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ABSTRACT: Titanium nanotube (TNT) arrays manufactured via electrochemical anodization have been widely used as local drug
carriers due to their excellent biocompatibility and customizable nanotubular structures. However, the uncontrollable and abrupt
drug release at the early stage decreases the drug release duration, leading to excessive drug concentration at the implantation site. In
this study, a continuous drug delivery system based on TNTSs was created. Initially, a basic ultrasound-assisted approach was utilized
to deposit a polydopamine (PDA) coating onto TNTs to obtain PDA-modified TNTs. Next, TNTs-PDA were submerged in a
calcium chloride solution to include Ca®" through Ca** coordination between the PDA layer’s catechol groups. Sodium alendronate
(NaAL) was used as a model drug and loaded onto TNTs-PDA-Ca*" by immersing them in an NaAL solution. In the final step,
NaAL was covalently attached to TNTs-PDA-Ca** through coordination bonds with Ca®". The samples underwent characterization
through the use of various techniques, including field emission scanning electron microscopy, Fourier-transform infrared
spectroscopy, X-ray diffraction patterning, X-ray photoelectron spectroscopy, and inductively coupled plasma emission spectrometry.
The results indicated that the bioactivity of TNTs improved, and there was an enhancement in drug loading capacity and release
performance due to modification with PDA and Ca*'. Furthermore, acidic conditions can cause significant drug release due to the
cleavage of coordination bonds between the drug and Ca®" ions. Thus, the aforementioned drug delivery system represents a
potentially promising approach for achieving sustained and controllable drug release.

1. INTRODUCTION candidate for local drug elution.” Drug release behaviors of
Dental and orthopedic implants have been clinically treated TNTs conform to the diffusion process and are defined by
with titanium and its alloys due to their desirable properties, Fick’s laws.” Fick’s laws state that the diffusion process of drug
including excellent corrosion resistance, exceptional biocom- molecules is influenced by the characteristics of drug molecules
patibility, and favorable mechanical properties.l’2 Nevertheless, such as size, charge, dissolution, and interactions with
Ti-based implants have certain limitations, such as unsat- TNTs.* "% Several strategies have been employed to design

isfactory wear resistance and poor binding to bone tissues,
leading to implant loosening and prosthetic joint infections."**
Orthopedic implants are still associated with severe complica-
tions due to implant-related infections, and long-term drug-
eluting medical implants have emerged as a promising solution
to tackle this issue. Self-ordered electrochemical anodization of Revised:  December 19, 2023
Ti-based implant surfaces has led to the development of Accepted: January 8, 2024
titanium nanotube (TNT) arrays that exhibit enhanced Published: January 19, 2024
bioactivity and bone-binding ability.> Adjustable nanotubular

structures and increased surface area make them an attractive

flexible drug-eluting behaviors suited for different drugs and
therapies tailored to their specific requirements. Reportedly,
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Figure 1. Schematic illustration of the drug delivery system.
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strategies for controlling drug release from TNTs include
controlling TNT diameters and length, modifying surface
chemistry to change hydrophilicity, hydrophobicity, and
charge, adjusting TNT openings with coatings, encapsulating
drugs with polymeric micelles, or proposing stimulated drug
delivery.*"'~'* Zhao et al. designed a new drug delivery system
with an NIR-triggered hydrophobic top layer. The top layer
triggers TNT photocatalytic activity and acts as a cap to inhibit
drug release. The hydrophilic bottom layer was modified with
(3-glycidoxypropyl) trimethoxysilane (GPMS) to introduce
amino groups for covalently linking drugs. Reactive oxygen
species-induced chain scission under 980 nm laser irradiation
could trigger drug release.'” Long-term drug-eluting medical
implants require sustained and controlled drug delivery, which
are crucial characteristics.

