanostructured surfaces. The focus is on formation
of a nanofoam layer. In water Ti exhibits minor nanofoam layer formation after 60 min of
sonication [30]. Ti has a high melting point, and the physical effect of melting is prevalent
over other effects of ultrasonic irradiation, therefore one can observe a slight increase in
surface roughness. However, by additional treatment in NaOH one can enhance the chemical

effects of ultrasonic treatment.

The HIUS treatment gives rise to four different morphological stages (Figure 2),
starting with an untreated flat titanium (Fig. 2, untreated sample). It has a native oxide layer
mainly composed of the stable oxide TiO, and is typically 3-7 nm thick [31]. Flat titanium is
treated with HIUS in presence of an aqueous solution of NaOH. In the early stage of HIUS
treatment in NaOH solution, a native titanium oxide layer is removed, mainly mechanically
disrupted by HIUS and a mesoporous titanium dioxide layer is being formed on the exposed
surface (Fig. 2, stage I). With further alkali treatment more hydroxyls attack hydrated TiO,,

leading to negatively charged hydrates on the metal surface:
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TiO, -nH,0 +OH "~ < HTiO; -nH,0 (M

The growth of titanate nanobelts perpendicularly from the titanium scaffold is displayed in
Fig. 2, Stage II, and finally, the formation of a complex hierarchical structure takes place (Fig.
2, Stage III). For biological applications mesoporous titanium with the pronounced nanofoam
layers was used. In previous work on aluminium alloys [32], the strongest adhesion was
observed before the layer formed at Stage I. Moreover, together with the strongest adhesion,
the layer formed after Stage I covered the surface uniformly. This will be discussed further

being the most promising as novel strategy for titanium implant treatment.

What are the effects of high intensity ultrasonic treatment one can use to overcome a
TiO; layer? The titanium covered with a native layer (Ti/TiO;) is shown in Figure 3a. Due to
physical impact, bubble collapse with high energy jets, the oxide layer is expected to break
[12]. The sonochemical etching during treatment in alkali medium is obvious. The early study
of Ziemniak et al [33] showed the solubility behavior of TiO, in alkali media, e.g. in aqueous
sodium hydroxide. The main oxidation state is Ti'*, although due to sonochemical non-
equilibrium conditions one can expect also the states Ti’* and Ti**, that are less stable, as
intermediate resulting in an advanced nanostructured surface with an interesting morphology
for cell growth studies. In basic solution the negative charge on the titanium surface increases
with increasing pH [31]. It was shown [27, 28], that during the hydrothermal alkali treatment
the passive protective TiO, layer partially dissolves into alkaline solution because of the

impact of the hydroxyl groups:
TiO, + OH™ — HTiO; 8)

In our study, the native oxide layer breaks up due to the physical effect of HIUS and, contrary
to the hydrothermal treatment, results in interplay between reactions with TiO, and Ti with
formation of an interpenetrating “domain-like” layer of complex structure (Figure 3b). The

reaction proceeds simultaneously with the hydration of TiO, (Eq. 8) and Ti :

Ti+30H —Ti(OH); +4e” )
Ti(OH): +e~ — TiO,-H,0+0.5H, T (10)
Ti(OH)} +3H, - Ti’ +3H,0+3H" (11)
Ti(OH)! + OH™ <> Ti(OH), (12)
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High-intensity ultrasound induces a wide range of chemical and physical consequences. The
chemical effects of ultrasound derive primarily from acoustic cavitation. The extreme
temperatures and pressures induce sonolysis and generation of highly reactive radicals [12],
which chemically transforms the solid surface. This allows acceleration of a chemical reaction
at the solid-liquid interface, reactivity enhancement of the solids, and permits use of less
aggressive chemicals. The physical effects include (1) improvement of mass transport from
local turbulent flow and microstreaming, (2) generation of surface erosion and pitting at
liquid-solid interfaces by shock waves and microjets, (3) generation of high-velocity
interparticle collisions in liquid-solid slurries, and (4) fragmentation of fragile solids to
increase the surface area [27]. The combination of physical and chemical effects allows a one-

step straight forward modification of metal surfaces.

