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Titanium-dioxide nanotubes (TNTs) were fabricated by anodic oxidation of titanium (Ti) substrate and loaded
with ciprofloxacin. A thin layer of Poly Lactic-co-Glycolic Acid (PLGA) was coated on top of the drug-loaded
TNTs at various thicknesses. Field Emission Scanning Electron Microscopy (FESEM) was used to characterize

PLGA the developed substrate. The FESEM images of anodized samples showed that, the native oxide layer on the

Nanotubes drug release . . :

Osseoi . surface of the Ti substrate was replaced with an array of ordered nanotubes up to ~700 nm in length. Drug
sseointegration

release studies of ciprofloxacin were conducted in Phosphate Buffered Saline (PBS) solution for 24 h. The studies
showed the ability of PLGA to slow down the drug release rate, depending on the thickness of the deposited layer.
MG-63 cells (human osteosarcoma cell lines) were cultured on the TNT substrates after loading ciprofloxacin and
coating with various concentrations of PLGA to show the potentiality for better osseointegration. An MTT assay
was carried out to study cell viability and proliferation on these substrates. Anti-microbial studies were carried
out to demonstrate the release of ciprofloxacin in treating infections against Staphylococcus epidermidis. These in-
depth studies showed that local concentration of the drug released could be controlled by varying the thickness

Controlled drug release

of the PLGA layer to allow for better implant osseointegration and treatment of bone infections.

1. Introduction

Titanium (Ti) and its alloys, known for their biocompatibility,
corrosion resistance, chemical inertness, have been an excellent candi-
date for hard tissue replacement such as dental and orthopedic implants
[1-7]. Surface modifications on Ti have been introduced for various
reasons mainly to aid in better osseointegration and faster healing rate.
One such surface modification technique is the formation of Titania
nanotubes (TNTs) on the surface of Ti substrates. Conventional methods
for TNTs fabrication, including sol-gel, seeded growth, electrospinning,
nanoporous alumina templates, hydrothermal, and vaporization tech-
niques, are very tedious, having critical steps for template removal &
requiring specific precursors [8]. They also lead to formation of nano-
tubes dispersed in a solution in bundles, with very limited control over
the distribution of their lengths. On the other hand, the anodization
technique helps self-organized nanotube array formation, in a simple
and cost-effective manner [1,9]. Anodization also allows for precise
control over length of the fabricated nanotubes. These nanotubes (TNTs)
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formed on surfaces of Ti substrates can serve as agents for drug loading
and different surface modifications can be made to achieve subsequent
localized drug delivery. However, for these applications, fabricated
TNTs must have a good volume to area ratio to allow for sufficient drug
loading, and their dimensions must be controllable during fabrication
[9,10]. Once loaded, the drug release profile from these TNTs can be
mapped and tuned for achieving better osseointegration and faster
healing post-surgery [11].

Poly Lactic-Co-Glycolic Acid (PLGA) is a copolymer of polylactic acid
and polyglycolic acid, and it is one of the most commonly used biode-
gradable polymers for implant functionalization to improve biocom-
patibility. PLGA is also highly investigated for its ability to act as a
controller for sustained drug delivery into the body [12], as natural
degradation of PLGA in the human body promotes its ability to act as a
slowly-eroding barrier for enabling sustained release of drugs. PLGA
undergoes degradation via cleavage of its backbone ester linkages into
oligomers and monomers. Thus, coating of PLGA on top of an implant’s
surface would serve as a promoter for cell adhesion and proliferation as
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Fig. 1. Schematic of the drug loading and polymer coating and release process on the TNTs substrate.

well as for control drug release.

Conventional drug administration through oral, parenteral, and
inhalation routes are highly followed in favor of drug delivery
throughout the whole system and not at the targeted site of action.
Interdisciplinary research strategies involving fields of material science,
nanotechnology, clinical science, biology have demonstrated promising
results on localized drug delivery (LDD) [13,14]. Drug releasing im-
plants (DRI) for LDD have been designed for sustained and localized
persistent drug release [15].

