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The conversion of titania (TiO,) nanotubes into titanium (Ti), while
preserving their nanotubular structures, is demonstrated. Their
application as bone implants and electrodes for combined local
drug delivery and electrical stimulation therapy is proposed.

Electrical stimulation therapy (EST) to treat bone fractures
(nonunions and delayed unions) is approved for clinical use, and
various in-vitro and in-vivo studies have established its role in
accelerating bone healing.1 Several EST strategies have been used
to administer low level of current (DC), directly to the trauma site
using surgical placement of electrodes (cathode at fracture site, and
anode at adjacent tissue).Z It has been reported that this process
can induce cellular functions including stimulation of fibroblast
activities, Ca influx and increased number of growth factor receptor
sites.? In addition, studies have shown that EST reduce edema
formation and improve tissue perfusion, with a significant increase
in the transcutaneous oxygen pressure.l'2 Although EST has shown
considerable success in clinical applications, there is scope for
improvement, for example to combine it with localized drug
delivery (LDD) to simultaneously target unavoidable complications
such as bacterial infection, which is often encountered in case of
invasive surgeries. This can be achieved using conductive drug-
releasing implants that have the ability to release therapeutics
(antibiotics/proteins) inside the traumatized bone, while
simultaneously providing electrical stimulation.

Drug-releasing implants based on electrochemically engineered
titania (TiO,) nanotubes (NTs), which can easily be fabricated on Ti
implants of varied geometries, have been extensively explored for
addressing various bone therapeutic chaIIenges.3 Owing to its cost-
effective synthesis, favourable bioactivity, ability to load
therapeutics, and demonstrated ability to achieve
delayed/triggered release, TiO, NTs fabrication have emerged as a
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promising bone implant modification strategy.4 More recently, TiO,
NTs technology has been extended to Ti wires, pins and needles,
and has been proposed as minimally-invasive, 3-dimensionally
therapeutic releasing bone implants.‘r"‘5 These implantable devices
have also opened opportunities to address multiple challenges
simultaneously, for example: fracture fixation and therapeutic
release to combat infection/inflammation and compromised bone
healing. However, the layer composed of TiO, NTs on Ti implants is
poorly conductive (semiconductor), which limits another very
attractive option, to combine their drug releasing function with
electrical stimulation therapy.

To address this limitation and enable EST, while simultaneously
delivering active therapeutics locally into the micro-environment of
the traumatized bone, we present a simple fabrication approach to
convert the layer of TiO, NTs into conducting Ti NTs using Ti wire as
a model implant and EST electrode. Our approach is presented in
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Scheme 1.

Scheme 1 Representation of conversion of TiO, nanotubes fabricated on Ti
wires, into Ti nanotubes using magnesiothermic reduction process: (A)
scheme, and (B) chemical reaction.

The process involves electrochemical anodization of Ti wire to
fabricate an oxide layer with arrays of TiO, nanotubes on the
surface. These TiO, nanotubes were reduced to Ti using a
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magnesiothermic reduction process.7'8 The idea is to reduce TiO,
into Ti while preserving the nanotubular architecture, in order to
make conductive Ti wire implants with Ti nanotube arrays on the
surface. Structural characterization and elemental analysis was
performed to confirm conversion of TiO, into Ti, with preserved
structures. Conductivity measurements were also performed to
prove successful oxide to metal conversion. Finally in-vitro drug
release studies were carried out to establish the suitability of the
modified implant for proposed bone implant applications in
combination with EST.

Commercial Ti wire (0.8 mm diameter, 5 mm length) was used
as model bone implant and EST electrode. Electrochemical
anodization, which represents a cost-effective and scalable
technology, was used to fabricate TiO, NTs on the surface of
electro-polished Ti wire.! Using ethylene glycol electrolyte (with 1%
v/v water, and 0.3% w/v NH,F) in a specially designed
electrochemical cell, successful fabrication of high-quality TiO,
nanotubes on the curved surface of the Ti wire was achieved.’ This
confirmed by scanning microscopy (SEM)
characterization showing images with typical structures of
nanotube arrays before and after conversion. To achieve reduction
of the TiO, layer with nanotube structures to Ti, a modified
magnesiothermic reduction process was employed, as described
previously.8 SEM images of the TiO, NTs and converted Ti NTs are
presented in Fig. 1A-D, which confirm successful transformation of
Ti oxide into a Ti metallic layer, while preserving the nanotube
structures. Anodization conditions using 75 V and 20 min, yielded
nanotubes with ~ 12 um length and ~ 65 nm diameter, however
their dimensions (diameters, length) could easily be tailored using
various anodization parameters, as reported previously.5
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Fig. 1 Conversion of TiO, into Ti nanotubes by magnesiothermic
reduction process: (A) SEM image showing the top view of TiO, NTs
structures [inset (B) TiO, NTs wire implant], and (C) top view of Ti NTs
structures after the conversion process [inset (D) cross-sectional SEM
image showing that converted nanotubes retain their structural
features]. Comparative EDXS analysis for (E) TiO, NTs and (F) Ti NTs