Thus, the final structure, shown in Figure 3c, should be hydrophilic due to surface —
OH groups. In contrast to surfaces experiencing hydrothermal treatments, the layer of formed
oxidized structure can be partially crystalline due to the high energy of the HIUS applied to
the system and extreme heating/cooling rates known for the process. The low magnification
TEM image of the cross section of the film-substrate interface points to adhesion of the
formed interpenetration layer to titanium (Fig. 4a). The HRTEM and ED micrographs
detected the TiO, (004) peak which correspond to anatase (Fig. 4b). This experimental

observation correlates to the hydration of Ti in alkali solution (Eq. 10).

The intensity and duration of ultrasound treatment significantly affect the formation of
a mesoporous titania surface. At ultrasound intensities 150 — 200 W cm™ formation of a
“domain-like” structure starts to form due to the development of the TiO, layer. Maturation
mainly develops with the increase of duration and intensity of ultrasonication (Fig. 5). Surface
roughness R, and contact angle of three points on the surface are plotted vs. time (Fig. 5 a, c)
and vs. energy (Fig. 5 b, d) for different ultrasound intensities (Fig. 6). For all intensities one
observes a non-monotonous behavior of roughness development with duration of HIUS
treatment. The highest surface roughness 15+2 nm could be achieved at highest I, and 10 min
of treatment. Quite high surface roughness was achieved for I; at 5 and 10 min of treatment,
14+£2 nm, respectively. For all three US intensities, one can observe the following
dependence: after the first peak with the high surface roughness is achieved, the roughness
first drops, but after some time it increases again, reaching the highest value of the first peak.
One observes the same cyclic dependence for all three intensities; however, the peak positions

vary. For instance, the curves I; and I; have analogous shapes with similar peak positions;

9
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however curve I; looks smoother than />, which corresponds to smaller changes in surface
roughness. The surface roughness does not monotonously increase but one observes its
oscillations on the nanoscale. Two possible reasons for such oscillatory behavior can be
assumed. The first one is based on purely mechanical effects, i.e. on two opposing forces:
mechanical surface disruption increasing roughness and flaking off reducing the roughness.
For instance, at high US intensities one can achieve high roughness at already 5 min of
sonication. With further treatment, a strongly modified layer is flaking off and gets flatter,
therefore, the drop in surface roughness. After that, the surface is modified again, and the
roughness increases. The second explanation is based on a more complex effect, an interplay
between the number of bubble collapse events and temperature effect [34] of the HIUS. The
more bubble collapses takes place, the higher the roughness increases, however due to the
corresponding temperature increase, the surface smoothens again. This cycle repeats.
Although we use the additional NaOH treatment in order to accelerate chemical effects of
HIUS over the physical ones, a local temperature variation still seems to have an impact on
surface roughness, which appears as nanoscale roughness oscillations. The second
explanation seems more probable, because during the flaking off one will probably obtain
stronger drops and less periodic oscillations of surface roughness. We used SM NaOH
aqueous solution with pH 13. At lower alkali concentrations pH 9 and 11, modification takes
place, but at the same HIUS conditions does not provide surface roughening higher than 10

nm.

The water contact angle measurements provide evidence, that the HIUS-modified
titanium surfaces exhibit extremely high hydrophilicity (6 below 10°), which may be called
superhydrophilic [35]. In order to measure very low contact angles, we used a homemade

system [29], where the contact angles, from the left 6, and from the right 6,, are

continuously monitored (Fig. 7). The differences may be due to impurities and
inhomogeneities of the surface chemistry and morphology. The lowest contact angle value 6 =
3.3 + 1.6° corresponds to the peak with the highest surface roughness (/,=200 W cm?), and
this holds for all three US intensities. After that, contact angle values rise and drop again,
reaching the first low value. Here, the curve /3 shows the most significant fluctuations in
contact angle with energy input, however, the contact angle values are still higher than for the
higher intensities. Thus, contact angle changes depend on time and energy input
nonmonotonously, similar to the oscillating behavior of surface roughness (Fig. 6 c, d). In

addition, similar behavior was demonstrated for the changes of water droplet size in time for

