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Abstract
In this study, we evaluated the drug release behavior of diameter customized TiO,
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conventional constant applied potentials of 20V (45 nm) and 60V (80 nm), a
20/60 V stepped potential (50 nm [two-diameter]), and a 20—60 V swept potential
(49 nm [full-tapered]) (values in parentheses indicate the inner tube diameter at the
top part of nanotube layers). The structures of the 50 nm (two-diameter) and 49 nm
(full-tapered) samples had smaller inner diameters at the top part of nanotube layers
than that of the 80 nm sample, while the outer diameters at the bottom part of nano-
tube layers were almost the same size as the 80 nm sample. The 80 nm sample,
which had the largest nanotube diameter and length, exhibited the greatest burst
release, followed by the 50 nm (two-diameter), 49 nm (full-tapered), and 45 nm sam-
ples. The initial burst released drug amounts and release rates from the 50 nm (two-
diameter) and 49 nm (full-tapered) samples were significantly suppressed by the
smaller tube top. On the other hand, the largest proportion of the slow released drug
amount to the total released drug amount was observed for the 50 nm (two-diame-
ter) sample. Thus, 50 nm (two-diameter) achieved suppressed initial burst release and
large storage capacity. Therefore, this study has, for the first time, applied TiO, nano-
tube layers with modulated diameters (two-diameter and full-tapered) to the realiza-
tion of a localized drug delivery system (LDDS) with customized drug release
properties.
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1 | INTRODUCTION When a device is implanted, in order to prevent infection and
inflammation, postoperative treatments are required, such as the oral
Pure Ti and Ti alloys (including Ti—-6Al-4V and Ti—6Al-7Nb) have

excellent properties for biomaterials, such as lightweight, good

administration, intravenous infusion, or injection of drugs, such as
antibiotics, anti-inflammatory drugs, and anticlotting agents.>* How-

mechanical properties, high corrosion resistance, biocompatibility, and
good osseointegration.? Thus, Ti-based materials have been widely
adopted for implants in contact with tissue, such as artificial hip joints,
knee joints, and tooth roots.

ever, as these drug administration methods involve systemic vascular
transport, only a small portion of the dose reaches the target tissue,
resulting in low drug absorption efficiency. In addition, as most drugs
are broken down and excreted, it is difficult to maintain drug
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concentrations in the blood in the effective range for a long period.
Moreover, frequent high-dose administration of drugs is likely to
cause side effects because of the high drug concentration outside the
diseased part.® In order to solve these problems, drug delivery sys-
tems (DDSs) and localized drug delivery systems (LDDSs) are attract-
ing attention.® The DDS preserves drugs temporally and releases
them spatially into the body, whereas with the LDDS, drugs are pre-
served in an implant and released locally. In particular, LDDSs have
many advantages, such as, minimizing the effect of the drug outside
the target tissue, not causing serious side effects, maintaining a proper
concentration of the drug near the target tissue, and improving drug
efficiency by preventing drug degradation by the liver and other
organs. Various passively and actively targeted delivery systems based

0o

on nanorods,’ liposomes,® polymeric micelles,” dendrimers,'° self-

1213 and so on have

assembling peptides,** micro/nanorobots (MNRs),
reported.

The incorporation of a LDDS with metallic materials requires that
they have a large surface area. To this end, various methods, such as
etching, sol—gel, and hydrothermal treatments, have been developed
to form macroscopic irregularities on the surface.***® Anodization is
an electrochemical process that forms a nanostructured oxide layer
on a metal using inexpensive facilities, wherein adjustments to the
electrolyte, applied voltage, process time, and temperature enable fac-
ile control of the nanostructures. Self-assembled TiO, nanotube layers
formed by the anodization of Ti in fluoride-containing electrolytes
were first reported by Assefpour-Dezfuly et al. in 1984 and Zwilling
et al. in 1999.)7 Since then, many authors have reported studies

18-21 and so forth.

