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Abstract
This research focused on the to modification of the surface structure of titanium
implants with nanostructured morphology of TiO2 nanotubes and studied the interaction
of nanotubes with osteoblast cells to understand the parameters that affect the cell
growth. The electrical, mechanical, and structural properties of TiO2 nanotubes were
characterized to establish a better understanding on the properties of such nanoscale
morphological structures.
To achieve the objectives of this research work I transformed the titanium and its
alloys, either in bulk sheet form, bulk machined form, or thin film deposited on another
substrate into a surface of titania nanotubes using a low cost and environmentally friendly
process. The process requires only a simple electrolyte, low cost electrode, and a DC
power supply. With this simple approach of scalable nanofabrication, a typical result is
nanotubes that are each approximately 100nm in diameter and have a wall thickness of
about 20nm. By changing the fabrication parameters, independent nanotubes can be
fabricated with open volume between them. Titanium in this form is termed onedimensional since electron transport is narrowly confined along the length of the
nanotube. My Ph.D. accomplishments have successfully shown that osteoblast cells, the
cells that are the precursors to bone, have a strong tendency to attach to the inside and
outside of the titanium nanotubes onto which they are grown using their filopodia – cell’s
foot used for locomotion – anchored to titanium nanotubes. In fact it was shown that the
cell prefers to find many anchoring sites. These sites are critical for cell locomotion
during the first several weeks of maturity and upon calcification as a strongly anchored
bone cell. In addition I have shown that such a surface has a greater cell density than a
smooth titanium surface. My work also developed a process that uses a focused and
controllably rastered ion beam as a nano-scalpel to cut away sections of the osteoblast
cells to probe the attachment beneath the main cell body. Ultimately the more rapid
growth of osteoblasts, coupled with a stronger cell-surface interface, could provide cost
reduction, shorter rehabilitation, and fewer follow-on surgeries due to implant loosening.
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Chapter 1
Introduction
After the implantation of a biomaterial in the body, the interaction of the
biomaterial with cells initially occurs in the surface of the implant.1 Thus, it is possible to
modulate the biological responses of the body by modifying the implant's surface
characteristics. During the past few decades, many implanted biomaterial failures have
been reported due to weak surface properties and chronic infections. Several surface
modifications have been suggested to overcome the implant failures associated with
insufficient tissue-implant interaction due to the lack of suitable surface properties. In the
case of titanium orthopedic implants, it has been widely accepted that the
biocompatibility of a titanium implant is attributed to the passive oxide layer (TiO2)
formed on its surface. Therefore, understanding the surface properties of titanium and
titanium alloy implants such as roughness, chemistry, wettability, and mechanical
properties are crucial for designing a successful implant for clinical application. However
the mechanism in which these surface properties regulate cell function is not clearly
understood. This thesis will mainly focus on TiO2 nanotube synthesis, characterization
and osteoblast interaction as the next generation surface modification of titanium and
titanium alloy implants.
In Chapter 2, a review of my work on surface modification of titanium alloys
through porosification via hydrofluoric acid is given. This technique has several
limitations including working with hazardous acids, long times required for etching, and
lack of control over the size distribution of pores. I will compare several etching
techniques including a method based on sandblasting as the pretreatment. I then focused
on the application of different methods for surface modification. In Chapter 3, I introduce
the electrochemical synthesis of TiO2 nanotubes at the surface of bulk Ti. The nanotubes
resemble a tubular nanostructure. This method does not require working with hazardous
acids such as HF. In turn, the sizes of the nanotubes can be controlled to a great extent by
adjusting the synthesis parameters such as applied bias voltage, time, and chemistry of
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the electrolyte. Discussion on the effect of anodization parameters on nanotube
architecture is given in Chapter 3.
These engineered-nanotubular structures offer exciting progress toward the design
of multifunctional medical implants. To bring this to reality, one should know the
mechanical, electrical, surface, and biocompatibility properties of the nanotubes. The
mechanics of the nanotubes is important from stress-shielding and mechano-transduction
points of view. I speculated that surface modification of Ti implants by a TiO2 nanotube
layer with elastic behavior close to the actual bone can be promising to overcome stressshielding, a common reason for implant failures. In addition, I hypothesize that the
fabrication of TiO2 nanotubes with elastic modulus close to actual bone can promote
osteoblast growth. Interestingly, no previous reports in the body of literature could be
found on the mechanical properties of nanotubes. This motivated me to conduct series of
novel experiments on measuring the mechanical properties of individual TiO2 nanotubes.
The nanotubes were tested in the chamber of transmission electron microscope using an
in-situ atomic force microscopy stage with force resolutions better than 1 nN. Thin and
thick nanotubes were tested to check if there are variations of mechanical properties as a
function of size. All the data and relevant discussion related to the mechanical testing of
nanotubes are given in Chapter 4.
The motivation to study the electrical properties of TiO2 nanotubes is based on the
work of Ercan et al.2 who showed that application of an electrical signal on anodized
nanotubular

titanium

can

significantly

improve

osteoblast

proliferation

and

differentiation. However, I could not find any reports in the literature, on the electrical
properties of individual nanotubes. There are a number of reports on the electrical
performance of arrays of nanotubes but no single nanotube was tested. Biological cells
are normally nano-micro sized and have interactions with nanotubes at the nanoscale.
Therefore it is important to measure a nanotube electrical conductivity at the nanoscales.
In addition, it wasn’t known how differently the electrical properties of an as-anodized
(amorphous) versus annealed (crystalline) nanotube can be. This motivated me to
characterize the electrical properties of amorphous and crystalline nanotubes as discussed
in Chapter 5.
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nI addition, biological cells attached to the surface of nanotubes can
mechanically bend the nanotubes. However, we do not know how this mechanical
straining can impact the electrical signal transmission in the nanotubes. This motivated
me to study the effect of mechanical straining on the electrical properties of nanotubes. It
was observed that mechanical straining can enhance the electrical properties of nanotubes
by a factor that should be considered during electrical signaling of the cells. The results
are also explained in Chapter 5.
If the nanotubes are used on the surfaces of implants they will be subjected to
body temperature in the presence of the physiological environment. Therefore it is
important to investigate the conditions in which the TiO2 nanotubes may become
structurally unstable. In addition in the process of implant fabrication may be certain
industrial treatments that may require annealing the implant in a nitrogen concentrated
environment (nitriding). Investigating the treatment conditions that may result in
nanotube breakdown is of high importance for optimizing the annealing parameters. This
has been addressed in Chapter 6 for understanding factors behind the annealing process
that are to be avoided or to be aware of. In this chapter, another investigation is devoted
to the Joule heating of nanotubes that are subjected to electrical signaling. I observed that
the nanotubular structure can collapse into small particles if subjected to high electrical
biasing over a period of time. This consideration opens new discussions and future efforts
on what regime the electrical methods for regulating the cell functions can be effective
before damaging the nanotube architectures.
After the implantation of a biomaterial in the body, the biological interaction of
the biomaterial with cells initially occurs on the surface of the implant. The immediate
contact of the tissue with TiO2 nanotubes starts with water molecules, making the
wettability properties of the nanotubes a high impact factor in protein adsorption.3 Since
cells are connected to matrix proteins by integrins, and hydrophilicity of the surface
encourages protein adsorption, hence surfaces with higher hydrophilic properties can
enhance cell adhesion. These findings motivated me to investigate the wettability
properties of TiO2 nanotubes and to investigate TiO2 nanotube hydrophilicity based on
the nanotube composition and crystallinity (Chapter 7). Interestingly, I observe that the
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wettability can be inversely affected by an annealing treatment and then by aging of the
nanotubes.
In Chapter 8, I further extended the existing knowledge in the literature by
investigating the effect of chemical composition, crystallography, and stiffness of TiO2
nanotubes on osteoblast cell function. I have shown that the nanotubular characteristics of
the surface improve cell proliferation, attachment and spreading of osteoblast cells. I also
investigated the effect of the chemical composition on osteoblast growth and adhesion by
comparisons between alloyed and pure. Moreover, osteoblast interaction and attachment
with TiO2 nanotubes was investigated through focused ion beam cross sectional milling
to reveal osteoblast growth into nanotubes. Finally I have proposed a method for
evaluating the effect of nanotube stiffness on cell attachment and number and therefore to
perhaps increase the morphological properties of the nanotubes for better cell adhesion
and proliferation.
The work outlined above has resulted in a new understanding of the behavior of
these nanomaterials and their interactions with osteoblast cells. However, several
problems or issues should be addressed before they can be used as medical implants. This
work can be extended in several directions to make its application feasible. One concern
is the delamination of TiO2 nanotubes from the surface during implant loading in the
body and if they have adverse effects on kidneys or other human organs. Another
extension of this work will be toward growth factor and drug loading and release.
Although I reported the electrical properties of the nanotubes, the in-vivo investigation of
electrical signaling coupling with TiO2 nanotubes to regulate cell function remains
unexplored. Moreover, the photothermal properties of TiO2 nanotubes as a potential
therapeutic agent for cancer thermotherapy in combination with near-infrared (NIR) light
has been reported to be an affective way to destroy cancer cells.4 However, the potential
that TiO2 nanotubes can inhibit tumor growth remains unexplored. Therefore, in-vivo
animal tests should be conducted to investigate if the TiO2 nanotubes can inhibit tumor
growth with any possible IR-induced photocatalytic side effects. All these ideas and
possible extensions of this PhD research work are discussed in Chapter 9.
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Chapter 2
SLE Technique for Surface Engineering of Titanium Rods
with Modified Porous Structures
Abstract
It is generally known that surface porosity and roughness on titanium substrates
can enhance osteoblast adhesion, proliferation, production of alkaline phosphates, and
deposition of calcium-containing mineral.5 This research aims to perform an initial study
on the potential surface modifications of titanium alloys used as implants and to develop
a better understanding on the effect of anodization parameters on the structure of surface
porosities. Surface roughness with micro- and nano-sized pores was produced through a
novel technique that included sandblasting and electrochemical etching processes (SLE).
A systematic study was conducted to compare the SLE results with conventional
techniques including sandblast-acid-etched (SLA), and selective electrochemically etched
(SEE) processes. The SEE experiments were conducted under four different process
conditions using hydrofluoric and phosphoric acids. The morphology comparison
between these three surfaces indicated that the SLE surface had a range of micro-nano
scale surface porosity. These structural features can potentially be applied for titanium
implants to improve the bonding between the orthopedic implants and surrounding bone
matrix.
However, during this work I noticed a number of serious drawbacks of SLA, SLE
and SEE techniques. First, the fabrication involves the use of extremely hazardous
chemicals such as HF acid. Handling HF requires extreme caution and expensive
equipment for protection. Second, the process of making micro porosity is very time
consuming (e.g. up to 96 hrs). Interestingly, the fabrication of nanotubular morphology
does not have any of the above-mentioned disadvantages. In addition, the literature shows
that protein adsorption and consequent cell adhesion and proliferation is higher on
nanotubular modified titanium surfaces compared to porous surfaces due to
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enhanced roughness, more surface area, and therefore higher surface energy for reaction
with protein molecules. These reasons motivated me to look for an improved surface
treatment by nanotubular surface modification of titanium implants using the initial
principals of anodization but safer electrolyte and a time/cost effective protocol. The
fabrication of nanotubular structures is discussed in Chapter 3.
2.1. Introduction
In recent years, the use of titanium (Ti) and Ti alloys as materials for implants has
been increasing in comparison to many other metals. Researchers believe that increased
knowledge of titanium and other materials, and the body's reaction to them, could make
permanent surgical implants the norm. This could herald a new area of dental and
orthopedic work, with immediate applications in dentistry, reconstructive surgery, and
hip, knee, finger and ankle replacements. The interest in Ti implants has been attributed
to the superior biocompatibility provided by the thin oxide surface layer (1.5–10 nm
thick) that forms naturally on the surface of titanium metal on exposure to air.6
This bond between the implant and bone (osseointegration) is being actively
studied. In fact, improved bonding between the bone and the titanium implant was
observed on microporous structures compared with non-microporous titanium which did
not induce bone formation at all.7 In addition to topography, implant surface chemistry
plays an important role in protein adsorption and subsequent cell adhesion. The surface
oxide layer of titanium has many qualities regarded as important for promoting bone
growth. This oxide layer of titanium can be manipulated chemically and there has been
speculation whether the biological properties of the oxide surface may then be changed
and even improved. In addition the ability to control drug delivery at the surface of a
titanium rod implant can promote bone growth and infection resistance.
Researchers are experimenting with Ti with different surfaces that may encourage
early bone build-up. The results show that rough surfaces allow bone to grow into them
more actively.8 Surface roughness is an immensely studied subject by numerous
investigators with the goal of improving the performance of bone implants. Specifically,
compared with smooth surfaces, micron surface roughness on titanium substrates
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created by sandblasting, etching, machining and the use of micron-sized metal bead
coatings has enhanced osteoblast adhesion, proliferation, production of alkaline
phosphates, and deposition of calcium-containing mineral.9 Thus, in order to understand
the bone growth process between the implant and bone tissue, it is very important to
know the surface properties of the film. For this reason, many investigations of tissue
reactions to implant surfaces have been directed at modifying the roughness of the thin
film surface and most efforts have been concentrated on the surface technology of
implants, and roughened surfaces were demonstrated to favor bone bonding of
implants,10,11,12 although the optimal surface modification has not yet been found.
Consequently, a variety of techniques and implant surfaces were developed and
introduced to the implant market. Among the techniques, those that produce an increase
in the surface roughness and form a TiO2 layer on the surface have been found to be
beneficial to the biological performance of the implants.13
Another new developed and well-documented surface treatment of Ti implants
has been known as sandblasted and acid-etched surface (SLA), which consistently
showed better results both in histometric and biomechanical testing in comparison with
alternative surfaces,14,15,16 such as the well documented TPS (titanium plasma-sprayed)
surface, and furthermore proved advantageous in clinical application.17 Most importantly,
it can reduce the routine 12-week unloaded bone healing time to 6 weeks, allowing an
early loading.18,19 Li et al.20 provided a study with the purpose to biomechanically
compare these two subtly different surfaces, the machined and acid-etched surface (MA)
and SLA, using an identical implant design and to further demonstrate the interlocking
effect of the macro-rough texture produced by the sandblasting procedure before acid
etching. Through their direct biomechanical comparison study, the SLA was
demonstrated to be more powerful in enhancing the interfacial shear strength of implants
than the MA surface. In comparison with the MA-surfaced implants, the SLA-surfaced
implants showed approximately 30% higher removal torque values (RTVs) at the healing
periods of 4, 8, and 12 weeks and also a more than 5% higher interfacial stiffness. The
preprocessing by sandblasting before acid etching accounts for these differences and
therefore

it

was

clarified

that

the sandblasting as a preprocessing treatment is
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necessitated as well from the viewpoint of biomechanics.
All the investigations cited above were concerned with the development of the
titanium oxide layers, the reduction of the bone healing period and, consequently, with
enhancing a patient’s life. In this research for the first time, we report a new technique
that includes sandblasting and electrochemical etching (SLE). We then conducted a
systematic microstructural study on the formation of various nano/microstructures of
titanium oxide produced by SEE, SLE, and SLA processes.
2.2. Experimental Procedure
The samples were titanium alloy Ti6Al4V rods, 2.5 mm in diameter and 5 cm in
length. The rods were first machined and then prepared by cleaning in an acetone
ultrasonic bath followed by an isopropyl alcohol wash. The rods were then rinsed in DI
water and dried in a nitrogen stream. The surface structure of the samples was analyzed
by a Hitachi S-4700 field emission scanning electron microscope (FE-SEM).
The first sets of experiments, selective electrochemical etchings (SEE), were
conducted under four different process conditions using hydrofluoric and/or phosphoric
acids in distilled water as the electrolyte media. Voltage, time, and electrolyte
concentration were varied to improve the desirable porous structure. The next sets of
experiments were conducted by acid etching and electro etching of the sand blasted
samples. I called these two techniques SLA and SLE respectively. Micro abrasive of 50100µm were used for the sand blasting process. During the SLA process the titanium rod
was acid etched for 72h in H2SO4 and then 94h in HCl. The electrochemical etching of
the SLE process was conducted under the etch conditions obtained from the selective
electrochemical etching experiments.!
2.3. Results

2.3.1 Selective Electrochemical Etching (SEE) Process
It has been found that the morphology of titanium oxide is dramatically changed
upon electrochemical conditions.21 The mechanism
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of

nanostructured

titanium

oxides in terms of different anodizing conditions have been described by a competitive
reaction between F" ions and PO43", which provides different levels of incorporation of
anions in the formed oxide. Titanium oxides containing enriched F" ions stimulate cell
attachment, whereas high proliferation levels of cells were observed in phosphate
incorporated titanium oxides.
Voltage, time and electrolyte concentration were varied in four different sets of
experiments to obtain the processing conditions for the desirable porous structure.

Figure 2.1. FE-SEM micrographs of Ti alloy surface treated with H3PO4 electrolyte : (a)
100 V; (b) 150 V ; (c) 200 V. Scale bar (a) is 5µm, (b) is 500 nm, and (c) is 2µm.
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2.3.1.1 Effect of Voltage with H3PO4 Electrolyte
This electrochemical etching was carried out at room temperature using 1M
H3PO4 electrolyte. The process was for 15 min at 50, 100, 150, and 200 V. In general, the
porosity and the pore size increased with increasing voltage (Figure 2.1). The nanoporous
titanium layers were detectable at voltage values of 150 V and 200 V but no porous
structure was observed for 50 and 100 V. The surface morphology in the sample formed
with 200V had a distinct porous structure in comparison to other samples processed at
lower voltages.

2.3.1.2 Effect of Voltage with HF + H3PO4 Electrolyte
Subsequently, hydrofluoric acid (HF) was added into the H3PO4 electrolyte for the
study of the electrolyte composition effect and applied voltage on the morphologies of
titanium oxides. Anodic oxidation was carried out at room temperature using 1M
H3PO4+1wt%HF electrolyte. It was found that the morphology of titanium oxides were
significantly influenced by composition of the electrolyte and applied potential. The
process was carried out for 15 min at 50, 100,135, 150 and 200 V. It was observed that a
nanoporous structure with pore size range of 200-500 nm was formed at 135 V (Figures
2.2e and 2.2f) and a combination of micro and nano porous structures were formed at150
V and 200 V with average pore sizes of 3 and 1 micron respectively (Figures 2.2.c and
2.2d).
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Figure 2.2. SEM micrographs of Ti-alloy anodized in H3PO4 and HF solution. (a and b)
no porous structure in 50V and 100V respectively; (c and d) a porous structure of 3
micron and 1 micron size was formed at 150 and 200 V respectively;(e and f) a porous
structure of 500nm. Scale bare (a, b, c, e) is 5µm, and (d, f) is 2µm.

2.3.1.3 The Effect of HF Concentration
This set of experiments was conducted to study the effect of electrolyte
concentration of HF on the porous structure of Ti rod samples. The weight percent of HF
was reduced from 1 to 0.5 wt%. The concentration of phosphoric acid (H3PO4) in the
electrolyte solution was kept at the constant value of 1 M. The process was carried out for
10 min at 75, 100 and 125 V. Overall, the average pore size of 250 nm was observed
(Figure 2.3). For the next set of experiments the HF concentration of 1wt% was kept
constant and the concentration of H3PO4 was increased up to 2 M.
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Figure 2.3. SEM images of Ti surfaces treated with HF (a) 75 V, (b) 100 V, (c) 125 V.
Scale bar (a) is 5µm, (b) is 3 µm, and (c) is 2 µm.

2.3.1.4. The Effect of H3PO4 Concentration
These experiments were conducted to study the effect of H3PO4 electrolyte
concentration on the porous structure of Ti rod samples. For this purpose, 1wt% of HF
was considered as the best concentration and H3PO4 concentration in the electrolyte
solution was increased from 1 M up to 2 M. The process was carried out for 5 min at 60,
120, 160 and 200 V. The porous titanium structures were detectable at all voltage values.
It was noticed that the pore size increased and the pore density decreased with the
increase of voltage values. For 60, 120, 160, and 200 V the average pore size of 0.15, 0.3,
0.42, and 0.75 microns were observed respectively (Figure 2.4).
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Figure 2.4. The effect of H3PO4 concentration at (a) 60 V and pore size range of 100-200
nm; (b) 120 V and pore size range of 200-400 nm; (c) 160 V and pore size range of 350500 nm; (d) 200 V and pore size range of 400-1100 nm.

2.3.2. Sandblasting Followed by Acid etching (SLA)
Micro abrasive of 50-100 microns was used for the sandblasting process. This
range was also used by Wenneberg et al.22 They demonstrated that the optimal surface
roughness of particles of 75µm made the surface more resistant to torque failure and
greater bone-to-metal contact than small (25µm) or coarse (250µm) particles. Acid
etching of the SLA samples was carried out by a combination of sulphuric (H2SO4) and
hydrochloric (HCl) acids.23 The titanium rod sample was first immersed in H2SO4 for a
period of 72 hours. Next the sample was taken out from the acid, washed with distilled
(DI) water, dried with nitrogen, and immersed into HCL for a period of 94 hours. Figure
2.5a shows the microstructure of surface oxide after the completion of the SLA process.
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Figure 2.5. Surface structure of Ti oxide obtained after sandblasting and (a.1, a.2, a.3)
acid etching (SLA) of the rods. (b.1, b.2, b.3) electro etching (SLE) of the rods. The
structure shows micro-nano porosity and significant roughness. Scale bar (a.1) is 500 µm,
(a.2, a.3, b.3) is 200 µm, (b.1) is 2 µm, and (b.2) is 10 µm.

2.3.3. Sandblasting Followed by Electro Etching (SLE) Processes
The electrochemical etching of the process was carried out under the conditions used
during the electrochemical etching series of experiments discussed in Sections 2.3.1.2
and 2.3.1.4.

2.3.3.1 SLE Experiments with 1 wt%HF+1M H3PO4
The process conditions were an aqueous electrolyte solution of 1wt%HF+1M H3PO4,
voltage value of 120V, and exposure time of 2 minutes. Figure 2.4b shows the resulting
etched surfaces. It can be seen that the size of the pores is on the average of ~ 30 microns.
The nano pores were observed locally near and in between the micro pores. The average
pore size of the nano pores was ~600 nm.
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2.3.3.2 SLE Experiments with 1wt%HF+2M H3PO4
The electroetching experiments were conducted using an aqueous electrolyte solution of
1wt%HF+2M H3PO4, and at 120V, 160V, or 200V and with exposure time of 5, 3, or 1
minute respectively. Figure 2.6 shows the resulting etched surfaces. It can be seen that
the average size of pores is in the range of ~30 microns. The rod surface of these SLE
samples contained two sets of structures. A roughened surface consisted of micro pores
with average pore size of 30 microns. Nanopores in between the micropores with an
average size of 300-750 nm were also detected.

