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Abstract: The nanotubular surface of titanium implants is known to have superior osteogenic
activity but is also vulnerable to failure because of induced bacterial attachment and consequent
secondary infection. Here, the problem was attempted to be solved by depositing nanosized
tetracycline (TC)-loaded particles in poly(lactic-co-glycolic acid) on titania nanotubes (TNTs)
using the electrospray deposition method. The antibacterial effect of the newly formed TNT
surface was considered using the common pathogen Staphylococcus aureus. Maintenance of the
biocompatibility and osteogenic characteristics of TNTs has been tested through cytotoxicity tests and
osteogenic gene expression/extra-cellular matrix mineralization, respectively. The results showed
that TNTs were successfully formed by anodization, and the characterization of TC deposited on
the TNTs was controlled by varying the spraying parameters such as particle size and coating time.
The TC nanoparticle-coated TNTs showed antibacterial activity against Staphylococcus aureus and
biocompatibility with MC3T3-E1 pre-osteoblasts, while the osteogenic activity of the TNT structure
was preserved, as demonstrated by osteocalcin and osteopontin gene expression, as well as Alizarin
red staining. Hence, this study concluded that the electrosprayed TC coating of TNTs is a simple and
effective method for the formation of bactericidal implants that can maintain osteogenic activity.

Keywords: titanium; titania nanotubes; implants; tetracycline; electrospray deposition; antibacterial;
osteogenic activity

1. Introduction

Successful restoration using bone implants depends on secure bonding between the biomaterial
and bone tissue [1]. The surface properties of a biomaterial are critical factors that play a decisive
role in the success of implant surgery and allow the induction of early adhesion and differentiation of
osteogenic cells to ultimately achieve bone regeneration [2,3].

The oxide film on the surface of titanium (Ti) has excellent biocompatibility [4] and the ability
to integrate with bone by a process known as osseointegration [5]. Thus, it is the most widely used
biomaterial in implants. As a result that the oxide film of a Ti surface is only approximately 100 Å
thick [5], various surface treatments, including resorbable blasted media (RBM), sand-blasted large-grit
acid-etching (SLA) and anodization of titania nanotubes (TNTs), have been developed to thicken the
film and endow it with topographic characteristics that would allow it to have more bone-to-implant
contact [6–8]. Among these surface treatments, anodization of TNTs has the most tuneability to permit
deliberate adjustment of the diameter and length of the tubes [9,10]. Therefore, this treatment possesses
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the potential to induce quick osseointegration and excellent implant fixation at an early phase by
controlling the stem cell fate to adhere, migrate or differentiate [11–13].

Despite these advantages of TNTs, it has also been suggested that such treatment on implants is
vulnerable to failure because of the increased chance of bacterial attachment compared to conventional
machined Ti surfaces [14]. To prevent bacterial infections at the site of the implant, systemic delivery
of antibiotics has been typically prescribed after surgery; however, these drugs are accompanied by
possible antibiotic-associated side effects on other systemic organs [15]. Therefore, the investigation
of antibacterial coatings has been progressing to meet the need for an implant surface with both
satisfactory localized osteogenesis and antibacterial activity.

Tetracycline (TC) is a broad-spectrum antibiotic that inhibits bacterial protein synthesis, periodontitis
and osteomyelitis [16–18]. Biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) are
regularly used as TC carriers due to improved drug encapsulation, controlled release and reduced
cytotoxicity compared to that of other materials [19]. Many of the currently available antibacterial coating
methods, such as the dipping method, result in excellent long-term release [20] but lose the benefit
of the nanotubular structure as the antibacterial coating covers the TNT surface. To compensate for
this shortcoming, the nanoparticle coating process can be conducted by emulsification-diffusion [21],
solvent-emulsion evaporation [22], magnetron sputtering [23] or electrospray deposition (ESD) [24].

ESD involves spraying a solvent that has been atomized by applying high-voltage electricity to
the substrate. The major advantage of ESD is the precise control of the thin films through adjustment
of the solvent type, deposition rate, spray distance, nozzle diameter, etc. Additionally, compared to
other vapor deposition methods, ESD is conducted in an environment at room temperature and
atmospheric pressure; thus, the fabrication process has the advantage of being uncomplicated and
cost-effective [25–27].

Surface attachment of cells and bacteria occurs simultaneously and competitively [28,29],
therefore this study attempted to produce a surface on which the TNTs are nontoxic to cells but
destroy bacteria. In this in vitro study, we investigate a TNT surface modified by anodization with
time-dependent electrosprayed TC nanoparticles on which adhesion of Staphylococcus aureus (S. aureus)
is prevented while osteogenic activity of MC3T3-E1 is maintained due to TNT topographical effects.