aimed at controlling the diameter, length, ordering,
The diameter and length of TiO, nanotubes can be controlled from
tens to hundreds of nanometers and from hundreds of nanometers to
tens of micrometers, respectively, by changing the electrolyte and cur-
rent/voltage conditions.??> TiO, nanotubes have been extensively
studied as drug reservoirs for LDDSs because of their high aspect
ratio, unidirectional pores, and high surface area to volume ratio.?>~*°
Popat et al. conducted an in vitro study on the antimicrobial activity,
cell proliferation, and alkaline phosphatase (ALP) activity of TiO,
nanotube layers loaded with gentamicin and reported that no adverse
effects on cells were observed during antimicrobial activity.2® Zhang
et al. conducted in vitro and in vivo studies on the antibacterial and
cell proliferation properties of TiO, nanotube layers loaded with anti-
biotic vancomycin and reported similar results.?® Furthermore, a
LDDS loaded with various growth factors, such as bone morphoge-
netic proteins (BMPs) and fibroblast growth factors (FGFs), has been
shown to promote bone formation. Moseke et al. conducted release
tests for drugs loaded in TiO, nanotube layers of various lengths fabri-
cated by controlling the anodization time, and reported that the lon-
ger tubes preserved more drug, which was released over a longer
period.?® Hamlekhan et al. showed that TiO, nanotube layers fabri-
cated at higher voltages released more drugs.>° Furthermore, to con-
trol the drug release, TiO, nanotube layers with additional processing
have been considered, for example, modification of the surface prop-
erties of TiO, nanotube mouths 3133
coating, 3438
and a magnetic field.3*~*2 Furthermore, the microstructure of the film

use of a polymeric material
and anodization with external stimuli such as ultrasound

may affect proliferation and viability of cells such as osteoblast.*6~48

Park et al. conducted in vitro studies on the cell adhesion, prolifera-
tion, migration, and differentiation properties of TiO, nanotubes with
defined diameters between 15 and 100 nm, and reported that these
properties are critically dependent on the tube diameter and 15 nm is
a universal surface geometric constant that promotes these
properties.*”48

TiO, nanotube layers with larger diameters and lengths can load
more drugs, but initially release drugs rapidly. On the other hand, TiO,
nanotube layers with smaller diameters and lengths exhibit sup-
pressed initial release but have less drug storage capacity.?°2° In gen-
eral, TiO, nanotubes grow linearly in the vertical direction, and their
diameter and length are proportional to the applied voltage.??> The
diameter of a TiO, nanotube can be modulated by changing
the applied potential during anodization.?**°*° n this study, in order
to satisfy the two requirements mentioned above for a LDDS, that is,
controlled initial release as well as large storage capacity, we fabri-
cated TiO, nanotube layers with a large diameter at the base of the
tube and a small diameter at the mouth of the tube by controlling
the anodization voltage, and investigated the effect on the drug
release rate for a LDDS.

2 | MATERIALS AND METHODS
21 | Fabrication of TiO, nanotube arrays on a
Ti plate

Titanium plates (99.5% purity, Nilaco Co.) were cut into disc samples
with a 15.5 mm diameter and 1 mm thickness. The surface was
abraded with SiC paper (#800, #1000, and #1500) and mirror-finished
with colloidal silica. The samples were then ultrasonically successively
cleaned in acetone, ethanol, and deionized water, followed by drying
at room temperature. The electrochemical process to form TiO, nano-
tube layers was carried out in ethylene glycol containing 0.135 M
NH4F and 5 vol % H,O using a two-electrode electrochemical cell
with a platinum counter electrode.

In the present work, the polarization process comprised a combi-
nation of potentiodynamic polarization and constant potential polari-
zation, as illustrated in Figure 1A-D. These polarization sequences
were designed to modulate the diameter of TiO, nanotube layers
based on the fact that the diameter of the TiO, nanotube increases
with increasing applied potential.?> The sequences indicated in
Figure 1A,B are often used to grow TiO, nanotube layers: 20 and
60 V were selected to produce nanotube layers with a desired length
and diameter. In the sequence presented in Figure 1C, the second
anodization was performed at 60 V for 1800 s after the first anodiza-
tion at 20 V for 3600 s. In the sequence shown in Figure 1D, on the
other hand, after the first anodization at 20 V for 1800 s the applied
voltage was gradually increased over 4000 s until it reached 60 V. The
stepped increase in the applied voltage during constant polarization
results in nanotube layers with a stepped increase in diameter during
its formation (Figure 1C), while the slow potentiodynamic polarization
should produce TiO, nanotubes with a tapered shape (Figure 1D). The
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sample was conducted in a vessel containing both the sample and
solution, which was placed in a chamber that was evacuated and then
slowly repressurized.?®>? Specifically, a sample was immersed in etha-
nol containing 120 mg/mL indomethacin in a vessel, which was then
placed in a desiccator and evacuated for 1 min and then gradually
repressurized to atmospheric pressure. The sample was removed from
the solution, and the excess drug solution that adhered to the sample
surface was immediately removed using an air blower. Drugs which
had adhered to the side and back of the sample were wiped off after