Figure 2.6. SEM images of sandblasted and electro etched (SLE) rods. The structure
shows micro-nano porosity and significant roughness. Scale bar (a) is 2µm and (b, c) is
5µm.
2.4. Discussion
The results of the electrochemical etching process of machined and sandblasted samples
indicated that the applied voltage is the main parameter that controlled the morphology of
the porous structure in comparison to the exposure duration. The selective
electrochemical etching (SEE) process resulted in a homogeneous distribution of nano
porous structures. The sandblasted and acid-etched surfaces (SLA) were characterized as
a combination of micro porosity and roughness. While the SLE, sand blasted and electroetched surfaces were observed as a combination of micro-nano porosity and micro
roughness sandblasting, followed by the electrochemical etching process (SLE), indicated
a new paradigm to develop novel bone and dental implants. In comparison between SLA
and SLE processes, it was observed that the population of nanopores decreased while the
average pore size increased with the increase of the voltage.
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2.5. Conclusion
The research summarizes a series of chemical-mechanical treatments to produce
porous structures at the surface of Ti4Al6V. I conducted three methods of surface
treatment including machined and selective electro-etched (SEE), sandblast and acid
etched (SLA), and sandblasted and electroetched (SLE). The SEE process was conducted
on machined Ti surfaces and resulted in small porous structures where the maximum
pores were about ~1-3 microns. I found that the increase of applied voltage and
concentration of H3PO4, increased the pore sizes at the surface of titanium. The SLA
process was conducted on the sandblasted surfaces (roughened) and resulted in large pore
sizes in the range of 10-30 microns. For the SLE process, in addition to the large porous
structure of 10-30 microns, nanopores with an average size of 500 nm were observed. It
is expected that the SLE process may be more desirable for implant application of
titanium alloys due to the formation of such nanostructures. Others have shown that a
nanophase structure in titanium improves osseointegration on the implants. Further
research is necessary to study the biological response to the implant surface created by
the SLE techniques.
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Chapter 3
Synthesis of TiO2 Nanotubes
Abstract
Orthopedic implants are often made of commercially pure titanium (cp-Ti, also
referred to as Ti-grade 2) or titanium alloys for added mechanical properties. A common
alloy is the aerospace alloy Ti6Al4V containing 6% aluminum and 4% vanadium (also
referred to as Ti-grade 5). Implants are also made of less common alloys but are primarily
titanium. Titanium is considered one of the most biocompatible metals because of its
inertness and its stable outer oxide layer, TiO2.
To extend the functionality of the tubular materials by a new composition of
oxides, I targeted the fabrication of binary oxide nanotubes and multicomponent oxide
tubes using the Ti6Al4V alloy. Tubular nanostructures can be electrochemically etched
onto flat and non-flat surfaces and into foils of cp-Ti and Ti6Al4V alloy. This work used
a cylindrical platinum mesh as the counter electrode approximately the same length as the
foil and with a constant radial offset distance from the foil surface of approximately 2cm.
To reduce the cost of the process, electrodes of materials other than platinum, and those
that were stable in the ammonium fluoride and ethylene glycol electrolyte, were tested. In
particular, copper was used. Tubular nanostructures were electrochemically etched with
copper with no obvious morphological difference from those produced using a platinum
electrode. Upon chemical analysis, it was determined that there were no detectable traces
of copper within the sensitivity of the EDS analysis used.
This chapter focuses on the synthesis of nanotubes etched on the surface of
Ti4Al6V. The nanotube arrays were synthesized by anodization in ethylene glycol
electrolyte containing 0.2wt% NH4F solution (0.661gr NH4F, 98ml Ethylene glycol, 2ml
H2O), and using copper as the cathode. The first part of this chapter relates to the
mechanism of nanotube growth. The length of the nanotubes ranged from 200 nm to 6
µm by increasing the anodization voltage and time. The diameters of the nanotubes stay
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almost the same with increased anodizing time but increase with increased voltage.
Images captured from FE-SEM form the basis of the results.
3.1. Introduction
TiO2 is an n-type semiconductor and a photocatalyst, attracting attention from
both fundamental and practical viewpoints.24 In recent years, many low dimensional TiO2
materials, such as nanowires, nanotubes, and nanorods have been successively
synthesized. Among them, TiO2 nanotube structures are particularly interesting, partly
because of their large specific surface areas and their tube-like structure. Gong et al. first
produced titanium dioxide nanotube arrays with length up to 500 nm by electrochemical
anodization in a HF aqueous electrolyte.25 Over recent years, the formation of titanium
nanotube arrays has been produced by many other methods including template
synthesis26, layer-by-layer assembly27, and hydrothermal processes.28 Increased attention
on titanium dioxide is due to the tubes’ unique properties in optics, electronics29,
photochemistry and biology30 and can be widely used as chemical substances, such as in
areas of catalysis, gas-sensing, corrosion-resistance and solar energy materials.
In these applications, the control of morphology, particle size, particle size
distribution, phase composition, and porosity of TiO2 is a vital factor in determining the
properties of the final material. Several research groups31 have focused on the synthesis
of nanotube with different diameter or length, ranging from 5 nm to several micrometers
and a variety of shapes for photocatalysis and photoelectrode materials32, which are
shown in table 3.1.
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Table 3.1 Nanotubes From Various Fabrication Method
Synthesis
Methods

Anodization
Method

Hydrothermal
Method

So-gel
Layer by Layer
Assembly

Diameter

Length

65 nm

250 nm

110 nm

4.4 µm

150 nm

134 µm

9-10 nm

122 nm

20 nm

1 µm

100 nm

7 µm

120 nm

1.5 µm

215 nm

60 µm

Preparation Materials

Reference
33

Either HF NaF or KF with
DMSO, EG, FA or NMF

34,35,36
37

Precursor material with TiO2 in
NaOH solution
Template membrane dip into
TiO2 gel
Prepare TiO2 and TiO2 based
compound using Layer by
Layer strategy

38,39

40
41
42

43

From Table 3.1, it can be seen that different methods generated different sizes of
nanotubes, including diameter and length. Even for the same method, different conditions
also have diameter and length differences. However, from these four methods, the
anodizaition method can produce the longest nanotubes up to 134 µm and the
hydrothermal method can make the shortest nanotubes up to 122 nm to 1 µm. For the
diameter, the layer by layer assembly method can give the biggest porosity in the surface
of nanotubes up to 215 nm and the hydrothermal method produces the smallest down to
20 nm. Therefore, the anodization method is the most widely used because of its easy
setup and short experiment time and the nanotubes from the hydrothermal method are
short and small diameter.
Different methods will affect the physical properties of nanotubes. Various
electrolytes containing fluoride ions also affect the length and diameter of the nanotubes,
such as formamide44, ethylene glycol, and dimethyl sulfoxide. In this chapter, I use the
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electrochemical anodization method with the electrolyte component of NH4F to quantify
the length and diameter of nanotubes through changing the processing parameters of
voltage and time.
3.2. Mechanism of TiO2 Nanotube Formation
Initially, titanium will react with the electrolyte to form a TiO2 layer on the
surface. Then the TiO2 layer reacts with NH4F when F- is the dominant ion in the
system45. After the anodization of titanium, the compact oxide begins to dissolve and
dissolution takes place only in a selective area, which is etching. The etching rate is
different at various locations of the oxide due to the differences in local stresses on the
surface. This is called selective etching. The selective etching causes the surface to form
porous structures. During the whole process, porous structures are formed by oxidation of
titanium and subsequent oxide dissolution. These two processes can be summarized as
two reactions46,
Oxidation:

Ti + 4H2O # TiO2 + 4H+ + 4e

Dissolution: TiO2 +6F-+4H+ # [TiF6]2-+2H2O

(1)
(2)

Inside the pore channel there are two interfaces: solution-oxide and oxide-metal.
The oxidation of titanium occurs at the oxide-metal interface near the pore bottom when
the oxygen containing ions (O2-/OH-) transport from solution to the oxide layer, along the
direction of the pore growth, which is described by reaction (1). At the same time, metal
ions (Ti4+) migrate from metal to the solution/oxide interface and dissolve into the
solution, reaction (2). A electrical field enhances the migration of the metal ions and the
latter process is called field-enhanced dissolution. As the electric field intensity at the
pore bottom is much higher than that at the wall, titanium will be consumed at a higher
rate near the bottom of the pore, allowing continuous increase of the pore depth. In
contrast, for anodized titanium the final thickness of the porous oxide film does not
increase with the anodizing time.
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3.3. Experimental Procedure
Titanium alloy foil (Ti6Al4V, Grade 5) was used as the substrate for fabrication
of the nanotube arrays. The foils were 1cm x 1cm and were polished. The final polishing
step was with a suspension of 60µm colloidal SiO2. Prior to etching, the samples were
sequentially sonicated in acetone, isopropyl alcohol, and methanol, then rinsed with
deionized water, and dried in an N2 stream. The experimental setup consisted of a twoelectrode arrangement, with Cu mesh as the counter-electrode during different sets of
experiments. The spacing between the samples and the counter-electrode was
approximately 25mm. Anodization was carried out at room temperature. The electrolyte
was 0.2wt% NH4F solution in a plastic beaker. The voltage was supplied by a DC power
supply and the current was measured by a digital multimeter. The anodization was at 20,
40 and 60 V for three processing times of 4, 8 and 16 h at room temperature. After
completing the anodization experiments, the titanium foils were rinsed with deionized
water and dried in atmosphere for further characterization. The surface structures were
observed by a FE-SEM operating at 10 KeV. The distribution of nanotube diameter was
calculated by image analysis. Energy dispersive spectroscopy (EDS) was used to collect
chemical information of individual nanotubes and to confirm alloy properties.!
3.4. Results and Discussion

3.4.1 Effect of Driving Voltage on Anodization Kinetics
Fig. 3.1 shows how the current density changes with time at 20, 40 and 60 V in
the solution of 0.2 wt% NH4F. When the voltage was applied to the system, there was a
sudden current passing through the surface of the titanium foils. That initial current drop
is probably due to the formation of a compact oxide film at the beginning stage which
elevated the resistance and reduced the current densities. After that, the forming layer
reacted with titanium to form the oxygen compound which was titanium dioxide on the
surface. Because of the solubility of the titanium oxide in HF-containing solutions, there
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will be competition between the growing pores, and the current density decreases until a
stable, ordered pore growth has been established.
.

Figure 3.1. I-T curves for 20, 40, and 60 V during anodizing process in 0.2 wt% NH4F
solution.
The maximum current increased by increasing the applied voltage. Considering the
fact that the total resistance of the system remains the same in all three cases (no change
in electrolyte and electrodes), the increasing maximum current means that the flow of
electrons increased. The rate of oxidation reaction (reaction 1) increased by increasing
the applied voltage. The high currents at 60 V and 40 V are associated with a higher rate
of current decrease in comparison to the 20 V case. This is because the increase in
reaction 1 means a faster growth of the oxide layer associated with increasing resistance
and therefore the conductivity of the system decreases (inset Fig. 3.1). In the 40 and 60 V
cases, the value of dI/dt keeps decreasing because the oxide layers that formed from
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oxidation process increase the resistance of the system. This results in decreasing current.
That is why the peak starts to increase then decrease during 20 to 60 sec in 20 V case.

3.4.2 Effect of Anodization Time on the Diameter of Nanotubes
Different anodization time will lead to different nanotube diameters at the surface
of titanium. Fig 3.2(a)-(d) show the images and the corresponding diameter analysis for
samples after 4, 8 and 16 hrs in the 0.2 wt% NH4F at 40 V.

Figure 3.2. FE-SEM images of the surface structure obtained and the calculation of
diameter distribution at 40 V in 0.2 wt% NH4F at different times (a) 4, (b) 8, and (c) 16
hrs and (d) diameter distribution with the average of 66, 67 and 74 nm for 4, 8 and 16
hours under 40 V.
Fig. 3.2(a-c) shows the porous structure that formed in the surface of the substrate. The
titanium foils were etched to individual tube structures. By measuring each inner
diameter, the results are plotted in Fig. 3.2(d). In Fig. 3.2(d), the average diameter of
nanotubes for 4 hrs was found to be 66 nm. As the time increased to 8 and 16 hrs, the
average diameters increased to 67 and 74 nm, respectively. There is not much difference
in the diameter among the three samples anodized at the same voltage. Even though
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the time increased, the diameter stayed almost the same. This effect of time on diameter
can be explained by the mechanism of tube formation. Under an applied voltage, the
electric field assisted anodization of titanium will happen in the metal/oxide interface.
After that, the dissolution process occurs which is an oxide/dissolution process. The
diameter forms at the beginning of dissolution process and the reaction rate is very fast. It
is only affected by the power of the electric field, which is voltage here. Combining the
mechanism and results, I believe that time will not affect the oxidation part. Therefore, I
don’t expect any change in diameter, the effect of time on length will be discussed in the
next section.

3.4.3 Effect of Voltage on the Diameter of Nanotubes
Fig. 3.3 shows the nanotube diameters at anodization voltages of 20, 40, and 60 V
for 16 hrs. With the image from Fig. 3.2(c), a comparison with three different voltages
under constant time can be made.

Figure 3.3. FE-SEM images of the nanotubes at 16 hours in 0.2 wt% NH4F at (a) 20 V,
and (b) 60 V. (c) Diameter distribution of nanotubes at 20, 40 and 60 V for 16 hours. The
average diameter is 54, 74 and 144 nm for 20, 40, and 60V, respectively.
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It is shown in Fig. 3.3(a) that at 20 V the average diameter of the nanotubes was
54 nm as shown in Fig. 3.3(c). When the voltage was increased to 40 V, the diameter also
increased to 74 nm in Fig. 3.2(c). With further increase to 60 V in Fig. 3.3(b), the
diameter was 144 nm, which is almost double that of 40 V. As discussed above, diameter
formation is an etching process which happens in the oxide/solution interface. The
voltage is the main factor affecting reaction speed. Higher voltage will supply more
current that will make the electrical field stronger that will directly speed up the
migration of metal ions. More and more titanium is involved in the dissolution process,
which results in a large area formed in the surface.

Figure 3.4. At the voltages of 20, 40 and 60 V, the inner diameter values are shown at
anodization times of 4, 8 and 16 hrs.

3.4.4 Effect of Time on the Length of Nanotubes
Figure 3.5 shows images of the nanotubes anodized at constant voltage of 60 V
for 4, 8 and 16 hrs. From the cross section view in Fig. 3.5(a), the nanotube is already
formed and all the nanotubes bundle together. It can be seen that some of the nanotubes
were broken and twisted during the growth process. A nanotube with length of 5493 nm
is shown in Fig. 3.5(a). When the time increased from 4 to 8 hrs, the same structure also
happened and the length increased from 5493 nm to 6754 nm shown in Fig. 3.5(b).
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With 16 hrs in (c), the length was up to 7000 nm. As discussed above, the titanium metal
will be consumed at a high rate near the bottom of the pore, allowing continuous growth
of the pore depth, which is the nanotube length. The nanotube grows by etching deeper
into the surface. From the I-T curves (Figure 3.1), one can see that the reaction rate stays
in equilibrium for very long times apparently meaning the growth process will continue
at a nearly constant speed. Thus, increasing anodization time will increase the length of
the nanotubes.

(a)

(b)

(c)
Figure 3.5. The microstructure nanotube obtained in 0.2 wt% NH4F at a voltage of 60 V
and at (a) 4, (b) 8, and (c) 16 hrs.

3.4.5 The Effect of Voltage on the Length of Nanotubes
The SEM images of Fig. 3.6 captured the etching condition of 16 hours at 20 and 40
V. Combined with the image of Fig. 3.5(c), the results show the variation of produced
nanotube morphologies at different voltages but at the same anodization time. From Fig.
3.6(a), the shape of the nanotube was formed but not completely. It looks like the strength
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of the nanotubes could be weak. Fig. 3.6(b) and Fig. 3.5(c) show the completely formed
nanotubes. The length shown in the figure is 1388 nm at 16 hrs at 20 V. Compared to the
images of Fig. 3.6(b) and Fig. 3.5(c), the length increased up to 6114 nm for 40 V and
7000 nm for 60 V. From Fig. 3.7, it is seen that the voltage and time both have significant
affect on growing nanotubes. The increase of time or voltage can increase the length of
the nanotubes.

(a)

(b)

Figure 3.6. FE-SEM images of the microstructure obtained after 16 hrs in 0.2 wt% NH4F
at (a) 20, and (b) 40 V.

Figure 3.7. The nanotube lengths from 20, 40 and 60 V at 4, 8 and 16 hrs.
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3.5. Chemistry of TiO2 Nanotubes
The energy-dispersive X-ray spectroscopy (EDS or EDX) results shown in Figure
3.8 indicated the chemical structure of the alloyed TiO2 nanotubes, with a chemical ratio
of Ti:O:Al:V = 69.64:21.02:6.15:3.19. Upon chemical analysis, it was determined that
there were no detectable traces of copper from the cathode, within the sensitivity of the
EDS measurements.

Figure 3.8. EDS analysis of a single alloyed (Ti6Al4V) nanotube indicating the Ti, Al,V,
and O peaks, The EDS analysis confirmd that there was not any detectable extra element
introduced to the rod surface during the formation of the nanotubes.
3.6. Conclusion
The present work inve!stigated the diameter and length changes by controlling the
time and voltage of anodizing Ti6Al4V foil to get nanotubes using NH4F solution. I
observed that the increase of anodization and time will increase the length and diameter
of nanotubes. Based on the potential application of TiO2 nanotube in medical
applications, it is necessary to do more work on controlling the size and length, which
will get us better efficiency or quality of the materials.
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Chapter 4
Direct Compressive Measurements of Individual Titanium
Dioxide Nanotubes
Tolou Shokuhfar1, Ganesh K. Arumugam, Patricia A. Heiden, Reza S. Yassar, Craig
Friedrich
ACS Nano, 3 (2009), 3098–3102
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Abstract
The mechanical compressive properties of individual thin-wall and thick-wall TiO2
nanotubes were directly measured for the first time. Nanotubes with outside diameters of
75 and 110nm and wall thicknesses of 5nm and 15nm, respectively, were axially
compressed inside a 400 keV high-resolution transmission electron microscope (TEM)
using a new fully integrated TEM-atomic force microscope (AFM) piezo-driven fixture
for continuous recording of the force-displacement curves. Individual nanotubes were
directly subjected to compressive loading. We found that the Young’s modulus of
titanium dioxide nanotubes depended on the diameter and wall thickness of the nanotube
and is in the range of 23-44GPa. The thin-wall nanotubes collapsed at ~1.0-1.2µN during
axial compression.
KEYWORDS: Titanium oxide nanotubes, Mechanical Properties, In-situ TEM
4.1 Introduction
TiO2 is a highly functional material with a wide range of applications that are based on
its semiconductive and biocompatible nature. The semiconductive nature makes TiO2
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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the first author of this publication I have performed all the experimental

studies as well as results, discussion and conclusion.
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suitable for water-splitting, photocatalysis and for self-cleaning applications.47,48,49
Biocompatibility is highly important in biology and medicine, where the TiO2 layers on
Ti and Ti alloys are in direct contact with biological tissue in hip or dental implants.50 For
several applications, a nanostructured layer with a high surface area, possibly a uniform
distribution, and excellent charge-transfer properties is beneficial for good performance.
Gong and co-workers reported the synthesis of TiO2 nanotube arrays using an
aqueous HF based electrolyte.51 The pH of F- ion containing electrolytes was controlled to
form nanotubes up to a few micrometers in length. They reported that the tube properties
varied dramatically with the electrolyte chemistry in which they were formed. For
instance, close-packed hexagonal tubes were formed when using an ethylene glycol
electrolyte.52 Removal of the tube “plug” by an acid rinse enabled fabrication of freestanding, self-supportive membranes that can be used for biofiltration.53,54 In contrast,
tubes formed from dimethyl sulfoxide (DMSO) electrolytes had weak tube-to-tube
binding. Further studies focused on precise control and extension of the nanotube
morphology55, length and pore size56, and wall thickness.57 Various doping strategies have
been pursued including the use of an organic anodization bath, and incorporation of
anionic species during the anodization process.58
To our knowledge, direct measurements of the compressive mechanical properties
of individual TiO2 nanotubes with in-situ TEM have not been reported. Only very
recently, Crawford et al. used nanoindentation to measure the Young’s modulus of TiO2
nanotube films deposited on Ti substrates.59 The authors reported a significant
contribution from the substrate on the force measurements, and used the role of mixture
for composite materials (weighted sum of modulus-volume fractions of the constituents)
to estimate the Young’s modulus of the nanotube films. In the present work we
performed direct compressive force measurements of titanium dioxide nanotubes inside a
400 keV high-resolution field-emission transmission electron microscope eliminating the
prior approximation. A novel integrated AFM-TEM holder equipped with a MEMS
force sensor enabled the in-situ and direct quantitative measurements of the nanotube
compressive characteristics. The mechanical tests in the TEM allowed us to not only
evaluate the compressive stresses and estimate the elastic modulus of individual
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TiO2 nanotubes, but also to monitor and dynamically record the tube structural changes
during loading.
4.2. Experimental Procedure
Titanium foils (250 µm thick, purity ~99.7%, Sigma-Aldrich) were ultrasonically
cleaned in acetone and ethanol. The foils were anodized in a two-electrode
electrochemical cell in an electrolyte containing dimethyl Sulfoxide (DMSO) (99.6%,
Aldrich) and hydrofluoric acid (HF, 48% aqueous solution, JT Baker). The anodization
voltage, HF concentration in DMSO, and duration of anodization were 60 V, 2wt%, and
40 hrs, respectively. Platinum foil was used as the counter electrode. The distance
between the two electrodes was maintained at 2 cm. All experiments were conducted at
about 25 °C. After anodization, samples were washed with deionized (DI) water and
ultrasonicated to remove surface debris consisting of precipitate that fell out of solution
onto the sample. The nanotube array morphology was imaged using a field emission
scanning electron microscope (FESEM, Hitachi S-4700). The nanotubes where then
annealed in ambient oxygen at 450 °C for 3 hr.

Figure 4.1. FESEM images of a TiO2 nanotube array sample etched with a 2.0% HFDMSO electrolyte for 40 hrs at 60V.
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4.3. Results and Discussions
The anodization resulted in vertically oriented TiO2 nanotube arrays as shown in
Figure 4.1. Nanotubes had lengths between 7-10 microns and inner diameters ranging
from 60-130 nm. The tubes were easily dispersed enabling their use. This allowed us to
directly measure the properties of an individual tube and to characterize the compressive
behavior.
With respect to the experimental verification of mechanical properties of TiO2
nanotubes, no direct measurements appear to have been reported. Crawford et al. used
nanoindentation to probe the mechanical response of TiO2 nanotube films on a Ti
substrate. They proposed that the regions immediately under the indenter tip were
subjected to densification, while those at the sides of the indenter were under shear stress
that induced both densification and wear of the nanotubes. No direct measurement of
force-displacement on a single nanotube was reported, however the authors did report
progressively higher values of the Young’s modulus for thinner films of TiO2 nanotubes
consistent with the increased influence of the underlying Ti substrate.
In the present work we performed direct force-displacement measurements during
compressive loading of high purity, well-structured individual TiO2 nanotubes inside a
400 keV high-resolution JEOL TEM. The accuracy and capability of this technique for
direct measurements have been discussed in a number of recent publications60,61. For
instance Golberg et al. measured the bending force and modulus of boron nitride
nanotubes using an in-situ AFM-TEM technique. In our work, an AFM cantilever holder
equipped with a MEMS force sensor enabled in-situ and direct measurements of the
compressive properties of the nanotubes. The experimental setup is shown schematically
in Figure 4.2. A silicon cantilever was attached to a fixed MEMS force sensor and a gold
wire with a mounted TiO2 nanotube was placed on the piezo-movable side of the holder.
Initially, the relative positions of the wire and cantilever were manually adjusted with
tweezers under an optical microscope to reduce the gap between them. Finally, the X, Y,
and Z positions of the cantilever and individual TiO2 nanotube were adjusted with the
precision piezo-driven manipulator of the gold wire. The nanotube motion and force
acquisition parameters were controlled by software and electronics from Nanofactory
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Instruments AB. This automatically coordinated the stages and controlled the TiO2
nanotube displacement and rate. Prior to nanotube compression, the sensor system was
calibrated by indenting an Au wire, and the calibration coefficients were introduced into
the sensor system software. During the experiments, we monitored and recorded the
compressive force-displacement of the individual TiO2 nanotubes.

