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Bacterial infection and tissue inflammation are the major causes of early failure of titanium-based or-
thopedic implants; thus, surgical implants with tunable drug releasing properties represent an appealing
way to address some of these problems of bacterial infection and tissue inflammation in early age of
orthopedic implants. In this work, a hybrid surface system composed of biodegradable poly(lactic-co-
glycolic acid) (PLGA) and titania nanotubes (TNTs) has been successfully constructed on Ti implants
with the aim of preventing bacterial infection via long-term drug release. By varying the size of the TNTs
and the thickness of the polymer film, the drug release profile can be tuned to achieve the optimal
therapeutic action throughout the treatment time. The size of TNTs plays a dominant role in the drug
loading dose of TNTs/PLGA hybrid coatings. In this work, TNTs with an average size of 80 nm can achieve
the largest loading dose. Depending on the polymer thickness, significant improvement in the drug
release characteristics is attained, for instance, reduced burst release (from 84% to 27%) and overall
release time extended from 5 to over 40 days. In addition, the PLGA layers may favor the proliferation and
osteogenesis of MC3T3-E1 mouse cells at an earlier stage. Therefore, this TNT/PLGA hybrid surface
system can be employed as an effective bioplatform for improving both self-antibacterial performance
and biocompatibility of Ti-based biomaterials.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Titanium (Ti) and titanium alloys are used in orthopedic im-
plants because of their desirable mechanical strength, corrosion
resistance, and biocompatibility [1,2]. However, implant failure
arising from post-surgery infection remains one of the most serious
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complications after surgery [3,4]. Although antibiotics are usually
prescribed to prevent complications [3], systemic drug adminis-
tration, regardless of whether it is intravenous, intramuscular, or
topical, suffers from limitations such as low drug solubility, poor
biodistribution, lack of selectivity, uncontrolled pharmacokinetics,
and serious side effects on non-target tissues [5]. Hence, surface
modification, including building a local antibacterial agents de-
livery system to the implantation site, is preferred [6,7]. Vanco-
mycin, penicillin, gentamicin, antimicrobial peptides, and
indomethacin have been used as drugs for this purpose because
they mitigate inflammation and inhibit bacteria growth [8e10].

Titanium dioxide (TiO2) has attracted much attention since the
discovery of its excellent photocatalytic performance in water
splitting when illuminated by ultraviolet (UV) light [11e13], and
extensive research on the fabrication, structure, and application of
TiO2 nanomaterials has ensued [14,15]. In 1999, Zwilling and co-
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liuxiangmei1978@163.com
mailto:shuilin.wu@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2017.02.001&domain=pdf
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials/
http://www.keaipublishing.com/en/journals/bioactive-materials/
http://dx.doi.org/10.1016/j.bioactmat.2017.02.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.bioactmat.2017.02.001
http://dx.doi.org/10.1016/j.bioactmat.2017.02.001


T. Wang et al. / Bioactive Materials 2 (2017) 44e50 45
workers found that TiO2 porous membranes could be produced on
Ti by anodic oxidation in a fluoride electrolyte [16], and in 2001,
Gong et al. reported the preparation of even and orderly TiO2
nanotubes (TNTs) on Ti by anodic oxidation in an electrolyte con-
taining hydrofluoric acid (HF) [17]. Since then, uniform TNT arrays
with various pore sizes (22e110 nm), lengths (200e6000 nm), and
wall thicknesses (7e34 nm) have been produced by adopting
different conditions [18,19]. Due to the low immunogenicity of TNT
arrays, they are introduced into biological applications [20]. TNT
arrays have also been reported to have the ability to direct stem cell
fate [21] and regulation of the behavior of endothelial cells.
Furthermore they also can improve osteoblast attachment, func-
tion, and proliferation [22e24]. In addition, targeted delivery of
antibiotics and drugs from TNTs has been studied [25e29]. How-
ever, the connection between TNT size and the dose of loaded drugs
has not previously been investigated very deeply.