After drug loading, the distribution of indomethacin loaded in the
TiO, nanotubes was characterized by energy dispersive x-ray spec-
troscopy (EDX; JSM-6500, JEOL Ltd., Tokyo, Japan) for various posi-
tions on the nanotubes cross sections. The amount of drug loaded in
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FIGURE 1 Schematic of the relationship between applied
potential and time. (A) 20 V TiO, nanotube layers, (B) 60 V TiO,
nanotube layers, (C) two-diameter TiO, nanotube layers, and (D) full-
tapered TiO, nanotube layers. The pictures on the right side
represent the expected shapes of nanotubes.

expected shape of the TiO, nanotubes formed by each polarization
sequence is illustrated in Figure 1A-D. In addition, mirror-finished
samples were also prepared for comparison.

After the electrochemical process, the samples were ultrasonically
cleaned in acetone and ethanol, rinsed with deionized water, and
dried. The morphology of the sample surface was observed using a
field-emission scanning electron microscope (FE-SEM; JSM-6500,
JEOL Ltd., Tokyo, Japan).

22 | Drug release test

221 | Drugloading

Indomethacin (Wako Pure Chemical Co., Osaka, Japan) was used as
the model drug.®*®* The impregnation of an agent into a porous

the samples was determined as the weight change of the sample
before and after drug loading, as measured by an analytical balance
(GH-202, A&D Co., Ltd., Tokyo, Japan).

222 | Drugrelease

The drug release experiments were performed by immersing the sam-
ples in phosphate buffered saline solution (PBS; 8.0 g NaCl, 0.2 g KClI,
0.2 g KH,POy,, and 1.16 g Na,HPO, in 1 L deionized water). The sam-
ple in 4 mL of PBS was placed in an incubator to maintain the temper-
ature and relative humidity at 310 K and 90%, respectively. To
evaluate the drug concentration released from the samples into the
PBS, ultraviolet—visible absorbance (UV-Vis) was measured using a
microplate reader at 320 nm (SH-9000, Corona Electric Co., Ltd., Ibar-
aki, Japan). The drug concentration was calculated based on the cali-
bration curve obtained using standard indomethacin solutions. The
area of the sample surface exposed to PBS was 188.7 mm?. Measure-
ments were conducted periodically at short intervals during the first
8 h to observe the initial burst release, followed by measurements
every 24 h for 28 days to observe the delayed release. At each mea-
surement, 300 pL of medium was removed and replaced with 300 pL
of fresh PBS. In order to evaluate the amount of drug remaining in a
sample at the end of the 28 days drug release experiment, each sam-
ple was removed from the PBS, abraded by a dental drill to break the
TiO, nanotube layers, and immersed in 4 mL of fresh PBS. After 24 h
of immersion, the concentration of the drug remaining in the sample
was measured. The sum of the drug released over 28 days and the
drug remaining in the sample was defined as the total amount of drug
loaded in the sample.

23 | Cellculture

In order to examine the cell compatibility of two-diameter TiO, nano-
tube layers samples without drug loading, osteoblasts were cultured
on the samples. MC3T3-E1 mouse osteoblast-like cells (RIKEN Cell
Bank, Ibaraki, Japan) were cultured on samples (two-diameter TiO,
nanotube layers and mirror-finished Ti) in 12-well polystyrene plates
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using alpha minimum essential medium (a-MEM; DS Pharma Biomedi-
cal Co., Osaka, Japan) with 10% fetal bovine serum, 7.5% bicarbonate
(MP Biomedicals Inc., Tokyo, Japan), and 0.5% kanamycin at 37°C in
an atmosphere containing 5% CO, atmosphere. Cells were seeded on
the samples at an initial density of 7500 cells/cm?. After the desired
cultivation period (1, 3 days), the samples were stained with Giemsa
stain (Wako Pure Chemical Co., Osaka, Japan) to assess cell density.