Figure 4.2. Schematic of the experimental setup within an AFM-TEM holder. The inset
on the right shows a TEM view of a titanium dioxide nanotube being compressed
between a sample wire and a silicon cantilever. The initial position of the tube against the
cantilever may be precisely adjusted with piezo-driven displacement of the sample wire.
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Two representative TiO2 nanotubes were used for in-situ TEM measurements,
which we refer to as “thin-wall” and “thick-wall”. The thin-wall tube had external and
internal nominal diameters of ~75 and ~65 nm. The thick-wall tube had external and
internal nominal diameters of ~110 nm and ~80 nm. The typical lengths of tubes prior to
compression were 7-10µm.

Figure 4.3. Force vs. displacement curves recorded for the thin-wall (top) and thick-wall
(bottom) TiO2 nanotubes. The data from multiple experiments for each tube is overlaid in
each plot with different color.
The typical force-displacement curves of the thin-wall and thick-wall TiO2
nanotubes during compression are shown in Figure 4.3. The compression tests were
repeated for several nanotubes to ensure the reproducibility of the data as they are shown
with different color in each plot. In general, for Figure 4.3a and b, the maximum
observed standard deviation were 0.25µN and 0.85µN respectively. The maximum
applied forces were directly measured to be ~1.2µN for the thin-wall tube and ~7µN for
the thick-wall tube. By measuring the TiO2 nanotube internal and external nominal
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diameters and length in the TEM, we were able to estimate the compressive stresses to be
1091 MPa for the thin-wall tube and 1475 MPa for the thick-wall tube. We refer to the
nominal diameter because the cross-section dimensions of a tube were estimated by its
two dimensional projection viewed in the TEM. To calculate the elastic modulus, we
used the engineering stress and the engineering strain based on an average tube length of
8.5µm. We obtained the elastic modulus of the nanotubes to be 23GPa and 44GPa for
thin-wall and thick-wall tubes, respectively. The calculated elastic modulus data are in
close agreement with the Young’s modulus values reported by Crawford et al. who used
Nanoindentation.59 Their reported values were in the range of 36-43 GPa. Our approach is
different and provides direct force measurements on a single nanotube. Although the
highest elastic modulus that we obtained is similar to that of Crawford et al, we found
nanotubes with a lower Young’s modulus (23GPa) than the values reported by these
authors (36GPa).
Moreover, the in-situ TEM studies allowed us to correlate the load-displacement
measurements with changes in the tubes’ structure.

During compressive loading, a

phenomenon was observed that corresponds to the drop of force on the thin-wall tube
shown in Figure 4.3. The correlation of load measurements with TEM images indicated
that the thin-wall TiO2 nanotube exhibited a force-displacement response similar to
yielding in a conventional ductile material. A TEM image of a thin-wall nanotube is
shown in Figure 4.4 and the inset shows the collapsed zone which apparently caused the
drop in compressive force. The collapse of thin-wall nanotubes could be due to localized
deformation and failure originated by nanoscale defects. As seen in the TEM images, the
nanotube surface contains irregularities and this may have caused stress concentration
and failure.
The collapse of carbon nanotubes due to compressive loading has been predicted
by atomistic simulation. Yokobson et al. observed that under axial compression, a carbon
nanotube undergoes various atomistic mechanisms.62 Within the Hookean range of strain,
and even at larger strains where the stress-strain relation deviates from linear, they did
not see any bond switching or breaking in the nanotube. There were no indications of
plastic behavior, i.e., the formation of dislocation-like defects and their motion
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within the strained nanotube body. At a certain critical level, which is natural to identify
with the breaking strain, one or a few C-C bonds break almost simultaneously, and the
resulting ‘hole’ in the tube wall became a precursor of fracture. The atomic disorder
propagated very quickly along the circumference of the tube. The strain, which was quite
uniform along the tube before this threshold, now redistributed itself to form a largely
distorted and unstable neck between the two relaxing nanotube segments.
Using the Euler formula, !cr="2EI/(AL2), where !cr is the critical stress, E is the
elastic modulus, I is the moment of inertia, A is the column cross section, and L is the
length of the column, one might expect to observe buckling phenomenon rather than
collapse by compression. However, certain conditions need to be met before applying the
Euler formula to an axially stressed column. The Euler buckling equation is only valid for
long and slender columns loaded axially in compression. What determines this long and
slender criterion is the ratio of the effective length (KL) of a column to the least radius of
gyration, r=(I/A)0.5, of its cross section. Considering a fixed end (K=0.5) scenario, in the
case of our TiO2 nanotubes, this ratio was calculated to be ~120. This value can be
categorized in the intermediate range of slender ratios, and buckling failure can happen at
higher slender ratios.

Figure 4.4. A TiO2 nanotube fractured after application of maximum compressive load.
The inset shows the collapse of the nanotube due to compressive load.
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The compression experiments inside the TEM allowed us to track the structural
changes within an individual deformed nanotube. This is an appealing advantage of the
present in-situ TEM technique over the AFM and SEM-based setups, which suffer from
insufficient spatial resolution leaving unanswered deformation-related questions about
elastic and/or plastic deformation. It is interesting to note that the Young’s modulus
monotonically decreases with the bulk TiO2, the thick-wall, and thin-wall nanotube
dimensions.
4.4. Conclusion
Direct force measurements were performed during compressive deformation of
individual titanium dioxide nanotubes using an AFM cantilever, piezo-driven holder
inside a 400 keV JEOL high-resolution field-emission transmission electron microscope.
The measured forces ranged between 1.2 µN and 7 µN. These forces, coupled with the
observed TiO2 nanotube dimensions, correspond to compressive stresses up to 1564 MPa
and lead to a Young’s modulus of TiO2 nanotubes in the range of 23 GPa to 44 GPa. By
taking advantage of the presumed changes in deformation mechanisms within
nanocrystalline materials such as the titanium dioxide nanotubes reported here, it is
possible that much higher specific strengths can be realized, and structural deformation at
the nanoscale can be exploited to make advanced engineering materials.
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Chapter 5
5.1. A Study on the Modulation of the Electrical Transport by
Mechanical Straining of Individual TiO2 Nanotube
Anjana Asthana, Tolou Shokuhfar2, Qi. Gao, Patricia A Heiden, Craig Friedrich, Reza
S. Yassar
Applied Physics Letters, 97 (2010), 072107
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Abstract
We report here, the deformation driven modulation of the electrical transport properties
of an individual TiO2 nanotube via in-situ transmission electron microscopy (TEM). The
current-voltage characteristics of each individual TiO2 nanotube revealed that under
bending deformation within the elastic limit, the electrical conductivity of a TiO2
nanotube can be enhanced. Analysis based on a metal-semiconductor-metal model
suggests that in-shell, surface defect-driven conduction modes and electron-phonon
coupling effect are responsible for the modulated semiconducting behaviors.
Keywords: TiO2 Nanotube, Electrical properties, deformation, Anatase TiO2
5.1.1. Introduction
In recent years quasi one dimensional (1D) solid nanostructures have stimulated
considerable interest for scientific research due to their importance for fundamental
studies of the roles of dimensionality and size in their physical properties as well as their
potential technological applications.
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have contributed to this publication by brainstorming the idea and synthesizing the
main material of characterization (TiO2 nanotubes).!
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Among the 1D oxide materials, titania (TiO2) in various morphologies (tubes,
wires, fibers, and rods) has attracted much attention from both fundamental and practical
viewpoints. Their semiconducting behavior and large surface area have drawn
considerable attention for potential applications in solar cells63, gas sensors, lithium ion
batteries and biomedical systems. However, the widespread technological use of titania is
impaired by its wide band gap (3.2 eV), which requires ultraviolet (UV) irradiation for
photocatalytic activation. Because UV light accounts for only a small fraction (8%) of the
sun’s energy compared to visible light (45%), any shift in the optical response of titania
from the UV towards full spectrum light will have a positive impact on the photocatalytic
and photoelectrochemical utility of the material. Traditionally, doping of the titania has
been the approach taken for its band-gap engineering64. When employing dopants to
change the optical response of a material, it is desirable to maintain the integrity of the
host material crystal structure, while changing its electronic structure. The crystal
structure of the material is directly related to the ratio of cation and anion size in the
crystal lattice.
Here, we propose an alternate way to enhance the electrical conductivity of TiO2
using mechanical straining. A recent theoretical work on boron nitride nanotubes
(BNNTs) under flattening deformation has predicted the unique possibility of band gap
tuning in a 2-5 eV range. This theoretical prediction on BNNT’s has been experimentally
verified by Bai et al.65 by a serious in-situ scanning tunneling microscopy (STM)
experiments in a transmission electron microscope (TEM).
Titania crystallizes into three natural phases: brookite (orthorhombic), anatase
(tetragonal) and rutile (tetragonal). Contrary to TiO2 films, where three distinct
polymorphs of rutile, anatase and brookite are reported, the TiO2 nanotubes are reported
to be either amorphous or anatase.66 The crystal structure of the TiO2 phase affects the
photoelectrical current in solar cells and anatase based solar cells are expected to have the
highest conversion efficiency.67 This effect has been attributed to the higher Fermi level
in anatase in comparison to that of rutile by about 0.1 eV.
In view of this, we report here, the effect of mechanical deformation on an
electrical response of an individual anatase TiO2
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nanotubes.

To

the

authors’

knowledge, such experiments have never been conducted on these nanotubes before.
5.1.2. Experimental Procedure
The in-situ electrical measurements were conducted in a high resolution TEM
using a STM-TEM holder from “Nanofactory Instruments”. The holder consists of a
STM equipped TEM sample holder, a controller and a PC with Nanofactory’s data
acquisition software. All the measurements were carried out on a single tilt STM-TEM
holder in a JEM 4000FX TEM, operated at 200 keV. The setup of the STM-TEM holder
is shown in Fig. 5.1.

Figure 5.1. The image showing the STM-TEM holder used for present electrical
measurements.
The electrochemically etched gold wire with TiO2 nanotubes was attached to the
piezo-driven movable part of the holder facing the fixed and sharp tungsten STM tip as
its counter electrode, and oriented perpendicular to the electron beam in the TEM. In such
an arrangement, atomic scale imaging and I-V measurements can be carried out
concurrently. The contact was made between the STM tip and the TiO2 nanotube by the
precision movement of the gold wire (with the sample) attached to the piezo-driven
manipulator. The electrical measurement was done by applying the bias voltages to the
gold electrode with the nanotube sample at its tip, while the tungsten STM tip was
grounded. In the present investigations, TiO2 nanotube samples were synthesized by
anodization of TiO2 foils followed by calcinations of nanotubes at 450 °C. Details of the
synthesis process is reported elsewhere.68
5.1.3. Results and Discussion
The structural investigations of TiO2 nanotube samples were carried out
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during the in-situ TEM experiment. Fig. 5.2a shows an overall view of the anatase titania
nanotube, depicting a number of tubular nanostructures with uniform size distribution.
The tubes are hollow and open ended with an average inner and outer diameter of
approximately 25 nm and 70 nm and the lengths range from several-tens to severalhundreds of nanometers. The corresponding diffraction pattern is shown in the inset (Fig.
5.2a), depicting the anatase titania (a = 0.378nm, c = 0.9513 nm, I41/amd). The HRTEM
image (Fig. 5.2b) taken from a single nanotube (inset of Fig. 5.2b) shows that the
nanotubes are well crystalline. The lattice fringe spacing of the walls of the nanotubes is
estimated to be ~ 0.353 nm, corresponding to the interplanar distance of the (101) plane
in the anatase phase.

Figure 5.2. (a) An overall view of the anatase titania nanotube and the corresponding
diffraction pattern (inset), and (b) the high resolution lattice image from a single anatase
nanotube (inset).
To ensure good electrical contact between the tip and the nanotube for in-situ
electrical measurement, an individual TiO2 nanotube
! 41!

was

attached

to

the

electromechanically etched gold tip by tungsten deposition using the focused ion beam
(FIB) technique. The different steps of the sample preparation are shown in Fig. 5.3(a-c).
In short, a nanotube was picked up using the FIB probe (Fig. 5.3a, Fig. 5.3b) and attached
on the tungsten tip (Fig. 5.3c) by the tungsten deposition. The tungsten tip with TiO2
nanotube was then transferred to the STM-TEM specimen holder and approached to its
opposite conducting STM tip by the peizo-manipulator. A schematic diagram of the
experimental setup is shown in Fig. 5.3d. The gold wire with nanotube is attached to the
moveable peizodriven stage while the fixed tungsten STM tip is its counter electrode.
The gold wire (with sample) positions can be easily moved in X, Y and Z
direction within the limited range to make a good contact of the nanotube with the STM
tip.

Figure 5.3. Images from the FIB system show (a) the as grown TiO2 nanotube sample; (b)
FIB probe attached with a single nanotube, dispersed on the Cu mesh; (c) the FIB probe
with a nanotube approaching the tip of the tungsten wire and; (d) schematic of the
experimental setup for current–voltage measurement.
For electrical measurement, it is foremost to make a good physical contact of the
nanotube with the two opposite electrodes. Under the present investigations, when the
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nanotube was brought in contact with the STM tip by the nanomanipulator, a current of
several nA was allowed to pass through the electrode-nanotube circuit. Due to the
passage of this current for a very short time (less than 2 seconds), the temperature of the
contact point between the nanotube and the STM tip will increase and the nanotube is
welded to the STM tip, which aids in making a good physical contact of the nanotube
with the STM tip. Fig. 5.4a shows a TiO2 nanotube attached with the gold electrode and
approaching the opposite electrode i.e STM tip by the nanomanipulator. Fig. 5.4b
displays an image, when the TiO2 nanotube comes in contact with both the electrode and
free standing in high vacuum (10-6 Torr) inside the TEM. Fig. 5.4(c-e) display the
sequential images of a typical TiO2 nanotube undergoing a gradual increase in its bending
curvature by incremental movement of the peizodriven gold tip toward the STM tip.

Figure 5.4. The bight field image of the TiO2 nanotube (a) approaching the STM tip; (b)
in contact with the STM tip; (c) (d) & (e) undergoing a gradual increase in its bending
curvature; (f) a series of the representable I-V curves measured during the deformation of
the TiO2 nanotubes.
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A series of measured I-V curves at various stages of bending deformation are
respectively shown in Fig. 5.4f. The TiO2 nanotube in contact with the STM tip (curve
“a” in Fig. 5.4f) shows a semiconducting behavior where electrical currents up to 10 nA
can be detected under bias voltages up to 25 V. This is due to the intrinsic
semiconducting behavior of the TiO2 nanotube under the applied voltage. As we deform
the nanotube by delicate driving of the tungsten tip with the nanotube against the STM
tip, current up to 18 nA can be observed (curve “b”) for the deformed state corresponding
to Fig. 5.4d. With the increase in deformation, the current is dramatically increased to 25
nA with start off voltage of 7.5V bias as is evident from curve “d” (Fig. 5.4f). Fig. 5.4e
displays the TiO2 nanotube in the highest deformed state under the present study, making
a large bending curvature and corresponds to the state of the I-V curve “d”. In a large bias
regime, the I-V curve can be differentiated to obtain a resistance R of the nanotube (R ~
dV/dI,). We found that for this deformed state, the resistance of the nanotube was
decreased to 0.34 G$ from ~ 0.86G$ in the state corresponding to Fig. 5.4a.
The nonlinear and symmetrical I-V characteristics of these deformed states
suggests a semiconducting behavior. Thus our measurement system can be regarded as a
metal-semiconductor-metal (M-S-M) circuit. The related semiconducting parameters can
be retrieved from the experimental I-V data in the bias regime >8V, by the following
relation69,

Here S is the contact area associated with a bias, Js is slowly varying function of the
applied bias. The ln I versus V plot gives an approximately straight line with a slope of,
(q/KBT)-1/E0 and an intercept of ln S. The representative (ln I)-V curves are depicted in
Fig. 5.5a and 5.5b corresponding to curve b and curve c in Fig 5.4f, respectively. Fig.
5.5c shows the linear fits of curve b and c extrapolated to the ln I axis, showing nearly
identical values of intercept.
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Figure 5.5. The ln I-V curves corresponding to (a) curve b and (b) curve c in Fig. 5.4f,
respectively. (c) The linear fits of the curves in (a) and (b).
This means,

and the contact area (S) is nearly identical for both of these

deformed states. In the expression of ln I, E=E00 coth (E00/kBT)
Where,

E00=(hq/2)[n/(m*#)]1/2
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Here, q is the elemental charge, kB is the Boltzmann constant, m* is an effective
electron mass of TiO2 nanotube and # is the dielectric constant. We estimated the specific
sizes of the nanotube from the bright field TEM image, and thus the resistivity, % was
obtained. The electron mobility, µ is then calculated by using the relationship µ=1/(nq$).
For TiO2 materials
28

!=8.4#0,

is the dielectric constant of a vacuum and

. Based on this procedure, the resistance, resistivity, carrier concentration

and carrier mobility were extracted as summarized in Table 5.1. As shown, nanotube
under the higher deformation has approximately 2.2 times higher charge carrier density
but ~1.7 times lower charge mobility. The I-V measurements with bending deformation
were repeated for several times to ensure the reproducibility of the data.
Table 5.1. Electrical parameters of TiO2 nanotube
Parameters

Curve b

Curve c

Curve d

Resistance (G$):

0.86

0.66

0.34

Resistivity ($ cm):

43.5

36.4

16.36

E0 (meV):

23.98

Carrier concentration /(cm3):

0.78x1017

1.58x1017 3.5x1017

Mobility (cm2/Vs)

4.68

3.98

24.9

27.0
2. 05

Fig. 5.6a shows the TiO2 nanotube in the relaxed state after the unloading. The
high resolution TEM image corresponding to the relaxed state is shown in Fig. 5.6b. It is
evident from the high resolution image that the outer walls of the nanotube are partly
broken, but most part of the nanotube is intact. In the present investigation, TiO2
nanotubes that were bent over the elastic limit were broken. Fig. 5.6c displays a part of
the TiO2 nanotube bent over the elastic limit and shows the breaking and flattening of the
walls.
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Figure 5.6. The bight field image of the TiO2 nanotube (a) in a relaxed state after the
unloading (b) The high resolution TEM image corresponding to the relaxed state (c)
undergoing the bending deformation process beyond the elastic limit.
Under the present study, it was interesting to note that the electrical conductivity
of TiO2 nanotubes can be modulated by the mechanical deformation. Such phenomena
can be related to the strain engineering of the electronic band gap structure in
nanotubes70. It can be said that in the present study, when the anatase TiO2 nanotubes are
brought into deformed state, in-shell defects are produced at the walls of the nanotube.
The possible defects can be voids, vacancies, and antisite atoms, which modify the band
structure71. The carriers of current, i.e electrons in this case (as TiO2 is considered as n
type semiconductor) are scattered strongly by the disordered structure, so that the mean
free path of electrons may sometime be the order of the scale of the disorder and the
current flows through the TiO2 nanotube. The pinning of the Fermi level is known to
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arise from the presence of defects72, such as dangling bonds and other misfits in the
structure, which produce localized state in the gap. Hence, the TiO2 nanotube in a higher
deformed state will produce more defects, so a large number of electrons are scattered by
the formation of a large number of defects. The production of defects will also help in the
pinning of the Fermi level, which will produce a localized state in the gap and hence help
in the transport of the electrical current through the TiO2 nanotube.
nAother possibility for the increase of current by deformation can be due to the
presence of dangling bonds at the surface of the TiO2 nanotube. These defects can have a
dominant role in modulating its electrical conductivity.73 Surface defects can produce
surface states within the band gap making the TiO2 nanotube behaves like a weakly
conductive metal. This allows the flow of conduction electrons near the surface region of
the TiO2 nanotube as also reported by Lin et al.74
It has been reported that, TiO2, being an ionic transition-metal oxide, exhibits
strong electron-phonon coupling, resulting in low room temperature electron mobilities in
the material.75 So, we believe that one of the other possible reason for the increase of
electrical conductivity is due to the electron-phonon coupling. This electron-phonon
coupling effects the formation of a polaron, a quasi-particle consisting of an electron and
the accompanying lattice deformation. These polarons display self-trapping of the
electron and localized wavefunctions, with charge transport typically occurring through
tunnelling or thermally activated hopping.
5.1.4. Conclusions
In conclusions, we have successfully carried out in-situ electrical transport
measurements on an individual anatase TiO2 nanotube inside a high resolution
transmission electron microscope equipped with the STM probe. It was shown for the
first time that the electrical transport properties of the TiO2 nanotube could be enhanced
by inducing deformation into the nanotube using an in-situ STM-TEM stage. The
semiconducting parameters were retrieved from the experimental I-V curves using the MS-M model. Here, it can be emphasized that, considering the deformation driven
electrical property modulation of the TiO2 nanotube, as observed in the present
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investigations, the TiO2 nanotube holds a promising future and perspective candidate for
constructing nanoscale electronic and optoelectronic devices and more importantly for its
usage in solar cell applications.
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5.2. Deformation-Driven Electrical Transport in Amorphous
TiO2 Nanotubes
A. Asthana, T. Shokuhfar3, Q. Gao, P. A. Heiden, C. Friedrich, R. S. Yassar
Abstract
A series of in-situ transmission electron microscopy combined with scanning
tunneling microscopy measurements were carried out to investigate the effect of
mechanical deformation on the electrical transport properties of an amorphous TiO2
nanotubes. Under no mechanical straining, it was found that TiO2 nanotubes behave as an
electrical insulator. However, the nanotubes show semiconducting behavior under highly
deformed state. On the basis of a metal-semiconductor-metal model, it was suggested that
in-shell defects, surface defect-driven conduction modes and electron-phonon coupling
effect are responsible for the appearance of semiconducting behaviors.
Key Words: TiO2 nanotubes, Amorphous, Electrical transport, In-situ TEM

5.2.1 Experimental Procedure
All the electrical measurements were carried out on a single tilt scanning
tunneling microscopy (STM)-TEM holder in a JEM 4000FX TEM system that operated
at 200 KeV. In the present investigations, TiO2 nanotube samples were synthesized by
anodization of TiO2 foils. Details of the synthesis process are reported elsewhere.76
The structural investigations of TiO2 nanotube samples were carried out during the in-situ
TEM experiment. Fig. 5.7a is a low magnification bright field image of the assynthesized amorphous TiO2 nanotube. The general morphology shows that the
amorphous TiO2 nanotubes are hollow and closed ended. The nanotubes have average
outer and inner diameters of 100 nm and 50 nm, and the wall thickness of the tubes is not
uniform. The corresponding diffraction pattern (inset in Fig. 5.7a) and the high-resolution
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

have contributed to this publication by brainstorming the idea and synthesizing the
main material of characterization (TiO2 nanotubes).!
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transmission electron microscopy (HRTEM) image (Fig. 5.7b) clearly show that the
tubular structures are amorphous.

Figure 5.7. (a) TEM bright field (BF) image of the amorphous TiO2 nanotubes and its
corresponding electron diffraction pattern (inset) and (b) the high-resolution lattice
image.
!

For in-situ electrical measurement, individual TiO2 nanotubes were attached to

the electromechanically etched tungsten tip by tungsten deposition using the focused ion
beam (FIB) technique to ensure good electrical contact between the tip and the
nanotubes. The different steps of the sample preparation are shown in Figs. 5.8(a-c). In
short, a nanotube was picked up using the FIB probe (Fig. 5.8a and b) and attached on the
tungsten tip (Fig. 5.8c) by the tungsten deposition. The tungsten tip with TiO2 nanotube
was then transferred to the STM-TEM specimen holder and approached to its opposite
conducting STM tip by the peizo-manipulator. A schematic diagram of the experimental
setup is shown in Fig. 5.8d.
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Figure 5.8. Images from the FIB system showing (a) the as grown TiO2 nanotube sample;
(b) FIB probe attached with a single nanotube, dispersed on the Cu mesh (c) the FIB
probe with a nanotube approaching the tip of the tungsten wire and (d) Schematic of the
experimental setup for current – voltage measurement.
!

