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Nano-structured surface and its ability to dual release of osteogenic and anti-inflammatory agents have a
positive effect on the success of using titanium in orthopedic applications. For this purpose, TiO,
nanotubes (TNTs) were created via anodization method on Ti sheets and loaded by B-glycerophosphate
(GP) and dexamethasone (DEX) as osteogenic and anti-inflammatory agents, respectively. They were
coated with a polyvinyl alcohol (PVA) layer for controlling their releasing rate. The synthesized dual-
release system was characterized by field emission scanning electron microscopy (FE-SEM), Fourier
transform infrared spectroscopy (FTIR) analysis, XRD and UV-Vis techniques. The average diameter of
TNTs was 84.182 nm. The presence of drugs in the system has been proven in the FTIR analysis. UV-
Vis technique’s results show that the coated layer could control the release rate to improve the potential
of the structures for supporting mineralization. Releasing of DEX was higher than GP and reached to a
constant rate after 9 days. MTT test results confirmed the possibility of the surface designed Ti for bone

regeneration purposes.

doi: 10.5829/ije.2019.32.10a.01

1. INTRODUCTION

Each drug has a specific therapeutic window. A higher or
lower concentration leads to some side-effects or
ineffectiveness [1]. In recent years, many researchers
have paid attention to suitable drug delivery vehicles for
their ability to transferring enough pharmaceutical agents
especially to the target [2, 3]. Local releasing and
minimizing drug intaking are the other advantages of the
new drug delivery systems, especially in cancer therapy
[4]. The problems of rapid degradation of drugs in the
physiological environments before effectiveness could
be also solved through engineered vehicles [5].

Nanotubes are examples of such efforts that could
transfer therapeutic agents into cells [6].

There are various methods for TiO, nanotubes
(TNTs) synthesis on Ti-based metals such as
hydrothermal methods [7], Electrophoretic Synthesis [8]
and electrochemical anode oxidation (anodization) [9].
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Recently, high purity titanium is used as the basis for the
growth of TiO, nanotube layers in an electrolyte
containing fluoride ion. An array of the TNTSs are formed
after applying the appropriate potential for a specific
period. The nanotube growth is based on the formation of
the cavity in the interfacial of titanium sheet and created
TiO, at the surface [10]. The ability of formation
nanotubes on Ti and its alloys also makes them as
biomaterials with an opportunity to act as biological
agents delivery vehicles especially in bone regeneration
applications [11].

Synthesis of TNTs has recently attracted great
attention due to its excellent physical geometry, high
surface area, unique electron and optical properties, high
corrosion resistance, high thermal stability, antimicrobial
properties, biocompatibility, non-toxicity and bioactivity
[10]. These properties and the high surface to volume
ratio make this material suitable for a wide range of
biomedical applications [11-13], for example as
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antimicrobial agents [14] and drug release systems [15].
In orthopedic applications, the possibility of optimal
bone growth, cell differentiation, and the ability to form
apatite layer on TiO, implants surfaces have been proven
[16]. Studies have shown that the tubular structure of
TiO2 can be functionalized by bone growth factors that
play a vital role in bone implantation [17]. It has also
been shown that cell adhesion and the ability to
regenerate bone can be increased by TiO; due to its high
specific surface area [10]. Recent advances in stem cell
research have shown that TiO, has the capability of
differentiating mesenchymal stem cells into bone cells
[18].

TNTs are widely used in drug-loaded implants in
bone regeneration [19]. Shidfar et al. [20] synthesized
TiO2 nanotube arrays with a length to the diameter of
85:1 for delivery of gentamicin antibiotic in the
implantation zone to a reduction of bacterial adhesions.
They controlled the release rate by coating chitosan on
the surface of nanotubes .

DEX is one of the corticosteroids which suppress the
immune system and has anti-inflammatory and anti-
sensitive effects [21]. DEX commonly used in allergy
[22], inflammation [23] or arthritis [24] and respiratory
infections [25]. Khodaverdi and et al. [26] loaded it in
poly lactic-co-glycolic  acid/polyethylene  glycol
hydrogels. Their results indicated the anti-inflammatory
performance of structures and induction of cell
differentiation.