Alleviating pain and reducing inflammation after surgeries are
important. Ibuprofen, a nonsteroidal chemical, is used as an anal-
gesic, antipyretic, and anti-inflammatory drug. However, it has a
fairly short action time because of a limited half-life of only 1e3 h,
thus requiring frequent oral or parenteral administration [30].
Ibuprofen release time must therefore be prolonged; the use of a
polymer coating to control the elution kinetics of ibuprofen is the
main objective of this piece of work. In this work, TNT arrays are
produced on Ti in an ethylene glycol electrolyte containing
ammonium fluoride, and poly (lactic-co-glycolic acid) (PLGA), a
biodegradable and antibacterial polymer [31,32], is coated onto the
TNT arrays. Additionally, PLGA has been reported to have good
biocompatibility for cell attachment and proliferation [33]. The
effects of the thickness of the PLGA layer on the release behavior of
ibuprofen from coatings are explored and discussed. Furthermore,
the biocompatibility of samples is explored via in vitro test.

2. Experimental section

2.1. Materials

Titanium disks (99.6% Ti) with a thickness of 0.25 mm and
diameter of 6mmwere supplied by Baosteel Group Corp (Shanghai,
China). Ethylene glycol (EG) and ammonium fluorides (NH4F) were
obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). The poly (D, L-lactide-co-glycolide) (PLGA) co-polymer with
a molar ratio of LA:GA of 75:25 and low molecular weight with an
inherent viscosity of 0.61 dL/g was provided by Daigang BIO Engi-
neer Limited Co. (Jinan, China). Ibuprofen was purchased from
Zhengzhou Sainuokang Chemical Products Co., Ltd. (China).

2.2. Synthetic methods

2.2.1. Fabrication of TNT arrays on Ti
The Ti disks were cleaned by acetone, ethanol, and deionized

water using an ultrasonic cleaner. Then they were etched in solu-
tion containing HF, HNO3, and H2O at a ratio of 1:4:5 [34]. TNT
arrays were synthesized by a two-electrode DC anodization system.
The electrolyte contained 0.3% NH4F, ethylene glycol, and H2O with
volume ratio of 3:97 between ethylene glycol and water. The effects
of the reaction temperature, anodization voltage, reaction time and
gravity on the microtopography of the TNTs were studied. The
anodization voltage was varied from 10 to 60 V, reaction time from
10 to 180 min, and reaction temperature from 0 to 100 �C.

2.2.2. Drug loading and release study
In order to aviod capillarity, the prepared TNTs were cleaned by

deionized water and dried in vacuum oven at 60 �C for 24 h, and then
theywere immersed in ibuprofensolution (100mg/mL) for2days [35].
The PLGA solution of chloroform was then prepared. The con-
centrations of PLGA solution [0.5%, 1%, and 2% (w/v)] was pipetted
onto the drug loaded TNTs, spin coated, and dried in air. The steps
were repeated if necessary.

The amount of drug release from TNT/PLGA samples was deter-
mined using ultravioletevisible (UVeVis) spectrophotometry [36].
UVeVismeasurementswere taken at short intervals during the first
6h afterpreparation tomonitor the initial burst releaseof ibuprofen,
followed by testing every 24 h to observe the long-term release
behavior until all the drug had been released to the phosphate
buffered solution (PBS). The percentage of drug release was calcu-
lated by dividing the accumulated amount of released drug by the
total loaded amount. The total amount of drug loadingwas detected
when the UVeVis absorption spectra exhibited no further changes.

2.3. In vitro study

2.3.1. Cell viability
The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazo-

lium bromide) assay could be used to determine the cell viability of
the samples. First, 350 mL 1 � 105 mL�1 mouse MC3T3-E1 cells
(Tongji Hospital, Wuhan, China) were cultured at 48-well plate
with samples at the bottom at 37 �C in a humidified atmosphere of
5% CO2 for 1, 3, and 7 days. After removing the medium, 350 mL MTT
(0.5 mg/mL) solution was dissolved into the sterilized PBS (pH 7.4),
and then incubated in a 5% CO2 incubator for 4 h. After incubation,
the medium was removed and 350 mL dimethyl sulfoxide (DMSO)
was added into the well, followed by incubation of the color reac-
tion for 15 min in an incubator. After that, the samples were
removed and the cultured medium was measured by the micro-
plate reader at wavelengths of 490 nm and 570 nm. The cell
viability is determined from the absorbance readings and calcu-
lated by dividing the values of samples to those of the control.