2. Materials and Methods

2.1. TNT Fabrication

Ti discs (1.2 mm in diameter and 1 mm in thickness, 99.99% purity; Hyundai Titanium, Incheon,
Korea) were polished with a 3 µm diamond abrasive paste on a polishing cloth and ultra-sonically
degreased in acetone, ethanol and deionized (DI) water, successively, for 5 min each. TNTs were
fabricated using an electrochemical anodization method at 20 V for 1 h using a platinum plate as
the cathode in an electrolyte that consisted of 0.5 wt.% hydrofluoric acid [10]. After anodization,
the specimens were rinsed with DI water and dried in a vacuum chamber for 1 d. Heat treatment was
performed at 450 ◦C for 3 h in a furnace. All specimens were sterilized by ethylene oxide (EO) gas
before the in vitro tests.

2.2. Drug Loading with ESD

TC (0.1 wt.%; Sigma-Aldrich, St. Louis, MO, USA) and PLGA (0.1 wt.%, 50:50, mol wt.
40,000–75,000; Sigma-Aldrich) were dissolved in dichloromethane (Sigma-Aldrich) and stirred with
an agitator for 12 h. The solution was then centrifuged at 4500 rpm for 15 min, and the supernatant
was extracted. Drug loading was performed using an ESD device (NNC-ESP200R, NanoNC, Seoul,
Korea) at a constant voltage of 25 kV. A disposable syringe was filled with TC-PLGA liquid, and the
flow rate was set to 10 µL/min using an infusion pump (KSD 100, KD Scientific, Holliston, MA, USA).
The distance between the precision nozzle and the TNT substrate was set to 15 cm, and the deposition
time was varied from 2 to 60 min (Figure 1). Simple machined Ti (as supplied by the manufacturer
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before TNT fabrication) and TNT substrate without ESD deposition were used as the controls. All the
control and test groups are summarized in Table 1 with an assigned code for the purpose of this study.

Figure 1. Schematic drawings of the (a) electrochemical anodization and (b) electrospray deposition system.

Table 1. Surface properties of substrates.

MA T0 T2 T4 T8 T30 T60

Surface treatment Machined TNT 1 TNT TNT TNT TNT TNT
ESD 2 time (min) 0 0 2 4 8 30 60

1 TNT: titania nanotube, 2 ESD: electrospray deposition.

2.3. Surface and Particle Characterization

X-ray diffraction (XRD; Ultima IV, Rigaku, Tokyo, Japan) was conducted on the T0 sample before
and after the heat treatment as well as on the MA sample to detect and compare the crystallization
of TNT to simply machined Ti. Transmission electron microscopy (TEM; JEM-2010, JEOL, Tokyo,
Japan) and dynamic light scattering (DLS; ZEN 3690, Malvern Instruments, Malvern, UK) were used
to confirm the shape and diameter of TC particles. The particles for DLS were suspended in water
with electrospray deposition. Field-emission scanning electron microscopy (FE-SEM; JSM-6701F, JEOL,
Tokyo, Japan) was used to analyze the structure of the TNTs as well as the morphology of the deposited
TC particles on the test substrates.

2.4. Antibacterial Assay

S. aureus (American Type Culture Collection (ATCC) 29213, Manassas, VA, USA) was cultured
aerobically in brain heart infusion (BHI; Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
medium. The bacteria were seeded on substrates at an initial density of 1.0 × 107 colony forming units
(CFU)/mL and incubated at 37 ◦C for 24 h.

Antibacterial activity was investigated using the SYTO9 and propidium iodide (PI) LIVE/DEAD
BacLight Bacterial Viability/Cytotoxicity Kit™ (Invitrogen, Carlsbad, CA, USA). The bacteria on the
functionalized substrates were gently washed with phosphate-buffered saline (PBS; Gibco, Carlsbad,
CA, USA) and stained with a mixture of two-color nucleic acid stains for 15 min. SYTO9 stains normal
bacteria fluorescent green according to the condition of the bacterial membrane, while dead bacteria are
stained fluorescent red by PI. Immunofluorescence imaging was performed by confocal laser scanning
microscopy (CLSM; LSM700, Carl-Zeiss, Oberkcochen, Germany).

For the quantification of bacterial attachment, bacteria were cultured for 1 d and rinsed with PBS
followed by placement into a glass vial containing new BHI medium. The samples were ultrasonicated
for 5 min to detach the bacteria on the surface of the specimen. The extracted bacterial suspension was
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diluted 10-fold in series, spread on BHI agar plates and then incubated at 37 ◦C for 1 d. Afterwards,
evaluation of antibacterial activity was performed by counting the number of visible S. aureus CFU.