GP is an organic phosphate compound, which is a
material containing phosphate ions with ability of
inducing MC3T3-E1 (mouse osteoblastic cells)
differentiation [27]. Hamlin et al. [28] demonstrated that
approximately 80 % of the GP has been hydrolyzed via
bone cells within 24 hours, leading to the production of
phosphate ions. Besides, GP increases the expression of
the matrix protein gene, bone regeneration, matrix
production and mineralization [29].

Polyvinylalcohol (PVA) is a synthetic, water-soluble
and biocompatible polymer derived from polyvinyl
acetate during the partial or total hydroxylation process
[30]. Coating of PVA on drug delivery vehicles can
control the releasing rate of drugs [31].

The creation of a system containing titanium
nanotubes with a polymer coat with dual releasing of
DEX and GP capability is one of the research
innovations. For this purpose, titanium sheets were
modified via the anodizing method and then GP was
loaded into the synthesized TNTSs. At the second step, the
surface of TNTs were coated with the DEX loaded PVA
to reduce GP release rate. The samples were
characterized by SEM, FTIR, EDX spectrum, XRD
peaks, and UV-Vis analysis. Finally, for assessing
biocompatibility, MTT assay was carried out.

2. MATERIALS AND METHODS

2. 1. Synthesis of TNTs by Anodizing Method
Titanium sheets (99.7% purity, Aldrich-Sigma Co) with
the dimensions of 15x10x1.5 mm?® were mechanically
polished to reach the mirror and smooth surface. Then,
they were washed with ethanol and deionized water and
dried under atmospheric air. In the anodizing process, the
titanium sheet and the 30x30 mm? platinum mesh were
used as anode and cathode, respectively. The solution
including HF (1% v/v) and 3wt.% deionized water in
ethylene glycol (anhydrous, 99.8%purity, Sigma—
Aldrich Co) was used as the electrolyte. The process was
performed at ambient temperature for 20 minutes
(voltage of 23 V). The distance between anode and
cathode was 2cm. Finally, the samples were washed with
ethanol and deionized water and dried under nitrogen
gas.

2. 2. Loading GP in TNTs  The anodized Ti sheets
were immersed in B-glycerophosphate (GP, Mw 216.04
g/mol, Merck, Germany) with a concentration of 1.53
mg/ml for 30 minutes under vacuum. Then, the samples
were dried for 15-20 minutes (ambient temperature,
vacuum). Drug loading and drying procedures were
repeated five times for adequate loading of GP .

2. 3. coating DEX-loaded PVA on the Surface on
TNTs The PVA (Mw 200000 kDa, d: 1.3 g/cm?,
Merck Co) solution at a concentration of 1% w/v was
prepared at 150 °C and was stirred 24 hours at 1200 rpm.
Then, DEX (Mw 472.44 g/mol, Merck Co) with a
concentration of 1.96 mg/ml was added to the
homogeneous PVA solution. Subsequently, GP loaded
TNTs (TNT-GP) were immersed in the prepared solution
with the rate of 10 mm/min for 4 hours. The immersion
process was repeated 10 times. Finally, the immersed
specimens were dried at 30 °C for 15 minutes. The coated
samples were cross-linked via the glutaraldehyde: HCI
vapor (1:10 molar ratio) for 12 hours. The samples were
immersed in SBF solution which had been prepared by
conventional Kokubo method [32] and refreshed every 2
days for 7 and 14 days .

B-glycerophosphate loaded TiO, Nanotubes and
PVA-Dexamethasone coating on B-glycerophosphate
loaded TiO, Nanotubes were encoded TNT-GP and
TNT-GD, respectively.

2. 4. Characterization The microstructure of the
samples was studied at 15kv by FE-SEM (TESCAN
MIRA3 LMU).