2.3.2. Alkaline phosphatase activity
An alkaline phosphatase (ALP) assay was used to determine the

osteogenic differentiation on the samples after culturing for 3, 7,
and 14 days. After incubation at 48-well plate with samples at the
bottom at 37 �C in a humidified atmosphere of 5% CO2, the medium
was removed and 500 mL of Triton X-100 (1%) was added into the
48-well plates. After shaking 5 min, the 48-well plate with samples
was incubated in a water bath at 37 �C for 1 h. Then, 30 mL super-
natant was tested by using an AKP ELISA kit at the wavelength of
520 nm by the microplate reader.

2.3.3. Cell morphology
Mouse MC3T3-E1 cells (1 � 104 cell/mL) were seeded into the

48-well plates containing pre-sterilized samples. After 8 h of in-
cubation at 37 �C in a humidified atmosphere of 5% CO2, samples
were washed with PBS (37 �C) three times and then samples were
immersed into a 4% formaldehyde solution for 10 min. After that,
samples were washed with PBS an additional three times. Subse-
quently, the samples were immersed in FITC (YiSen, Shanghai,
China) for 30 min in the absence of light at room temperature, and
then washed with PBS three times. The samples were then suc-
cessively stained with DAPI (YiSen, Shanghai, China) at room
temperature in the dark for just 30 s. After washing with PBS three
additional times, the cell morphology was examined using an
inverted fluorescence microscope (IFM, Olympus, IX73).

3. Results and discussion

3.1. Characterization

The structure and morphology of the TNTs can be controlled by
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changing the synthesis parameters such as the oxidation voltage,
time, and temperature. Here, a series of experiments is performed
to explore the impact of each parameter on the TNT morphology,
which is quite important for the subsequent drug loading of TNT/
PLGA hybrid coatings.

Field emission scanning electron microscope (FE-SEM) images
are shown in Fig. 1aec of the samples anodized for 1 h at 20 �C and
different voltages of 10 V, 30 V, and 60 V, respectively. The diameter
of the TNTs is relatively small when the voltage is low. The tubular
structure is not obvious and is entangled. As the voltage increases,
the tubular structure becomes clearer and the inner diameter in-
creases gradually, as shown in Fig. 1b. At a voltage of 60 V, the inner
diameter of the TNTs is 120 nm, as shown in Fig. 1c. These results
confirm that a larger oxidation voltage is positively correlated to
the formation and morphology of TNT diameters. The size of the
inner core of the TNTs increase with increasing voltage.

Fig. 1def shows the FE-SEM images of the samples anodized at
30 V and 20 �C for different times (10 min, 60 min, and 180 min).
After 10 min, only holes without TNTs are observed on the surface,
as shown in Fig. 1d. When oxidation time increases to 60 min,
nanotubes begin to emerge and gradually become more sequential
(Fig. 1e). However, because the fluorine ions can corrode the TNTs,
when oxidation time reaches 180 min, the structure of the TNTs is
disrupted. (Fig. 1f).