Polydopamine (PDA) is a new material that can be firmly
bonded to various substrates through oxidative self-polymer-
ization of dopamine.'°”"® The materials modified with PDA
exhibit a superior ability to attach various functional molecules
by utilizing the abundant amino and hydroxyl functional
groups present in PDA."” Hence, TNTs modified using PDA
demonstrate an improved capacity for loading drugs and
releasing them.'®”’ Yang and colleagues deposited multiple
layers of PDA onto TNTs. As a result, the PDA-modified
TNTs demonstrated a higher drug loading capacity and an
extended period for elution. Furthermore, the release behavior
of the drug can be further regulated by controlling the
thickness of the PDA layer."®

Based on the above research, a sustained drug delivery
system was generated by modifying TNT's using PDA, with the
help of the abundant functional groups of PDA and the
coordination of metal calcium ions, and sodium alendronate
(NaAL) was loaded by coordination with calcium ions as a
bridge. NaAL [(4-amino-1-hydroxybutylidene)diphosphonic
acid monosodium salt trihydrate] is one of the widely used
bisphosphonates for suppressing bone resorption and promot-
ing bone formation.”® In brief, the inner wall of TNTs was
coated with PDA, followed by immersion in a calcium chloride
solution to incorporate Ca* (Figure 1). Calcium ions are
crucial for the process of biomineralization, an important
process for bone regeneration.”' > PDA can form through
dopamine self-polymerization, which introduces active sites on
the surface, where different functional molecules can be
grafted. Calcium ions can be firmly immobilized into TNTs
through Ca** coordination between the catechol groups of the
PDA layer.”* NaAL can be firmly attached to TNTs-PDA-Ca?*
through a Ca®* coordination bond.’® Therefore, the as-
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prepared TNTs-PDA-Ca** exhibit enhanced drug loading
capacity, sustained-release properties, and improved bioactiv-

ity.

2. EXPERIMENTAL SECTION

2.1. Preparation of TNTs. TiO, nanotube arrays were
produced by simple electrochemical anodization on pure Ti
foils. The Ti foils, measuring 10 X 20 X 0.6 mm, were briefly
polished and sonicated in acetone for 15 min. Subsequently,
the Ti foils were etched with a 5 M nitric acid solution
(containing 4 wt % HF) for 10 s and then sonicated in
deionized water for 15 min. After drying, a cleaned Ti foil and
a Pt foil were placed at the anode and the cathode. After that,
the samples underwent anodization for 24 h in an electrolyte
(glycerol as the main solvent, containing 0.50 wt % NH,F and
10 vol % deionized water) under a constant voltage of 60 V.
Finally, the TiO, nanotube arrays were annealed at 450 °C for
2 h and labeled as TNTs.

2.2, Surface Modification of PDA. TNTs underwent
treatment in a 0.5 M NaOH solution at 50 °C for 30 min,
followed by cleaning in deionized water and air drying. The
treated samples were immersed in a Tris-based buffer solution
containing dopamine hydrochloride (0.5 mg/mL) at pH 8.5
and a concentration of 1.2 mg/mL and then subjected to
sonication for 12 h.'"® The samples were subsequently labeled
as TNTs-PDA after being rinsed with distilled water.

2.3. Calcium lon Loading and Release. The as-prepared
TNTs-PDA were immersed in 0.1 0.5, and 1.0 mol/L calcium
chloride solutions at 37 °C for 6 h. Afterward, the samples
were gently rinsed in distilled water and dried in the air. TNTs-
PDA modified with Ca®>" were designated as TNTs-PDA-Ca>".

2.4. Drug Loading and Release. The various samples
were immersed in 30 mg/mL NaAL solution with pH 3.0 for 6
h to load NaAL. Then, they were cleaned gently with distilled
water and labeled as TNTs-NaAL, TNTs-PDA-NaAL, and
TNTs-PDA-Ca’*-NaAL. The NaAL-loaded samples were
incubated in phosphate-buffered saline (PBS) solution with
varying pH values of 4.6, 7.4, and 11.0. They were then shaken
at a temperature of 37 °C for 15 days. At each predetermined
time, a specific volume of the solution was collected and
replaced with an equal volume of fresh PBS. The collected
solutions were mixed with an equal volume of 1 M HCIO,
solution containing S mM FeCl;. The concentrations of NaAL
were measured using a UV—vis spectrophotometer at a
wavelength of 290 nm. The release rate of NaAL for each
time interval was calculated, and the corresponding release
curve was plotted.
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2.5. In Vitro Mineralization Study. The samples were
submerged in a 1.5-fold simulated body fluid (1.5 SBF) at 37
°C for S days. At specific time intervals, the SBF was entirely
replaced with a fresh solution.