confirms transformation of TiO, into Ti metallic nanotubular layer.

2| J. Name., 2012, 00, 1-3

Energy dispersive X-ray spectroscopy (EDXS) graphs of the TiO,
nanotubular layer before and after conversion are presented in Fig.
1E-F. The EDXS graphs for TiO, NTs (Fig. 1E) shows significant peaks
for Ti and O, confirming an oxide layer with the presence of F and C
from anodization electrolyte, and Pt from sample preparation for
SEM. It is noteworthy to mention here that F ions, which are
present in the anodization electrolyte, often become incorporated
into the nanotube structures. An EDXS graph from Ti NTs (Fig. 1F)
shows significant Ti and minor O peaks. These observations
confirmed successful reduction of TiO, into Ti. The presence of a
small oxygen peak can be explained by re-oxidation of Ti in air after
sample preparation. Also reduced peaks for F and negligible
presence of C infers successful removal of these impurities during
the conversion and cleaning procedure.

The comparative X-ray diffraction (XRD) graphs taken from the
TiO, and Ti NTs are presented in Fig. 2A-B, and show clear evidence
of successful conversion of TiO, into Ti, with the presence of Mg in
the nanotube structures. Weak signals for Ti are seen for TiO,
nanotubes (Fig. 2A), whereas for Ti NTs (Fig. 2B) prominent peaks
can be seen for Ti as a result of the magnesiothermic process. The
incorporation of Mg from the reduction process is also observed
but with a minor quantity showing the largely successful removal
after the reduction process.8 For the unavoidable presence of Mg
species into the Ti NTs, the suitability for bone implant applications
is not affected, as studies have shown a role for Mg ions in
upregulation of bone cell functions.” Please note that for XRD,
conductivity and water contact angle measurements, TiO, NTs
fabricated on Ti flat foil (fabricated using same anodization
conditions as Ti wire) were used.
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Fig. 2 XRD plots comparing the structural composition between (A) TiO, NTs
and (B) Ti NTs. Analysis performed based on PDF card numbers
9008517/9002991/9006470 and published work."’

To confirm if the converted Ti NTs represents a conducting
surface suitable for the proposed EST for promoting fracture
healing rates, a 4-probe conductivity meter was used to measure
sheet resistance of TiO, NTs and Ti NTs, compared with bare Ti flat
foil. The results presented in Table 1 reveal very low values of sheet
resistance for Ti NTs, which closely matches to conducting bare Ti.
However, the resistance of TiO, NTs is several orders of magnitude
higher. Since the sheet resistance is inversely related to
conductance, it can be confirmed that the poorly-conducting oxide
layer with TiO, NTs was successfully converted to conducting Ti NTs.
The results show that Ti NTs implants can be used as electrodes for
EST to stimulate bone cells to upregulate healing mechanisms.
More investigations in this regard will be reported in future, using
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ex-vivo and in-vivo models. Alternatively, studies with electrical
stimulation of bare Ti and nanotube modified Ti implants have
confirmed enhanced osteoblast and antibacterial functions;
however, conversion of poorly-conducting TiO, nanotubes into
metallic conducting Ti nanotubes can further improve these
features.™

Sheet Resistance (R)  Water Contact Angle

(ohms/square) (degrees)

Titanium 198 +6.7 R 83.70+4.5
TiO, NTs 6.44+7.5 MR 86.91+4.5
Ti NTs 206+11.3R 60.73 +8.8

Table 1 Comparing sheet resistance and water contact angle (WCA)
between bare Ti, TiO, NTs and Ti NTs. The results confirm successful
conversion of poorly-conducting TiO, NTs into conducting and more
hydrophilic Ti NTs.