2.5. Cell Culture

Mouse pre-osteoblasts (MC3T3-E1, subclone 4; ATCC) were cultured in alpha minimum
essential medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 1%
antibiotics/antimycotics (Invitrogen). The cells were incubated in a humidified atmosphere with 5%
CO2 at 37 ◦C until the experiments were performed, and cells with passages less than 5 were used for
the experiments. The cells were placed on the samples at an initial density of 1.0 × 105 cells/mL.

2.6. Cytotoxicity Assay

Cytotoxicity was assessed with calcein AM and ethidium homodimer-1 (ethD-1) staining
(LIVE/DEAD Viability/Cytotoxicity Kit™, Invitrogen) assays. After culturing cells on each control and
test sample for 1 d, the cells on the substrates were washed in Dulbecco’s phosphate-buffered saline
(DPBS; Invitrogen) and stained with calcein AM for live cells (green) and ethD-1 for dead cells (red).
The images of stained cells were observed using a confocal laser microscope (LSM700, Carl-Zeiss).

2.7. Cell Morphology

To evaluate the morphology of attached cells, the cells were cultured on each control or test
sample for 24 h and then washed with wash buffer (0.05% Tween 20 in PBS), followed by fixation
with 4% paraformaldehyde. Fixed cells were then stained for 1 h with fluorescein isothiocyanate
(FITC)-labeled vinculin (Millipore, Billerica, MA, USA), which indicates focal adhesions (green)
and Tetramethylrhodamine (TRITC)-conjugated phalloidin, which indicates actin filaments (red).
The morphology of the cells was observed using CLSM (LSM700, Carl-Zeiss).

2.8. Osteogenic Gene Expression

The expression levels of the osteogenic markers osteopontin (OPN) and osteocalcin (OCN) were
detected by real-time reverse transcription-polymerase chain reaction (real-time RT-PCR). Briefly, after
21 d of culturing the cells on each control or test sample, RNA from the cells was extracted with TRIzol
(Invitrogen). Total RNA was reverse transcribed to complementary DNA (cDNA) using a high-capacity
RNA-to-cDNA kit (Applied Biosystems, Carlsbad, CA, USA). For DNA amplification, solutions
with specific primers and SYBR green (Applied Biosystems) were added to the respective cDNA
samples. Real-time PCR was then performed using an ABI Prism 7500 machine (Applied Biosystems).
The expression level of each osteogenic gene was normalized against the amount of glyceraldehyde
3-phosphate dehydrogenase. To confirm the findings, immunofluorescence staining was performed
with solutions of anti-OPN antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and anti-OCN
antibody (QED Bioscience, San Diego, CA, USA) in blocking solution (1% BSA in PBS) at 4 ◦C for
1 d. After the cells were rinsed with wash buffer, they were soaked in solution with goat anti-mouse
lgG-FITC (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h. The stained cells were observed using
CLSM (LSM700, Carl-Zeiss).

2.9. Extracellular Matrix Mineralization

Extracellular matrix mineralization was assessed using Alizarin red S (ARS; Sigma-Aldrich)
staining method. After culturing cells on each control or test sample for 3 weeks, adherent cells
were washed with PBS, fixed with absolute ethanol and stained using 2% ARS solution for 15 min.
Stained samples were then washed with DI water, and red-colored extracellular matrix mineralization
was photographed with an optical microscope. For the colorimetric assay, the specimen was soaked in
cetylpyridinium chloride (CPC; Sigma-Aldrich) solution for 1 h so that the stain on the specimen would
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dissolve. The absorbance of the CPC solution was then measured at 560 nm using a spectrophotometer
(Epoch, BioTek Instruments, Winooski, VT, USA).

2.10. Statistical Analysis

All experiments were repeated in triplicate. Quantitative data were expressed as the mean ±
standard deviation and analyzed with SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). One-way ANOVA
combined with Tukey’s post hoc test was used to determine the level of significance. A value of p < 0.05
was considered to be significant.

3. Results

3.1. Surface Characterization

The XRD spectra were obtained from T0 before and after heat treatment as well as from the MA
groups to characterize their surface crystallinity (Figure 2a). It was noted that the (1 0 1) anatase
diffraction peak was only identified in heat-treated T0 (T0-AH in Figure 2a) [30].