5.2.2. Results and Discussion
A series of measured I-V curves at various stages of bending deformation are
respectively shown in Fig. 5.9. For the TiO2 nanotube that is just in contact with the
STM tip and the nanotube that is in a slightly deformed state, the current is practically
negligible, with a current of only a few nA able to be detected (curves “a” and “b”
respectively in Fig. 5.9f). This result confirms the insulating behavior of undeformed or
just slightly deformed nanotubes, and can be attributed to less contact area, high contact
resistance and the intrinsic amorphous nature of the material.
The amorphous materials possess high resistance due to their internal molecular
disorder, as compared to the more orderly crystal structure of crystalline materials. Fig.
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5.9c shows the TiO2 nanotube in a slightly deformed state during the compression
process. As we deform the nanotube by delicate driving of the tungsten tip with the
nanotube against the STM tip, currents up to 8 and 14 nA can be observed at the same
bias voltage range (curves “c” and “d”). In a large bias regime, the I-V curve can be
differentiated to obtain a resistance R of the nanotube (R ~ dV/dI). The nanotube’s
resistance, R, for this state was calculated to be ~2.0 G$ (Curve “c”). With the increase
in deformation, the current is dramatically increased at the start off bias voltage of 7.5V
as is evident from Curve “d” (Fig. 5.9f). Fig. 5.9e displays the TiO2 nanotube in the
highest deformed state under the present study, and the corresponding I-V curve is
marked as “d”. We found that for this highly deformed state, the resistance of the
nanotube was decreased to 0.98 G$. The comparison of these values indicates that the
resistance of TiO2 nanotubes decreases as mechanical straining increases.

Figure 5.9. The bight field image of the TiO2 nanotube (a) approaching the STM tip; (b)
in contact with the STM tip; (c) (d) & (e) undergoing a gradual increase in its bending
curvature; (f) a series of the representable I-V curves measured during the deformation of
the TiO2 nanotubes.
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The nonlinear and symmetrical I-V characteristics of these deformed states
suggests for a semiconducting behavior. Thus our measurement system can be regarded
as a metal-semiconductor-metal (M-S-M) circuit. The related semiconducting parameters
can be retrieved from the experimental I-V data in the bias regime >5V, by the following
relation,

Here S is the contact area associated with a bias, Js is a slowly varying function of the
applied bias. The ln I versus V plot gives an approximately straight line with a slope of,

and an intercept of ln S. The representative (ln I)-V curves are depicted in Fig. 5.10a and
5.10b corresponding to Curve c and Curve d in Fig 5.9f, respectively. Fig. 5.10c shows
the linear fits of curves c and d extrapolated to the ln I axis, and shows that they have
nearly identical intercept values. This means that the ln S and the contact area (S) are
nearly identical for both of these stressed states. In the expression of ln I,

where,

Here, q is the elemental charge, kB is the Boltzmann constant, m* is an effective
electron mass of TiO2 nanotube and # is the dielectric constant. We estimated the specific
sizes of the nanotube from the bright field TEM images and thus the resistivity, %, was
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obtained. The electron mobility,µ, was then calculated by using the relationship,

Figure 5.10. The ln I-V curves corresponding to (a) Curve c and Curve d in Fig. 5.9f,
respectively. (c) The linear fits of the curves in (a) and (b).
!
vacuum

For TiO2 materials, ! = 5.87!0, where
and

m*=0.71m0.

Using

is the dielectric constant of a

this procedure, the resistance, resistivity, carrier
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concentration and carrier mobility were extracted, and are summarized in Table 5.2.
Although the resistance of the amorphous nanotube is decreased upon deformation, it is
still in the range of G$. An amorphous material has high resistance due to the disordered
atomic-scale structure. As shown, a nanotube under a higher applied stress possesses ~1.7
times higher charge carrier density but ~1.4 times lower charge mobility. The I-V
measurement with bending deformation were repeated for several times to ensure the
reproducibility of the data.

Table 5.2.

Electrical parameters of TiO2 nanotube
!

%&'&()*)'+!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!,-'.)!"!!!!!!!!!!!!!!!!!!!!!!!!!!,-'.)!#!

Resistance (G$):

2.0

E0 (meV):
Carrier concentration /(cm3):

0.98

22.98

23.0

0.75x1017

1.25x1017

Mobility (cm2/Vs):

5.54

4.05

In the present study, the electrical conductivity of the amorphous TiO2 nanotube is
tuned from that of an insulator to a semiconductor under the deformed state. This effect
can be related to the modification of the band structure of the nanotube under strain. An
amorphous TiO2 nanotube can be considered as an amorphous semiconductor. One
possibility is that when the amorphous TiO2 nanotubes are subjected to mechanical
straining, structural defects like voids, vacancies, and antisite atoms are produced inside
the nanotube, which can alter the band gap properties. It is changes in the short-range
order (on the scale of a localized electron) that have a profound effect on the properties of
amorphous semiconductors. The carriers of current, i.e. electrons in this case (as TiO2 is
considered as n type semiconductor), are scattered strongly by the disordered structure, so
that the mean free path of electrons may sometimes be on the order of the scale of the
disorder and the current flows through the amorphous TiO2 nanotube. Also, amorphous
materials appear to behave almost like intrinsic semiconductors with the Fermi
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level lying near the center of the gap. However the pinning of the Fermi level is known to
arise from the presence of defects, such as dangling bonds and other flaws in the
structure, which produce localized states in the gap. Hence the amorphous TiO2 nanotube
in a higher deformed state will produce more defects, so a large number of electrons are
scattered by the formation of a large number of defects. The production of defects will
also help in the pinning of Fermi level and produce a localized state in the gap.
TiO2, being an ionic transition-metal oxide, exhibits strong electron-phonon
coupling, resulting in low room temperature electron mobilities in the material. We,
therefore, believe that an alternative possibility to increase electrical conductivity is the
electron-phonon coupling effect. This electron-phonon coupling effects the formation of
a polaron, a quasi-particle consisting of an electron and the accompanying lattice
deformation. These polarons display self-trapping of the electron and localized wave
functions, with charge transport typically occurring through tunneling or thermally
activated hopping.
5.2.3. Conclusions
!!!!!!!!!!In conclusions, we have successfully carried out in-situ electrical transport

measurements on an individual amorphous TiO2 nanotube inside a high-resolution

transmission electron microscope equipped with the STM probe. It was shown for the
first time that the electrical transport properties of the amorphous TiO2 nanotube could be
tuned from the insulating to semiconducting by inducing deformation.

The

semiconducting parameters were retrieved from the experimental I-V curves using the MS-M model. The considerable enhancement in electrical transport of amorphous TiO2
nanotubes offers new opportunities to build flexible or stretchable solar cells based on
amorphous titania, where the conversion efficiency is comparable to anatase-based solar
cells. If this can be integrated successfully, the annealing process of amorphous
nanotubes can be eliminated from the solar cell manufacturing process, which can result
in lower consumption of energy resources and saving costs.
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Chapter 6
6.1. Structural Instabilities in TiO2 Nanotubes
T Shokuhfar4, Q Gao, A Ashtana, K Walzack, P Heiden, C Friedrich
Journal of Applied Physics. 108, 104310 (2010)
Abstract
We report the structural instability of TiO2 nanotubes subjected to treatment with
ammonium hydroxide (NH4OH) solution prior to calcination at elevated temperatures.
The nanotubes were disintegrated into nanoparticles and the tubular morphology was
vanished after two hours of calcination at 500°C. High-resolution transmission electron
microscopy (TEM), Raman spectroscopy, x-ray diffraction (XRD), and atomic force
microscopy (AFM) were used to understand the nature of structural collapse in the
NH4OH treated TiO2 nanotubes. It was concluded that the volumetric changes during
amorphous to anatase phase transformation and surface cracking was the key role during
the collapse of NH4OH-treated TiO2 nanotubes.
6.1.1. Introduction
Titanium dioxide (TiO2) is a semiconductor with excellent photocatalytical
properties, and the recent reports on fabrication of TiO2 nanotube layers (see e.g. Ref.77)
have opened new perspectives for solar cell applications. The method to prepare such
tubes, based on anodization of Ti foils in diluted HF-containing electrolytes, has been
reported in recent years. The resulting TiO2 structures are composed of arrays of
nanotubes with diameter of about 100 nm.
The drawback is the high band gap energy (~3.2 eV) of TiO2, which means that it
can be excited only by UV light (& < 380 nm).78 Over the last decades, essentially two
approaches were intensively investigated in order to make the material more responsive
to the natural solar spectrum. One approach is to sensitize TiO2 with a suitable dye to
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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construct an efficient solar cell. The other approach to obtain a good photocatalytic
performance is doping with impurities, e.g. transition metals or other elements, including
C, N, F, P and S. It was found that substitutional N-doping is the most promising path
towards photocatalytical applications. It has been suggested that Nitrogen ions substitute
oxygen atoms in the TiO2 lattice and thus the corresponding N (2p) states are located
above the valence band edge. Mixing of N (2p) states with O (2p) states results in a
reduction of the band gap of the N-doped TiO2 and as a result, higher
photoelectrochemical efficiencies can be achieved under VIS light irradiation.79 The
common approach to N-dope TiO2 is its sputtering in a gas mixture of N2 with Ar80,
annealing in pure ammonia gas81, DC magnetron sputtering of TiO2 electrodes in
Ar/O2/N2 mixture, or, alternatively, by immersing the as-anodized TiO2 nanotubes in
nitrogen enriched media and then calcinations at high temperatures.
Before utilization of the titania nanotubes for different applications, factors like
the crystalline nature of the structure and stability of the desired crystalline phases must
be examined. Here, we report the structural instability of TiO2 nanotubes exposed to
concentrated aqueous ammonia solution. High-resolution transmission electron
microscopy (TEM), Raman spectroscopy, x-ray diffraction (XRD), and atomic force
microscopy (AFM) were used to understand the nature of structural collapse in the
NH4OH treated TiO2 nanotubes.
6.1.2. Experimental Procedure
6.1.2.1. Synthesis
Titanium foil (Alfa Aesar, 0.25 mm thick, 99.95%) was used as the substrate for
growth of the oxide nanotube arrays. All the reagents were used as provided, and the
solutions were all prepared with deionized water obtained using a Milli-Q Reagent Water
System (Millipore, Bedford, MA, USA). Prior to the anodization, the titanium foils were
chemically polished in 1% HF aqueous solution for 2 min, rinsed with de-ionized water,
and dried in nitrogen. The pretreated titanium foil was anodized by using platinum foil as
cathode

in

an

electrolyte

containing dimethyl
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sulfoxide

(DMSO)

and

hydrofluoric acid (HF, 48% aqueous solution). The anodization voltage, HF
concentration in DMSO, and duration of anodization were in the range of 60 V, 2 wt%,
and 40 hrs, respectively. Platinum foil was used as the counter electrode. After being
anodized, specimens were rinsed with distilled water immediately and dried. The asanodized foils were then immersed in concentrated aqueous ammonium hydroxide
(NH4OH) solution for 30 min, and then calcinated at 500°C in atmosphere for 15–120
min. The non-treated titania nanotubes were also annealed at the same condition for
comparison purposes.

6.1.2.2. Characterization
The surface morphologies and length of the doped TiO2 nanotube array were
observed by a field emission scanning electron microscopy (FE-SEM), and the
crystallinity of the samples was investigated by x-ray diffraction (XRD) technique using
a Scintag XDS2000 Powder diffractometer. Raman spectra were collected at room
temperature with a Raman spectrometer (Jobin-Yvon HR800 Raman Spectrometer)
operating with NeCd laser of 442 nm with the resolution system of ~ 0.1 cm-1. The
crystallinity studies and elemental analysis of the titania nanotubes separated from the
titanium support were performed using a JEOL-4000 FX TEM operated at 200 KeV.
6.1.3. Results
Figures 6.1a and b show the top-view SEM morphologies of the TiO2 nanotube
arrays prepared by anodizing of titanium. The TiO2 nanotube arrays are tubes with
diameter of 60–90 nm and a wall thickness of about 20 nm. Most of the pore mouths of
nanotube are open on the top of the layer. It can be seen that the nanotube arrays are
uniform over the substrate.
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Figure 6.1. The SEM images of (a) as-synthesized TiO2 nanotubes arrays, and (b) close
up of nanotubes shown in (a).
!

To reveal the morphological structure of as-synthesized TiO2 nanotubes, the samples
were investigated by TEM. Figure 6.2 shows a bright field and corresponding diffraction
pattern for the nanotubes. The tubular structure with variation in wall thickness
throughout the length of the tube (marked by arrows) is evident from the figure. As one
can see, the diffraction pattern (Figure 6.2b) shows diffuse peaks resembling the
amorphous structures for the samples. A close examination of samples using high
resolution imaging (Figure 6.2c) did not reveal any sign of distinct atomic order
confirming the amorphous morphology of the as-synthesized tubes.

Figure 6.2. The bright field (a), diffraction pattern (b), and high-resolution TEM (c)
images of as-synthesized TiO2 nanotubes.
In the next step, the samples were immersed in ammonium hydroxide solution
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for 30 min. After 30 min the nanotubes were let to dry in air prior to SEM imaging.
Figures 6.3a, and b show that the NH4OH -treated nanotubes maintain their tubular
morphology. The SEM analysis of end-on nanotubes did not reveal any changes in the
tubes’ diameter or length in comparison to the tubes shown in Figure 6.1.

Figure 6.3. (a,b) The SEM images of TiO2 nanotubes treated by NH4OH for 30 min.
Both the as-synthesized and NH4OH -treated TiO2 nanotubes were heated to
500°C, which is the temperature that anatase should become thermodynamically stable.82
Figure 6.4 shows SEM, bight field TEM images, and corresponding diffraction pattern of
the as-synthesized nanotubes after calcinations at 500C. As Figure 6.4a shows the
annealing of as-synthesized nanotubes did not alter apparent morphology of the tubes
(compare Figure 6.4a and 6.1a). However, the TEM diffraction pattern (Figure 4c) and
high resolution imaging of the tube walls (Figure 6.4d) confirm the transformation of
amorphous structure to anatase phase by calcination at 500°C.
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Figure 6.4. The SEM images show (a) as-synthesized TiO2 nanotubes after annealing in
500°C. (b,c) The bright field TEM image and diffraction pattern of nanotubes shown in
(a) indicate the transformation of amorphous morphology to crystalline order in the
nanotubes. (d) The high resolution TEM image confirms the crystalline order of anatase
phase and the presence of structural defects (appear as dark contrasts).
Interestingly, the structural studies of NH4OH-treated TiO2 nanotubes annealed at
500°C revealed an unexpected morphological transformation. Figure 6.5 shows the SEM
images of the NH4OH-treated nanotubes. While the non-treated nanotubes maintain the
same structural morphology (compare Figure 6.3a and 6.1a), the NH4OH -treated sample
showed no sign of nanotube architects. Surprisingly, the nanotubes were being replaced
with nanoparticles of 20-30 nm size.

Figure 6.5. The SEM images show the morphology of the NH3-treated TiO2 nanotubes
after calcination at 500°C for two hours. The treated nanotubes collapsed into
nanoparticles upon heat treatment at anatase phase transformation temperature.
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To study the evolution of such structural transformation, a serious of calcination
treatments at various time steps were carried out. Figure 6.6 shows the SEM images of
NH4OH-treated TiO2 nanotubes after 0, 10, and 30 minutes of calcination at 500°C. As
one can note, the morphology of NH4OH nanotubes is relatively unchanged. However
after 10 min the nanotubes start to disintegrate into small particles and this behavior is
more severe after 30 min where the nanotubes are barely maintain their tubular
morphology.

Figure 6.6. The SEM images of NH4OH-treated TiO2 nanotubes after 0 (a), 10 (b), and 30
(c) minutes of calcination at 500°C. The treated nanotubes start to disintegrate into small
particles.
This unexpected structural change in the NH4OH -treated TiO2 nanotubes
motivated us to further study the role of ammonium hydroxided titanium dioxide
nanotubes by XRD, Raman, and TEM. Figure 6.7 shows the XRD patterns for the
untreated TiO2 and NH3-treated TiO2 nanotubes (designated as (N)) after annealing at
300 and 500°C temperatures. For samples annealed at 300° and 500°C for 2 h, the highest
intensity diffraction peaks appeared at 25.43° and 48.10°, in well accordance with the
(101) and (200) peaks of anatase titania. This indicates the formation of crystalline
anatase phase, whereas no evidence of the existence of rutile phase is observed. In 500°C
sample, two weak peaks at 41.5° and 53.5° (marked by * symbol) appeared
corresponding to Ti foil (the substrate). The NH4OH treated titania nanotubes 300°C(N)
and 500°C(N) show no obvious difference with the untreated nanotubes with respect to
the diffraction peak positions of anatase phase, indicating the amount of nitrogen
! 65!

incorporated is too little to affect the crystal lattice.

Figure 6.7. The XRD patterns of untreated and ammonium hydroxide (designated by (N))
TiO2 nanotubes
Figure 6.8 shows the Raman spectra of titania nanotubes with and without NH3
treatments after the annealing at 500°C. The baseline with no peaks corresponds to the
TiO2 foil. In both non-treated and NH4OH -treated cases, the nanotubes show the typical
peaks at 400, 515, and 640 cm-1 were all identified as B1g(A), A1g/B1g(A), and Eg(A)
vibration modes of anatase phase83, respectively. From the spectra of NH3-treated
nanotubes, we hardly can find the vibromode of titanium nitride, maybe this is because
the incorporation of nitrogen is very little and did not introduce obvious changes in
crystal lattice, in accordance with XRD analysis.
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Figure 6.8. The Raman spectroscopy of the Ti foil, untreated and ammonium hydroxidetreated TiO2 nanotubes. The A in parenthesis stands for anatase.
The high resolution TEM and diffraction analysis of the NH4OH -treated and annealed
samples revealed a structural order similar to anatase phase. The bright field image
shown in Figure 6.9 indicates the presence of structural defects in the nanoparticles. In
addition, the diffraction analysis confirms that the dominant phase is anatase by the
presence of (101) and (103) planes in the diffraction pattern (inset in Figure 6.9). The
confirmation of anatase phase is quite interesting because the initial evidence based on
the particle morphology suggests that the particles could be rutile phase. Sreekantan et
al.84 reported the disintegration of the nanotube arrays into rutile particles after
calcinations above 600°C. Li et al.85 also reported similar phenomenon in TiO2
nanotubes. Dong et al.86 concluded that nitrogen doping could facilitate the anatase-rutile
phase transition at the annealing temperature of 500 °C. In general, it is believed that
rutile phase can not be stable in nanotubular morphology of TiO2 due to fact that the
minimum nuclei size of rutile is usually larger than the wall thickness of nanotubes.87
Therefore, overall conclusion was that the formation of rutile phase is associated with the
disintegration of nanotubes.
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Figure 6.9. Bright field TEM images of nanoparticles after the collapse of TiO2
nanotubes by NH3-treatment and annealing at 500°C. The inset shows the diffraction
pattern of particles and indicates that the crystal structure is anatase.
6.1.4. Discussion
During the process of amorphous to anatase transformation in annealing the asanodized nanotubes, the length and average diameter of the nanotubes had no discernible
changes. It has been suggested that the initial crystallization of anatase took place both in
the nanotubes and in the nanotube–foil interface at almost the same temperature.88 In this
process, some of the closely spaced anatase crystallites coalesced to form larger
crystallites.
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Figure 6.10. (a) The as-synthesized TiO2 nanotubes show imperfections on the surface
(marked by the arrows). (b) The elastic modulus map of TiO2 nanotubes before
immersion in the ammonia hydroxyl media is shown. The dark brownish color indicates
areas of high stiffness and areas of bright yellowish correspond to low stiffness values.
The scanned area is 500 nm and the color key represents qualitative comparison of the
modulus.
We found that it was difficult to incorporate nitrogen in the TiO2 lattice by a
simple NH4OH treatment of TiO2 nanotubes. From the XRD spectra we hardly could find
the vibromode of titanium nitride, and concluded that this was because the incorporation
of nitrogen was very little and did not introduce obvious changes in crystal lattice. In
addition, since the atomic radius of nitrogen is a little bigger than that of oxygen, the
nitrogen doping should have led to compressive stress and eventually the broadening of
vibrating modes. Such effect had been observed in phosphorus doped titania.89 A possible
effect of NH4OH treatment of TiO2 nanotubes is the incorporation of nitrogen in surface
roughnesses and weakening of the nanotubes.90 The nanotubes are in fact ‘nanopits’ that
are formed on Ti foils and therefore should inheret the grain boundaries and defects that
already exist in the foils. In addition, the nanotubes shown in Figure 6.1a and 6.10a
exhibit surface roughness, which can be potential areas of chemical etching. The
evidence of such weak boundaries is shown in Figure 6.10, which maps the stiffness of
nanotubes. The Peak Force Tapping© (PFT) mode of an atomic force microscopy
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(AFM) system was used to image the relative stiffness variation along the length of
nanotubes. In PFT mode, the cantilever tapes the surface and makes very small
deformation indents (less than 2 nm). The maximum force required to achieve this was
recorded and used to calculate the stiffness based on the unloading curves. The presence
of high and low stiffness areas along the length of nanotubes indicates that these areas
could potentially be the sites of misorientation regimes divided by grain boundaries.
Based on the above observations, we propose the following model (Figure 6.11)
for the structural instabilities in NH4OH-treated TiO2 nanotubes. The treatment of
nanotube in NH4OH solution and subsequent calcination at 500°C results in structural
transformation to anatase nanoparticles and the associated volumetric change results in
high stress concentrations at the surface roughness areas. The nanotubes barely maintain
their tubular morphology after 30 min of calcination. After this, the nanotubes will be
collapsed into nanoparticles while the transformation to anatase happens simultaneously.

Figure 6.11. A schematic of the observed structural instability in TiO2 nanotubes treated
with NH4OH and calcinated at 500°C. The surface roughness is shown in the larger scale
than the nanotube dimension. The nanotube disintegrated into anatase particles after 10
and 30 min of calcination but maintained the overall configuration of nanotube. After 2hr
the nanotubes collapsed into nanoparticles.
6.1.5. Conclusions
TiO2 nanotubes subjected to treatment with ammonium hydroxide (NH4OH) solution
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followed by calcination at 500C exhibited an unexpected structural instability by
collapsing into nanoparticles. High-resolution TEM, Raman spectroscopy, XRD, and
AFM were used to understand the nature of structural collapse in the NH4OH treated
TiO2 nanotubes. As opposed to the common belief that the transformation to rutile is the
major reason for the collapse of the anatase nanotubes, it was determined that volumetric
change due to phase transformation (amorphous!anatase) and surface roughness
weakening due to chemical etching had the key role during the collapse of NH4OHtreated TiO2 nanotubes.
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6.2. A Real Time Observation of Phase Transition of Anatase
TiO2 Nanotubes Into Rutile Particles by In-Situ Joule Heating
Inside Transmission Electron Microscope
Anjana Asthana, Tolou Shokuhfar5, Qi Gao, Patricia A. Heiden, Craig Friedrich, Reza. S.
Yassar
Advanced Science Letters, 3 (2010), 557

Abstract
We report here, the in-situ Joule heating induced phase transformation of
anatase TiO2 nanotube into rutile particles inside a high-resolution transmission electron

microscope (TEM) equipped with a scanning tunneling microscopy (STM) probe. Under
the bias heating of 10V, the anatase TiO2 nanotube breaks into ultrafine anatase particles
of average size between 5-10 nm. On further increasing the bias voltage to 20V, the
nanoclusters of anatase particles become prone to solid state reaction and are grown into
stable rutile particles of size ranging between 20-25 nm. The formation of rutile particles
was confirmed by the observation of diffraction pattern and high resolution imaging of
these particles, which corresponds to the tetragonal TiO2 rutile phase (a = 4.59Å, c =
2.95Å, P42/mnm).