Ciprofloxacin, a fluoroquinolone class of antibiotics is used to treat a
variety of bacterial infections, with specialized usage in treating bone
infections, joint infections and skin infections [16]. In recent years, per
capita cases of osteomyelitis, a bone infection caused by pyrogenic
bacteria, have gone up due to implant surgeries becoming more common
than ever before [17]. Thus, ciprofloxacin release from implants having
TNTs can provide effective targeted treatment or prevention of
post-operative infections. Recent studies have shown increased prolif-
eration of dermal fibroblasts and mouse preosteoblasts in presence of
PLGA and bone growth factors [12,18].

Thus, the aim of this research is to fabricate TNTs on Ti alloy to
develop a functionalized surface to provide an avenue for sustained/
controlled ciprofloxacin release to tackle post-operative infection and
study proliferation of human fibroblasts for varying PLGA coating
thickness. The designed LDD is studied for its, drug release character-
istics, cytocompatibility, toxicity, osseointegration and anti-bacterial
efficiency.

2. Materials and methods
2.1. Preparation of titanium samples

99.95 % pure Titanium, (Sigma Aldrich) sheets of 1 mm thickness
were cut into many pieces with dimensions of 2 cm x 2 cm. The samples
were etched with Kroll’s reagent (91 ml distilled water (H,0) + 6.5 ml
nitric acid (HNO3) + 2.5 ml hydrofluoric acid (HF)) to obtain a surface
free from impurities.

2.2. Formation of Titania nanotubes

The anodization was performed using a 30 mm x 10 mm x 1 mm
Platinum sample as the cathode and a prepared titanium sample as the
anode. The distance between the electrodes was 2 cm. A combination of
50 ml Ethylene Glycol and 50 ml of 0.08 M HF was used as the elec-
trolyte. The electrolyte was continuously stirred using a magnetic stirrer
at 500 RPM. Anodization was carried out at 20 V for 8 h.

2.3. Drug loading into nanotubes

2.3.1. Loading of the drug

A 0.5 mg/ml solution of ciprofloxacin in deionized (DI) water was
prepared. Then 100 pl of this solution was loaded onto 2 cm x 2 cm area
of TNTs samples fabricated on Ti. Thus, 50 ug of the drug was loaded
onto a 2 cm x 2 cm area of the TNTs substrate. Samples were dried at
room temperature for 20 min before further use.

2.3.2. Polymer coating

For polymer coating, the PLGA was dissolved in 1.5 %, 0.75 %, and
0.375 % weight/volume (w/v) solutions of chloroform. Chloroform,
being a volatile solvent, led to quick coating of a PLGA layer on top of
the TNTs substrates. A 50 pl prepared solution was used to deposit PLGA
on top of the respective drug-loaded samples. Samples were once again
dried for 20 min at room temperature before further use. Fig. 1 shows
the structural representation of the drug loading and polymer coating on
fabricated TNTs samples.

2.3.3. Drug release studies

The drug release was studied by immersing the loaded TNTs samples
in 50 ml phosphate-buffered saline (PBS) solutions. The amount of drug
released was estimated by measuring the absorbance of the sample at
270 nm by UV-Vis Spectrophotometer, which is the peak absorbance
wavelength of ciprofloxacin (in the current condition). The measure-
ments were taken at many intervals starting from the first minute. Five
readings were taken on the first day to observe the initial burst release of
the drug. A standard graph for the absorbance vs concentration of cip-
rofloxacin in PBS solution was prepared, and it was used to measure the
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500 nm

Fig. 2. FESEM images of (a) top view of the fabricated TNTs. (b) cross-section of the TNTs (~700 nm). TNTs loaded with ciprofloxacin and PLGA (c) 0 w/v% PLGA,

(d) 0.375 w/v% PLGA, (e) 0.75 w/v% PLGA and (f) 1.5 w/v% PLGA.

drug concentration in the test samples after obtaining the absorbance.
Finally, the drug release data was represented in a graph portraying the
duration vs drug release percentage. The drug release percentage was
calculated by dividing the amount of drug released from a sample
reading by the total amount of drug-loaded on the 2 cm x 2 cm sample,
multiplied by 100 [19].