Figure 2. Surface characterization of control and test specimen. (a) XRD spectra of machined
Ti (MA), non-heat-treated T0 (T0-BH) and T0 heat-treated at 450 ◦C (T0-AH), characterization of
electrospray-deposited tetracycline nanoparticles by (b) dynamic light scattering for the nanoparticle size and
(c) transmission electron microscopy for the surface morphology of the nanoparticles (scale bar = 100 nm),
and (d) surface morphology of the specimens assessed by FE-SEM (top view) (scale bar = 200 nm).

The diameter of PLGA-coated TC particles produced by the ESD method was approximately
24.36 nm, as shown in Figure 2b, which was confirmed along with the morphology of the particles
using TEM and DLS (Figure 2c).
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The morphology of the control group and the ESD-sprayed test group was verified by FE-SEM
(Figure 2d). The surface of the MA group made by grinding pure Ti was flat, whereas the surface of T0
prepared by anodization treatment with MA as a substrate presented TNTs with regularly shaped
nanotubes that were 100 nm in diameter. The structure of the tubes was shown to be preserved even
after heat treatment. For the samples deposited with TC particles by ESD with increasing spraying time,
the applied particles were evenly distributed along the tube structures, maintaining the unique TNT
topography until 16 min of deposition (T2, T4, T8 and T16 in Figure 2d). However, it was observed that
the entrances of the TNTs were completely sealed following 30 min of deposition (T30 in Figure 2d),
whereas the tube-like structures were difficult to be seen in the FE-SEM image following 60 min of
deposition (T60 in Figure 2d) due to the TC layer.

3.2. Antibacterial Activity

Figure 3a shows the immunofluorescence following the culture of S. aureus on each specimen.
The number of intact live bacteria, which exhibited a green color, was greater in the T0 group than
in the MA group. However, the number of viable S. aureus decreased with increasing spraying time.
The number of viable bacteria was significantly reduced in groups T2 and T4 compared with both MA
and T0, with an increased number of dead bacteria (red color). Furthermore, no intact bacteria were
observed in groups T8, T16, T30 and T60.

Figure 3. (a) Fluorescence images of live (green) and dead (red) stained S. aureus on specimens following
24 h of incubation (scale bar = 200 µm). (b) Antibacterial activity of specimens versus adherent S. aureus
seeded after 24 h assessed using the CFU count method (different letters indicate significantly different
groups at p < 0.05).

Additionally, residual bacterial proliferation was confirmed with the CFU count method (Figure 3b).
The number of colonies was approximately 240 CFU/mL in MA, whereas the T0 group showed CFU
counts of approximately 320 CFU/mL, which is 33% higher than that in the MA group. However, the CFU
numbers decreased significantly to 101 and 25 in the T2 and T4 groups, respectively, both of which
received antibiotics. No colonies were observed in the T8 group or in any of the other groups with a
longer duration of deposition than that of T8, proving the antimicrobial characteristic of TC.

3.3. Cytotoxicity

As stated above, an overdose of TC may be toxic to cells. Therefore, the cytotoxicity was evaluated,
and the results are shown in Figure 4. The patterns of cell distributions and the viability of cells in groups
T2, T4 and T8 were similar to those in T0 despite the increase in spraying time. However, when the
spraying time reached 16 min (T16), the cells became thinner, and dead cells that were stained red
started to appear (arrows on Figure 4). Furthermore, most cells in the T30 groups had a round shape
with an increasing number of dead cells, while most of the cells in T60 appeared to be circular and dead.
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Figure 4. Fluorescence images for evaluation of the cytotoxicity of the surface by 24 h of cell culture
using live (green) and dead (red, arrows in T16) stained osteoblasts (scale bar = 200 µm).

3.4. Cell Morphology

The morphology of attached cells was observed by confocal laser microscopy to investigate the
effects of surface treatment on the cells (Figure 5). In the T0 group, the cytoskeleton was well developed
relative to the MA group, with extended actin filaments (red) and focal adhesions as shown by vinculin
(green). This morphological shape was relatively unchanged in the T8 group in which the TC particles
were introduced.

Figure 5. Fluorescence images of actin (red) and vinculin (green) in osteoblasts cultured on the
specimens for 24 h (scale bar = 50 µm).

3.5. Gene Eexpression

The gene expression of OCN and OPN, markers of osteogenesis, was assessed by both
immunofluorescence and RT-PCR to determine the bioactivity of the control and test specimens
(Figure 6). The RT-PCR results showed the upregulation of osteogenic differentiation by osteoblast
cells on the nanotubular surface (T0) relative to the flat surface (MA) (Figure 6a). This effect was
maintained even after the application of TC on the surface of the nanotubes using the ESD method (T8).
The result was then confirmed with immunofluorescence, which also showed upregulation of OCN in
T0 relative to the MA group (Figure 6b). Additionally, OPN was significantly more densely expressed
in the former group, exhibiting the same pattern as the cells. There was no significant difference in the
amounts of OCN and OPN expression between the T8 and T0 groups; both groups had relatively high
levels of expression.