Keywords: TiO2 nanotubes, in-situ STM-TEM, Joule heating, Bias heating, Rutile
particles, Anatase nanotube.
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6.2.1. Introduction
Titania (TiO2) has been widely studied because of its many useful optical,
electrical and

photocatalytic properties, which depend on the crystalline structure of

91

TiO2. Technological applications have been proposed for TiO2 in bulk and in thin films
forms. The TiO2 properties depend on phase composition, microstructure, crystallinity
and chemical composition, which can be modified by preparation techniques, thermal
treatments and metal ion doping.92
Titania crystallizes in three natural phases: brookite (orthorhombic), anatase
(tetragonal) and rutile (tetragonal). The brookite and anatase crystalline phases, which are
stable at low temperatures, transform into rutile when the sample is calcined at high
temperature.93 It has been demonstrated that some properties of TiO2 are very sensitive to
its structure. Since anatase phase is chemically and optically active, it is suitable for
catalysts and supports.94 Usually, the anatase phase can be transformed into rutile via
post-annealing, because anatase is thermodynamically unstable. This anatase-to-rutile
phase transition, which is dependent upon annealing temperature, induces the variation of
the optical properties in TiO2 films. Therefore, the post–annealing should be a controlled
process in order to make desirable properties of a TiO2 film for various applications.
n view
I of the above, under the present investigations, we have taken a new
approach to synthesize the rutile nanoparticles. Here, we report the phase transition of
anatase TiO2 nanotube into nano-meter size rutile particles via in-situ Joule heating
experiments inside a high resolution transmission electron microscope (TEM). The Joule
heating experiment was carried out by using a special scanning tunneling microscopy
holder from “Nanofactory Instruments” in a JEM 4000FX TEM, operated at 200kV.

6.2.2. Results and Discussion
The structural investigations of TiO2 nanotube samples were carried out during the
in-situ TEM experiment. Fig. 6.12a is the low magnification bright field image of the assynthesized TiO2 nanotube. The general morphology shows that the as-synthesized TiO2
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nanotubes are hollow and closed ended. The nanotubes have an average outer diameter of
100 nm and inner diameter of ~ 50 nm and the wall thickness of the tubes are not
uniform. The corresponding diffraction pattern (inset in Fig. 6.12a) and the high
resolution transmission electron microscopy (HRTEM) image (Fig. 6.12b) clearly show
that the tubular structures are amorphous.

Figure 6.12. (a) TEM bright field (BF) image of the as-synthesized TiO2 nanotubes and
its corresponding electron diffraction pattern (inset) and (b) the high resolution lattice
image.
!

The as-synthesized TiO2 nanotube is transformed into crystalline anatase phase

via post-annealing it at 450˚C for 3 h. Fig. 6.13a shows an over all view of the anatase
titania nanotube, depicting a large number of tubular material with uniform size
distribution. The tubes are hollow, open ended with an average inner and outer diameter
of around 25 nm and 70 nm and the length range from several tens to several hundreds of
nanometers. The corresponding diffraction pattern is shown in the inset (Fig. 6.13a),
depicting the anatase titania (a = 0.378nm, c = 0.9513 nm, I41/amd). The high resolution
transmission electron microscopy (HRTEM) image (Fig. 6.13b) taken from a single
nanotube (inset of Fig. 6.13b) shows that the nanotubes are well crystalline. The lattice
fringe spacing of the walls of the nanotubes is estimated to be ~ 0.353 nm, corresponding
to the interplanar distance of the (101) plane in the anatase phase.
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Figure 6.13. (a) An over all view of the anatase titania nanotube and the corresponding
diffraction pattern (inset) and (b) the high resolution lattice image from a single anatase
nanotube (inset).
!

In order to have a good electrical contact of the sample with tungsten tip, for in-situ

electrical measurement, an individual TiO2 nanotubes were attached to the
electromechanically etched gold tip by tungsten deposition using the focused ion beam
(FIB) technique. The different steps of the sample preparation are shown in Figs. 6.14 (ac), in which a single nanotube is picked up by the FIB microprobe and attached to the tip
of the tungsten wire. The gold tip with TiO2 nanotube was then loaded to the specimen
holder and moved to its opposite conducting STM tip by a piezomanipulator. A
schematic diagram of the experimental setup is shown in Fig. 6.14d. The Joule heating
experiment was conducted by applying constant bias voltage, when the TiO2 nanotube is
in contact with the STM tip.
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Figure 6.14. Images from the FIB system showing (a) the as grown TiO2 nanotube
sample; (b) FIB probe attached with a single nanotube, dispersed on the Cu mesh (c) the
FIB probe with a nanotube approaching the tip of the tungsten wire and (d) Schematic of
the experimental setup for current – voltage measurement.

Fig. 6.15a shows a TiO2 nanotube contacted in both ends and free standing in high
vacuum (10-6 Torr), inside TEM. Under the bias heating of 10V, the current, I, starts to
increase gradually with time, t, and reaches a maximum value of 12 'A in a period of 180
sec, as shown by the I vs t plot (Fig. 6.16). Figs. 6.15(b) shows the image of the TiO2
nanotubes undergone the heat treatment at constant bias voltage of 10V for 180 sec. The
analysis of the image (Fig. 6.15b) shows that the TiO2 nanotube still maintains its
morphological shape, but is broken into ultrafine particles.

! 76!

!

Figure 6.15. The BF image of the TiO2 nanotube (a) in contact with the STM tip (b)
undergone the heat treatment at constant bias voltage of 10V for 180 sec (c) the bias
heated at 20V for 130 sec (d) undergone the bias heating at 30V.
!

Figure 6.16. The current (I) versus time (t) plot for the TiO2 nanotube under the different
bias heating voltages, as marked in the plot.
!

From the previous reports95, it is known that the thermodynamic stability of TiO2
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particle is size dependent, each phase has a particle size distribution and at particle
diameters less than 11 nm, the anatase is the most stable phase. The particle size in the
anatase phase can range from 0.1 nm to 11 nm. 96 Therefore, from the morphology of the
particle size, it can be said that at this stage the nanotube is mainly comprised of ultrafine
anatase particles. The diffraction pattern and the lattice image taken from this stage of
TiO2 nanotube also confirm the presence of anatase phase (Fig. 6.17a). On further
increasing the bias voltage to 20V, it was observed that the current increased drastically
to a maximum value of 20 'A in a time period of 130 sec and then starts to decrease
gradually with the further breaking of the nanotube and at the same time nanometer
diameter titania becomes prone to solid state reaction and grown into bigger crystal of
size 20-25 nm (as shown in the image of Fig. 6.15c), which is comparable to the particle
size of around 30-35 nm for the rutile phase to become stable.This leads to the alteration
of phase stabilities and ultimately the anatase phase is converted into stable rutile phase.
Furthermore, the presence of the rutile phase is also confirmed by the diffraction pattern
and high resolution image taken from these particles as shown in Fig. 6.17b, which
corresponds to the tetragonal TiO2 rutile phase (a = 4.59Å, c = 2.95Å, P42/mnm).

On increasing the bias heating voltage to 30V, the current is increased slightly
from 13.75 'A to 15 'A in a time period of 30 sec. Due to this increase in current at this
stage, some of the rutile particles form large sized agglomerations of around 100-200 nm
and finally the nanotube structure is collapsed. The diffraction pattern of these
agglomerations show that they are crystalline (Fig. 6.17c)
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!
Figure 6.17. (a) The high resolution lattice image and the corresponding diffraction
pattern (inset) taken from TiO2 nanotube undergone a bias heating at 10V (b) the high
resolution lattice image of the nanotube bias heated at 20V and the corresponding
diffraction pattern (inset) (c) The diffraction pattern from the agglomeration formed at the
bias heating of 30V.

nderU the present investigations, it was observed that via bias heating through
STM- TEM system the anatase TiO2 nanotube is transformed into stable rutile particles.
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It can be said that when the TiO2 nanotube is subjected to a bias voltage of 10V for about
180 sec, the nanotube is resistively heated up to elevated temperatures, which reduces the
total resistance and a high current of 12 'A could be detected. On further increasing the
bias voltage to 20V, a high current of 20 'A flows through the nanotube and temperature
of the system is further increased. The nanometer sized anatase particles, having high
surface area become prone to solid state sintering, which leads to grain growth and
transformation to stable rutile particles of average size between 20-25 nm. Eventually
there is complete collapse of the structure, when the bias heating voltage is further
increased to 30 V. At this stage, the rutile particles already under the heated condition,
forms agglomeration of size 100-200 nm with slight increase of current of ~ 2 'A. Such
processes are more pronounced during phase transformations, when bond breaking and
enhanced mass transport take place, which can lead to grain growth and densification.97
Also in the case of anatase to rutile transformation, the mechanism responsible for the
transformation are most likely the spatial disturbance of the oxygen ion framework and
the shifting of the majority of Ti4+ ions by breaking two of the six Ti-O bonds to form
new bonds98. In the present case, TiO2 nanotube heated at high bias voltage of 20V,
obtains sufficient energy to disturb the oxygen ion framework and form new bonds to
form the rutile phase.

6.2.3. Experimental Section
The in-situ Joule heating experiment was conducted in a high resolution transmission
electron microscope (TEM) using an STM-TEM system from the “Nanofactory
Instruments”. The STM-TEM system provides a unique combination of transmission
electron microscopy and scanning tunneling microscopy techniques, which are used
simultaneously in one instrument for the full sample characterization. It consists of a
STM equipped TEM sample holder, a controller and a PC with Nanofactory’s data
acquisition software. All the measurements were carried out on a single tilt STM-TEM
holder in a JEM 4000FX TEM, operated at 200kV. The electrochemically etched gold
wire with TiO2 nanotubes was attached to the piezo-driven movable part of the holder
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facing the fixed and sharp tungsten STM tip as its counter electrode and oriented
perpendicular to the electron beam in TEM. In such an arrangement, atomic scale
imaging and I-V measurement were carried out concurrently. The contact was made
between the STM tip and the TiO2 nanotube by the precision movement of gold wire
(with the sample) attached with the piezo-driven manipulator. Joule heating experiment
was conducted by applying different bias voltages to the gold electrode with the nanotube
sample at its tip, while the tungsten STM tip was grounded. Under the present
investigations, TiO2 nanotube sample were synthesized by anodization of TiO2 foils,
details of the synthesis process is reported elsewhere.99
!

6.2.4. Conclusion
In conclusion, we have shown, for the first time, the anatase nanotube dissociation
and their phase transformation to rutile in real time. The anatase nanotubes under Joule
heating dissociate to small particles (~10-20 nm) of anatase at low bias voltage ((10V).
At intermediate bias range, 10V<bias<20V, the anatase nanoparticles transform to rutile.
The size of the rutile nanoparticles can be controlled by the applied bias voltage. Under
the bias heating condition of 30V, the rutile particles agglomerate into large particles with
sizes range up to 200nm. It is known that thermodynamic stability of different phases of
TiO2 is size dependent and thus by controlling the size of the particles, we can control the
properties of the TiO2 used for various applications.
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Chapter 7
Droplet Wettability Changes of Titania Nanotube Surfaces Due
to Annealing and Aging
Dong Hwan Shin, Tolou Shokuhfar6, Chang Kyoung Choi, Seong-Hyuk Lee, Craig
Friedrich

Abstract
This study examines the effect of annealing and aging on the wettability of titania
nanotube (TNT) surfaces fabricated by anodization. The fabricated TNTs are 60~130 nm
inner diameter and 7~10 microns high. One-microliter water droplets were used to define
the wettability of the TNT surfaces by measuring the contact angles. A digital image
analysis algorithm was developed to obtain contact angles, contact radii, and center-heights
of the droplets on the TNT surfaces. Bare titanium foil is inherently less hydrophilic with
approximately 60~80 degree contact angle. The as-anodized TNT surfaces are more
hydrophilic and annealing further increases this hydrophilic property. Furthermore, it was
found that the TNT surface became more hydrophobic when aged in air over a period of 3
months. This work can provide guidelines to better specify the wettability characteristics of
titanium orthopedic implants.
Keywords: Titania nanotube, Wettability, Hydrophilic, Hydrophobic, Contact angle,
Aging effect
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and crystallization, SEM and TEM characterizations, chemical analysis, FTIR analysis of
surface chemistry for both fresh and aged TNTs, the wettability study comparison and
conclusions between fresh and aged TNTs based on FTIR analysis.
!
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7.1. Introduction
A thin film sprayed with specially treated titanium dioxide (TiO2) can be applied
to a window to act as an anti-fogging agent and is also heat tolerable up to 400 °C. When
dust falls on a titanium-dioxide-treated window or surface, clean water can easily remove
it. The hydrophilic nature of titanium dioxide,100 coupled with gravity, will enable dust
particles and bio slime to be swept away by a water stream, making the product selfcleaning.101
Applications of self-organized porous media, for example proteins, target the use
of the high order or the high surface area of the structures for catalysis.102 Another
potential application of porous media is based on controlling the surface wettability and
this has attracted attention in the field of biological systems. Products are available that
are made of titanium and have the capability to kill bacteria and disassociate organic
gases by photocatalysis.103 Titanium and its alloys are widely used as biocompatible
materials, such as human body implants. It is therefore important to control and modify
the surface topography and tailor its wetting characteristics.
Titanium is widely used as a biocompatible material; therefore a change of surface
topography and wetting behavior is important. Recently, cell adhesion, growth and
proliferation have received a great deal of attention in the fields of micro-fluidics and in
micro-system applications including mechanical, electronic and biological engineering.104
For biological systems, the nature of hydrophobic and hydrophilic forces plays a key role
in protein adsorption and cellular adhesion.105 The wettability of cell surfaces affects not
only adsorption of DNA and proteins but also cell adhesion, surface morphology, and
structure. The characteristics of a cell’s adhesion and growth vary with its contacting
surface conditions.106 Some cells prefer hydrophilic surfaces, while other cells have the
characteristic of attraction to hydrophobic surfaces.107
The simplest way to express the wettability characteristics of surfaces is the
contact angle of water droplets resting on the surface. Surface modifications are of ever increasing interest in a wide range of fields including water-repellent surfaces and bio! 83!

synthetic structures for mechanical and electronic devices.108
In the research reported here anodization with was used to fabricate TNT
surfaces. The effect of annealing and aging on the wettability characteristics, including
changes from hydrophilicity to super-hydrophilicity of the nanotubes were studied using
contact angle analysis of droplets of de-ionized water on the surfaces. The timedependent changes of surface wettability were also analyzed for various TNT surfaces.

7.2. Nanotube Fabrication
TiO2 nanotubes were fabricated by anodization as shown in Fig. 7.1. Pure
titanium foils (purity> ~99.7%) and titanium alloy foils (Ti-6Al-4V) were anodized in an
electrochemical cell with an electrolyte containing ethylene glycol (EG) and ammonium
fluoride (NH4F, 48% aqueous solution). Before anodization the titanium foils were
cleaned with ethanol and acetone, then rinsed with de-ionized water, and dried with N2.
The applied voltage, NH4F concentration in EG, and duration of anodizing were, 60VDC,
0.2 wt%, and three hours, respectively.

Figure 7.1. Electrochemical etching (anodization) setup for the TiO2 nanotube
fabrication. The anodization setup consisted of a Ti foil, a Pt counter electrode, a voltage
source, and a themometer. The nanotubes were etched on the Ti foil substrate.
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Platinum mesh was used as the counter electrode. After anodization, thermal
annealing of the TNTs was performed in air at 450 °C for three hours with heating and
cooling rates of 7.5 °C/min. This annealing treatment produced an anatase phase to study
its effects on the wettabillity of the nanotubes. All samples were tested after one day
allowing the samples to become structurally stable. Scanning electron microscopy was
used for the structural and morphological characterization of the titanium nanotubes, as
shown in Fig. 7.2. The anodization resulted in vertically oriented TiO2 nanotube arrays.
In general, the nanotubes had lengths between 7~10 microns and inner diameters ranging
from 60~130 nm. The morphology of the annealed crystalline nanotubes (Fig. 7.2c and d)
compared with the as-synthesized nanotubes (Fig. 7.2a and b) did not show any
significant difference. Transmission electron microscopy (TEM) images of the assynthesized and annealed nanotubes are shown in Fig. 7.3 (a) and (b), respectively. Fig.
7.3a shows a disordered atomic arrangement in the nanotubes confirmed by the diffuse
diffraction pattern (upper right in Fig. 7.3a). The transition in atomic ordering to
crystalline is evident in Fig. 7.3b and the corresponding high-resolution image and
diffraction pattern shown in the upper right.
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Figure 7.2. Titanium dioxide nanotubes prepared by Pt electrode (a~f). In general, titania
nanotubes had lengths bewteen 7~10 microns and inner diameters ranging from 60~130
nm. (a) and (b) are amorphous, (c) and (d) are crystalline, (e) is as-sythesized, and (f) is
annealed TNT.
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(a)

(b)
Figure 7.3. TEM images of TNT structured surfaces (a) as-sythesized nanotubes are
amorphous, (b) annealed nanotubes are crystalline.

7.3. Contact Angle Measurements
Commercially pure and grade-5 (Ti6Al4V) titanium alloy foils were used to
fabricate TiO2 nanotubes. One-microliter of de-ionized (DI) water was slowly deposited
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on the surfaces by a screw syringe. The experiments were repeated five times for each
measurement. The temperature and humidity were maintained at 24 ± 0.5°C and 21 ±
1%, respectively. As shown in Fig. 7.4, the contact angle measurement system consisted
of a halogen lamp (400W, 3M Overhead Projectors), a stage to help place the water
drops, and a long distance microscope (Infinity K2/S) coupled to a CCD camera
(PULNIX TM-1325CL). The motion was by an x-y translation stage (Velmex
AXY2509W1) on a lab jack (Thorlabs L200) which enabled x-y-z movement of the
substrate. The camera was connected to a frame grabber (EPIX EL1DB) and the images
were captured using EPIX XCAP software.

Figure 7.4. Schematic of the experimental setup. Lens array consisted of (a) diffuser, (b)
bi-convex lens, (c) large aperture, (d) small aperture, (e) plano-convex (KPX079), and (f)
plano-convex (KPX088).

Prior to the experiments, droplet deposition was repeatedly tested to ensure that
the water droplets had consistent shapes. During the experiment, a droplet was
dynamically recorded on an image capturing system via the CCD camera. A
perpendicular view was also recorded to show that the droplets were a part of a spherical
cap. To analytically determine if the shape of the droplets on TNT surfaces had a
spherical cap, the Bond number, which is a dimensionless number expressing the ratio of
gravitational force to surface tension force, was calculated according to,
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B0 = %$.g.R.h0 / !!!

(1)

Where %$ is the density difference between water and air,
is the contact line radius,

is the gravitational constant,

is the initial height of the droplet, and

is the air-water

surface tension.109 The calculated Bond number was in range of 0.01-0.24 for all samples,
indicating that surface tension dominated. It was confirmed that the shapes of the droplets
were a part of a sphere.
Images of droplets on the surfaces were captured five to ten times for each case
and the corresponding contact angles calculated. The code distinguished the triple point
among the air, the droplet, and the substrate through Laplace’s equation, which considers
the mathematical balance between the surface tension and gravitational force using the
Laplace curve and the droplet height. The code, which utilizes the Runge-Kutta method,
was selected to obtain the drop profile and this code was validated with the numerical
data published by Hartland and Hartley.110 This analysis method was used for this study
because the Wilhelmy Plate method has severe limitations with regards to rough and
porous substrates such as TNT surfaces. Also, goniometry is more approximate and the
contact angles are dependent on the judgment of the observer so it was not considered for
this work. In the present study, the uncertainty in the determination of the contact angles
was within 10%, considering all data samples for each experimental condition (95%
confidence level). Uncertainties of temperature and humidity were estimated to be 6% .
7.4. Results and Discussion
Figure 7.5 (a) shows representative images of initial water droplets on bare Ti foil,
pure TNT, and alloy TNT in as-synthesized and annealed conditions. The trend of the
contact angle variation is illustrated in Fig. 7.5 (b). Three phenomena were observed.
The first was the difference between the contact angles of the bare pure and bare alloy
titanium foils. In the case of pure titanium, the contact angles were larger than the alloy.
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Figure 7.5. (above) Representative image comparison of the initial contact angles. Six
samples in total were investigated. (below) Results of the contact angles on the surfaces.
The TNT structures made the surface more hydrophilic and the annealing effect made the
TNT surface super-hydrophilic. Contact angle differences were attributed to the surface
properties, in particular the surface roughness, which could affect the initial contact angle
of a water droplet on each titanium surface.
!

Second, it was found that the creation of TNT structures made the surface more

hydrophilic. For all cases after the anodization process, the droplet contact angles
decreased in the range of 55~70% compared to the contact angles of each bare foil.
Before conducting the experiments, we expected the water droplet contact angles to
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increase on the fabricated TNT surface because it was thought that the TNT surface
would consist of TiO2 which has hydrophobic properties.111 However, the results were
contradictory, the contact angles decreased for all cases. To explain this, the chemical
equations were considered for the anodization process. In the solution, the ethylene
glycol (EG) is a solvent so it does not participate in the chemical reaction. The
ammonium fluoride can act as a catalyst and be ionized into the ammonium ion (NH4+)
and the fluorine ion (F-). Next, the water (H2O) can be ionized into hydrogen ions (H+)
and hydroxide (OH-). Here, electrolytic dissociation of the F- is larger than the OH- so
even though the ammonium fluoride participates in the chemical reaction as a catalyst,
the product can be Ti(OH)4 rather than TiF4. Thus, there are two possible chemical
reactions,

In (2), the ammonium fluoride acts as the catalyst. Accordingly the products are Ti(OH)4
and H2 vapor obtained on the cathode side. However, during the anodization, vapor was
observed on both electrodes so reaction (2) was apparently not occurring. In (3), the
ammonium fluoride participates in the chemical reaction. Here, Ti(OH)4, H2, NH4+, and
F2 are obtained. From the viewpoint of the electrolytic dissociation ability between the Fand the OH-, the NH4+ remains in the form of an ion within the solution. The F2 vapor can
be generated at the anode and the H2 vapor at the cathode. Thus, (3) better described the
experimental situation. Consequently, after anodization the initial products were not
TiO2, but Ti(OH)4. Therefore, the TNT surfaces were hydrophilic as the reaction products
contained hydroxide compounds.
The third phenomenon was that the annealing made the TNT surfaces superhydrophilic. In general, annealing metal generates
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a

hydrophobic

surface.112

Conversely, this study produced super-hydrophilic surfaces after annealing. The water
droplet contact angles on the annealed TNT surfaces decreased 40~56% compared to the
as-anodized TNT surface cases. The annealing resulted in nanotubes of anatase causing
super-hydrophilic surfaces to be generated. The other possibility is that the surface had
become very rough. It might be possible that clusters of nanotubes on the annealed
samples had peeled off revealing a rough underlying surface. This would make the water
droplet spread over the surface. These areas were carefully avoided during the
experiments.
The effect of aging of the TNT surfaces on wettability was examined during and
after three months. Figure 7.6 shows representative images for the bare titanium, asanodized TNT, and annealed TNT. For the TNT surfaces, it was found that the surface
wettabilities changed from hydrophilic to hydrophobic or from super-hydrophilic to
hydrophilic after ageing. All of the TNT surfaces had the same tendency and the resulting
water droplet contact angles are shown in Table 7.1. The contact angle analyses were
made 22, 51, and 92 days after fabrication. The increasing hydrophobicity was different
for each case but all of the water droplet contact angles increased on the TNT structured
surfaces. Figure 7.7 (a) shows the variation of contact angles for the cases of the annealed
and as-anodized TNT surfaces. Invariably, the results show that the surface
hydrophobicity was increased for all four cases. The reason for this phenomenon can be
explained by oxidation and molecular replacement. As seen in (3), Ti(OH)4 was one of
the products of the anodizing process and the surface had hydrophilic properties because
it consisted of hydroxyl groups. During aging however, the TNT surfaces experienced
oxidation as seen in (4) because the titanium-dioxide (TiO2) is a more stable material than
the Ti(OH)4.
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Fig. 7.6. Comparison of the time-dependent change of TNT surface wettability. As time
passed, the TNT surface hydrophobicity increased.