2.4. Cell growth studies

2.4.1. Viability studies of MG63 cells on TNTs

The MG-63 osteosarcoma cells were cultured on the fabricated TNTs
samples. The cell culture and TNTs sample preparation details are pro-
vided in the Supplementary material. For qualitative analysis, fluores-
cence imaging was used to detect live and dead cells after incubation.
Calcein AM and Hoechst dye were used to stain live cells and the nu-
cleus. Calcein-AM is a cell-permeable dye, and it can cause hydrolysis
inside the cell, producing green fluorescence color for live cells. The
Hoechst dye is cell-permeable, and it stains the cell nucleus. The Pro-
pidium iodide (PI) dye is a cell impermeable dye, and it can stain the
nucleus of dead cells [20].

2.4.2. MTT assay

The MTT assay (3- [4,5-dimethylthiozol-2-yl]—2,5 diphenyl tetra-
zolium bromide (Analytical grade, HiMedia, Mumbai, India), test was
performed to assess the viability of the MG63 cells on all the prepared
samples. The MTT assay was performed as per the procedure described
in earlier studies [21]. Briefly, each sample was placed in a 30 mm cell
culture plate, and MG63 cells were seeded at a density of 0.5 x 10°
cells/ml. Prior to cell seeding, the samples were washed with isopropyl
alcohol and sterilized in UV overnight. The viability was assessed after 3
days of cell culture. A 50 pl of 5 mg/ml MTT (stock) was added to each
plate, followed by incubation at 37 °C with 5 % CO; incubator for 4 h.
After that, the cell culture medium containing MTT was aspirated from
the culture plate, and 500 pl dimethyl sulfoxide (DMSO, Merck) was

added for dissolving the formation of formazone crystals. Then, 200 pl
DMSO dissolved formazone crystal were aliquoted in a 96-well plate for
the optical density measurement at 570 nm wavelength through an
enzyme-linked immunosorbent assay (ELISA) plate reader (Bio-Rad,
xMark, Microplate Spectrophotometer). All the assay experiments were
repeated three times and the average data was collected.

2.5. Characterization techniques

The water contact angle measurements for the TNTs samples were
performed using the sessile drop method. The surface wettability was
recorded three times, where 20 pl of distilled water is allowed to make
contact with the surface of the samples and then the average data is
taken for generating the graph. The Quanta 200 FEG scanning electron
microscope equipped with EDS from the Sophisticated Analytical In-
strument Facility, IIT Madras, was used to analyze the fabricated TNTs
samples and obtain the surface morphology and chemical compositions.

2.6. Antibacterial studies

Staphylococcus epidermidis (ATCC CRM-12228), a gram-positive
bacterium is revived from the frozen state and transferred on Tryptine
Soya Agar (TSA) (15 g/L tryptone, 5 g/L soya peptone, 5 g/L NacCl,
15 g/L neutralized agar). Bacterial pre-inoculum cultures were grown at
37 °C, overnight in 20 ml nutrient broth (with phosphate buffer, pH
7.2). This suspension was kept in a shaker at 100 rpm to achieve an
inoculation concentration of 10~ to 10~° CFU/ml). The drug-loaded
TNTs were sterilized to avoid tampering with the studies. While the
control flask is devoid of drug-loaded TNTs, the other flasks containing
the drug-loaded TNTs are kept in contact with the bacterial cell culture
and subjected to vigorous shaking to assure contact between the sample
and bacteria at 37 + 1°C for 24 h. For a timeframe of 0-24 h, cultures
are collected at regular interval, and concentration of the bacterial cells
are calculated by CFU (Colony Forming Units) and by serial dilution on
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Fig. 3. (a) EDS Analysis showing the percentage of carbon presence on the surface of prepared drug loaded TNTs with different PLGA concentrations (b) Contact
angle measurements of control & all treated samples with different polymer concentrations. (Error bars=standard deviation; N = 3).

plate count agar. Log reduction of samples at different time intervals are
calculated using the formula below,

Log reduction =log (CFU T4 control sample) - log (CFU To4
Nanocomposite).

T4 refers to the bacterial culture at 24 h. A log reduction of 1 is at
least to be recorded for claiming antimicrobial activity.