Nanomaterials 2020, 10, 1093 8 of 12

Figure 6. Osteogenic differentiation of osteoblasts on the specimens for 21 d. (a) The expression
levels of osteopontin (OPN) and osteocalcin (OCN) assessed by real-time RT-PCR (*p < 0.05 vs. MA).
(b) Fluorescence images of OCN (upper) and OPN (lower) (scale bar = 100 µm).

3.6. Extracellular Matrix Mineralization

Extracellular matrix mineralization was measured with ARS staining (Figure 7a). The surface
of the MA group showed a weak distribution of crystals, while the T0 group had increased calcium
content, which was evident as reddish-black coloration and wave-shaped crystallization nodules
(arrows in Figure 7a). In addition, the calcium crystallization rate in the T8 group was similar to
that in the T0 group. Quantitative analysis through measurement of the absorbance showed that the
absorbance value was significantly higher by 23% in the T0 group than in the MA group, while there
was no statistically significant difference in absorbance between groups T0 and T8 (Figure 7b).

Figure 7. Extracellular matrix mineralization of osteoblasts on the specimens for 21 d assessed by
Alizarin red S (ARS) staining. (a) Optical images (arrows indicate nodules) and (b) colorimetric
quantitative analysis (*p < 0.05 vs. MA).

4. Discussion

Infection is the main reason for early-stage implant failure due to its interference with the bonding
of the implant surface with bone tissue [28,31]. Therefore, the development of an implant surface that
possesses both osteogenic abilities and antibacterial activity is our ultimate long-term objective [32].

To develop a bioactive surface, many studies have applied growth factors to improve the osteogenic
abilities [33,34] and either antibiotics [15] or inorganic nanoparticles [23] to impart the implant surface
with antibacterial properties. Despite the excellent results reported from these studies, there are clearly
also challenges [35]. Even if a growth factor possesses excellent osteogenic abilities, high cost and
side effects have often been reported [36], whereas inorganic nanoparticles that are effective against
antibiotic-resistant bacteria need verification of their long-term cytotoxicity as they are not degraded
in vivo [23,37]. Additionally, the dipping method of antibiotic polymer coatings for long-term drug
release [20] has been known for the difficulty of forming a uniform coating layer and inability to
conserve the surface structure of the substrate.

Hence, to overcome these problems, this study aimed to apply and verify the ESD method for nontoxic
antibacterial activity by forming a compact TC nanoparticle pattern while preserving the osteogenic ability
of TNTs. The ESD method has been applied in various biomedical areas, including implant coating [38],
scaffold production [39] and biosensors [40]. By adjusting conditions such as the voltage, the distance
between the nozzle and the substrate, the applied pressure on the solvent and the duration of spraying,
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ESD can easily be used to form a surface with the preferred layer characteristics, as observed with the test
samples of this study (Figure 1) [26]. In a previous study where the particles created by the ESD method
resulted in an average diameter of 100 nm [41], our method of using a simple centrifuge stage resulted
in PLGA-coated TC particles with an average diameter of 24.36 nm (Figure 2c). Smaller particle sizes
have many advantages for ESD applications, such as the prevention of metal nozzle blockage, which is a
common problem that can occur when using ESD equipment. In addition, because the sprayed droplets in
the ESD method not only attain a mono-disperse distribution but are also charged, they demonstrate the
merit of decreasing the tendency for droplets to aggregate with each other [26]. Thus, particles were evenly
sprayed along the structure of the tube with a diameter of 100 nm, as seen from T2 to T16 in Figure 2d.
However, when the spraying time increased to T30, there was an intensified aggregation of particles
that resulted in the formation of a layer-like structure, which completely closed the tubular structures.
The thickness of the antibacterial complex layer is expected to determine the bactericidal effectiveness
and toxicity to the cell [42]. Additionally, covering the nanotubular structures, which contribute to the
osteogenic properties, may result in a loss of the bioactive features of the surface [12]. Therefore, the rest
of the investigations in this study focused on seeking the critical point at which the antibacterial activity
and osteogenic properties of the nanotubular structures were maintained without causing cytotoxicity.

Following heat treatment, the TNTs had a low contact angle, which indicates that high
surface energy contributes to the blood infiltrating the surface and enhancing osteoblast attachment.
Additionally, the development of the anatase phase, as confirmed by XRD following heat treatment
of the TNTs, is expected to contribute to the favorable osteogenic properties of the Ti surface
(Figure 2a) [11,43,44].