The pore size of the TNTs can be controlled via the reaction
temperature. Fig. 1gei shows images of the samples prepared at
0 �C, 60 �C, and 100 �C. When the temperature is 0 �C, myrids of
tubes with small size can be observed, as shown in Fig. 1g. When
the temperature is raised to 60 �C, tube size increases, as shown in
Fig. 1h. This can be attributed to the fact that as the temperature
increases, the viscosity of the electrolyte falls and the F� ions in the
electrolyte are more motile. However, when temperature increases
too much, to 100 �C, the diameter of the TNTs decreases and the
structure begins to collapse (Fig. 1i).
Fig. 1. The FESEM figures of TNTs prepared at 20 �C for 1 h under different oxidation voltage
for (d) 10 min (e) 60 min (f) 180 min. The FESEM figures of TNTs prepared under 30 V for
Fig. 2 depicts the FE-SEM images of the TNTs prepared in glycol
electrolyte containing 0.3 wt% NH4F and 3 vol% H2O at 60 �C at a
voltage of 30 V for 1 h. As shown in Fig. 2a, the TNTs are orderly and
uniform with an inner diameter of about 80 nm. The inset figure
shows a fractured surface of nanotubes with lengths about 2.83 mm.
A transmission electron microscope (TEM) image of the TNTs is
displayed in Fig. 2b. The nanotubes have a tubular structure with
diameters of about 84 nm.

Concentration of PLGA can influence the samples' morphology.
Thesurfacemorphologiesof one layerof PLGAcoatedonTNT implants
at different concentrations of PLGA solution [0.5%, 1%, and 2% (w/v)]
are shown in Fig. S1. Lowerpolymer concentrations orhigher polymer
concentrations lead to a uniform coating on the TNTs, as shown in
Figs. S1a and S1c. The best coating is achieved at a concentration of
PLGA solution of 1% (w/v), atwhich the polymer coatings on the TNTs
are relatively complete and uniform, as shown in Fig. S1b. This is
because fewer concentration of PLGA could not formbioplatformwell
to cover TNTs after drying, however larger concentration of PLGA
could form a bioplatform much too thickness and uneven.

3.2. Release behavior from samples

To explore the effect of different sizes of TNTs on the dose loaded
in the TNT/PLGA coating samples, five samples with different tube
size are explored. Three layers of PLGAwere applied to the TNTs. The
ibuprofen release behavior from the TNT/PLGA hybrid filmecoated
samples with different tubular sizes are presented in Fig. 3a. At the
earliest stage (within 6 h), all samples display almost the same
release behavior, while the release doses are quite different
depending on tube size. TNTs with diameters of 80 nm show the
largest release dose of 4.79 mg/mL among the five samples. The
corresponding release dose from TNTs with diameters of 140 nm,
120 nm, 100 nm, and 80 nm are 4.59, 4.22, 4.02, and 3.43 mg/mL,
respectively. Extending the time to 14 days, the release rate falls
s (a) 10 V (b) 30 V and (c) 60 V. The FESEM figures of TNTs prepared at 20 �C under 30 V
1 h at different reaction temperature (g) 0 �C (h) 60 �C (i) 100 �C.



Fig. 2. FESEM images of TNTs (a) top view and the inset is fracture surface. (b)Transmission electron microscopy images of TiO2 nanotubes.
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almost to zero, in other words, the amount of release from samples
reflects the dose of drugs loaded in the samples. As show in Fig. 3a,
the loading dose is almost up to 8.8 mg/mL, 8.2 mg/mL, 7.8 mg/mL,
6.8 mg/mL, and 6.2 mg/mL of the TNTs of 80 nm, 100 nm, 120 nm,
140 nm, and 30 nm, respectively. When the size of the TNTs de-
creases from 140 nm to 80 nm, the loading dose increases gradually
as the surface area increases. However, if these TNTs are too small
(below 30 nm in this work), they can prevent sufficient ibuprofen
solution from flowing inside due to capillarity. It is clearly demon-
strated that the diameter of TNTs plays an important role in the drug
dose. Therefore, it is important for TNT/PLGA hybridecoated Ti
implants to obtain an optimal tube size to achieve the largest
amount of drug loading. TNTs with diameters that are too large or
too small are not appropriate for the largest loading dose of
ibuprofen. However, if the loading drug changed, the choice of TNT
size should be changed likewise.