10
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different US intensities (fig. 6 e, f). The following observations of water droplet size are in
good agreement with changes of contact angle: (1) the fluctuations of droplet size are
reversely dependent on contact angle value for all three US intensities: large water droplets
correspond to small contact angles; (2) the biggest droplet size corresponds to the lowest
contact angle value 8 = 3.3 + 1.6° at ;=200 W cm’?; (3) Itis known, that the contact angle is
sensitive to local geometrical transformations of the solid surface. The superhydrophilicity of
the surface may be due to the nanosize features on the surface: an intrinsically hydrophobic
surface becomes more hydrophobic [36], as its roughness increases, and the hydrophilicity
increases with roughness for the intrinsically hydrophilic surface [37]. In our case, we deal
with the intrinsically hydrophilic Ti surface due to the native TiO,. The surface roughness of
TMS surfaces does not increase continuously but changes in an oscillatory manner. The
contact angle changes accordingly with nonmonotonic behavior of surface roughness. It

becomes more hydrophilic with increase of surface roughness.

Nanostructured titanium has to perform well across two interfaces: between the bulk
metal and the interpenetrating layer, and between the interpenetrating layer and the tissue
(Fig. 8). Investigation of the physicochemical properties of the mesoporous titanium surface
has demonstrated the unique achievement by HIUS treatment in NaOH. Due to its continuous
transition from surface to bulk, the interpenetrating TiO, layer has high bonding strength to
the bulk metal (Fig. 8 a). In order to estimate the cytocompatibility of the produced TMS
surfaces, cell culture studies with a MC3T3-El1 preosteoblast cell line were performed.
Different stages of tissue formation were investigated: early stages at 24h, 48h, and 5 days of
cell incubation on the TMS surfaces. The cell behavior was examined by confocal
microscopy. At early stages (Fig. 8 b), we observed quite large single cells with an easily
identified nucleus, which start to spread and to form cell-cell contacts. At higher levels of
proliferation (Fig. 8 c), the cells form numerous cell-cell contacts, and complete coverage of
the TMS surface is achieved. For the investigation of tissue growth for longer times, cells
were seeded onto the tissue engineering scaffolds with round channels of 500 um diameter
treated with HIUS. The cells formed 50-70 um thick tissue within the microchannels after 5
days of incubation (Fig. 8 d), and the kinetics of tissue growth could be quantified by
measuring the projected tissue area in the microchannel (Fig. 8 e) as described in [38, 39].
The amount of tissue formed in the channels modified with HIUS was found to be larger than
in unmodified ones. This observation demonstrates an important effect of nanostructuring on
tissue growthand demostrates that TMS can firmly integrate with the preosteoblast cell line

MC3T3-El at different time points of tissue growth. Our results suggest that the titanium
11
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nanotopography can have a significant effect both on individual cells and tissue. The behavior
of the first cell layer is important to understand and control, since we believe it to play a
crucial role in the further tissue formation. As such this will be an important focus of further
cell culture studies on TMS surfaces. Much research has been done on understanding 3D
tissue growth in channels of different geometries. It has been shown that after cells
completely cover the substrate, tissue growth, at later time points than those studied here,
could be described by a model for curvature-controlled growth. This suggests that by tuning
the geometry of the scaffolds for tissue engineering at multiple length scales it is not only
possible to accelerate growth by large scale geometries [35], but also by controlling nano-
scale topographies as demonstrated here. Further studies are needed to investigate this in more

detail.