Attenuated total reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR, Bruker Vector33, Germany)
was used in the wavenumber of 400-4000 cm®
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wave number to ensure the chemical compositions of
structure and formation of the coating layer Calibration
curve of GP and DEX was obtained based on the
following procedure. Therefore, stoke solution (10
mg/ml) was prepared by solubilizing GP and DEX in an
aqueous solvent. Then, five solutions with the
concentrations of 5 mg/ml, 3.33, 2.5, 2, 1.33, | and 0.9
mg/ml were prepared by dilution of the solution.
Absorption was measured at maximum wavelengths of
203.5 nm for GP and 242 nm for DEX .

Drug releasing behavior of the samples were
determined by ultraviolet-visible spectroscopy (WPA
biowave II, Biochrom company, Britain). This test was
repeated 5 times to obtain the mean and standard
deviation. For this purpose, TNT-GP and GP and DEX
loaded TiO2 (TNT-GD) samples were immersed in 5 ml
of PBS solution and shacked by thermoshaker (LS100,
Gerhardt company, USA) at 30 rpm and temperature of
37°C.

Hydroxyapatite formation was proved by a phase
analysis using an X-ray diffraction device (Philips
PW3710 model) with monochromatic Cu-Ka radiation
(1.54178A wavelength). The morphology of the
deposited layer was investigated via FE-SEM images and
elemental characterization of this layer followed by
energy-dispersive X-ray diffraction spectrometry (EDS)
(TESCAN MIRA3 LMU model.

For Cellular interactions studying, Cell suspensions
of osteoblasts G-292 cell line (Pasteur Institute of Iran)
were cultured in a 24 house polystyrene well plate (5%
CO,, 37 °C). Cells were detached from well plate surface
using 0.25% Trypsin/EDTA enzyme and were placed on
a cell culture plate with 1x10* cells in each well. The cell
was incubated by RPMI 1640 media containing 10%
FBS, 100 U/ml penicillin-streptomycin. The morphology
of the samples were examined by SEM. Therefore, the
cell culture medium was removed and implants were
washed once with PBS for 10 minutes. Then, they were
placed in 2.5% glutaraldehyde diluted in PBS for 1 hour
and 15 minutes. The previous solution was removed and
the sheets were washed once with 1 ml of PBS serum.
Fixed constructs were dehydrated using an ascending
concentration of ethanol, namely 50, 60, 70 and 80%
ethanol for 5 minutes and 90% ethanol for 5 and 7
minutes.

To study the biocompatibility of TNT and TNT-GD
samples, L-929 fibroblast cells were cultured in well-
plate and kept in an incubator at 37 °C and 90% humidity
for 24 hours (culture medium RPMI 140, containing 10%
FBS and 1% antibiotic penicillin-streptomycin).
Fibroblast cells were obtained from Pasteur Institute of
Iran. Subsequently, the cells were cultured on the surface
of the samples at 37 °C and 90% humidity for 48 hours.
Then, the culture medium was replaced with 100 pl of
culture medium containing 10% of the 3- [4,5-
dimethylth- iazol-2-ylI]-2,5-diphenyltetrazolium bromide

(MTT) solution and incubated in darkness at 37 °C. After
4 hours, the MTT medium was removed and 100 pl of
DMSO solution was added. After 20 minutes, the solvent
was pipetted in each house and then measured by an
ELISA reader (BioShare Biowave2) at a wavelength of
570 nm. Each experiment was repeated three times .

2. 5. Statistical Analysis Data were processed
using Microsoft Excel 2013 software and the results were
presented as the mean + one standard deviation of at least
three experiments. Statistical analysis was performed by
using one-way ANOVA and Tukey test with significance
reported when P < 0.05.