2.6. Cell Culture and the Cell Counting Kit-8 Assay.
Mouse MC3T3-E1 cells were cultured in MEM Alpha
Modification, supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin, at 37 °C in a CO, incubator
for 24 h. Subsequently, the cells were seeded on the samples
and cultured for 1 and 5 days in a 24-well plate at 37 °C. Cell
Counting Kit-8 (CCK-8) was added to the culture medium
and incubated for 2 h at 37 °C. The cell concentration was
subsequently determined by a spectrophotometric microplate
reader at a wavelength of 450 nm. Pure unanodized Ti foils
were used as a control group.

2.7. Characterization. The surface morphology of the
samples was observed by using a field emission scanning
electron microscope (JEOL-7S00F). The surface chemical
composition and chemical states of elements were determined
via X-ray photoelectron spectroscopy (XPS, ESCALAB 250).
Fourier-transform infrared (FTIR) spectroscopy (Nicolet
Avatar 360) was performed to assess the chemical composition
of the samples. The amount of calcium ions loaded and
released from TNTs-PDA-Ca’*-NaAL was assessed using an
inductively coupled plasma emission spectrometer (OPTIMA
8000). The crystal phase composition of the samples was
analyzed by X-ray diffraction (XRD, Philips X'Pert MPD).

3. RESULTS AND DISCUSSION

3.1. Characterization of Samples. The morphology of
TNTs-PDA-Ca** and TNTs-PDA-Ca’*-NaAL is presented in
Figure 2. TNTs-PDA-Ca**-NaAL showed a smaller inner

Figure 2. SEM images of (a,b) TNTs-PDA-Ca?*-NaAL (a: top view;
b: cross-sectional view) and (c,d) TNTs-PDA-Ca** (c: top view; d:
cross-sectional view).

diameter of nanotubes (147 + 10 nm) than TNTs-PDA-Ca**
(inner diameter: 172 + 10 nm) when observed from the top
views as shown in Figure 2a,c. The cross-sectional views of
TNTs-PDA-Ca**-NaAL (Figure 2b) and TNTs-PDA-Ca*
(Figure 2d) show an increase in the thickness and roughness
of nanotube walls upon loading with NaAL, whereby it was
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hypothesized that NaAL had been loaded onto the nanotubes,

which was further confirmed by the following methods.
Figure 3A shows the FTIR spectra of various samples. FTIR

spectra of TNTs-PDA-Ca®>" showed two peaks at 2919 and
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Figure 3. (A) FTIR spectra and (B) XRD patterns of TNTs-PDA-
Ca?*, TNTs-PDA-Ca?*-NaAL, and NaAL.

2852 cm™'. These peaks were attributed to the C—H
asymmetrical stretching and C—H bending vibrations of
PDA, respectively. In addition, two absorption peaks at 1634
and 1498 cm ™! were assigned to the C=0 and C=N or/and
C=C vibrational modes in PDA, as shown in the close-up
posting in Figure 3A. These modes are in a_greement with
previous data for PDA observed by Luo et al.”” These results
indicated the successful deposition of PDA on the surfaces of
TNTs. FTIR spectra of TNTs-PDA-Ca**-NaAL displayed a
noticeable absorption peak at 3391 cm™!, which was attributed
to the O—H stretching vibration and N—H stretching vibration
in amine groups. In addition, the sharp peaks at 1640 cm™" are
attributed to the C=O bonds. The absorption peaks at 1128
cm™! are attributed to the characteristic absorption bands of
P=0 in NaAL.***° Furthermore, P—O bending vibrations
were identified at 469 cm™.’* These findings suggest a
successful loading of NaAL. Additionally, the crystal phase
composition of the samples was analyzed by using XRD
(Figure 3B). The XRD pattern of TNTs showed diffraction
peaks of anatase TiO, and Ti metal, and no new diffraction
peaks appeared after treatment with PDA and Ca®*. After
immersion loading of NaAL, the diffraction peaks of NaAL

https://doi.org/10.1021/acsomega.3c08772
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Figure 4. Full XPS spectra (A) and high-resolution XPS spectra of different samples (B) Oy, (C) Ca,, (D) P,,, and (E) N, TNTs; (b) TNTs-

PDA; (¢) TNTs-PDA-Ca?*; (d) TNTs-PDA-Ca*"-NaAL; (e) NaAL.

appeared at 20 = 12.7, 13.7, 30.3, 31.9, 38.1, and 42.3°, which
indicated that the TNTs had been successfully loaded with
NaAL.