4. Conclusions

This work contributes to the fundamental understanding of the mechanism of acoustic
cavitation at the titanium surface in combination with alkali treatment. We have shown an
elaborated multistage process of titanium surface nanostructuring with HIUS in NaOH. By
controlling the treatment parameters such as ultrasound intensity and duration of treatment,
control over physical, chemical, and structural properties of the titanium surface is achieved.
Conditions optimal for the formation of nanostructured TMS were found via SEM, TEM,
AFM, and contact angle measurements. Sonication in alkali conditions induces changes of
surface nanotopography, wettability and crystallinity of the titania surfaces. Due to the
interplay between physical and chemical effects of the proposed technique, short HIUS
treatment is sufficient for formation of a nanostructured titanium dioxide surface. This surface
presents good cytocompatibility for MC3T3-E1 preosteoblasts, which makes them suitable for

biological applications.
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Figure 1. A) Experimental setup; B) Homemade Teflon sample holder; C) Ultrasonic
processor UIP1000hd (Hielscher Ultrasonics GmbH, Germany) equipped with a sonotrode
BS2d18 and booster B2-2.2. Sonotrode BS2d18: diameter 18 mm, approx. length 125 mm;
booster B2-2.2: booster B2-2.2: diameter 70 mm, approx. length 115 mm.

Figure 2. Schematic diagram of the morphological stages of the HIUS-alkali treated titanium
surface: untreated flat titanium (Untreated Sample); mesoporous titanium dioxide layer
formed during the HIUS treatment in NaOH solution (Stage I); titanate nanobelts (Stage II)
and hierarchical porous titania (Stage III) formed with further alkali treatment. Surface

nanotopographies were observed by SEM.

Figure 3. Schematic illustration of the structuring process taking place during the HIUS

treatment of a titanium surface in aqueous solution of NaOH.

Figure 4. a) TEM images of areas of an interpenetration layer of amorphous titania well
adhering to titanium with inclusions of b) shown in HRTEM and electron diffraction (ED)

crystalline TiO,.

Figure 5. AFM micrographs and 3D projections of the ultrasonically modified titanium
surface at different intensities and duration: 15 min at intensity 150 W cm™ (a); 15 min at
intensity 200 W cm(b); 3 min at intensity 150 W cm™ (¢); 3 min at intensity 200 W cm 2 (d).

Scale bar is 1 um.

Figure 6. Oscillations of surface roughness R, (a, b), contact angle (c, d), and water droplet
size (e, f) as a function of sonication time and energy at three ultrasound intensities: 7;=200,

=175, and ;=150 W cm™. (*) Measurement is done for 10 samples.

Figure 7. Contact angle measurements. The contact angles, from the left 6, and from the
right 6, , are continuously monitored. For the calculations, only the parallel horizontal regions

were taken into account.

Figure 8. Nanostructured titanium has to perform well across two interfaces: between the
bulk metal and the interpenetrating layer, and between the interpenetrating layer and the tissue
(a). Colors of circles correspond to the same materials as in Figure 3. Due to its unique
properties achieved with HIUS treatment in NaOH, the mesoporous titanium surface has high
bonding strength to the bulk metal. It can firmly integrate with the preosteoblast cell line
MC3T3-El1 at different stages of tissue formation: individual cells after 24h of growth (b), cell
layers after 48h (c), and tissue growth in tissue engineering scaffolds after 5 days (d).
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Confocal microscopy images with nuclear (red) and actin (green) staining. Scale bar is 100
pm. Quantitative analysis of tissue growth in circular pores of 500 pm diameter unmodified

(initial) and modified with HIUS (e).
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Energy, [W s]

Exposure time,

Ultrasonic intensity, [W cm’z]

[min] 150 (at 60%) 175 (at 70%) 200 (at 80%)
3 27000 31500 36000
5 45000 52500 60000
7 63000 73500 84000
10 90000 105000 120000
15 135000 157500 180000

Table 1.

Energy of sonication used at different amplitudes and exposure times.
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Mesoporous titania surfaces were produced under high intensity ultrasound treatment
Mesoporous titania surfaces show high wettability and surface roughness.

Surface roughness and wettability can be tuned by changing ultrasonic parameters.
Mesoropous titania surfaces show high biocompatibility with preosteoblast cell line.
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