24 | Statistical analysis

Numerical data are presented as mean + standard deviation (SD). The
results were analyzed statistically using analysis of variance (ANOVA)
and Tukey's honest significant difference (HSD) tests. Differences
with p values less than .05, were considered statistically significant.

3 | RESULTS

31 |
layers

Morphology of modulated TiO, nanotube

Figure 2A-D shows the top (upper figure), bottom (middle figure), and
cross-sectional (lower figure) FE-SEM images of TiO, nanotube layers
on Ti that were produced by anodization with the voltage sequences
shown in Figure 1A-D, respectively. Note that the bottoms and cross
sections were obtained from mechanically scratched samples. A self-

organized TiO, nanotubular structure was observed on all anodized
samples, independent of the anodization procedure. Table 1 summa-
rizes the inner diameters at the top, outer diameter at the bottom,
and length of the TiO, nanotube layers. The inner diameters of the
top of the two-diameter nanotube layers and the full-tapered nano-
tube layers were similar to that of the 20 V TiO, nanotube layers. Fur-
thermore, the outer diameters of the bottom of the two-diameter and
full-tapered nanotube layers were similar to those of the 60 V nano-
tube layers. On the other hand, the longest were the 60 V nanotube
layers, followed in order by the two-diameter, full-tapered, and 20 V
nanotube layers. Note that as TiO, nanotube layers grow at the tube
bottom, the section of the nanotube formed first is located at the top
of the nanotube layer, whereas the finally formed nanotubes are
located at the bottom. Hereafter, the TiO, nanotubes samples formed
by the polarization sequences shown in Figure 1A-D are referred to
as (A) 45 nm, (B) 80 nm, (C) 50 nm (two-diameter), and (D) 49 nm (full-
tapered).

Figure 3A—C shows the FE-SEM images of the 50 nm (two-diam-
eter). The image in Figure 3A clearly indicates that nanotubes with
larger diameters were grown underneath those with smaller diame-
ters. It should be noted that some TiO, nanotubes occasionally exhib-
ited arrested growth at the transition from smaller to larger diameters,
as indicated by the black arrows in Figure 3B. Figure 3C shows the
top-view image of the 50 nm (two-diameter) nanotube layers occa-
sionally broken diagonally to expose various heights, revealing that
the inner diameter of the 50 nm (two-diameter) nanotubes increases
from the top to the bottom. Figure 3D shows a cross-sectional view

FIGURE 2

Field-emission scanning electron microscope images of TiO, nanotubes fabricated by electrochemical anodization in an ethylene

glycol electrolyte containing 5 vol % H,O and 0.135 M NH4F. (A) 20 V TiO, nanotube layers, (B) 60 V TiO, nanotube layers, (C) two-diameter
TiO, nanotube layers, and (D) full-tapered TiO, nanotube layers. Upper, middle, and lower figures show top view, bottom view, and cross-

sectional view, respectively.
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TABLE 1 Characteristics of the TiO, nanotube layers obtained from FE-SEM images.

(@) 20 V TiO, (b) 60 V TiO,
nanotube layers nanotube layers
Inner tube diameter at the top 453 +56 80.3+6.4
part (nm)
Outer tube diameter at the 67.3+6.3 185 + 23
bottom part (nm)
Tube length (um) 1.47 £0.04 11.7£0.32

FIGURE 3 FE-SEM images of TiO,
nanotube layers fabricated by
electrochemical anodization in an
ethylene glycol electrolyte containing

5 vol % H,0 and 0.135 M NH4F. (A-C)
50 nm (two-diameter) nanotubes, (D—F)
49 nm (full-tapered) nanotubes. (A, B, D—
F) cross-sectional view and (C) top view.
Arrows indicate nanotubes exhibiting
arrested growth.