To investigate the effects of PLGA thickness on the release
behavior of ibuprofen from TNT/PLGA hybridecoated samples, ti-
tanium samples with the same TNT size of 80 nm, which can hold a
much large dose of drugs, are chosen. As shown in Fig. 3b, the drug
release profiles are quite different for these TNT/PLGA hybrid
filmecoated samples with different numbers of PLGA layers
(Table 1). When no layer of PLGA is present, the samples show a
burst release behavior, as shown in Fig. 3b, and the release con-
centration is up to about 6 mg/mL and 8 mg/mL within 1 h and 6 h,
Fig. 3. a) In vitro ibuprofen release profiles in PBS from different size of nanotubers with 3 la
layers of PLGA.
respectively. The release dose reaches 94% and 100% within 1 day
and 7 days, respectively. Compared to the burst release from the
sample with no layer of PLGA, the release rate of ibuprofen from
TNT/PLGA-coated samples is significantly smaller. The corre-
sponding concentration of ibuprofen released from TNT/PLGA
hybrid film coatedesamples with1 layer of PLGA is 3.9 and 4.2 mg/
mL within 1 h and 6 h, respectively, and the release amount is 51%
and 60% within 6 h and 1 day, respectively. However, the leaching
amount is up to 99% within 7 days (Table 1). The swelling and
hydrolysis of PLGA may be responsible for this release behavior. At
the earlier stage,1 layer of PLGA can slow the release rate. However,
due to the rapid swelling and hydrolysis rate of the PLGA, the
ibuprofen will release rapidly from the TNTs in 9 days. The release
time of ibuprofen from TNT/PLGA hybrid filmecoated samples with
3 layers of PLGA can last about 12 days. When the TNTs are further
covered by 10 layers of PLGA, ibuprofen release time lasts up to
about 40 days (Fig. 3b) due to restriction of the drug molecule
movement by the polymer chains and lower diffusion due to
polymer swelling [37]. It can be clearly observed from the cross-
section images (Figs. S2a and S2e) that the thickness of PLGA in-
creases as the number of spin-coated layers of PLGA increases
(Fig. S2), from about 0.44 mm for 1 layer of PLGA to 4.08 mm for 10
layers. The above results prove that the thicker layer can inhibit the
swelling and hydrolysis rate of the PLGA, which may ultimately
limit the release of the ibuprofen from the samples.
yers of PLGA. b) In vitro ibuprofen release profiles in PBS from nanotubes with different



Table 1
Drug release characteristics of prepared TNT/Ti implants loaded with ibuprofen
(model drug) and modified with different layers of PLGA films (Three samples of
each group).

Coating on drug
loaded TNT

Polymer
thickness (mm)

Drug release (%) Drug totally released
(number of days)

6 h 1 day 7 days

Pure NT e 84.23 94.47 100.00 7 ± 1
1 layer 0.44 51.43 60.39 99.23 9 ± 2
3 layers 0.98 34.56 50.64 89.48 12 ± 2
5 layers 2.02 31.27 44.69 66.74 16 ± 1
8 layers 2.84 29.59 39.31 49.42 30 ± 2
10 layers 4.08 27.46 33.72 45.32 40 ± 2
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3.3. In vitro studies

Fig. 4a shows the viability of MC3T3-E1 on the samples
measured via MTT assay. Obviously, no significant inhibition of cell
Fig. 4. a) Cell viability of MC3T3-E1 pre-osteoblasts cultured. The absorbance was detecte
cultured after 3,7 and 14 days. The absorbance was detected at the wavelength of 520 n
layer c) 3 PLGA layers after 8 h.
proliferation is exhibited on the sample with no PLGA compared
with the TNTs without drugs, indicating that the ibuprofen has
some cytotoxicity at high doses [38]. However, when 1 layer of
PLGA is coated on the samples of TNT loaded with drugs, the cell
proliferation on the samples improves significantly because the
synergistic effect from PLGA and TNTs can offer more bioactive
receptor binding sites for the attachment of filopodia of MC3T3-E1.
Once the culture time extends to 10 days, the cell proliferation on
samples with 1 layer of PLGA decreases, which demonstrates that
the PLGA has degraded, allowing release of the ibuprofen and thus
decreasing cell viability. In addition, the swelling of PLGA also has
some negative influence on the adhesion and proliferation of cells
on the samples. However, for the samples coated with 3 layers of
PLGA, cell proliferation on samples after culturing for 10 days was
nearly the same as with no layers of PLGA, indicating that the PLGA
had degraded almost completely. But with additional PLGA layers,
cell proliferation showed no change, suggesting that TNTs after
d at wavelength 490 nm and 570 nm b) ALP activities of MCM3T3-E1 pre-osteoblasts
m c) Microscopic view of MCM3T3-E1 cultured on the samples a)Ti and b) 0 PLGA
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loading drugs with 3 layers of PLGA is adequate for cell proliferation
of MC3T3-E1.