Additionally, XPS analysis was conducted to further
determine the surface chemical composition of the samples.
Figure 4A shows the full spectra of different samples, and
Figure 4B—E shows the high-resolution spectra of Oy, Ca,,
P,, and Ny, respectively. The b,c,d spectra of Figure 4A all
showed N peaks, indicating that PDA has been modified to the
surface of TNTs. Figure 4B is a high-resolution plot of O Is,
and the oxygen-bound state of TNTs [Figure 4B(a)] is mainly
a Ti—O bond (529.95 eV, 72.0%), but new peaks appeared

4952

after PDA modification of the nanotubes [Figure 4B(b)],
which are phenol hydroxyl-C—OH (532.75 eV, 23.9%) and
quinone group-C=0 (531.6 eV. 20.2%); these results further
indicate that PDA has been modified onto the nanotubes. The
—C—OH peak area after immersion of calcium ions [Figure
4B(c)] decreased to 15.2%, while the corresponding quinone-
based-C=O0 peak area increased to 37.9%, indicating that
PDA chelated calcium ions by conversion from a phenolic
hydroxyl group to a quinone group. The line shapes and peak
components of the O 1s spectra of the samples [Figure 4B(d)]
did not change significantly after loading NaAL.

https://doi.org/10.1021/acsomega.3c08772
ACS Omega 2024, 9, 4949—-4956
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In the Ca,, high-resolution map, two peaks appeared in
sample TNTs-PDA-Ca** [Figure 4C(c)] relative to sample
TNTs-PDA [Figure 4C(b)], 351.0 eV for Cay,1/p and 347.5 eV
for Cay,s/5, which indicated that calcium ions had successfully
modified the modified nanotubes and that the PDA chelating
of Ca** did not affect the Ca** chemical valence state. The
sample TNTs-PDA-Ca**-NaAL [Figure 4C(d)] showed the
same presence of Cay,, and Ca,,,, peaks, whereas the
decrease in peak intensity and peak area as well as the
displacement of peak position speculated that the sample
TNTs-PDA-Ca’* were chemically bonded to the drug NaAL.

In the high-resolution plot of P,, the electron binding
energy of P,, in pure NaAL [Figure 4D(e)] was 132.61 eV,
compared to the electron binding energy of P,, in sample
TNTs-PDA-Ca**-NaAL which was 133.37 eV, and the peak
position was shifted further speculating that the sample TNTs-
PDA-Ca*" interacted with the phosphate in the drug NaAL.

In the high-resolution plot of N}, N, of sample TNTs-PDA
appeared at 399.7 and 401.6 eV (Figure 4b). It is shown that
the N on the surface of the sample exists in two forms, one part
in the form of —NH, and the other part in the form of NH;".
All of these results indicate that PDA has been successfully
modified onto TiO, nanotubes. N, of sample TNTs-PDA-
Ca®" [Figure 4E(c)] appeared at 398.3 and 399.6 eV where the
peaks were located, further indicating that the dopamine had
been successfully modified onto the nanotubes. While the N,
of sample TNTs-PDA-Ca®*-NaAL [Figure 4E(d)] had the
same characteristic peaks at 398.4 and 400.3 eV, N, peaks
were shifted, which was mainly due to the presence of metal
ions, which decreased the electron cloud density of N,
increased the positive electronegativity of the nucleus, and
elevated the binding energy, thus, indicating the successful
loading of Ca® onto nanotubes with drugs through ligand
bond interactions.