Table 7.1 Variation of contact angle with respect to time
Contact angle (°)
Annealed
TNT
As-grown
TNT

Bare

Pt

Pt

0 day

22 day

51 day

92 day

Pure

10.76

21.85

23.39

26.94

Alloy

14.59

19.45

31.56

44.12

Pure

24.62

28.25

34.05

42.47

Alloy

32.39

37.97

42.23

80.35

Pure

82.52

74.63

78.66

81.24

Alloy

67.07

54.84

73.48

56.80
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(a) Annealed and as-anodized TNT surfaces.

(b) The cases of bare titanium surfaces.
Figure 7.7. Comparison of the time-dependent contact angles, (a) shows the water droplet
wettability on the annealed and as-anodized TNT surfaces. The increasing contact angles
varied in each case but all of the TNT samples had the tendency of increasing the surface
wettability. (b) shows the cases of bare titanium. In these cases, the wettability had little,
if any, change much with time.
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TiO2 has hydrophobic characteristics and as time passed, the proportion of TiO2
increased due to aging of the TNT surfaces. The change in the wetting behavior of TiO2
porous structures would have significant impact for various applications. For example,
there is often high sensitivity to different wetting characteristicss that affect the biological
responses of protein adsorption, cell affinity or cell adhesion on a surface. Figure 7.7 (b)
shows the wettability change for bare titanium and alloy as a function of ageing. The
measured contact angles of droplets remained nearly unchanged for each case. At the
early stage, the contact angles decreased a small amount due to the initial oxidation of the
metal. Before the experiment, the initial titanium foils were cleaned with ethanol and
acetone. These samples then became oxidized through exposure to the air. This caused an
initial decrease of the contact angles. However, the wettabilities of the bare titanium foils
remained constant with respect to time after this initial change.
Figure 7.8 shows the Fourier transform infrared (FTIR) spectroscopy results for
the annealed and aged TNT, as-anodized and aged TNT, and as-anodized fresh TNT.
FTIR spectroscopy was used to confirm the results and analysis of the prior observations.
The hydroxide (OH-) stretching region is the section corresponding to wavenumbers
between 3100~3400 cm-1. The FTIR analysis confirmed that the hydroxyl group was
embedded in the fresh TNT surface (low transparence is high absorbance) and as the
surface aged the hydroxide levels decreased (higher transparence). The annealed TNT
had much lower hydroxyl group content than the as-anodized TNT surface. This means
the substitution reaction speed would be accelerated around hydroxide and oxygen. This
result also confirmed our theory that the Ti(OH)4 group was generated instead of TiO2 as
a result of anodization. Then with the aging, the TNT structured surfaces changed from
hydrophilic to hydrophobic.
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Figure 7.8. FTIR spectroscopy results for annealed and aged, as-anodized and aged, and
as-anodized fresh TNT surfaces. It was confirmed that the fresh TNT surfaces had more
hydroxyl groups on the surface than the aged TNT. The vertical line corresponds to
approximately 3300 cm-1.

7.5. Conclusions
This study examined the wettability of bare titanium and alloy, and TNT
structured and annealed and aged surfaces by analyzing the contact angles with 1 µl deionized water droplets. From the gathered data, three conclusions were drawn. First, the
TNT surfaces had a hydrophilic characteristic caused by the anodizing process and a
surface initially with many hydroxyl groups instead of an oxide. As the chemical analysis
indicated, and considering the degree of electrolytic dissociation, the surfaces were
initially composed of Ti(OH)4 groups instead of TiO2 resulting in lower contact angles.
Second, as a result of annealing the TNT surfaces became super-hydrophilic due to the
generation of anatase. Extensive anodization can cause delamination of the TNT layer
resulting in irregular surface roughness that can locally affect the contact angle. Third,
! 96!

aging of TNT surfaces leads to a marked the marked decrease of hydrophilicity. This is
the result of the stabilization process for the substitution reaction from Ti(OH)4 to TiO2 as
the hydroxyl groups disappear in air. This phenomenon was confirmed by FTIR
spectroscopy. These results indicate that where surface wettability may be an advantage,
nanotube growth by anodization using the process described here can satisfy this
requirement.

This may have extensive application for titanium orthopedic implants

where the wettability characteristics of the surface can be specified.
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Chapter 8
TiO2 Nanotubes Interaction with Osteoblasts
Abstract
After implantation of a biomaterial in the body, the interaction of the biomaterial
with cells initially occurs on the surface of the implant.113 Therefore, understanding the
surface properties of a biomaterial, such as roughness and wettability, are crucial for
designing a successful implant for clinical application. However the mechanism in which
these surface properties regulate cell function is not clearly understood. This chapter will
mainly focus on the investigation of the effect of surface topography, crystallinity,
composition and stiffness of TiO2 nanotubes on osteoblast growth. This chapter starts
with a literature review on TiO2 nanotubes and their interactions with biological cells. I
further extended the existing knowledge in the literature by investigating the effect of
chemical composition, crystallography and stiffness of TiO2 nanotubes on osteoblast cell
number and cell-nanotube interface qualification. The nanotubular characteristics of the
surface improve cell number, attachment and spreading of osteoblast cells. The effect of
chemical composition on osteoblast growth and adhesion by comparison between alloyed
and pure TiO2 nanotubes was also investigated. Moreover I have investigated the
osteoblast interaction and attachment with TiO2 nanotubes through focused ion beam
cross sectional milling to reveal the osteoblast in depth growth into nanotubes.
8.1 Literature Review
The presence of nanoscale features on the surface of implants can in principal
enhance the growth of osteoblast bone-forming cells. This is because nanometer features
can mimic the natural environment that osteoblast are adapted to. For instance,
osteoblasts have continuous interactions with hydroxypatite crystals that are 20-40 nm
long and are located within a collagen matrix (Type I collagen is a triple helix 300 nm in
length, 0.5 nm in width, and periodicity of 67 nm).114 This commonly used ceramic
coating on metal implants has several issues due to the lack of mechanical properties such
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as cracking and delamination from the metal substrate. Therefore, development of novel
coatings with more robust and flexible structures containing nanofeatures will be highly
promising for better osseointegration, cell-implant interaction and implant life cycle.
Self-assembled TiO2 nanotubes that are coated over the surface of Ti implants offer this
flexibility and can mimic the natural environment of bone-forming cells.
Bjursten et al.115 showed that TiO2 nanotube surfaces have nine-fold higher boneimplant interlock in comparison to the sandblasted TiO2 surfaces. Their histological
evaluation showed enhanced bone-implant contact area and increased calcium–
phosphorous levels on TiO2 nanotube surfaces. Hazan et al.116 evaluated the effect of
surface topography of titania on fibroblast behavior. They compared three different
surface structures including nanotubes, thin films, and foams of TiO2. Among all these
three surfaces, TiO2 nanotubes showed the best properties for cell number.
Bauer et al.117 investigated TiO2 nanotube hydrophobicity on mesenchymal stem
cells (MSCs) attachment. They used a monolayer coating to change the surface properties
of nanotubes from hydrophilic to super-hydrophobic. They showed that hydrophobicity
results in a higher MSC attachment but this behavior only lasted for a very short time. In
a study by Yao et al.118 the effect of TiO2 nanotubes on human osteoblast cell function
was investigated. They compared three different surface structures (smooth,
nanoparticulate, and nanotubular) on osteoblast cell function. The Ca deposition by
osteoblasts was highest on surfaces with TiO2 nanotubular features. They explained this
finding based on the fact that nanotubes possess the highest surface area and surface
energy among the other surface topographies. As such, nanotubes provide more reactive
sites for fibronectin protein adsorbtion that mediates osteoblast adhesion.
Reports on the effect of nanotube diameter to the cell growth and adhesion are
often contradictory. Park et al.119 studied the effect of titanium nanotube diameter on
mesenchymal stem cell fate. They reported the optimized nanotube diameter to be 15 nm.
The cell attachment and adhesion increased in nanotubes of less that 50 nm diameter and
decreased in nanotubes with diameter of more than 50 nm. However, their finding was in
contradiction with the results of Oh et al.120 and Brammer et al.121 who reported that the
100 nm nanotube size provides the highest MC3T3-E1
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osteoblast

cell

attachment and adhesion. Oh et al.122 also reported that the 100 nm tube size resulted in
extremely elongated human MSCs force guiding them to differentiate into specific
osteoblast cells.
Popat et al.123 investigated TiO2 nanotubular surfaces for better osseointegration
and accelerated wound healing. Their experiments with marrow stromal cells indicated
that in comparison to flat titanium surfaces, nanotubular TiO2 surfaces provided higher
adhesion, alkaline phosphatase activity, and extracellular matrix production as well as
enhanced calcium and phosphorus deposition resulting in upregulated bone matrix
formation. In addition they investigated the biocompatibility of TiO2 nanotubes by
implanting disks with nanotubular titania surfaces on rats. Their results showed no
inflammatory response or fibrous tissue formation in the tissues surrounding the Ti
implant due to the presence of TiO2 nanotubes.

8.2. Experimental Procedure

8.2.1 Osteoblast Cell Culture Experiments
For these studies, MC3T3-E1 mouse osteoblasts (CRL-2593, subclone 4, ATCC,
USA) were used.124 Each 1 ml of cells was mixed with 10 ml of alpha minimum essential
medium (a-MEM; Invitrogen, USA) with 10 vol.% fetal bovine serum (FBS; Invitrogen,
USA) and 1 vol.% penicillin–streptomycin (PS; Invitrogen, USA). The cell suspension
was placed in a cell culture dish and incubated at 37˚C and 5 vol.% CO2 environment.
The concentration of the MC3T3-E1 osteoblastic cells were checked under an optical
microscope every 24 hrs until it reached its saturation point of approximately 3000
cells/mm2 after 72 hrs of incubation. When the cells reached their saturation point they
were ready to be subcultured on TiO2 nanotube substrates. After that the MC3T3-E1 cells
were seeded onto the experimental substrate of interest (TiO2 nanotubes), they were
placed on a 30-well polystyrene plate and stored in 37 °C CO2 incubator for 24, 48 and
72 hrs to observe the cell morphology and count the number of viable cells attached as a
function of incubation time.
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8.2.2 Osteoblast Cell Viability Determination
Determination of cell viability depends on if the cell is able to actively adhere to
the substrate. An active cell looks healthy and is able to proliferate after attachment to the
surface. Considering this fact, these experiments were conducted as a pre-evaluation of
cell viability of osteoblasts cultured on TiO2 nanotubes and to see if the cells are able to
attach, spread, and grow on these substrates. Osteoblast cells were cultured on 6-well
single plate culture dishes and evaluated for viability after ! hr, 2 hrs and 48 hrs of
culture. A plate containing only culture media was used as the control. Optical
microscopy was used for imaging the cultured cells. The results are presented in section
8.3 and figure 8.1. After ! hr of culture the cells were round showing no attachment to
the surface in all samples including the control sample. After 2 hrs of culture the cells
started to change their shape to a more spread out appearance and the number of cells
increased. After 48 hrs of culture, the number of cells further increased and their shape
became flattened because of spreading and attachment. Since the osteoblasts were
keeping the healthy shape and were able to proliferate, they appeared healthy and active.
These results showed the viability of osteoblast cells on TiO2 nanotube surfaces and were
in agreement with literature studies on cytotoxcicity evaluations of TiO2 nanotubes
confirming the non-toxic nature of the nanotubes125,126,127,128.

8.2.3 Cell Number, Attachment and Spreading on Different Types of
TiO2 Nanotube Substrates
These experiments were conducted to evaluate the effect of TiO2 nanotube
topography, wettability, crystallinity, and chemical composition on osteoblast cell
number (see section 8.4), attachment and spreading (see section 8.6). The effect of TiO2
nanotube stiffness on osteoblast cell number is presented in section 8.7.
The common way of determining cell number is to first detach all incubated cells
from the substrate surface with Trypsin/EDTA. The suspension with detached cells is
then collected into a test tube. The detaching process will be repeated until no residual
cells are found on the substrate surfaces

after several Trypsin treatments. Released
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cells will be counted with a hemocytometer. This method of cell count has some
limitations. The main limitation is that all the cells, including the cells in the culture
media around the substrates are suspended as well. Since these cells were not cultured on
the same substrate they do not represent the actual condition but instead a mixture with
the control condition. Therefore the mixture of these cells in the suspension is not an
accurate evaluation of the cell count on the specific titanium substrate. Another limitation
is that during the cell count by hemocytometer all the cells will have an equal spherical
shape because they are all in suspension. But only the flat and well-spread cells are
indications of viable cells on the titanium surface. In other words the common method of
cell counting is not accurate enough to distinguish between cells of the control condition
including the culture dish and media surrounding the sample, non-attached round cells,
and well-spread, attached cells. Therefore a different method of cell counting was used.
By rapid fixation of the cells and immediate SEM imaging of the substrate, only the wellspread attached cells were counted toward the cell number investigation. The highresolution imaging gave the capability of distinguishing between non-flat and well-spread
flat cells and the rapid fixation got rid of the cells in the control condition, resulting in a
more accurate number assay.
Substrates of TiO2 nanotubes anodized at 60 V were used for cell number
experiments. Prior to cell culture, substrates were ultrasonically cleaned and sterilized in
70% ethanol for 15 min, washed in deionized water, and air dried under a laminar flow
hood. Each group of substrates used for cell number tests was divided into the three
following subgroups. Substrates of as-anodized titanium (4 substrates of commercially
pure (cp)-TiO2 nanotubes and 4 substrates of alloyed TiO2 nanotubes), annealed
nanotubes (4 substrates of cp-TiO2 nanotubes and 4 substrates of alloyed TiO2
nanotubes), and control bare titanium (4 substrates of cp-Ti and 4 substrates of Ti alloy
(Ti6Al4V)) were put into 24-well plates with one sample located in each well. MC3T3
cells with a density of approximately 125 cells/mm2, suspended in 5ml cell culture
medium, were seeded onto the surfaces of substrates, and incubated with humidified
atmosphere with 5% CO2 at 37oC. After 24 hr, 48 hrs and 72 hrs, respectively, the
samples were rinsed with PBS

and

immediately fixed on the titanium samples
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for SEM evaluation. For cell fixation, 90% ethanol was added to the samples. After 10
min the ethanol was pipetted out and the samples were left to air dry at 37 °C for 15 min.
The results are presented in Section 8.4.

8.2.4 FIB Milling Procedure
For the purpose of the FIB and SEM investigations, the cells were fixed on the
nanotube substrates. After 72 hrs of culture the medium was removed from each culture
plate. After that 90% ethanol was added to the substrate. After 10 min the ethanol was
pipetted out and the substrates were left to air dry at 37 °C for 15 min. After cell fixation
the substartes were used for the SEM and FIB experiments. Substrates with fixed cells
were inserted into the specimen chamber of a FIB (Hitachi SA-2000). The rough milling
conditions to open a trench in the cell used ion currents of 5 to 7 nA at 30 kV. Lower
beam currents of 100 to 670 pA were used to polish the cross section. Dwell time for
milling was 3 µs. Results are reported in section 8.6.
8.3. Effect of Nanotubes on Cell Attachment and Spreading
Cell spreading was assessed by optical microscopy examination of all substrates
prepared during cell culture experiments described in section 8.2.2. It should be noted
that the common way of investigating cell attachment and spreading is by vinculin
staining to show focal contacts and actin filaments probing with FITC-conjugated
phalloidin to reveal the cytoskeleton arrangement.129 Since this method is not time/cost
effective, a different method of investigation was performed using optical microscopy
and SEM imaging. More importantly, using this method of high resolution imaging at the
nano-level, a more in-depth evaluation of cell appearance and cell filopodia expansion
was possible (see Section 8.6).
Figure 8.1 shows cell viability determination by optical microscopic imaging and
observation of cultured cells on the control culture dish and TiO2 nanotubes. The cell
viability was examined by evaluation of cell activity after ! hr, 2 hrs, and 48 hrs of
culture. The cell number, attachment and

spreading can be observed, which are the
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indication of cell viability. The morphology of the cells can be categorized into (A) no
cell spreading, cells were still spherical in appearance, no protrusions or lamellipodia
were produced; (B) partially spread cells, at this stage, cells began to spread laterally, at
one side or more, but the extensions of plasma membrane were not completely confluent;
and (C) fully spread cells, sufficient extension of the plasma membrane or flattening of
the cells was obviously observed.
As discussed, the morphological changes of cell shape during the process of cellsubstrate attachment can be divided into three steps; early stage with no spreading;
partially spread; and well-spread shape. A viable cell is able to undergo all these three
steps prior to the complete surface attachment. Since the osteoblasts kept the morphology
of a viable cell and were able to proliferate, they appeared healthy and active. These
results show the viability of osteoblast cells on TiO2 nanotube surfaces and are in
agreement with literature studies on cytotoxcicity evaluations of TiO2 nanotubes
confirming the non-toxic nature of the nanotubes.130,131,132,133

Figure 8.1. Cell viability determination by microscopic imaging and observation of cell
activity such as number, attachment as spreading after (A): no cell spreading; ! hr, (B):
partially spread cells; 2 hrs, (C) fully spread cells; 48 hrs. The field of view is
400x300µm2 .
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8.4. Effect of Nanotubes Topography, Wettability, Crystallinity, and Chemical
Composition on Osteoblast Cell Number
After evaluating the cell viability and adhesion on TiO2 nanotubes, the cell count
experiments were conducted. As discussed earlier by rapid fixation of the cells and
immediate SEM imaging of the substrate, only the well-spread attached cells were
counted toward the cell number investigation. The high-resolution imaging gave the
capability of distinguishing between non-flat and well-spread flat cells and the rapid
fixation got rid of the cells in the control condition, resulting in a more accurate cell
count assay. The mean value numbers of total attached cells were calculated from total
cell number counted from 5 different random square areas (1.0 x 1.0 mm2) of each
substrates. The mean value number of attached cells on the surfaces of the control and the
data of the other samples were calculated and compared for 24, 48 and 72 hrs of
incubation.
Figure 8.2 shows representative images of initial water droplets on bare Ti foil,
pure TiO2 nanotubes, and alloyed TiO2 nanotubes in as-anodized and annealed
conditions. Three phenomena were observed. The first was the difference between the
contact angles of the bare pure and bare alloy titanium foils (Figure 8.2.c and f). In the
case of pure titanium, the contact angles were larger than the alloy. Contact angle
differences were attributed to the surface properties, in particular the surface roughness,
which could affect the initial contact angle of a water droplet on each titanium surface.
Second, it was found that the creation of TiO2 nanotube structures made the surface more
hydrophilic (Figure 8.2.b and e). For all cases after the anodization process, the droplet
contact angles decreased in the range of 55~70% compared to the contact angles of each
bare titanium foil. Third, the water droplet contact angles on the annealed TiO2 nanotube
surfaces decreased 40~56% compared to the as-anodized TiO2 nanotube surface cases
(Figure 8.2.a and d). The annealing resulted in nanotubes of anatase causing superhydrophilic surfaces to be generated. According to Figure 8.2 it was shown that the
hydrophilicity of anatase nanotubes is the

highest
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among

the

amorphous

TiO2

nanotubes and bare-Ti surfaces resulting in higher cell growth on such surfaces (figure
8.4 and 8.6). These results are in agreement with Oh et al.134 who investigated the effect
of titanium nanotubes with different crystallographic structures on MC3T3-E1 osteoblast
cells. They concluded that in comparison to conventional smooth titanium surfaces,
nanotubes improve the speed of cell growth up to 400%. Their results showed that the
speed of cell growth was the highest in anatase TiO2 nanotubes in comparison to asanodized amorphous nanotubes. The authors have not discussed clearly why the
crystallographic change has lead to the increase in cell growth.

Figure 8.2. (a-c) Contact angle measurements for the cp-TiO2 nanotube surface, (a)
annealed cp-Ti surface, (b) not annealed cp-Ti surface, (c) bare cp-titanium surface. (d-f)
(d) Contact angle measurements for the Ti6AL4V nanotube surface, annealed Ti6Al4V,
(f) not annealed Ti6Al4V nanotube surface (e), bare Ti6Al4V surface.

Figure 8.3 shows osteoblast cell culture experiments on control cp-Ti and
amorphous cp-TiO2 nanotubes as a function of incubation time. The number of cells was
estimated from FE-SEM images of the substrates by an image processing threshold of
30% contrast adjustment between cells and TiO2 nanotube substrates and a cell count
tolerance of ± 5 cells/mm2. As seen in Figure 8.3a-c, on the control cp-Ti substrate, cell
count increased from 40 cells/mm2 after 24

hrs (Figure 8.3a) to 300 cells/mm2 after 72
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hrs of incubation (Figure 8.3d). The results indicated that the presence of nanotube
morphology enhanced cell number from 80 cells/mm2 after 24 hrs (Figure 8.3d) to 900
cells/mm2 after 72 hrs of incubation (Figure 8.3f). This enhanced cell number is in
agreement with the work of Oh et al. discussed earlier and the literature,135 on the effect
of substrate topography and roughness on inducing cell growth. However, as shown in
Figure 8.2b and c, I believe that not only nanotopography but also improved surface
hydrophilicity can result in enhanced cell growth. It has been confirmed by the literature
that higher surface hydrophilicity improves cell number due to higher density of OH
groups and higher surface energy resulting in enhanced protein adsorption.136
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Figure 8.3. SEM micrograph of MC3T3 cells after 24 hrs, 48 hrs and 72 hrs of culture on

!

control cp-Ti (a-c) and as anodized amorphous cp-TiO2 nanotubes (d-f). Cell number
increases as a function of culture time in both control and anodized samples. The number
of attached cells increases by anodization (d-f). Scale bar (a, b, d, e) is 200 µm, and ( c, f)
is 500 µm.

Figure 8.4 shows results of osteoblast cell culture experiments on annealed cpTiO2 nanotubes as a function of incubation time. As seen in Figure 8.4a-c, substrate cell
count increased from 300 cells/mm2 after 24 hrs (Figure 8.4a) to 2500 cells/mm2 after 72
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hrs of incubation (Figure 8.4d).These results indicate that annealed nanotube morphology
further enhanced cell number from 900 cells/mm2 in amorphous (as-anodized) nanotubes
(Figure 8.3f and d) to 2500 cells/mm2 in annealed nanotubes (Figure 8.4c and d) after 72
hrs of incubation. As discussed, I believe that not only nanotopography but also improved
surface hydrophilicity resulted in further enhancement of cell number.

Figure 8.4. SEM micrograph of MC3T3 cells after 24 hrs, 48 hrs and 72 hrs of culture on
annealed cp-TiO2 nanotubes (a-c). Cell number increases as a function of culture time.
The number of attached cells increases by annealing (d). Scale bar (a) is 200 µm, (b, c) is
500 µm.