The agar well diffusion method is used for strains that can be
cultured on solidified media. The nutrient agar (NA) medium (50-70 °C)
prepared is poured into the Petri plates and treated with UV for 15 min
to favor solidification under maintenance of aseptic conditions. After
that, the pre-incubated bacterial solution (107 was spread over the
solidified media and incubated at 37 °C for another 24 h, and the colony
formation was photographed subsequently [22,23]. A one-way ANOVA
test was performed to validate results with * p < 0.05.

3. Results and discussion
3.1. Fabrication and characterization of the Titania nanotubes

The field emission scanning electron microscopy (FESEM) image of
the fabricated TNTs sample is shown in Fig. 2(a) for the top view and 2
(b) for the cross-sectional view. The presence of self-arrayed perpen-
dicular, vertically aligned nanotubes is clearly visible from the image.
The nanotube had an average length of ~700 nm and a diameter of
~125, which provided enough volume to load drugs.

3.2. Ciprofloxacin loaded Titania nanotubes coated with PLGA

Fig. 2(c)—(f) show the top view of FESEM images treated with the
ciprofloxacin-loaded TNTs with different w/v% solutions of PLGA in
chloroform. From these results, it is also visible that 0.375 % concen-
tration of PLGA polymer has occupied the inter-tubular spaces as well as
some space within the TNTs. The thickness of the PLGA layer appears to
increase with increasing PLGA concentration substantiated using carbon
content analysis through EDS in Fig. 3(a) below. The TNTs appear to be
completely covered for 1.5 % concentration of PLGA. In Fig. 2(d)—(f), the
TNTs appear to be filled with PLGA increase in the concentration of
PLGA in chloroform used for coating. This provides further support for
the claim of higher PLGA concentration in chloroform leading to
deposition of thicker layers of PLGA, not only on the top of the TNTs but
also on the inner tubular structures.

Energy Dispersive X-Ray Analyser (EDS) was used to study the
presence of different materials on the top surface of the TNTs. Fig. 3(a)
shows a trend of increasing carbon content on the top surface of TNTs
with the increase in the concentration of PLGA used for coating. This
further proves that a higher amount of PLGA was deposited on samples
loaded with a higher concentration of PLGA in chloroform.
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Fig. 4. Drug release graph of ciprofloxacin over 24 h from TNTs in PBS solu-
tion. (Error bars=standard deviation; N = 3).

3.3. Water contact angle measurement

The water contact angle measurement is carried out to investigate
surface wettability of the substrate and the anodised samples of Tita-
nium (Fig. 3 (b)). A sharp decrease of the contact angle measurement is
observed from the Ti substrate to the anodised Ti containing TNTs. The
drug-loaded surface on the anodised Ti substrate retains its hydrophilic
nature, favouring the contact of the drug-loaded TNTs immersed in the
simulated body fluids. The low contact angle in the sample with bare
TNTs is indicative of its strong hydrophilic nature. However, the samples
show faster drug release rates (burst release profile is observed) in non-
coated drug-loaded Ti substrates containing TNTs. This drug diffusion
phenomenon is tuned by the coating of different weight percentages of
PLGA solutions, which is marked by the increase in the contact angle
measurement. The polymer-coated samples remain barely hydrophilic
with contact angles between 80 and 90 degrees, which is much higher
than the contact angle of non-coated TNTs. The contact angle increases
with coating PLGA on the substrate, which is expected owing to the
hydrophobic nature of PLGA [35]. The initial interaction with the body
fluids and the implant material is essential for improving osseointegra-
tion. Therefore, it is necessary to preserve a slight hydrophilic nature on
the surface of the implant material. Another important factor to consider
is the initial protein adsorption onto surfaces, as it is a crucial step in the
process of cell adhesion, proliferation, and generation of an extracellular
matrix, which finally leads to the implant being “accepted” in the body.
PLGA has been shown to promote the initial adhesion of proteins such as
vitronectin, which in turn promote cell adhesion through different
membrane protein binding sites. Thus, the PLGA layer would overall
promote cell adhesion and proliferation, despite decreasing the
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Fig. 5. Fluorescence imaging of cells cultured on various prepared TNTs samples (a) Bare TNTs, (b) TNTs loaded with ciprofloxacin, and TNTs loaded with cip-
rofloxacin and different PLGA concentration (c) 0.375 w/v% PLGA, (d) 0.75 w/v% PLGA (e) 1.5 w/v% PLGA. 1st column - calcein AM, 2nd column-Hoechst, 3rd

column - PI, 4th column merge image of (1—3), (scale bar = 200 um).

hydrophilicity of the surface by a great amount [24-27].