In order to study the loading of the samples, the samples
were subjected to thermogravimetric tests. Figure Sa shows

100
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Figure S. TG curve of the samples: (a) TNTs-PDA; (b) TNTs-PDA-
Ca**-NaAL; (c) NaAL.

that for PDA-modified nanotubes, the weight loss of the
sample increases with increasing temperature, which mainly
originates from the weight loss of water on the surface of the
sample, and the PDA starts to decompose when the
temperature reaches 400 °C. Figure Sc shows that for pure
NaAL, which loses its water of crystallization between the
temperatures of 105 and 145 °C, the decomposition of NaAL
starts when the temperature rises to 245 °C, and the
temperature lasts until about 455 °C, the sample then reaches
almost constant weight. While Figure Sb shows the Ca*'-
modified nanotubes loaded with NaAL, the sample loses a
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large amount of weight between 115 and 155 °C, which is
mainly caused by the combined effect of the water of
crystallization of NaAL and the adsorbed water on the surface
of the sample. There is a significant weight loss at 250—460 °C,
which is caused by the decomposition of NaAL and follows the
same thermogravimetric trend as curve c for pure NaAL, with a
weight loss of 11.87% in this temperature range.

3.2. Drug Release Performance and Drug Release
Kinetics Analysis. In order to study the ability of Ca*-
modified nanotubes to slow drug release, the samples were
loaded with the same concentration of NaAL and placed in 10
mL of PBS buffer solution with pH = 7.4 for 15 days, and the
drug release curves are shown in Figure 6. The drug release
process was divided into two phases: rapid release in the early
stage and sustained release in the late stage. TNT samples
[Figure 6A(a)] released the drug to completion in the rapid
release stage in the early stage, indicating that there was only a
weak physical adsorption between the drug and the TNTs, and
the drug was rapidly released by diffusive dissolution. The
release of TNTs-PDA [Figure 6A(b)] and TNTs-PDA-Ca**
[Figure 6A(c)] was both significantly higher than TNTs, and
the latter was higher than the former, and the late slow release
curves of both were close to a straight line, suggesting that
both PDA and Ca’* have chemisorption and electrostatic
interactions with the drug to enhance drug loading, as shown
by the XPS spectra.

The mechanism of release of NaAL from TNTs-PDA-Ca?*-
NaAL was also analyzed. The drug release kinetics from TNTSs
were studied using three kinetic models: zero-order release
equation, first-order release equation, and Higuchi release
equation. The equations are displayed in eqs 1, 2, and 3,
respectively.”' ~**

M
Zero-order release equation: — = a + kt

o (1)
. . M,
First-order release equation: In 1 — — = —kt
M, )
M,
Higuchi release equation: —- = kt'/* )
00 3

where M, represents the cumulative amount of drug release at
time t, M, is the total amount of drug release during the whole
release process, and a is the initial amount of drug in solution

(it is usually zero). % represents the fraction of drug released

at each time point, and k is the release rate constant.

Figure 6B presents the fitting curve of TNTs-PDA-Ca*'-
NaAL at the sustained release stage. The fitted equation is
shown in eq 4

Mt
—= =0.39179 + 0.00165¢
M

o0

(4)

Equation 4 indicates a correlation coefficient (R*) value of
0.99S. Figure 6B displays that the release kinetics during the
sustained release stage adheres to the zero-order release profile.
The coordinate covalent bonds between NaAL and Ca®*
primarily cause a stable release rate.

To investigate the release behaviors of TNTs-PDA-Ca**-
NaAL under different pH conditions, the samples were
immersed in PBS solutions with varying pH levels (4.6, 7.4,
and 11.0). Figure 6C illustrates the drug release profiles. As can
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Figure 6. (A) Drug release profiles from different samples at pH = 7.4: (a) TNTs-NaAL, (b) TNTs-PDA-NaAL, and (c) TNTs-PDA-Ca**-NaAL.
(B) Kinetic fitting of the sustained release stage for TNTs-PDA-Ca**-NaAL at pH = 7.4. (C) Drug release profiles of TNTs-PDA-Ca**-NaAL at
different pH values: (a) 4.6, (b) 7.4, and (c) 11.0. (D) Schematic diagram of the cleavage of the coordination bond between NaAL and Ca®'.

be seen from Figure 6C, a decrease in the pH value of the PBS
solution increased the drug release rate. At pH 4.6,
significant drug release was observed from TNTs-PDA-Ca*'-
NaAL. This was due to the acidity (pH = 4.6) that cleaved the
coordination bonds between Ca** and NaAL, thereby
increasing the free drug molecules released from TNTs-
PDA-Ca>". In contrast, a slower release rate was observed in
neutral or alkaline environments (pH 7.4 and pH = 11.0). This
suggests that the coordination bonds between Ca** and NaAL
were stable under neutral or alkaline conditions. In summary,
the drug was loaded onto TNTs-PDA-Ca** and achieved a
sustained release.