Figure 8.5 shows the results of osteoblast cell culture experiments on the control
Ti6Al4V and amorphous alloyed-TiO2 nanotubes as a function of incubation time. As
seen in Figure 8.5a-c, on the control Ti6Al4V substrate cell count increased from 12
cells/mm2 after 24 hrs (Figure 8.5a) to 200

cells/mm2 after 72 hrs of incubation
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(Figure 8.5d). Our results indicate that nanotube morphology enhances cell number from
40 cells/mm2 after 24 hrs (Figure 8.5d) to 800 cells/mm2 after 72 hrs of incubation
(Figure 8.5f). This enhanced cell number is in agreement with the results on cp-Ti and
cp-TiO2 nanotubes shown in Figure 8.5. However, the total cell counts in the control
Ti6Al4V and alloyed-TiO2 nanotubes is slightly lower for all incubation periods, in
comparison to the total cell count in cp-Ti and cp- TiO2 nanotubes. This could be due to
lower biocompatibility of the alloying elements (Al and V) and their oxides.137,138
!
!
!
!
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Figure 8.5. SEM micrograph of MC3T3 cells after 24 hrs, 48 hrs and 72 hrs of culture on
control Ti6Al4V (a-c) and as-anodized amorphous alloyed-TiO2 nanotubes (d-f). Cell
number increased as a function of culture time in both control and anodized samples. The
number of attached cells increased by anodization (d-g). Scale bar (a,d,e) is 200 µm, (b,c)
is 100 µm, and (f) is 500 µm.
Figure 8.6 shows results of osteoblast cell culture experiments on annealed
alloyed TiO2 nanotubes as a function of incubation time. As seen in Figure 8.6a-c,
substrate cell count increased from 200 cells/mm2 after 24 hrs (Figure 8.6a) to 2000
cells/mm2 after 72 hrs of incubation (Figure 8.6d). These results indicated that annealed
nanotube morphology further enhanced cell number from 800 cells/mm2 in amorphous
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(as-anodized) alloyed nanotubes (Figure 8.5f and g) to 2000 cells/mm2 in annealed
nanotubes (Figure 8.6c and d) after 72 hrs of incubation. As discussed, not only
nanotopography, but also improved surface hydrophilicity, has resulted in further
enhancement of cell number. However, similar to the case for the control Ti6Al4V and
alloyed-TiO2 nanotubes, the total cell counts in annealed alloyed TiO2 nanotubes is also
slightly lower for all incubation periods, in comparison to the total cell count on annealed
cp- TiO2 nanotubes. As discussed and referenced in section 8.5, this could be due to
lower biocompatibility of the alloying elements (Al and V) and their oxides which have
preserved their properties even after annealing.

Figure 8.6. SEM micrograph of MC3T3 cells after 24 hrs, 48 hrs and 72 hrs of culture on
annealed alloyed TiO2 nanotubes (a-c). Scale bare (a) is 200 µm and (b,d) is 500 µm.Cell
number increases as a function of culture time. The number of attached cells increases by
annealing (d). Scale bar (a) is 200 µm, and (b,c) is 500 µm.

Figure 8.7 was obtained from comparisons and combining the graphs of Figure
8.4d and 8.6d. This figure shows the effect

of anodization and annealing in enhancing
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cell number and growth in comparison to control bare surfaces for both cp and alloyed
substrates. In the cell count of annealed samples there is a slight increase in the case of cp
nanotubes compared to alloyed nanotubes that could be due to higher biocompatibility of
cp Ti.

!

Figure 8.7. Number of adhered cells as a function of incubation time on the surface of

bare Ti (left) and TiO2 nanotubes (right). The data of this chart has been obtained from
comparison and combining the graphs of Figures 8.4d and 8.6d. The data confirms the
effect of anodization and annealing in enhancing number and growth in comparison to
control bare surfaces for both cp and alloyed samples. However, in the cell count of
annealed samples there is a slight increase in the case of cp nanotubes compared to
alloyed nanotubes which could be due to higher biocompatibility of cp Ti.

Figure 8.8. shows the number of MC3T3 cells proliferated after 72 hrs of
incubation on TiO2 nanotubes with varying crystallinity and anodization duration. As
discussed earlier, annealed nanotubes posses a crystalline structure with super
hydrophilic properties, which results in

higher cell number (2000 cells/ mm) in
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comparison with amorphous nanotubes (800 cells/ mm2). Moreover varying the
anodization duration, the length and diameter of the nanotubes change and results in
longer and larger nanotubes. This change in nanotube geometry apparently affects the
osteoblast cell number. Also, as discussed earlier, the literature shows that nanotube
diameter affects cell number. However there is lack of data on the effect of nanotube
length and therefore structural stiffness on cell growth. Here in, I show that not only
diameter and nanotube length affects cell number. The results indicated that nanotubes
with the same crystalline structure and chemical composition, but higher anodization
duration and consequently higher length and diameter, showed a decrease in the number
of attached cells. As seen in Figure 8.8 in the case of amorphous (as anodized) TiO2
nanotubes, the anodization duration of 240 min shows a higher number of attached cells
(2000 cells/ mm2) in comparison to nanotubes anodized for 960 min (800 cells/ mm2).
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Figure 8.8. The effect of nanotube length, crystallinity and composition on cell number
and attachment. Scale bar (a,b) is 500 µm, and (c,d,e,f) is 200 µm.
This finding signifies the importance of considering both the diameter and length
of nanotubes on cell number and attachment. The main reason for the nanotube geometric
effect (diameter and length) on osteoblast cell number and attachment is due to a change
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in nanotube stiffness, which will be discussed in Section 8.7. Longer nanotubes are more
flexible compared to shorter nanotubes. Since the substrate stiffness plays an important
role in cell number, attachment and motility, varying the nanotube stiffness may result in
changes in cell behavior. In Section 8.7, it is shown that shorter nanotubes have higher
stiffness and therefore is easier for the cells to grab onto them, using them as anchoring
steps for their attachment and movement. Cells use their filopodia as legs to move on
surfaces. It is easier to walk on stiffer substrates than flexible substrates because it works
better as an anchor or step. On stiff substrates, resistance to mechanical probing may lead
to protein conformational changes and activation of signaling enzymes at the adhesion
sites139. This phenomenon can be explained by the mechanism of force probing by cells.

8.5. Preferred Directionality of Osteoblast Cell Growth
Figure 8.9 shows SEM micrographs of osteoblast cells when cultured on a control
Ti substrate (Figure 8.9.a, without nanotubes), and on TiO2 nanotubes. The TiO2
nanotubes may have affected the alignment of the cells parallel to the nanotopography
direction, which is in agreement with the literature. Independent of mechanical loading,
the morphology of the substrate has been reported to affect bone cell mechanobiology in
a similar way that mechanical loading does. Microscale grooves have been shown to
cause contact guidance and alignment parallel to the groove direction.140 This effect of
substrate topographical structures on cell alignment is important since it has been shown
to affect gene expression and differentiation capacity.141,142,143
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Figure 8.9. SEM micrographs of osteoblast cells when cultured on TiO2 nanotubes:
random cell orientation on control Ti sample without nanotubes (a) parallel cell
orientation to the nanotube direction (b-c-d). Scale bare for (a-b-d) is 50 µm and for (c) is
100 µm.
8.6. FIB Milling Studies at Cell-Nanotube Interfaces
Initially, fibroblast adhesion to TiO2 nanotubes was examined by the FIB method
and then this work was extended to osteoblast cells. The main reason that I selected
fibroblasts for the initial FIB work was that these cells make strong bonds with most
substrate materials. In addition, in practical in-vivo application of biomedical implants
fibroblast cells are the first to bond with the surface of the implant. The investigation on
fibroblast cells was performed to demonstrate the potential of the FIB and SEM
techniques on cell/biomaterial interface studies. Major attention was devoted to the
feasibility and quality evaluation of different operations on air dried fibroblast cells as
well as the interaction between the fibroblasts and TiO2 nanotubes. The results showed
that fibroblast filopodia strongly interacted with the cell’s nano-environment. Figure 8.10
shows FIB milled fibroblast cells obtained

from
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a

primary

ion

beam.

Internal

structures, membranes and morphological stability and integrity are shown. The interface
between the cell and the substrate can be observed. Figure 8.11 shows the magnified
cross sectional view of cell-nanotube interface. As shown in this image, after milling the
cell by FIB for interface observation, the filopodia appeared to grow into the nanotubes.
The results also revealed that fibroblats sustained very high vacuum without visible
damage and they survived ion beam milling and imaging. Moreover, ion milling revealed
many internal features of cells at the submicron scale (Figs. 8.11 a-b) as well as the high
interaction and growth of the cells inside the nanotubes. This showed that FIB and SEM,
operating in high vacuum environment, can be applied on dried biological material that is
not prepared following standard cryopreservation methods, glutaraldehyde or a
combination of glutaraldehyde and formaldehyde procedures.144 Moreover it opens the
path to the investigation on the physical basis of cell response to high vacuum conditions.
The FIB is preferably used on embedded biological samples, but I also
successfully showed the use of FIB on biological samples prepared for conventional
SEM. Such an approach can establish a link between larger scale tissue morphology and
cellular and subcellular structures. The ability to reveal specific intracellular structural
details and to link them to the interaction between cells and biomaterials is at the moment
among the most promising and beneficial applications of FIB and SEM in life sciences.
This is of particular interest when cells or cellular inclusions have a dynamic nature due
to normal stress or pathologic conditions and their interaction with the biomaterial can
significantly regulate their function.
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Figure 8.10. (a-b) FIB milled fibroblast cells obtained from a primary ion beam. Internal
structures, membranes and morphological stability and integrity can be assessed;
moreover the interface between the cell and the substrate can be observed. Scale bar (a) is
5 µm, and (b) is 10 µm.

Figure 8.11. SEM images of the (a, b) cross section view of cell-nanotube interface,
milled by FIB technique and (c, d) magnified view of cell–nanotube interaction and
filopodia growth inside nanotube. Scale bar (a) is 2 µm, (b) is 1 µm, and (c,d) is 500 nm.

!119!

The same FIB and SEM investigation of fibroblasts for osteoblasts to further
extend the study on evaluating osteoblast cell attachment and surface interaction. The
interaction of MC3T3 osteoblast cells with TiO2 nanotubes is shown in detail in Figures
8.12 and 8.13. SEM images in Figures 8.12b and c show the extension of osteoblast cells
for adhesion on the nanotubes as well as cell clusters (Figure 8.12.a) on the nanotube
surface which may indicate the ability of the nanotube structure to promote cell adhesion
and growth (see Section 8.4). As can be seen in these images the surface tends to induce
cell number, attachment and spreading. In Figure 8.12 the fully spread morphology of the
osteoblast cells (Figure 8.12.a) as well as expansion of cell filopodia (Figure 8.12 b and
c) can be observed. Figure 8.13 shows the attachment of cell filopodia to the nanotubes
and filopodia expansion in between the nanotubes. From Figure 8.13 it is possible to
think that the nanotubes can act as anchors for cell filopodia to grab (Figure 8.13f) and
increase the spreading (Figure 8.13d) and improve its attachment (Figure 8.12).

Figure 8.12. Osteoblast cell interaction with TiO2 nanotubes is shown. The extension of
osteoblast cells for adhesion on the nanotubes as well as cell clusters (a) on the nanotube
surface, indicate the ability of the nanotube structure to promote cell adhesion, and
growth can be observed. Scale bar (a) is 100 µm, (b) is 50 µm, and (c) is 10 µm.
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Figure 8.13. Cell filopodia attachment and spreading on and in between nanotubes. The
nanotubes can act as anchors for cell filopodia to grab (f) and increase the spreading (d)
and improve its attachment (e). Scale bar (d) is 3 µm, (e) is 500 nm, and (f) is 1 µm.
The evaluations of cell anchorage and interlock were performed by FIB milling
and SEM. The architecture of the cell/surface interface was visualized by electron
microscopy to give a better insight into the morphological and functional features of
interfacial osteoblast cell attachment. Figure 8.14 shows SEM images of the FIB milled
cells reveal the nanotubes have been completely clogged by the cells. Even after removal
of the cell top section by FIB (Figure 8.14.c and d) the nanotubes remain clogged (Figure
8.14 e-f) approximately 5nm in depth (Figure 8.15). This is due to high attachment of the
cells, which has been qualitatively indicated from SEM images in Figures 8.12, 8.13 and
8.14A, indicating the well spread cell morphology and the cell growth inside the hollow
section of the nanotubes (Figure 8.15). Figure 8.14 shows that the osteoblasts have direct
cell/surface contact with the nanotubes and are firmly attached to the substrate surface.
FIB processing by cell milling for the SEM investigations and EDS chemical analysis
suggested that the bond between the TiO2 nanotube substrate and the adjacent osteoblast
cell layer is composed of Ca and P elements which therefore seemed to mimic the bond
in the bone tissue itself. Figure 8.14 and 8.15 indicate that on the substrate surface, cell
filopodia and the extracellular matrix remained attached following separation from the
milled top section of the cell. These observations reveal a very close interfacial contact or
direct contact between the osteoblasts and the titania nanotubes followed by calcium and
phosphorous deposition on the nanotubes (Figure 8.15). Calcium and phosphorous are the
primary components of bone matrix and their deposition onto nanotubes, which is
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confirmed in Figure 8.15, is an indication that TiO2 nanotubes have regulated osteoblast
functionality and differentiation.

Figure 8.14. FIB cross sectional milling (A-D) revealing the clogged titania nanotube by
osteoblast and calcium deposition on nanotubes (F-F) as a result of cell attachment and
direct contact with surface. Scale bar (A) is 200 µm, (B) is 50 µm, (C) is 20 µm, (D,F) is
5 µm, and (E) is 10 µm.

Figure 8.15. EDS analysis of the high-resolution scanning electron micrograph of
clogged nanotubes. The clogged nanotubes are visible and composed of Ca and P (EDS),
the primary components of bone matrix. Scale bar is 1 µm.
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The SEM images in Figure 8.16 show the secreted extracellular matrix (ECM) all
over the surface of the sample. The cellular activity or differentiation of osteoblasts on
the surface initiates by deposition of calcium and phosphorous as primary components of
bone matrix.145 As shown in Figure 8.16 this production of ECM on TiO2 nanotubes is
the result of osteoblast migration and its healthy cellular activity. In fact as shown earlier
in Figures 8.12 and 8.13, it is possible to consider the TiO2 nanotubes as anchors for the
cell filopodia to grab onto and have a facilitated migration along the surface. This
anchorage benefit of nanotubes together with their super hydrophilic properties appears
to have encouraged osteoblast number, spreading and attachment for a promising high
osseointegration.

Figure 8.16. ECM production on and in between nanotubes during cell migration and
bone matrix deposition. Scale bar left is 5 µm and right is 1µm.
Oh et al.146 investigated the effect of titanium nanotubes with different
crystallographic structures on MC3T3-E1 osteoblast cells. They concluded that the cell
filopodia grew inside the nanotubes, making a strong interlock between the cell and
substrate. However, their discussion on interlocked interactions between the nanotubes
and cell filopodia is not conclusive enough due to lack of any structural evidence. Here,
we have provided evidence of such an interlocked mechanism by means of FIB technique
for the first time.
8.7. Effect of Nanotube Stiffness on Cell Number
One of the major advantages of

nanotubular morphology over the surface
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of implants is the ability to calculate and measure the extracellular forces exerted by the
cells that grow on top of the surface. This tool allows a quantitative assessment of the
adhesion between cells and the surface, which are addressed in Chapter 10 as one of the
extensions of this PhD work. However, I have used this advantage to propose a method
for quantifying the relationship between the nanotube stiffness and osteoblast cell
number. In fact, the geometry of TiO2 nanotubes on the surface of Ti implants can be
modeled as a series of clamped cantilevers with bending stiffness K subjected to a shear
force at the free end.

Figure 8.17. The vertically-aligned TiO2 nanotubes that are anodized on the Ti implant
surface can be modeled as a series of cantilever springs with spring constants of K1, K2,
K3, …Kn.
In practice, a nanotube can be bent by the adhesion forces exerted by the
osteoblast cells. According to beam theory,147 for a cantilever under a bending force F,
the small deflection & at the free end have a relationship with the applied force F as
& = FL3/ 3EI

(1)

where L is the length of the nanotube, and E is the elastic modulus. The moment of
inertia is:
I = "/4 (d0 4 – di4)

(2)

By assuming a circular cross section for the nanotubes, the parameters d0 and di
represent the outer and inner diameters of the nanotubes, respectively. The elastic
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modulus of the nanotubes was measured to be in the range of 23-44 GPa depending on
the diameter of the nanotubes.148 Here I have defined a normalized-stiffness parameter,
Ka as:
K a = F/ & = 3EI / L3 ' I / L3

(3)

To quantify the nanotube stiffness variation in terms of the nanotube length, the
parameter Ka was calculated for various nanotubes obtained under different anodization
voltage and the data is plotted. As seen in Figures 8.18 and 8.19 the stiffness of the
nanotubes decreases by the increase in the nanotube length (Figure 8.18) and anodization
time (Figure 8.19). This observation was consistent for nanotubes produced with 20, 40,
and 60 V.
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Figure 8.18. The normalized Ka parameter as a function of nanotube length, L, is plotted.
The nanotubes were synthesized at three different applied voltages, 20, 40, and 60 V.
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Figure 8.19. The normalized Ka parameter as a function of anodization duration, T, is
plotted. The nanotubes were synthesized at three different applied voltages, 20, 40, and
60 V.
As discussed earlier in Section 8.4, the literature shows that nanotube diameter
affects cell number. However, there is lack of data on the effect of nanotube length on
cell growth. Here, I have shown that not only diameter but also nanotube length
apparently affects cell number. The results indicate that nanotubes with the same
crystalline structure and chemical composition but higher anodization duration (and
consequently higher length and diameter) show a decrease in the number of attached
cells. As seen in Figure 8.8, in the case of amorphous (as anodized) cp-titania nanotubes,
the anodization duration of 240 min shows a higher number of attached cells (1500
counts/mm2) in comparison to nanotubes anodized for 960 min (1100 counts/mm2). This
finding signifies the importance of considering both the diameter and length of nanotubes
on cell number and attachment. As discussed in this section nanotube length and
diameter, both are the main parameters of nanotube stiffness. Therefore, I believe that the
main reason for the nanotube geometric

effect (diameter and length) on osteoblast
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cell number and attachment is the change in stiffness of nanotubes. To study this effect
only one parameter (anodization duration) can be changed and other factors, such as
annealing and composition should remain constant. Therefore, the effect of nanotube
stiffness on cell number for as-anodized alloyed TiO2 nanotubes was studied. This
relationship between nanotube stiffness and cell number is illustrated in Figure 8.20. As
seen in this figure, the nanotubes with higher stiffness (k=13.07)10-4 nN/µm) promote
more cells (up to 800 cells/mm2) in comparison to nanotubes with lower stiffness (k=
2.6)10-4 nN/µm) and 300 cells/mm2. This finding is in agreement with the work of
Khatiwala et al.149 who concluded that substrate stiffness influences focal adhesion
formation, migration, number, and, differentiation, of mouse osteoblastic cell line
(MC3T3-E1) towards an osteoblastic phenotype as early as 4 days.150 Over the last
decade several reports have shown that substrate rigidity and stiffness can control various
functions of a healthy cell, such as migration, number, and differentiation.151,152,153 The
same process may also explain why, during tissue formation, cells tend to maximize their
net area of adhesion to one another while minimizing the area exposed to the surrounding
environment. These observations are relevant not only to tissue formation during
development but also a number of important physiological and pathological processes.
For example, cell migration during wound healing may be guided by the contractile
forces at the wound, whereas cancer metastasis may be caused by cells losing the ability
to respond to the differential mechanical signals between the tissue and the membrane.
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Figure 8.20. Effect of nanotube stiffness on cell number is plotted for TiO2 nanotubes
anodized at 60V. The higher the stiffness, the better the cell growth.
In a study by Pelham et al.154 responses of rat 3T3 fibroblastic cells to mechanical
properties of the adhesion substrate were examined. Compared with cells on rigid
substrates, those on flexible substrates showed irregularly shaped focal adhesions
whereas those on firm substrates had a normal morphology and were much more stable.
In another report, the migration speed of mouse 3T3 fibroblasts was shown to increase
proportionally to the rigidity of the substrate.155 In addition, rigid surfaces enhanced the
proliferative and reduced the anti-apoptotic potential of 3T3 fibroblasts compared to the
more compliant substrate conditions.156 This behavior of aggregation mimicking tissue
formation may be driven at least partially by durotaxis, the preferential migration of cells
toward stiff substrates or away from soft substrates.157 Furthermore fibroblasts are able to
actively probe the stiffness of their environment and to turn toward substrates of high
rigidity, as durotaxis. This surface tension-like mechanism is believed to also drive cell
sorting.158 Other studies have also shown that, rigid surfaces enhance the proliferative and
reduced the anti-apoptotic potential of 3T3 fibroblasts compared to the more compliant
substrate conditions.159,160 Further studies on tissue engineering161 support this idea that
substrate stiffness regulates not only cell migration and adhesion but also cell growth and
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apoptosis162, which are closely related to cell shape and adhesion and are equally
important in tissue formation.
The general principle underlying these observations appears to be a preference of
cells to maximize mechanical input from the environment. How could cells sense the
difference among substrates of identical chemical properties but varying flexibilities and
elastic modulus? To detect flexibility, it is necessary for the cells to modulate and
measure the probing force in response to different substrate resistance (otherwise, cells
will simply deform soft substrates to an increasing extent until they experience a similar
resistance as on stiff substrates). Alternatively, cells may be able to sense the amount of
substrate deformation as they apply a defined probing force. For this purpose, cells must
rely on an active probing mechanism using contractile forces.163 Mechanical input from
the substrate, transmitted through adhesion receptors, then activates downstream signals
that regulate both the degree of cell spreading and the rate of growth. On stiff substrates,
resistance to mechanical probing may lead to protein conformational changes and
activation of signaling enzymes at the adhesion sites. The response in turn causes an
increase in traction forces and in cell spreading.164
The understanding of cell active force probing mechanism can help us explain my
results based on the fact that it is easier for the cells to use the stiffer nanotubes as
anchoring steps for their attachment and migration. Cell filopodia can use the nanotubes
for anchoring and then contracting to move the cell forward. Mechanical input from the
substrate is transmitted through adhesion receptors, and then it activates downstream
signals that regulate both the degree of cell spreading and the rate of growth. Since the
stiffer nanotubes can promote more mechanical output for the probing cells therefore
more mechanical input from nanotubes will be transmitted through adhesion receptors
and more signals for cell number will be activated. These phenomena will finally results
in higher cell number on stiffer nanotubes.
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Chapter 9
Discussion and Conclusions
This chapter provides an overview to the most significant results of my PhD
research work. Initially, I worked on the surface modification of Ti4Al6V alloys through
porosification via hydrofluoric acid. Several etching techniques were compared including
a method based on sandblasting as a pretreatment. It was found that the increase of
applied voltage and concentration of H3PO4, increased the pore sizes at the surface of
titanium oxide. During this electrochemical etching, between these two parameters, the
applied voltage is the main parameter that controls the morphology of porous structure in
comparison to the time of etching. The selective electro-etched (SEE) process was
conducted in machined Ti surfaces (no significant roughness) and resulted in small
porous structure where the maximum pore sizes were about ~1-3 microns. The
sandblasted and acid-etched surface (SLA) possessed a combination of micro porosity
and roughness. The SLA process resulted in large pore sizes in the range of 10-30
microns. In contrast, the sand blasted and electro etched (SLE) surfaces were shown to
contain a combination of micro/nano porosity. In this process, in addition to the large
porous structure of 10-30 microns, nanopores with an average size of 500 nm were
observed. It is expected that the SLE process is more desirable for implant application of
titanium alloys due to the formation of such nanostructures. Therefore, the SLE process
could be useful for bone and dental implants. However the process required the use of
hazardous; expensive materials. In comparison between the SLA and SLE processes, it
was observed that the population of nanopores decreased while the average pore size
increased with an increase of the etching voltage. The acid etching technique has several
limitations including working with hazardous acids, long times required for etching, and
lack of control over the size distribution of pores.
Due to the above limitations, I focused on a more efficient technique to modify
the surface of titanium alloys. Electrochemical synthesis of TiO2 nanotubes was
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conducted at the surface of Ti and Ti6Al4V using a NH4F in ethylene glycol electrolyte.
The final morphology resembled vertically aligned nanotubes all over the titanium
surface. This method does not require working with hazardous acids such as HF. In turn,
the sizes of the nanotubes can be controlled to a great extent by adjusting the synthesis
parameters of applied voltage, time, and chemistry of the electrolyte. It was observed that
the nanotube diameter increased over time. Moreover an increase in voltage resulted in
enhanced nanotube diameter and length. After 4 hrs of anodization the increase in voltage
values from 20 V to 40 V and 60 V resulted in enlarged nanotube diameters from 36 nm
to 66 nm and 81 nm as well as increased nanotube length from 589 nm to 1443 nm and
5493 nm respectively. In 8 hrs of anodization with voltage increasing from 20 V to 40 V
and 60 V the nanotube diameter enlarged from 48 nm to 67 nm and 113 nm and the
nanotube length increased from 1070 nm to 4530 nm and 6754 nm respectively. Finally
at 16 hrs of anodization with voltage increasing from 20 V to 40 V and 60 V the nanotube
diameter enlarged from 54 nm to 74 nm and 144 nm and the nanotube length increased
from 1388 nm to 6114 nm and 10075 nm respectively.
To use these nanomaterials in clinical applications, one should know the
mechanical, electrical, structural stability, and surface hydrophilicity properties which
play an important role in the biocompatibility of the nanotubes. The mechanics of the
nanotubes is important from stress-shielding and mechano-trunsduction points of view.
Interestingly, no previous reports in the literature had been conducted on the mechanical
properties of nanotubes. Novel experiments were conducted on measuring the mechanical
properties of individual TiO2 nanotubes. The nanotubes were categorized as thin and
thick walls. The thin-wall tube had external and internal nominal diameters of ~75 and
~65 nm. The thick-wall tube had external and internal nominal diameters of ~110 nm and
~80 nm. The typical lengths of tubes prior to compression were 7-10'm. The nanotubes
were tested in the chamber of a transmission electron microscope using an in-situ atomic
force microscopy stage with force resolutions better than 1 nN. Both thin and thick
nanotubes were tested to understand the variations of elastic properties as a function of
size. The in-situ TEM studies allowed us to correlate the load-displacement
measurements with changes in the tubes’