3.4. In-vitro drug release studies of ciprofloxacin

Fig. 4 shows the drug release studies of ciprofloxacin from TNTs in
PBS solution. This graph shows a significant reduction in the percentage
of the drug (ciprofloxacin) released when PLGA is used to control the
release rate. There is approximately a 30 % reduction in the percentage
of drugs released after 24 h from the TNTs not coated with PLGA and the
TNTs coated with 0.375w/v% PLGA. An increase in PLGA w/v%
showed a continuous decrease in burst release of the drug. The drug
diffusion rate is very high due to the high concentration gradient of
ciprofloxacin between the TNTs surface and the PBS solution. The inset
in the figure shows the drug release characteristics up to 1 h of studies,
where it is clear that having a higher amount of PLGA deposited on the
TNTs leads to a slower release rate of the loaded ciprofloxacin. Thus,
following the burst release phase, the drug release followed a release
profile close to zero-order release, when PLGA was coated on top of the
TNTs [28].

3.5. Fluorescence imaging of cells

It is important for cells to be able to adhere to the substrate for
enabling bone growth and integration with implants. The first row of
Fig. 5 (a) shows the control experiment and the fluorescence imaging of
MG63 cells cultured on the bare TNTs sample with no drug or polymer

loaded on the surface. The figure shows live-cell imaging using Calcein
AM (green color), which also confirmed on TNTs that most of the cells
are alive after 24 h incubation in 5 % CO, incubator. The cell nucleus
imaging (Hoechst (blue color)) is performed using Hoechst dye, the dead
cell imaging (PI (red color)) is performed by using cell impermeable
Propidium iodide dye, which also confirmed that there are very few cells
are dead after 24 h cell culture on TNTs. Finally, the merged image of
live cells, nucleus, and dead cells also confirmed that most of the cells
are alive, indicated by blue yellowish to green-yellowish color. Finally,
image analysis was done with the help of ImageJ to estimate the per-
centage of live and dead cells in the observed area. Around 98.5 % of the
cells were alive and healthy in this analysis. From these observations, it
is clear that most of the cells can adhere and proliferate on the TNTs,
proving once again the excellent biocompatibility of Titania as reported
elsewhere [29,30].

Fig. 5 (b) shows the fluorescence imaging of MG63 cells cultured on
the TNTs sample loaded with ciprofloxacin and no PLGA coating. This
figure also confirms that after 24 h of cell culture of TNTs, most of the
cells are alive and proliferating (~95 % live cells on observed area), and
very few cells are dead (~5 % dead cells). The merged image also
confirms that most of the cells are alive with ciprofloxacin and no PLGA
coating. Fig. 5 (c-e) also shows the fluorescence imaging of cells cultured
on the TNTs sample loaded with ciprofloxacin with different concen-
trations of PLGA. The images were captured after 24 h incubation on
TNTs. Rows 3-5 of Fig. 5 shows live imaging (green color) of cells on
exposure to TNTs covered with different percentages of PLGA after
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Fig. 6. MTT assay results showing the percentage of cell viability. Cell viability
on TNTs (samplel), TNTs with ciprofloxacin (sample 2), TNTs with ciproflox-
acin and different concentration (3. 0.375 w/v% 4. 0.75 w/v% 5. 1.5 w/v%) of
PLGA (sample 3, 4 and 5). (Error bars=standard deviation; N = 3).

loading with ciprofloxacin. For these cases, most of the cells were alive
and cells appear fully grown, healthy, flattened with their natural
triangular shape with well-defined edges. Analysis with ImageJ showed
greater than 97 % of cells in the observed area were live, as they were
stained with Calcein-AM. The cell proliferation also increases with an
increase in PLGA loaded onto the nanotubes. Rows 3-5 also show cell
nucleus staining images with Hoechst dye, along with dead cells staining
(red color) images with ciprofloxacin and different PLGA concentra-
tions. Very few cells are dead after 24 h of incubation with different
concentrations of PLGA coated on the substrate. There is also a lower
percentage of dead cells with an increase in PLGA concentration (~3 %
dead cells for 0.375 % PLGA, ~2 % dead cells for 0.75 w/v% PLGA, and
~1.3 % dead cells for 1.5 w/v% of PLGA) The last column of Fig. 5
shows the merged images of live cells, nucleus, and dead cells. These
merged images also confirmed that most of the cells live, indicating blue
yellowish to green-yellowish color.