3. RESULTS AND DISCUSSION

3. 1. Morphology Observation Surface
morphology of the samples (Figure 1) was observed by
FE-SEM images. Figure 1 (a) indicated Ti sheet surface
after polishing. As shown in Figure 1 (b), after the
anodizing process, a uniform TNTs was created with an
approximate average diameter of 84.182+2 nm and a wall
thickness of 13.505 nm at the surface of the titanium
substrate. The dimensions of TNTs were measured by
Image J software. Figure 1 (c) illustrates the SEM
micrographs of the nanotubes after GP loading.
Accumulation of GP in the opening route of nanotubes
distort the nanotubes shape. Figure 1 (d) shows the DEX-
loaded PVA coating on the surface of TNTs. Results
demonstrated uniform and homogeneous coating with
PVA.

3. 2. Chemical Characterization Figure 2
indicates FTIR spectra of the raw and prepared samples.

SEM IAG: 150 kx
o

SEM 150KV
Wo: Det 1aBeam

Figure 1. FE-SEM micrograph of pure Ti substrate (a) TNTS
(b), TNT-GP (c) and TNT-GD (d)
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Figure 2. FTIR spectra of the TiO2 nanotube (TNTSs), GP,
DEX, PVA, and TNT-GD
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In all samples except TNTS, the broad peaks in the range
of 3000-3500 cmt, 1440-2900 cm%, and 1200-1700 cm-
! belong to stretching vibration of OH, CH and CO
groups, respectively [33]. At the FTIR spectra of TNT
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sample, the broad peak appears in the range of 400-850
cm 't which is attributed to the Ti-O vibrations [34]. In GP
spectra, the peaks in the range of 530-786 cm  and 1075
cm are related to PO4% group bonds. The two peaks in
the ranges 978 cm™ and 1074 cm™ in DEX and GP
correspond with the stretching vibration of P-O-C groups
[35]. In pure PVA, the peak in the range of 500-900 cm*
is related to the main structure of the alkyl group
presented in the polyvinyl alcohol structure [36]. The
presence of broad and severe peaks in the mentioned
range in the TNT-GD sample represents the overlapping
of these peaks.

3.3. Drug Release Behavior  The release behavior
of GP and DEX were investigated using UV-VIS
spectroscopy. Figure 3 (a, b) shows the standard curve for
GP and DEX which were obtained at 203.5 and 242 nm
in the concentration range of 0-10 mg/ml by UV-Vis
spectrometry.
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Figure 3. Calibration curve of GP (a) and DEX (b) at 203.5 and 242 nm. Release profile and accumulation release of TNT-GP and

TNT-GD samples after 6 hours (c, e) and 10 days (d, f)
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The accumulative single and dual release profiles
from nanotubes after 6 hours and 10 days are shown in
Figure 3 (c-f). The results demonstrated that the release
profile in both samples had biphasic behavior, as Aw et
al. [37] reported before. The first 2 hours consists of an
initial sudden release. After that, the release rate follows
a gradual and slow rate until reaches a constant value. In
the case of TNT-GP, GP release showed a steep slope due
to the high concentration of GP in the nanotubes and
rapid release ratio. This ratio followed a steady gradient
after 4 days. In a drug release system, the release
behavior is as important as optimal drug loading to
achieve a sustained and stable drug release profile during
the time. The results showed that the rate and sudden
releasing of both GP and DEX are reduced by applying
PVA coatings on the surface of TNTs. In the gradual
release zone, GP exhibited a slower release in the coated
sample compared with the other ones. After 7 days, GP
releasing reached a constant value higher than the TNT-
GP sample. In the dual releasing system, releasing rate of
GP was lower than DEX. This is because of GP blocking
by PVA. Releasing of DEX reached a constant value after
9 days.