TNTs-PDA-Ca®*-NaAL were immersed in a PBS solution at
pH 7.4 and shaken for 15 days to investigate the release
behavior of calcium ions. The content was determined by
inductively coupled plasma emission spectroscopy. The total
amount of loaded calcium ions was 6.86 mg, of which only
2.6% was released after 15 days. Thus, the toxicity of the
TNTs-PDA-Ca**-NaAL was negligible due to the minimal
release of calcium ions. This indicated that the rapid release of
NaAL at pH 4.6 occurred as a result of coordination bond
cleavage between NaAL and Ca®*, as demonstrated in Figure
6D.

3.3. Mineralization. The bioactivity of biomaterial surfaces
can be assessed by the formation of hydroxyapatite (HA), a
mineral similar to bone that efficiently bonds with bone
tissues.>* ™7 To assess bioactivity, the samples were mineral-
ized in 1.5 SBF. Surface morphologies of distinct samples were
analyzed using FE-SEM after 5 days of mineralization in 1.5
SBF. Scanning electron microscopy (SEM) images (Figure 7)
indicated the formation of a mineralized HA layer on both
TNTs and TNTs-PDA-Ca?*. The surfaces of the TNTs were
partially covered by a thin HA layer (see Figure 7a), whereas
numerous mineralized HA nanospheres were highly concen-
trated on the TNT-PDA-Ca’* surface (see Figure 7b). The
results show that TNTs-PDA-Ca®* have a better mineralization
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Figure 7. SEM images of (a) TNTs and (b) TNTs-PDA-Ca*" after 5
days of mineralization in 1.5 SBF.

capability compared to pure TNTs primarily because Ca®* can
induce the nucleation of HA for its subsequent growth.
Moreover, the free catecholamine moieties and negative
surface charge of PDA can accelerate the formation of
HA.’®* Upon soaking in SBF solution, the interaction of
PDA functional groups with calcium ions at the nucleation
sites leads to the steady deposition of phosphate groups for the
growth of the calcium phosphate layer.

3.4. Cytocompatibility Evaluation. The CCK-8 assay
was conducted to evaluate the cytotoxicity of the samples.
MC3T3-E1 cells were cocultivated with various samples for 1
and 5 days. Figure 8 shows the cell cytocompatibility results.
Following 1 day of incubation, TNTs-PDA-Ca*" exhibited
slight toxicity, likely resulting from the sudden discharge of free
Ca’. After S days of incubation, the cell cytocompatibility
significantly increased on all substrates compared to the results
after 1 day, which suggests the biocompatibility of the samples
without any apparent toxicity to the cells. Figure 8 reveals that,
compared with TNTs, the surfaces of TNTs-PDA-Ca**
managed to capture more cells by exploiting the functionaliza-
tion with PDA and Ca** that strengthened the samples’
bioactivity. The higher biocompatibility shown by samples
loaded with NaAL may be related to the presence of the P
element in the drug.
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Figure 8. In vitro biocompatibility evaluation of different samples
with MC3T3-E1 cell incubation after 1 and 5 days.

4. CONCLUSIONS

To summarize, we successfully created a long-lasting drug
delivery system using TNTs by depositing a uniform PDA
layer on their surface through a simple ultrasonic method. The
TNTs were then modified with calcium ions covalently
bonded to NaAL. The drug release results indicated that
PDA-modified Ca**-doped TNTs showed a higher drug
loading capacity and release performance when compared to
pure TNTs. Furthermore, the results from both the
mineralization and cell viability assays demonstrated the
improved bioactivity of TNTs-PDA-Ca*".
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