Water contact angle (WCA) data were also recorded for the
bare Ti, TiO, NTs and Ti NTs surfaces (Table 1). Based on previous
reports, which signify that the WCA on TiO, NTs depends on surface
roughness, dimensions of the nanotubes, and the presence of
impurities incorporated from electrolyte, we can conclude that
after the conversion process the Ti nanotube surface became more
hydrophilic. These results indicate that the magnesiothermic
reduction conditions annealed the nanotubes and also contributed
to removing organic impurities from the anodization electrolyte. It
is noteworthy to mention that hydrophilic bone implant surfaces,
especially anodized and heat treated (or annealed) ensure early
onset of osseointegration (quicker bone healing rates) and also
reduce the number of live and dead bacteria."

Finally drug loading and releasing ability of the Ti NTs/Ti wire
implants was demonstrated using the hydrophilic dye Rhodamine B
(Rh B) used as a drug model. However, the ‘vacant’ nanotubes
could be loaded with any drug, protein or growth factor, catering
for specific bone conditions, as we have demonstrated with TiO,
NTs in our previous studies.? Thermo-gravimetric analysis (TGA)
confirmed a loading amount of ~80 pg, which is comparable with
loading in TiO, NTs, and shows no change in drug loading
performance after the conversion process. It is worth noting that
drug loading could be further controlled by varying the immersion
times, drug concentration or nanotube dimensions.® The release
plot for RhB loaded Ti NTs/Ti wire implants (Fig. 3) shows the
release of around ~65 pg of model drug (~80% of the total amount
loaded) in the first 6 hrs, which is comparable with TiO, NTs. Please
note that due to similar nanotube dimensions and implant lengths,
the drug loading amounts and release kinetics were similar (with no
significant difference) for both the systems: TiO, NTs and Ti NTs.
This release profile shows considerable burst release due to drug
present on/near the top of the nanotubes, and inside the cracks of
the anodic film. The purpose of this experiment was to show that
prepared Ti NTs are functional as drug-releasing applications.
However, with further optimization, advanced features including
maximised drug loading, controlled release, and triggered release,
which have been demonstrated previously for TiO, NTs, can also be
integrated into Ti NTs systems.‘l’13

This journal is © The Royal Society of Chemistry 20xx

To confirm that the EST process can be achieved from the
prepared conducting Ti NTs implants, without affecting the drug
releasing abilities, a special in-vitro release experiment was
performed by applying a small DC voltage during the release
process. A voltage of 10 V for 1 min in cycles with a gap of 10 min at
120 and 300 min time intervals was selected to monitor any
changes in the release behaviour. The results for electrically-
stimulated drug-release showed no difference in the release
kinetics of the loaded dye, as compared with the release without
any stimulation. It is noteworthy to mention here that any sudden
change in release kinetics can adversely affect bone healing, for
instance: very high concentrations can cause local tissue toxicity,
and below optimum dosages could retrigger conditions such as
bacterial invasion. This shows that the drug-releasing and
electrically conducting functions can be combined into a single
nano-engineered Ti wire implant, and can be applied for EST with
localized drug delivery. This solution can address the complex
therapeutic needs for instance combating infection while also
simultaneously enabling quicker bone healing via electrical
stimulation. It is worth noting that by changing electrical conditions
using higher voltages and pulsing regimes it is possible to release
drug on demand which opens another potential application for
electrically-stimulated drug release.
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Fig. 3 In-vitro release profile of Rhodamine B from Ti NTs/Ti wire implants.
Electrical stimulation (10 V for 1 min) on Ti NTs/Ti wire was applied at
certain times (120 and 300 min, represented by red triangles on x-axis), and
shows no influence on drug release.