The antibacterial activity of TC nanoparticles on specimens has been demonstrated with different
degrees of bacterial attachment (Figure 3a). Initially, there was an increased number of S. aureus cells
attached to T0 compared to the flat MA surface, as the surface provided a more favorable surface for
the bacteria to attach as the surface area increased [14]. Rapid decreases in the number of living bacteria
were observed from T2 to T8 as the loading and release of TC gradually increased. PI infiltrates bacteria
possessing damaged membranes and stains the nucleic acids red [45]. However, fluorescent red
bacteria were not observed from T8 to T16 because the damaged bacteria on TC were no longer attached
to the substrate but instead were washed away during the staining process. These results were then
confirmed by the results shown in Figure 3b, where CFU counts were used to monitor the residual
bacterial growth. There were statistically significant decreases in the number of bacteria in T2 and T4,
and bacterial colonization was suppressed from T8 onward.

Despite the positive antibacterial effects of TC shown above, release of TC nanoparticles from
the biomaterial needs to be controlled because they can induce cytotoxicity at overdose levels [42].
The cytotoxicity of each test group was confirmed through the assessment of cell viability using the
LIVE/DEAD assay (Figure 4). The results showed that each cell had a dramatic radial spread in T0
compared to that in MA. The same tendency has been observed from T0 to T8, therefore it seems
to be an effect of the TNT structure [11–13]. Additionally, there was no significant difference in the
number of attached cells, but we found that the cells had already started to transform from T16 and that
dead cells began appearing, as confirmed through CLSM (white arrows). The number of undamaged
cells decreased in T30, and dead cells that were completely round and destroyed by the toxicity of
TC were observed in T60. The ultimate objective of processing the implant surface was to induce
osseointegration [1], therefore we selected 1 group from the test group, T8, which was shown to
maintain the TNT structure without being covered by the TC layer and to impede colonization of
bacteria without causing cytotoxicity to host cells. This group was compared with MA and T0 to
investigate the maintenance of cell attachment and the osteogenic differentiation potency of the TNTs
even after ESD spraying with TC. The results showed that the morphology of cell attachment on T8 was
similar to that on T0 because the topographical cue had been preserved (Figure 5). The TNT structure
contains an empty space in the middle that gives a long distance between the parts that the cells can
attach to, which manifests as an elongation of actin filaments and the cytoskeleton. Although some
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particles that have been sprayed at the edge of the tube exist in a random nanonodule shape (Figure 2c),
there was no significant effect on focal adhesion formation [46–48].

Finally, the ability of TNTs to induce osteogenic differentiation without any chemical factors
was investigated. The RT-PCR results showed that the gene expression of the protein osteogenic
markers OCN and OPN was upregulated and induced differentiation into osteoblasts in both T0 and
T8 compared with the non-TNT surface of the MA group. The high number of fluorescent signals in
OCN and OPN present in T0 and T8 also confirmed that osteogenic signaling was initiated due to the
applied tension to cells through stretching by the TNT surface structure [13]. Furthermore, the results
of ARS staining showed that there was no significant difference in nodule formation and extracellular
matrix mineralization between T0 and T8 (Figure 7). These results clearly suggest that TC particles
sprayed on the T8 surface using the ESD method do not hinder osteoblast differentiation compared
with unsprayed TNT surfaces.

This study showed that a TC-sprayed surface such as T8 formed using ESD demonstrated
antibacterial activity and osteogenic abilities. The ESD method can provide antibacterial activity on the
surface without causing cytotoxicity, while the properties of the TNT structure were preserved from
such an antibacterial coating in terms of the stimulation of OCN and OPN signaling, thus inducing
osteogenic differentiation. However, there is limited prevention of secondary infections after the
complete fixation of implants because only a minimal quantity of TC has been sprayed to preserve
the TNT surface structure. In addition, the wear resistance of the surface during implantation is one
of the tasks to be overcome. Nonetheless, we can expect antibacterial effects against the invasion of
foreign bacteria while the osteogenic ability is maintained during the early critical period, which is
when the cells attach onto the surface and differentiate. Our approach also has the potential to be used
to complexly apply various other ingredients on top of nanotubes using a similar process, which is a
topic of further research.