3. 4. Bioactivity Figures 4 and 5 show SEM
micrographs and EDS spectrum of the samples after 7
and 14 days immersion in SBF solution, respectively.
The evidence demonstrated hydroxyapatite nucleation
during 7 days in both test groups. However, the amount
of hydroxyapatite was significant in TNT-GD one in
which a thin layer of hydroxyapatite covered the
surface(Figure 4 (a, c)). After 14 days immersion in the
SBF solution, the density of the deposited hydroxyapatite
increased but, still, there is an obvious difference
between TNT and TNT-GD (Figure 5(a, c)). In addition,
according to the EDS results on a 14-day soaking, the
amount of mineralization increased in both TNTs and
TNT-GD constructs, which is consistence with the FE-
SEM images. The weight ratios of Ca/P were calculated
to be 0.84 and 1.10 for TNTs sample after 7 and 14 days
immersion in SBF, respectively. These ratios increased
to 1.11 and 1.21 for TNT-GD samples after the same
times, respectively. These results confirmed the
increasing trend of hydroxyapatite formations on the
loaded sample. It was due to the presence of phosphate
ions in GP and DEX structures. These phosphate groups
in GP and DEX contribute to the absorption of calcium
and phosphorus from SBF solution due to their phosphate
ions and increase the deposition of hydroxyapatite
crystals [27, 29]. Therefore, the simultaneous use of GP
and DEX act as phosphate ion supplier which
significantly increases bioactivity.

The results of XRD analysis (Figure 6) confirmed the
above-mentioned observations (comparing the analysis
results with JCPDS Card No. 9-432). In TNT-GD

sample, the intensity of hydroxyapatite related peaks
increased after the drug loading procedure. The intensity
of apatite-related peaks also increased after 14 days of
soaking. The results proved the ability of constructs to
support bioactivity behavior.

1000 Ti

500

10

keV

Figure 4. SEM morphology and EDS analysis of TNTS (a,
b) and TNT-GD (c, d) after 7 days immersion in SBF
solution

900

500

10

600

400

keV 10
Figure 5. SEM morphology and EDS analysis of TNTSs (a,
b) and TNT-GD (c, d) after 14 days immersion in SBF
solution
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3. 5. Cellular Interactions Figure 7 (a, b) shows
SEM micrographs of G-292 cells morphology on the
TNTs and TNT-GD implants after 48 hours culturing
time. The images indicate the presence of GP and DEX
in TNT-GD improved cell adhesion. Fratzl-Zelman et al.
[38] demonstrated that GP and DEX could be a source of
phosphate ions as a result of hydrolysis via cells in
physiologic media.

Biocompatibility of TNTs and TNT-GD specimens
were evaluated by a 48-hour cytotoxicity test (Figure 7
(c)). The polystyrene cell culture plate with 100%
viability was considered as a control group. The cellular
viability of TNTs and TNT-GD substrate was achieved
about 87.55% and 95.64%, respectively. The viability of
more than 85% cells in comparison with control group
proved the biocompatible performance of the specimen.
Vacanti et al. [39] and Szymanska et al. [40]
demonstrated before that DEX and GP exhibit good
biocompatibility in controlled one agent releasing
vehicles, respectively. At the present research, it is shown
that the dual releasing system of GP and DEX contain
PVA coating enhanced biological properties of the
anodized Ti.

4. CONCLUSION

In this study, the titanium surface was anodized in order
to prepare uniform bioactive nanotubes with a capacity
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Figure 6. XRD analysis of TNTs and TNT-GD after 7 (a)
and 14 (b) days immersion in SBF solution

80

<

Control TNT TNT-GD
Sample code

Figure 7. SEM micrographs of the osteoblasts G-292 cell
line on TNTs (a) and TNT-GD (b). The cell viability of L929
fibroblasts seeded on TNTs and TNT-GD sample (c)

of drug loading. GP was loaded in TNTSs as a bioactive
factor to promote osteogenic behavior of implants.
Coating the surface via PVA helped to control the release
rate of GP. Besides, the DEX was loaded in PVA layer
as an anti-inflammatory and bioactive factor. The result
indicated that loading the GP and DEX and homogeneous
coating the TNTs improve mineralization of samples and
control the burst release of loaded factors. Moreover, the
ability to modify implants to support cell adhesion and
lack of any sign of toxicity that could make them good
candidates for bone replacement applications.
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