In conclusion, this study presents new advances for the TiO,
nanotubes implant technology, by successfully converting TiO, into
Ti, while retaining the nanotubular morphology and providing an
enhanced electrical conducting property. The advantage of these
new Ti NTs/Ti wire implants is their minimally invasive implantation
into the bone, and their potential use as electrodes for electrical
stimulation therapy with simultaneous local release of therapeutics.
Furthermore, the conducting therapeutic wire implants also qualify
as drug releasing neural prostheses, which can be used to
electrically stimulate specific deep lying brain regions to address
complications such as Parkinson's disease.
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Notes and references

Experimental: High purity Ti wires (diameter 0.80 mm) and Ti flat
foil (thickness 0.25 mm) were purchased from Nilaco (Japan).
Rhodamine B, ethylene glycol, NH4F, perchloric acid, butanol,
ethanol, and acetone were obtained from Sigma-Aldrich (Sydney,
Australia). Ti substrates were annealed at 500°C for 2 h, followed by
sonication in acetone and drying in N,. Electropolishing was
performed in perchloric acid electrolyte (with butanol and ethanol,
P:B:E = 1:6:9) at 40 V/1 min maintained at 4°C. The substrates were
cleaned with deionized (DI) water and sonicated in
acetone/ethanol. Electrochemical anodization of the Ti wires was
carried out by exposing specific length (5 mm) of the Ti wire (via
masking) to the ethylene glycol electrolyte [with 1 % (v/v) water
and 0.3 % (w/v) NH4F] at 75 V/ 20 min maintained at 25°C° A
similar anodization procedure was utilized for anodizing Ti flat foil.

For magnesiothermic conversion of TiO, nanotubes into Ti, Mg
turnings and TiO, NTs/Ti implants were mixed (in the weight ratio of
0.5:1) in a ceramic boat and placed inside furnace, which was
heated to 650°C at the rate of 10°C/min for 7 h, under argon gas
(99.995 %) flow.® Afterwards the implants were soaked in HCI (1M)
for 4 h to remove impurities (MgO and TiO,). Finally the samples
(now Ti NTs) were cleaned with ultra-pure water and stored in a
desiccator under vacuum.

Surface characterization of the TiO, and Ti NTs implants was
performed using a field emission scanning electron
microscope/SEM (FEI Quanta 450) equipped with EDXS. Only TiO,
NTs samples were coated with Pt (5 nm) prior to imaging with SEM,
while Ti NTs samples were imaged directly without any metal
coating. XRD spectra of the samples were recorded on a Rigaku
Miniflex 600 instrument. Sheet resistance of bare Ti, TiO, NTs and Ti
NTs at 50 nA current was acquired using 4-point probe conductivity
meter (Jandel RM3000). Water contact angle (WCA) was also
recorded for Ti, TiO, NTs and Ti NTs samples using Attension theta
optical tensiometer (KSV instruments, Finland). Please note that for
XRD, conductivity and WCA measurements, nanotubes fabricated
on Ti flat foil were used.

For loading of model drug, Rhodamine B (RhB), clean nanotube
samples (Ti NTs/Ti wire) were immersed in RhB solution (50 mg/ml
in water) for 2 h, followed by wiping off the excess dye using soft
tissue and drying. To quantify the amount of dye loaded inside the
nanotubes, the loaded samples were heated to 500°C (at the rate of
10°C/min) in a TGA instrument (TA Instruments Q500), followed by
analysis of the weight change. Later, the Ti NTs samples loaded with
RhB were immersed in 5 ml PBS (pH 7.4, 37°C), and at
predetermined time intervals 3 ml aliquots were drawn (and
replaced with fresh PBS) and the absorbance was measured at 555
nm using Cary 60  spectrophotometer.  The drug
concentration/weight for the corresponding absorbance values was
calculated based on the calibration curve and plotted against time.
For electrical stimulation at specific time intervals during in-vitro
release, Ti NTs (as cathode) and bare Ti wire (immersed in PBS, as
anode) were connected to power supply and 10 V was applied for 1
min (3 cycles, separated by 10 min).

1. (a)J. C. Gan and P. A. Glazer, Eur. Spine J., 2006, 15, 1301; (b)
C. Goldstein, S. Sprague and B. A. Petrisor, J. Orthop. Trauma,
2010, 24, 62.

4| J. Name., 2012, 00, 1-3

10.

11.

12.

13.

14.

(a) R. K. Aaron, D. M. Ciombor and B. J. Simon, Clin. Orthop.,
2004, 419, 21; (b) M. W. Otter, K. J. McLeod and C.T. Rubin,
Clin. Orthop. Relat. Res., 1998, 355, S90.