FIGURE 4 Schematics of the TiO,
nanotube structures. (A) 45 nm,

(B) 80 nm, (C) 50 nm (two-diameter), and
(D) 49 nm (full-tapered).

of 49 nm (full-tapered) nanotube layers with enlarged top and bottom
views presented in Figure 3E,F, respectively. The outer diameter of
49 nm (full-tapered) nanotubes increased continuously from the top
to the bottom, and it was observed that some tubes prematurely
stopped their growth (Figure 3E,F black arrows) at several points from
the top to the bottom. In this study, we successfully produced TiO,
nanotube layers with a two-diameter structure in which the tube
diameter changed near the tube opening, and TiO, nanotube layers
with a tapered structure in which the tube diameter changed continu-
ously from the top to the bottom. Figure 4A-D schematically summa-
rizes these morphological features of TiO, nanotube layers formed by
polarization with the voltage sequences described in Figure 1A-D,

(c) two-diameter TiO,
nanotube layers

(d) full-taperd TiO,
nanotube layers

49.7+43 48.6 + 4.6
187 + 17 149+ 19
9.97 £0.61 5.06 £ 0.07

200 nm

(A) (B) (©) (D)

respectively. These morphological differences are expected to provide

variations in the storage capacity and release behavior of drugs, as
described below.

3.2 | Drugloading

3.21 | Drugloading in TiO, nanotube layers

The indomethacin used in this study contained CI, whereas the sub-
strate sample and electrolyte did not contain Cl. Therefore, the CI
detected using EDX could be used as a marker of the drug loaded in
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the TiO, nanotube layers. EDX measurements were conducted at five
positions located between the top and bottom at the cross sections of
the TiO, nanotube layers. For all the samples, Cl was identified at all
measurement points, confirming that the drug had been introduced
into the entire available volume of the TiO, nanotube layers (data not
shown).

3.22 | Amount of drug loaded

The amount of drug loaded was estimated as the weight change of
each sample before and after drug loading, with the results shown in
Figure 5. The molecular size of indomethacin is very small compared
with the 45 nm sample, which had the smallest inner tube diameter at
the top of nanotubes.>® The sample with the largest amount of drug
was the 80 nm sample, followed by the 50 nm (two-diameter), 49 nm
(full-tapered), 45 nm, and mirror-finished sample.

3.3 | Drugrelease behavior

The drug release behavior over the entire period of the drug release
experiment (28 days) is shown in Figure 6A as the cumulative released
weight. There are two stages of drug release for each sample: initial
burst release and subsequent slow release. The burst release amount
was defined as the cumulative drug release during the first 8 h, and
the slow release amount was defined as the cumulative drug release
from 8 h to the end of the measurement period (28 days). The drug
release almost stopped at 3, 18, and 22 days for the mirror-finished,
45, and 49 nm (full-tapered) samples, respectively. Apart from the
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FIGURE 5 Weight changes before and after the drug loading

process using 120 mg/mL indomethacin solution for each sample.
Each value and bar represent the mean and standard deviation

(n = 3). *p < .05 versus mirror-finished; **p < .01 versus mirror-
finished; #p < .05; ##p < .01.

initial burst release, the 50 nm (two-diameter) sample and 80 nm sam-
ple showed monotonous drug release until the end of the experiment.
Figure 6B shows the burst release up to 8 h after the start of the drug
release test. The 80 nm sample exhibited the largest burst release, fol-
lowed by the 50 nm (two-diameter), 49 nm (full-tapered), 45 nm, and
mirror-finished samples. The amount of drug remaining after the end
of the drug release test was defined as the residual amount of drug
(residue 1), which was estimated using the procedure described in
experimental section. Furthermore, the amount of residue 2 was cal-
culated by subtracting the total amount of burst release, slow release,
and residue 1 from the amount of drug loaded shown in Figure 5.
Figure 7 summarizes cumulative drug release. The largest slow
released drug amount was observed for the 50 nm (two-diameter)
sample (244 pg/cm?), which showed continuous drug release until the
end of the drug release experiment.

3.4 | Celldensity

Figure 8 shows the cell proliferation of MC3T3-E1 cultured on 50 nm
(two-diameter) and mirror-finished. The density of cells cultured on
50 nm (two-diameter) was significantly higher compared with mirror-
finished.