structure. During compressive loading, a
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phenomenon was observed that corresponded to a drop of force on the thin-wall tube.
The force drop was correlated to the collapse of nanotubes due to the compressive forces.
The collapse of thin-wall nanotubes could be due to localized deformation and
failure originated by nanoscale defects. The TEM imaging showed that the nanotube
surfaces contained irregularities and this may have caused stress concentration and
failure. The measured compressive forces ranged between 1.2 'N and 7 'N. These
forces, coupled with the observed TiO2 nanotube dimensions, corresponded to
compressive stresses up to 1564 MPa and lead to a Young’s modulus of TiO2 nanotubes
in the range of 23 GPa to 44 GPa. Beacause the compressive elastic behavior was size
dependent, it is important to note that this is not interpreted as a constant material
property. The surface modification of Ti implants by a TiO2 nanotube layer with elastic
modulus value close to the actual bone should, in principal, promote the osteoblast cell
and bone growth and eventually could be a promising avenue to overcome stressshielding, a common reason for implant failures.
The electrical properties of TiO2 nanotubes was next studied. My motivation was
based on the work of Ercan et al.165 which showed that application of the electrical
signaling on anodized nanotubular titanium can significantly improve the osteoblast
adhesion, proliferation, and differentiation However, no reports in the literature, on the
electrical properties of individual nanotubes were found. This need can be realized if one
notes that the biological cells are normally in nano size and have interactions with
nanotubes at the nanoscale. This interaction can result in bending or straining of the
nanotubes. I successfully carried out in-situ electrical transport measurements on
individual anatase and amorphous TiO2 nanotubes inside a high-resolution transmission
electron microscope equipped with the scanning tunneling microscope (STM) probe. The
amorphous nanotubes showed almost insulating behavior, while the crystalline nanotubes
behaved like a semiconductor (non-linear I-V curves). It was shown for the first time that
the electrical transport properties of the amorphous TiO2 nanotube could be tuned from
the insulating to semiconducting by inducing deformation. Also, the conductivity of the
crystalline (anatase) nanotubes increased as a function of mechanical straining. The
semiconducting parameters were retrieved

from the experimental current-voltage (I-
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V) curves using the Metal-Semiconductor-Metal (M-S-M) model. The nanotubes under
the higher deformation had approximately 2.2-times higher charge carrier density but
~1.74 times lower charge mobility. Such phenomena can be related to the strain
engineering of the electronic band gap structure in nanotubes.When the anatase TiO2
nanotubes are brought into the deformed state, in-shell defects are produced at the walls
of the nanotube. The possible defects can be voids, vacancies, and antisite atoms, which
modify the band structure.
The next study was related to the effect of a nitrogen-enriched environment and
temperatures (annealing treatment) on the structural properties of the nanotubes. This is
motivated by the fact that during the process of implant fabrication there maybe industrial
treatments that require annealing or treating the implant in a nitrogen concentrated
environment. Moreover, It has been shown that, upon exposure to UV light, TiO2
nanotubes exhibit very high photocatalytic efficiency that can be used for the
decomposition of organic compounds in the contact mode (on the Ti substrate). However
to achieve this desired purpose a direct access of the light to the TiO2 nanotubes is
required. It has been suggested that N-doped material may be used to trigger a
photocatalytic reaction on TiO2, for obtaining effects at longer wavelength with higher
penetration depth. This can be of high importance for a sterilization procedure under UV
light, as well as potential application of TiO2 nanotubes for cancer therapy.166
During the process of amorphous to anatase transformation in annealing the asanodized nanotubes, the length and average diameter of the nanotubes had no discernible
changes. It has been suggested that the initial crystallization of anatase took place both in
the nanotubes and at the nanotube–foil interface at almost the same temperature. In this
process, some of the closely spaced anatase crystallites coalesced to form larger
crystallites. The nanotubes treated in NH4OH solution prior to annealing showed drastic
differences in comparison to the non-treated nanotubes. The NH4OH treated nanotubes
collapsed into nanoparticles after a few minutes of exposure to high temperatures. It was
concluded that NH4OH treatment of TiO2 nanotubes resulted in the incorporation of
nitrogen in surface roughness and eventually the weakening of the nanotubes. The
treatment of nanotubes in NH4OH solution

and
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subsequent

annealing

at

500°C

resulted in structural transformation to anatase nanoparticles and the associated
volumetric change resulted in high stress concentrations at the surface roughness areas.
The nanotubes barely maintained their tubular morphology after 30 min of treatment.
After this, the nanotubes collapsed into nanoparticles while the transformation to anatase
happened simultaneously. These results contradicted the common belief that the
transformation to rutile was the major reason for the collapse of anatase nanotubes.
Next, the effect of electrical currents (Joule heating) on the properties of
nanotubes was studied. The experiments were conducted in TEM using the in-situ STM
holder and the structural transitions were recorded. Under large currents, the nanotubular
structure collapsed into small particles (~10-20 nm). These nanoparticles were rutile
particles and formed directly after the dissociation of anatase nanotubes. The size of the
rutile nanoparticles was controlled by the applied bias voltage. The anatase nanotubes
under Joule heating dissociated to small particles of anatase at low bias voltage ((10 V).
At intermediate bias range, between 10 V and 20 V, the anatase nanoparticles
transformed to rutile. Under the bias condition of 30 V, the rutile particles agglomerated
into large particles with sizes that ranged up to 200nm. It is known that thermodynamic
stability of different phases of TiO2 is size dependent and thus by controlling the size of
the particles, we can control the properties of the TiO2 used for various applications. This
result opens new discussions and future efforts on what regime the electrical methods for
regulating cell functions can be effective before damaging the nanotube architectures.
Next the surface wettability properties of nanotubes were studied. The surface
characteristics are important since after implantation, the biological interaction of the
biomaterial with cells initially occurs in the surface of the implant. This study examined
the wettability of bare titanium and alloy, and TiO2 nanotube (TNT) structured and
annealed and aged surfaces by analyzing the contact angles with 1 µl de-ionized water
droplets. From the gathered data, three conclusions were drawn. First, the TNT surfaces
had a hydrophilic characteristic caused by the anodizing process and a surface initially
with many hydroxyl groups instead of an oxide. As the chemical analysis indicated, and
considering the degree of electrolytic dissociation, the surfaces were initially composed
of Ti(OH)4 groups instead of TiO2

resulting in lower contact angles. Second,
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as a result of annealing the TNT surfaces became super-hydrophilic apparently due to the
generation of anatase. Extensive anodization can cause delamination of the TNT layer
resulting in irregular surface roughness that can locally affect the contact angle. Third,
aging of TNT surfaces led to a marked decrease of hydrophilicity. This is the result of the
stabilization process for the substitution reaction from Ti(OH)4 to TiO2 as the hydroxyl
groups disappear in air. These results indicated that where surface wettability may be an
advantage, nanotube growth by anodization using the process described here can satisfy
this requirement. This may have extensive application for titanium orthopedic implants
where the wettability characteristics of the surface is specified.
I further investigated the effect of chemical composition, crystallography, and
stiffness of TiO2 nanotubes on osteoblast cell function. First an initial study on the cell
shape was conducted to evaluate the morphological changes in osteoblast cells during the
attachment period. Over the course of 24 hrs it was observed that the cells changed their
shape in a healthy way from round and not attached to fully spread and completely
attached cells.
Then the osteoblast cells were cultured on control cp-Ti and amorphous cp-TiO2
nanotubes as a function of incubation time to investigate the viability of nanotubes and
their effectiveness on cell growth compared to conventional plain surfaces. I observed
that, on control cp-Ti substrates cell count increased from 40 cell/mm2 after 24 hrs to 300
cells/mm2 after 72 hrs of incubation. However, the in-vitro results with nanotubes
indicated that the nanotube morphology enhanced cell proliferation from 80 cells/mm2
after 24 hrs to 900 cells/mm2 after 72 hrs of incubation. I also investigated the effect of
chemical composition on osteoblast growth and adhesion by comparison between alloyed
and pure Ti. On the control Ti6Al4V substrate, the cell count increased from 12
cells/mm2 after 24 hrs to 200 cells/mm2 after 72 hrs of incubation However, the in-vitro
results with alloyed nanotubes, indicated that the alloyed nanotube morphology enhanced
cell proliferation from 40 cells/mm2 after 24 hrs to 800 cells/mm2 after 72 hrs of
incubation. This enhanced cell proliferation is in agreement with the results on cp-Ti and
cp-TiO2 nanotubes. However, the total cell counts on the control Ti6Al4V and alloyedTiO2 nanotubes was slightly lower for all

incubation periods, in comparison to the
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total cell count in cp-Ti and cp- TiO2 nanotubes. I believe that this could be due to lower
biocompatibility of the alloying elements, Al and V, and their oxides.
In regard to the effect of nanotube crystallinity on cell growth, it was observed
that after 72 hrs of incubation, the cell number increased from 800 cells/mm2 on
amorphous (as-anodized) alloyed nanotubes to 2000 cells/mm2 on annealed alloyed
nanotubes and from 900 cells/mm2 on amorphous cp-nanotubes to 2500 cells/mm2 on
annealed cp-nanotubes. However, similar to the control Ti6Al4V and alloyed-TiO2
nanotubes, the total cell counts on annealed alloyed TiO2 nanotubes was also slightly
lower for all incubation periods, in comparison to the total cell count on annealed cpTiO2 nanotubes. This could be due to lower biocompatibility of alloying elements Al and
V. It should be noted that in addition to nanotopography and crystallinity, higher surface
hydrophilicity has resulted in enhanced osteoblast cell number on annealed TiO2
nanotube substrates compared to plain Ti substrates.
In addition, the osteoblast interaction and attachment with TiO2 nanotubes was
investigated using focused ion beam milling. The SEM images of the FIB milled cells
revealed that the top of the nanotubes was completely clogged by the cells. Even after
removal of the cell top section by FIB the nanotubes remained clogged approximately 5
nm in depth, due to high attachment of the cells and the cell growth inside the hollow
section of the nanotubes. In addition it was observed that the osteoblasts had direct
cell/surface contact with the nanotubes and were firmly attached to the substrate surface,
indicating the filopodia. EDS chemical analysis suggested that the bond between the TiO2
nanotube substrate and the adjacent osteoblast cell layer was composed of Ca and P
elements which therefore seemed to mimic the bond in the bone tissue itself. These
observations revealed a very close interfacial contact or truly direct contact between the
osteoblasts and the titania nanotubes followed by calcium and phosphorous deposition on
the nanotubes. Calcium and phosphorous are the primary components of bone matrix and
their deposition onto nanotubes is an indication that TiO2 nanotubes have regulated
osteoblast functionality and differentiation. Moreover I could observe the secreted
extracellular matrix (ECM) all over the surface of the sample from the SEM images. The
cellular activity or differentiation of

osteoblasts on the surface initiates by
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deposition of calcium and phosphorous as the primary components of bone matrix. This
production of ECM on TiO2 nanotubes was apparently the result of osteoblast migration
and healthy cellular activity. In fact it is possible to consider the TiO2 nanotubes act as
anchors for the cell filopodia to grab onto and have a facilitated migration along the
surface. This anchorage benefit of nanotubes together with their super hydrophilic
properties appears to have encouraged osteoblast proliferation, spreading and attachment
for a promising high osseointegration.
Finally I proposed a method for evaluating the effect of nanotube stiffness on cell
number and therefore a means to optimize the morphological properties of the nanotubes
for increase in cell number. As an extension of this PhD work, one of the major
advantages of nanotubular morphology over the surface of implants is the ability to
calculate and measure the extracellular forces exerted by the cells that grow on top of the
surface. Such morphology allows a quantitative assessment of the adhesion between cells
and the surface. This advantage of nanotube structure, as described by my proposed
model, can be used to calculate the actual adhesion forces using cell detachment
technique, which will be described in chapter 10 of this thesis as future work. In fact, the
geometry of self-assembled TiO2 nanotubes on the surface of Ti implants can be modeled
as a series of cantilevers protruding normal to the implant surface with spring stiffness K
subjected to a shear force at the free end. In practice, the cell uses the nanotubes as
anchors and then contracts itself to move forward, which can result in bending the
nanotubes. In order to quantify the nanotube stiffness variation in terms of the nanotube
length, the parameter Ka was calculated for various nanotubes obtained under different
anodization voltage. It was observed that the stiffness of the nanotubes decreases by the
increase in the nanotube length and anodization time.
It is generally accepted that nanotube diameter affects cell proliferation. However,
there is lack of data on the effect of nanotube length on cell growth. I showed that not
only diameter but also nanotube length affects cell number, the two being expressed as
stiffness. The results indicate that nanotubes with the same crystalline structure and
chemical composition but higher anodization duration (and consequently higher length
and diameter) show a decrease in the

number of attached cells. In the case of
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amorphous (as anodized) cp-titania nanotubes, the anodization duration of 240 min shows
the higher number of attached cells (1500 cells/mm2) in comparison to nanotubes
anodized for 960 min (1100 cells/mm2). This finding signifies the importance of
considering both the diameter and length of nanotubes on cell number and attachment.
Therefore, I believe that the main reason for the nanotube geometric effect (diameter and
length) on increased osteoblast cell number and attachment is the change in stiffness of
the nanotubes. The nanotubes with higher stiffness (k=14.2)10-3 nN/µm) promote more
cell number (up to 1500 cells/mm2) in comparison to nanotubes with lower stiffness (k=
8.9)10-4 nN/µm) and cell count of 1000 cells/mm2. These observations can be perhaps
explained by the fact that mechanical input from the substrate will be transmitted through
adhesion receptors, then it may activate downstream signals that regulate both the degree
of cell spreading and the rate of growth. On stiff substrates, resistance to mechanical
probing may lead to protein conformational changes and activation of signaling enzymes
at the adhesion sites. The response in turn causes an increase in traction forces and in cell
spreading.
The conclusion was that it is easier for the cells to use the stiffer nanotubes as
anchoring steps for their attachment and migration. Mechanical input from the substrate is
transmitted through adhesion receptors, and then it activates downstream signals that
regulate both the degree of cell spreading and the rate of growth. Since the stiffer
nanotubes can promote more mechanical output for the probing cells, perhaps more
mechanical input from the nanotubes can be transmitted through adhesion receptors and
more signals for cell proliferation will be activated. These phenomena could finally result
in higher cell proliferation on stiffer nanotubes.
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Chapter 10
Future Work
In this chapter I will outline a number of future directions and extensions to my
PhD research work. The goal of these directions is to overcome a few obstacales in
clinical applications of the TiO2-coated biomedical implants. These extensions are (i) the
enhancement of cell adhesion via cell adhesion force quantification, (ii) studies of
antibacterial disinfection, (iii) understanding drug therapy, (iv) research on cancer
therapy with TiO2 nanotubes, and (v) analysis of biocompatibility.
10.1 Evaluation of Osteoblast Cell Adhesion to TiO2 Nanotube Surfaces
I showed that nanotubular surface modification of titanium enhances the
osteogenic environment on this surface. However, the underlying mechanism remains
unknown and its potential application to other tissue engineering materials has not been
explored. This research will determine the adhesion forces of a single osteoblast on a
TiO2 nanotube thin layer.
For this purpose a cell detachment technique can be used to evaluate the adhesive
nature of a single osteoblast on TiO2 nanotube surfaces. This technique is shear based and
its principle is similar to the scratch test well established in the field of engineering and
material sciences. Rat bone marrow-derived osteoblasts can be cultured on nanotubemodified samples. After an incubation for several hours, the mean critical shear force
required to initiate detachment of a single osteoblast can be determined on surface
modified TiO2 nanotube samples, and compared with the force required on untreated
surfaces. Osteoblasts cultured on TiO2 nanotube surfaces can be characterized and the
level and density of vinculin expression, focal contact formation and both total
expression and density of actin fibers can be investigated and compared with plain
surfaces. This research can determine if each individual cell attached to the TiO2 surfaces
is substantially more resistant to exogenous load potentially from blood and fluid flow
and mechanical force in the initial stage of the in-vivo biological environment.
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10.2. Antibacterial Properties of Titania-Nanotube Surfaces
A major burden for orthopedic implant success is due to chronic infections, which
can result in implant failure and revision surgeries. Surface modification of implants with
nanofabricated surfaces has shown to reduce bacteria attachment and allow tissue
integration. Webster et al. compared conventional bare titanium surfaces with titanium
surfaces that were modified by nanoroughing through electron beam evaporation. Their
results showed the reduction of S. aureus, S. epidermidis, and P.aeruginosa (bacteria that
limit orthopedic implant function and efficacy) adhesion in nanorough surfaces compared
to conventional surfaces. The same approach can be applied to investigate the
antibacterial properties of TiO2 nanotubes. Since TiO2 nanotubes can also be considered a
nanoroughned surface this is expected to reduce bacterial adhesion. However, the
mechanism behind this selective adhesion is unexplored. The reason behind why
nanoroughned surfaces encourage osteoblast adhesion and bone integration, while at the
same time discourage bacteria that cause infection to adhere on the surface, is an exciting
topic to be investigated. I have shown that TiO2 nanotubes increase osteoblast number.
Therefore, investigations of the reduced bacterial and increased osteoblast number by
TiO2 nanotubes can work in synergy together for optimized implant modification. As will
be discussed below, it is also possible to further improve the anti-infection and proosseointegration properties of nanotube modified implants by incorporating anti-bacterial
drugs as well as growth factors inside the nanotubes.
10.3. Local Drug Therapy by Titania-Nanotube Array Surfaces
Acute infection or chronic osteomyelitis develops in as many as 5–33% of
implant surgeries despite the use of strict antiseptic operative procedures.167 To reduce
the chance of the infection, patients are subjected to antibiotic drug therapy upon initial
surgery where the antibiotics are systemically delivered intravenously, intramuscularly or
topically. Systemic antibiotic and growth factor delivery results in certain drawbacks
such as toxicity and limited bioavailability. Further, high doses of drugs are required in
order to make it effective at the site of

implantation, which can result in undesired
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side effects. Local antibiotic therapy with nanostructured materials can be a preferred
way of administering drugs.
The focus of this research can be on the application of TiO2 nanotube array
surfaces for local delivery of antibiotics at the site of implantation. Films comprised of
TiO2 nanotube arrays can be loaded with different amounts of drugs (e.g. gentamicin). To
facilitate gentamicin release from the nanotubes, the surfaces can be immersed in PBS.
The release data can be monitored as a function of nanotube length and diameter from the
gentamicin loaded nanotubes. The nanotubes’ length and diameter can be correlated to
the amounts of drugs at different rates to be eluted at the implant site. Moreover, for
evaluating the efficacy of eluting drug in preventing bacteria adhesion and subsequent
colony and biofilm formation, a significant pathogenesis of biomaterials-related
infections, the investigation of bacterial adhesion on drug-loaded nanotubes can be
investigated.
10.4. TiO2 Nanotubes for Cancer Therapy
Photothermal properties of TiO2 nanotubes, as a potential therapeutic agent for
cancer thermotherapy, has been reported to be an affective way to destroy Murine colon
cancer cells.168 These tests were conducted in-vitro. The potential of TiO2 nanotubes to
destroy other cancer cells can be investigated particularly with in-vivo tests. Therefore,
in-vivo animal tests can be conducted to investigate if the TiO2 nanotubes can inhibit
tumor growth. Also research can be made toward a better understanding of any possible
side effects due to IR-induced photocatalytic reactions.
In addition, Kalbacova et al.166 showed the anticancer properties of TiO2
nanotubes. They used isolated tubes administrated to a tumor, followed by a focused UVlight exposure of the tumor. Upon exposure to UV light the tumor cells changed their
viable shape and a considerable amount of them were dead. Their findings demonstrated
the photo-induced cancer cell killing capability of the TiO2 nanotubes. However, the
clinical application of this technique requires a direct access of the light to the TiO2
nanotubes. Therefore potential approaches such as doping the nanotubes can be examined
to obtain effects at longer wavelength for

higher penetration depth. Moreover further
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in-vivo experiments can be performed to test the efficacy of the UV exposed TiO2
nanotube cancer therapy technique.
10.5. Biocompatibility of TiO2 Nanotubes
The biological safety of nanotechnology is a largely untested area. It is not known
what would happen if the nanotubes on the implant’s surface detach from the implant
surface. Will they be filtered and collected in the kidney? Can they damage the brain
function?
The goal of this research program will be to investigate the interaction between
artificial nanostructured biomaterials and biological systems with emphasis on the
mammalian physiological systems. This study can span all aspects from biomolecular
adsorption on artificial chemically and/or topographically TiO2 nanostructured materials
through the subsequent cell adhesion to tissue regeneration and long term performance of
biomaterials in vitro. The ultimate aim is to reproduce and enhance the natural nanoscale
elements present in the human body and to thereby develop new materials with improved
biological activities.

Plans can be made to carry out experiments involving the

cytotoxicity assessment using tetrazotium bromide (MTT) assay. Cell membrane
impairment will be studied using lactae dehydrogenase (LDH) release assay.
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