(a) P. Roy, S. Berger and P. Schmuki, Angew. Chem., Int. Ed.,
2011, 50, 2904-2939; (b) K. C. Popat, M. Eltgroth, T. J.
Latempa, C. A. Grimes and T. A. Desai, Biomaterials, 2007, 28,
4880; (c) K. C. Popat, L. Leoni, C. A. Grimes and T. A. Desai,
Biomaterials, 2007, 28, 3188.

(a) D. Losic, M. S. Aw, A. Santos, K. Gulati and M. Bariana, Exp.
Op. Drug Deliv., 2015, 12, 103; (b) K. Gulati, M. S. Aw, D.
Findlay and D. Losic, Ther. Deliv., 2012, 3, 857; (c) A. Santos, M.
S. Aw, M. Bariana, T. Kumeria, Y. Wang and D. Losic, J. Mater.
Chem. B, 2014, 2, 6157.

K. Gulati; A. Santos; D. Findlay; D. Losic. J. Phys. Chem. C, 2015,
119, 16033.

(a) K. Gulati, M. S. Aw and D. Losic, Nanoscale Res. Lett., 2011,
6, 571; (b) M. S. Aw, K. A. Khalid, K. Gulati, G. J. Atkins, P.
Pivonka, D. M. Findlay and D. Losic, Int. J. Nanomedicine, 2012,
7, 4883; (c) K. Gulati, G. J. Atkins, D. M. Findlay and D. Losic,
Proc SPIE 8812, 88120C; doi:10.1117/12.2027151.

(a) Z. Bao, M. R. Weatherspoon, S. Shian, Y. Cai, P. D. Graham,
S. M. Allan, G. Ahmad, M. B. Dickerson, B. C. Church, Z. Kang,
H. W. Abernathy Ill, C. J. Summers, M. Liu and K. H. Sandhage,
Nature, 2007, 446, 172; (b) S. Chandrasekaran, M. J.
Sweetman, K. Kant, W. Skinner, D. Losic, T. Nann and N. H.
Voelcker. Chem. Commun., 2014, 50, 10441.

S. Maher, M. Alsawat, T. Kumeria, D. Fathalla, G. Fetih, A.
Santos, F. Habib and D. Losic, Adv. Funct. Mater., 2015, 25,
5107.

(a) T Okuma, Nutrition 2001, 17, 679; (b) P. A. Revell, E.
Damien, X. S. Zhang, P. Evans and C. R. Howlett. Key Eng.
Mater., 2004, 254-256, 447.

L. Zhao, H. Wang, K.Huo, L. Cui, W. Zhang, H. Ni, Y. Zhang, Z.
Wu and P. K. Chu, Biomaterials, 2011, 32, 5706.

(a) M. T. Ehrensberger, M. E. Tobias, S. R. Nodzo, L. A. Hansen,
N. R. Luke-Marshall, R. F. Cole, L. M. Wild, and A. A.
Campagnari, Biomaterials 2015, 41, 97; (b) B. Ercan, K. M.
Kummer, K. M. Tarquinio, and T. J. Webster, Acta Biomater.

2011, 7, 3003-3012; (c) B. Ercan and T. J. Webster,
Biomaterials 2010, 31, 3684.
B. Ercan, E. Taylor, E. Alpaslan, and T. J. Webster,

Nanotechnology 2011, 22, 295102.

(a) M. S. Aw, M. Kurian and D. Losic, Biomater Sci., 2014, 2, 10;
(b) M. S. Aw, J. Addai-Mensah and D. Losic, Chem. Commun.,
2012, 48, 3348; (c) M. S. Aw, J. Addai-Mensah and D. Losic, J.
Mater. Chem., 2012, 22, 6561; (d) S. Sirivisoot and T. J
Webster, Nanotechnology, 2008, 19, 295101.

(a) J. A. Sorkin, S. Hughes, P. Soares and K. C. Popat, Mater. Sci.
Eng. C, 2015, 49, 735; (b) K. Gulati, M. S. Aw and D. Losic, Int. J.
Nanomedicine, 2012, 7, 2069.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5



Journal of Materials Chemistry B

Journal Name COMMUNICATION
Graphical Abstract

The conversion of titania (TiO,) nanotubes into titanium (Ti), while
preserving their nanotubular structures is demostarted for
proposed application as bone implants and electrodes for combined
local drug delivery and electrical stimulation therapy

ES Electrode

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 5