4 | DISCUSSION

41 |
layers

Formation of diameter modulated nanotube

TiO, nanotube layers formed by anodization have been examined as
LDDS reservoirs. Previous studies have focused on the increase in
drug loading capacity as well as the control of drug release. For the
former, nanotubes with larger diameters and lengths have been pro-
posed.*° Several approaches have been applied to control drug

release, 3144

although some posttreatments were required. In the pre-
sent study, to fulfill these requirements, we proposed diameter-
modulated TiO, nanotube layers that can be formed simply by chang-
ing the applied voltage during anodization. This is based on the well-
known finding that the nanotube diameter and length proportionally
increase with increasing applied voltage.?> With this approach, a smal-
ler tube mouth and a larger tube base can be realized in a single
nanotube.

Polarization with the voltage sequence described in Figure 1A,B
provided conventionally produced straight nanotube layers, that is,
the 45 nm and 80 nm samples, respectively. On the other hand,
Figure 1C,D produced diameter-modulated TiO, nanotube layers, that
is, the 50 nm (two-diameter) and the 49 nm (full-tapered) samples. A
large difference between the conventional nanotube layers and the
diameter-modulated nanotube layers is that with the diameter-
modulated nanotube layers, the growth of some tubes prematurely
stopped, as indicated by arrows in Figure 3. This was attributed to the
presence of TiO, nanotubes with larger diameters competing for
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FIGURE 7 Amount of drug released by each process and retained
for each sample. The burst release amount was defined as the
cumulative drug release during the first 8 h, and the slow release
amount was defined as the cumulative drug release from 8 h to the
end of the measurement period (28 days).

the available space, which hinders the growth of the surrounding TiO,
nanotubes. Therefore, when transitioning to larger diameters in the
latter growth phase, whether growth continues or stops may be
attributed to the inhomogeneous distribution of defects in the sub-
strate and the composition of the electrolyte, which have been
reported to affect nanotube growth.>* In addition to the morphologi-
cal differences, the thicknesses of the oxide layers also varied, as
described in Figure 2 and Table 1. The thicknesses in descending
order were 80 nm, 50 nm (two-diameter), 49 nm (full-tapered), and

Time (h)

Indomethacin burst release behavior of each sample for the periods of (A) the drug release test (28 days) and (B) 8 h. Each value

30000 I 3 days

1 day
25000 7
ok

20000 [ 7

15000

10000

Cell density (cells cm2)

5000

50 nm ) -
(two-diameter) mirror-finished

FIGURE 8 Cell densities of MC3T3-E1 cultured on 50 nm (two-
diameter) and mirror-finished samples. Each value and bar represent
the mean and standard deviation (n = 3). **p < .01 versus mirror-
finished; *p < .05 versus mirror-finished.

45 nm samples in descending order. This is consistent with nanotubes
growing faster at higher voltages, such that the nanotubular layer of
the 80 nm sample was significantly thicker than that of the 45 nm
sample even though the duration of the anodization was relatively
short.

42 | Cell compatibility

The density of cells cultured on 50 nm (two-diameter) was signifi-
cantly higher compared with mirror-finished. In our previous study,
we reported that the improvement of cell density and cell viability
cultured on stainless steel nanopores with a diameter of 26 nm.*®
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FIGURE 9 Cumulative drug release rate for the periods (A) of the drug release test (28 days) and (B) up to 60%. Cumulative drug release rate
was calculated by defining M, as the sum of burst release, slow release, and residue 1 shown in Figure 8. The lines in Figure 9(B) is the fitting

curves to the Korsmeyer—Peppas model.

Park et al. reported that they also studied the adhesion, spreading,
growth, and differentiation of mesenchymal stem cells on TiO, nano-
tube layers with various diameters (15, 20, 30, 50, 70, and 100 nm)
and reported that nanotube layers with diameters less than 30 nm,
particularly those with a diameter of 15 nm, were most preferable.*”4®
The creation of a smaller diameter at the top of 50 nm (two-diameter)
can be expected to further improvement of cell compatibility. Popat
et al. and Zhang et al. conducted an in vitro study on the antimicrobial
activity, cell proliferation, and ALP activity of TiO, nanotube layers
loaded with antibiotic drugs and reported that no adverse effects on
cells were observed during antimicrobial activity.?®?® Our current find-
ings coincide with those of previous studies. Therefore, we could con-
clude that 50 nm (two-diameter) was suitable for enhancing cell
compatibility.