ALP activity is an important factor in the expression of bone
mineral formation and osteoblastic differentiation on biomaterials
in vitro [39]. Fig. 4b shows ALP activity of samples of Ti, TNTs, and
samples with no layer of PLGA and samples with different numbers
of layers of PLGA after 3, 7, and 14 days. Lower ALP activities are
shown on the samples with no layer of PLGA after culturing for 3, 7,
and 14 days, indicating that ibuprofen has no osteoblastic differ-
entiation. However, after coating with PLGA, samples present a
much higher ALP activity, demonstrating that PLGA can improve
the facilitation of osteogenesis. However, 1 layer of PLGA can be
degraded very quickly, causing an improvement of ALP activity
before 7 days but lowered ALP activities after 14 days. Furthermore,
when 3 layers of PLGA are coated onto the TNTs after loading with
drugs, the good bioactivity facilitates the osteogenesis, which
means that the sample with 3 layers of PLGA favors osteogenetic
differentiation. Additional improvement of ALP activity with more
layers of PLGA is not obvious. It is believed that 3 layers of PLGA are
enough for osteogenetic differentiation, which is in accordance
with the MTT results shown in Fig. 4a.

As shown in Fig. 4c, mitosis phase cells can be observed on the
sample of Ti, the sample with no layer of PLGA and the samples
with 3 layers of PLGA after 8 h of culturing. Obviously, the amount
of mitosis phase cells on the sample of TNTs loadedwith drugs is far
less than on TNTs, further indicating the cytotoxicity of ibuprofen
[40]. The amount of cells on the samples with 3 layers of PLGA is
much higher than on the samples with no layer of PLGA, indicating
that PLGA has good biocompatibility and can decrease the release
of drugs because the degradation products of PLGA are not harmful
to body, and even preferable for cell adhesion. which is consistent
with the results presented in Fig. 4a and b. Furthermore, PLGA
layers can also slow down release rate of drugs from samples, and
thus releasing acceptable level of drugs, which can be biocompat-
ible to surrounding tissues and cells.

4. Conclusions

This study describes the controlled preparation, characteristics,
and ibuprofen release profiles of TNTs/PLGA. We discuss the effects
of TNT size on the loading dose of drugs via TNT/PLGA hybrid
coatings. The optimal size of TNTs to obtain the largest loading dose
of ibuprofen is about 80 nm. Furthermore, varying the polymer
thickness significantly improves the drug release characteristics, as
evidenced by the reduced burst release (from 84% to 27%) and
prolonged release (from 5 days to more than 40 days). In addition,
by optimizing the diameter of the titanium nanotubes and the
thickness of the polymer film, the drug release profile can be tuned
to cater to the specific therapeutic requirements. In vitro tests reveal
that the PLGA coating can improve the biocompatibility of implants
and favors the attachment and proliferation of osteoblasts on the
samples, making this TNT/PLGA system promising for a wide range
of applications in a variety of Ti-based biomedical implants and
with different drugs, especially orthopedic applications, such as the
treatment of bone infection, local delivery of bone morphogenetic
protein (BMPs) for bone repair, and targeted treatment of bone
cancer and osteomyelitis.
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