3.6. MTT Assay for determining cell viability of samples

The cell viability results for all implants are summarized in Fig. 6
using the MTT assay study. The results show that the interactions of
MG63 cells were most favored on bare TNTs surface (sample 1,
considered as a control in this study). The cell viability decreased by
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approximately 71 % after the incorporation of the drug into the TNT
surface (sample 2). The decrease in cell viability from bare TNTs to drug-
loaded TNTs can be explained by the burst release of ciprofloxacin,
which is known to be cytotoxic and hinders cell growth [31-33]. On the
contrary, the drug improves the antibacterial activity of the implant
surface. Therefore, to reduce this toxicity by controlling the drug release
rate, various concentrations of polymer (0.375 %, 0.75 %, and 1.5 % for
samples 3, 4, and 5) were reinforced along with the drug to the TNT
surface. The MTT results show the introduction of polymer to the TNTs,
including drug-treated surface, increased the MG63 cell viability.
Approximately 21 %, 35.6 %, and 53.6 % higher cell viability was
observed for the addition of 0.375 %, 0.75 %, and 1.5 % polymer,
respectively, in comparison to the non-polymer coated, drug-loaded
substrate. Thus, the increase of the concentration of PLGA with cipro-
floxacin can increase the cell viability and reduce the toxicity of the
sample.

3.7. Antibacterial studies

Fig. 7(a) shows the optical density recorded at 600 nm wavelength as
a direct measure of antibacterial activity against Staphylococcus epi-
dermidis. Decreasing trends of measured optical density in the liquid
culture method along the antibiotics-loaded TNTs in Fig. 7(a) indicate
an explicit decrease in bacterial cell concentration over time in samples
loaded with ciprofloxacin. Also, it is evident that as the time of incu-
bation is increased, sample with 0.015 wt/v % polymer coating shows
very less bacterial activity in comparison to 0 wt/v % & 0.00375 wt/v %
samples, as there is a controlled release of ciprofloxacin. When
compared to the positive control, bare TNTs sample also exhibit anti-
bacterial activity as reported elsewhere [34]. The plate dilution method
showed that the bacterial concentration along the increasing polymer
concentration was minimal along the streak direction as compared to
the positive control (TNT). This corroborates with the drug release
profiling, that aids in arriving as the controlled release of ciprofloxacin
(antibiotics), which can help in achieving better antibiotic activity by
tuning the polymer concentration. Titania nanotubes serve as a load
carrier for the antibiotic with PLGA coating at various weight percent-
ages help in tuning the antibiotic release.

4. Conclusions
The fabricated TNTs samples showed, increase cell viability with the

increase of concentration of PLGA loaded on top of the nanotubes. Cell
proliferation and adhesion were significantly improved by the presence

b) Control TNT only 0%

00ee

0.00375% 0.0075% 0.015%

Plate-dilution method (24h)

Fig. 7. Antibacterial performance against Staphylococcus epidermidis by (a) Liquid culture method * p < 0.05 and ** p < 0.01 (One-way Anova Test); (b) Plate

dilution method.
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of nanotubes and PLGA on the surface. With increasing concentration of
polymer in the solution used for coating, the burst release of the drug
was better controlled. Having shown success with controlling the drug
release rate, this technique of localized/controlled drug release could be
further tested in-vivo systems with small animals such as rodents before
moving to clinical trials. Loading of ciprofloxacin directly onto TNT
-based implants leads to localized drug delivery for treatment of osteo-
myelitis or other bone infections. The concentration of the PLGA used
for coating could be varied to obtain a drug release profile, which would
be suitable for post-operative care such as controlling inflammation and
sustained treatment or prevention of infections.
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