4.3 | Control of drug release

As described in the Section 3, two stages of drug release were
observed: burst (rapid) release and subsequent slow release. The
Korsmeyer—Peppas model was introduced to discuss the drug release
kinetics.>®

M
— =k-t" 1
Mg (@)

where M; and M., are the cumulative emissions at time t and
t — oo, respectively, k is the emission rate constant, and n is the emis-
sion index. The mechanisms of drug release from thin layers in which
drugs are stored are classified according to the emission index n,
where, n < 0.5 indicates diffusion controlled, n > 1 indicates swelling

or decomposition controlled, and 0.5 < n < 1 indicates control by a
combination of the both.?° The emission rate constant, k, and the
emission index, n, were determined by fitting the drug release curves
obtained experimentally to the Korsmeyer—Peppas model. Figure 9
shows the cumulative drug release rate for the periods (A) of the drug
release test (28 days) and (B) up to 60%. Cumulative drug release rate
was calculated by defining M., as the sum of burst release, slow
release, and residue 1 shown in Figure 7. The lines in Figure 9B are
the fitting curves to the Korsmeyer—Peppas model. Table 2 shows the
Korsmeyer—Peppas model parameters obtained by the fitting curves
to the Korsmeyer—Peppas model. In all the nanotube layers samples,
the emission index n was less than 0.5, indicating that the transport of
the drug from the substrate to the solution was controlled by diffu-
sion according to Fick's law. It should be noted that a two-step release
was observed for all samples examined in this study. This two-step
release is explained by the difference in the concentration of the drug
inside the sample and in the surrounding PBS. In the initial stage of
drug release, the large concentration difference between the sample
surface and adjacent PBS was the driving force for diffusion, and the
drug loaded in the sample rapidly diffused into the solution. As time
passed, the concentration of the drug in the PBS near the sample sur-
face increased, the drug concentration gradient between the sample
surface and PBS decreased, causing a reduction in the diffusion rate.
This results in a transition from rapid release to slow release. Mani
et al. discussed the burst and subsequent slow release being corre-
lated with drug—substrate binding.>® When an organic solvent such as
ethanol is used to introduce the drug into the metal oxide, the drugs
form hydrogen bonds with the OH groups on the substrate surface,
resulting in strongly retained loading. However, drug molecules
deposited on the underlying drug layer do not strongly adhere to the
substrate. Consequently, burst release occurs by breaking the weak
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TABLE 2 Korsmeyer—Peppas model

TiO, nanotube layers

y s WILEY-_L2o

parameters.
45 nm 80 nm 50 nm (two-diameter) 49 nm (full-tapered) mirror-finished
0.734 0.405 0.446 0.727 0.981
0.400 0.166 0.182 0.281 0.524
0.963 0.792 0.825 0.789 0.978
TABLE 3 Overview of drug loading and releasing from anodic TiO, nanotube layers.
Structure
Diameter  Length
(nm) (pnm) Drug Release Reference
700r100 09,15, Vancomycin and Nanotube arrays not only show a high potential for the loading drug, but also 22
2.3, and antibacterial silver provide the possibility of adjusting different release kinetics, tailored by means of
6.5 ions varying anodization parameters respectively electrolyte composition.
50-350 1-85 Naproxen sodium An increase in TiO, nanotubes dimensions (diameter, length, aspect ratio, and 23

volume) and the amount of intercalated drug correlates with the prolonged release
process. The strongest parameter affecting the drug release is the aspect ratio.

120 50 Indomethacin A simple dip-coating process of polymer modification formed thin biocompatible 27
polymer films over the drug-loaded TiO, nanotubes to create TiO, nanotubes with
predictable drug release characteristics.

65 12 Indomethacin Substantial amounts of therapeutics (25 pg/mm?) can be loaded inside the TiO, 39
nanotubes, which can be controlled by anodization conditions using simple
parameters like anodization time.

110 0.8 Doxorubicin Drug loaded by soaking, the elution time is around 7 days, while for wet vacuum 44
impregnation it reached 30 days.