5. Conclusions

To improve the antibacterial and osteogenic activity of the TNT surface, TC particles were
deposited using the ESD method. Our results showed that the distribution along the tube structures
and release of TC nanoparticles can be controlled by the spraying time. The T8 group showed significant
antimicrobial activity without cytotoxicity. Moreover, the deposition of TC in the T8 group maintained
the osteogenic activity of the TNTs, as demonstrated by the morphology of cells but also by inducing
osteogenic effects of osteoblasts as good as those observed in the T0 group. These results show that,
despite some limitations, TNTs coated with TC nanoparticles using the ESD method have osteogenic
and antibacterial activity, which may be able to reduce the failure rate of implant surgery.

Author Contributions: Conceptualization, S.-Y.I. and J.-S.K.; methodology, S.-Y.I. and J.-S.K.; validation, K.-M.K.
and J.-S.K.; formal analysis, S.-Y.I.; investigation, S.-Y.I.; resources, K.-M.K. and J.-S.K.; data curation, S.-Y.I.;
writing—original draft preparation, S.-Y.I.; writing—review and editing, K.-M.K. and J.-S.K.; visualization, S.-Y.I.;
supervision, K.-M.K. and J.-S.K.; project administration, K.-M.K. and J.-S.K.; funding acquisition, K.-M.K. and
J.-S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Yonsei University College of Dentistry (6-2019-0021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Puleo, D.A.; Nanci, A. Understanding and controlling the bone-implant interface. Biomaterials 1999, 20, 2311–2321.
[CrossRef]

2. Stevens, M.M.; George, J.H. Exploring and engineering the cell surface interface. Science 2005, 310, 1135–1138.
[CrossRef] [PubMed]

3. Guilak, F.; Cohen, D.M.; Estes, B.T.; Gimble, J.M.; Liedtke, W.; Chen, C.S. Control of stem cell fate by physical
interactions with the extracellular matrix. Cell Stem Cell 2009, 5, 17–26. [CrossRef] [PubMed]

4. Steinemann, S.G. Titanium-the material of choice? Periodontol. 2000 1998, 17, 7–21. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0142-9612(99)00160-X
http://dx.doi.org/10.1126/science.1106587
http://www.ncbi.nlm.nih.gov/pubmed/16293749
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19570510
http://dx.doi.org/10.1111/j.1600-0757.1998.tb00119.x
http://www.ncbi.nlm.nih.gov/pubmed/10337309


Nanomaterials 2020, 10, 1093 11 of 12

5. Albrektsson, T.; Branemark, P.I.; Hansson, H.A.; Lindstrom, J. Osseointegrated titanium implants.
Requirements for ensuring a long-lasting, direct bone-to-implant anchorage in man. Acta Orthop. Scand.
1981, 52, 155–170. [CrossRef] [PubMed]

6. Dohan Ehrenfest, D.M.; Coelho, P.G.; Kang, B.S.; Sul, Y.T.; Albrektsson, T. Classification of osseointegrated
implant surfaces: Materials, chemistry and topography. Trends Biotechnol. 2010, 28, 198–206. [CrossRef]

7. Mendonca, G.; Mendonca, D.B.; Aragao, F.J.; Cooper, L.F. Advancing dental implant surface technology–from
micron- to nanotopography. Biomaterials 2008, 29, 3822–3835. [CrossRef]

8. Le Guehennec, L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for
rapid osseointegration. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2007, 23, 844–854. [CrossRef]

9. Hebert, K.R.; Albu, S.P.; Paramasivam, I.; Schmuki, P. Morphological instability leading to formation of
porous anodic oxide films. Nat. Mater. 2011, 11, 162–166. [CrossRef]

10. Chen, X.; Mao, S.S. Titanium dioxide nanomaterials: Synthesis, properties, modifications, and applications.
Chem. Rev. 2007, 107, 2891–2959. [CrossRef]

11. Roy, P.; Berger, S.; Schmuki, P. TiO2 nanotubes: Synthesis and applications. Angew. Chem. 2011, 50, 2904–2939.
[CrossRef] [PubMed]

12. Brammer, K.S.; Frandsen, C.J.; Jin, S. TiO2 nanotubes for bone regeneration. Trends Biotechnol. 2012, 30, 315–322.
[CrossRef] [PubMed]

13. Oh, S.; Brammer, K.S.; Li, Y.S.; Teng, D.; Engler, A.J.; Chien, S.; Jin, S. Stem cell fate dictated solely by altered
nanotube dimension. Proc. Natl. Acad. Sci. USA 2009, 106, 2130–2135. [CrossRef] [PubMed]

14. Puckett, S.D.; Taylor, E.; Raimondo, T.; Webster, T.J. The relationship between the nanostructure of titanium
surfaces and bacterial attachment. Biomaterials 2010, 31, 706–713. [CrossRef] [PubMed]