49 0.5,0.8,0or Ibuprofen and The length, crystallinity, and loading procedure of TiO, nanotube layers influence 45

18 Gentamicin the drug loading and release processes.

adhesion, whereas the subsequent slow release starts by breaking the
strong bonds between the substrate and the drug molecules.
The two-step release observed in this study may be related to the
large top surface area of the TiO, nanotubes and the deep and narrow
space of the long nanotubes, occasionally with a pursed mouth. The
initial burst release from the diameter-modulated TiO, nanotube
layers, that is, the 50 nm (two-diameter) and the 49 nm (full-tapered)
samples was significantly suppressed by the tapered structure com-
pared with that from the 80 nm sample. In general, the drug loaded
near the surface mainly contributes to burst release. For the 50 nm
(two-diameter) and the 49 nm (full-tapered) samples, the drugs loaded
in nanotube layers with a small diameter and short length near the top
surface of nanotube layers mainly contributed to the burst release. As
nanotube layers with smaller diameters have a larger surface area to
volume ratio, the increased proportion of drugs strongly bound to the
OH groups of the oxide surface suppressed the amount of drugs avail-
able for burst release compared with the nanotube layers with large
diameters. Therefore, the initial burst release from the 50 nm (two-
diameter) and the 49 nm (full-tapered) samples was significantly sup-
pressed by the tapered structure compared with that from the 80 nm
sample. The structures of the 50 nm (two-diameter) had smaller inner
diameters at the top part of nanotube layers than that of the 80 nm
sample, while the outer diameters at the bottom part of nanotube
layers and length of nanotube layers were almost the same size as the

80 nm sample. Thus, 50 nm (two-diameter) achieved suppressed initial
burst release and large storage capacity.

Table 3 represents an overview of drug loading and releasing
from anodic TiO, nanotube layers. Pawlik et al. reported that the
length, crystallinity, and loading procedure of TiO, nanotube layers
influence the drug loading and release processes.*> As proposed in
this study, the drug release rate could be controlled by a tapered
structure. Furthermore, the length and base diameter determine the
amount of drug stored. Therefore, it is possible to adjust the drug
release sequence suitable for the size of the patient's body or the
required duration of the drug's action. In addition to controlling the
substrate surface morphology, further control of drug release is
expected by combining additional factors, such as modification of the
31-33 applying polymers
and the use of external stimuli includ-

surface chemical and/or physical properties,
on the inorganic materials,34-38
ing ultrasound and magnetic fields.>**~*2 Overall, improved control of
LDDSs is expected to enable a wider range of optimal medical treat-

ments and improve the patient's quality of life (QOL).

5 | CONCLUSION

Diameter-modulated TiO, nanotube layers were fabricated for local
DDSs by anodization of pure Ti with various applied voltage
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sequences. Conventional straight nanotube layers were grown by anod-
ization at 20V (45 nm), and 60V (80 nm), two-diameter nanotube
layers were formed by anodization with the applied potential switched
from 20 to 60V (50 nm [two-diameter]), and full-tapered nanotube
layers were formed by gradually increasing the anodization potential
from 20 to 60V (49 nm [full-tapered]). Mirror-finished samples were
also examined for comparison. The formation of TiO, nanotube layers
with the expected shapes was confirmed by FE-SEM observations. The
efficacy of the LDDS was evaluated by a drug release test over
28 days, using indomethacin as a model drug. An initial burst release
and subsequent slow release were observed for every sample exam-
ined. The 80 nm sample, which had the largest nanotube diameter and
length, exhibited the largest burst release, followed by the 50 nm (two-
diameter), 49 nm (full-tapered), 45 nm, and mirror-finished samples. On
the other hand, the largest slow release was observed for the 50 nm
(two-diameter) followed by the 49 nm (full-tapered) sample. Further-
more, the initial burst release from the 50 nm (two-diameter) and
49 nm (full-tapered) samples was significantly suppressed by their smal-
ler tube diameters at the surface. TiO, nanotube layers with a modu-
lated diameter on Ti and Ti alloys can provide drug storage with LDDS
properties optimized for each patient to maximize the medicinal effect.
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