15. Zilberman, M.; Elsner, J.J. Antibiotic-eluting medical devices for various applications. J. Control. Release
2008, 130, 202–215. [CrossRef] [PubMed]

16. Chopra, I.; Roberts, M. Tetracycline antibiotics: Mode of action, applications, molecular biology, and
epidemiology of bacterial resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232–260. [CrossRef]

17. Mombelli, A.; Feloutzis, A.; Bragger, U.; Lang, N.P. Treatment of peri-implantitis by local delivery of
tetracycline. Clinical, microbiological and radiological results. Clin. Oral Implant. Res. 2001, 12, 287–294.
[CrossRef]

18. Lazzarini, L.; Lipsky, B.A.; Mader, J.T. Antibiotic treatment of osteomyelitis: What have we learned from
30 years of clinical trials? Int. J. Infect. Dis. 2005, 9, 127–138. [CrossRef]

19. Jain, R.A. The manufacturing techniques of various drug loaded biodegradable poly(lactide-co-glycolide)
(PLGA) devices. Biomaterials 2000, 21, 2475–2490. [CrossRef]

20. Gulati, K.; Ramakrishnan, S.; Aw, M.S.; Atkins, G.J.; Findlay, D.M.; Losic, D. Biocompatible polymer coating
of titania nanotube arrays for improved drug elution and osteoblast adhesion. Acta Biomater. 2012, 8, 449–456.
[CrossRef]

21. Sahana, D.K.; Mittal, G.; Bhardwaj, V.; Kumar, M.N. PLGA nanoparticles for oral delivery of hydrophobic
drugs: Influence of organic solvent on nanoparticle formation and release behavior in vitro and in vivo
using estradiol as a model drug. J. Pharm. Sci. 2008, 97, 1530–1542. [CrossRef] [PubMed]

22. Dong, Y.; Feng, S.S. Poly(d,l-lactide-co-glycolide)/montmorillonite nanoparticles for oral delivery of anticancer
drugs. Biomaterials 2005, 26, 6068–6076. [CrossRef] [PubMed]

23. Chaloupka, K.; Malam, Y.; Seifalian, A.M. Nanosilver as a new generation of nanoproduct in biomedical
applications. Trends Biotechnol. 2010, 28, 580–588. [CrossRef] [PubMed]

24. Kumbar, S.G.; Bhattacharyya, S.; Sethuraman, S.; Laurencin, C.T. A preliminary report on a novel electrospray
technique for nanoparticle based biomedical implants coating: Precision electrospraying. J. Biomed. Mater.
Res. Part B 2007, 81, 91–103. [CrossRef]

25. Hayati, I.; Bailey, A.; Tadros, T.F. Mechanism of stable jet formation in electrohydrodynamic atomization.
Nature 1986, 319, 41–43. [CrossRef]

26. Berkland, C.; Pack, D.W.; Kim, K.K. Controlling surface nano-structure using flow-limited field-injection
electrostatic spraying (FFESS) of poly(D,L-lactide-co-glycolide). Biomaterials 2004, 25, 5649–5658. [CrossRef]

27. Bock, N.; Dargaville, T.R.; Woodruff, M.A. Electrospraying of polymers with therapeutic molecules: State of
the art. Prog. Polym. Sci. 2012, 37, 1510–1551. [CrossRef]

28. Gristina, A.G. Biomaterial-centered infection: Microbial adhesion versus tissue integration. Science
1987, 237, 1588–1595. [CrossRef]

http://dx.doi.org/10.3109/17453678108991776
http://www.ncbi.nlm.nih.gov/pubmed/7246093
http://dx.doi.org/10.1016/j.tibtech.2009.12.003
http://dx.doi.org/10.1016/j.biomaterials.2008.05.012
http://dx.doi.org/10.1016/j.dental.2006.06.025
http://dx.doi.org/10.1038/nmat3185
http://dx.doi.org/10.1021/cr0500535
http://dx.doi.org/10.1002/anie.201001374
http://www.ncbi.nlm.nih.gov/pubmed/21394857
http://dx.doi.org/10.1016/j.tibtech.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22424819
http://dx.doi.org/10.1073/pnas.0813200106
http://www.ncbi.nlm.nih.gov/pubmed/19179282
http://dx.doi.org/10.1016/j.biomaterials.2009.09.081
http://www.ncbi.nlm.nih.gov/pubmed/19879645
http://dx.doi.org/10.1016/j.jconrel.2008.05.020
http://www.ncbi.nlm.nih.gov/pubmed/18687500
http://dx.doi.org/10.1128/MMBR.65.2.232-260.2001
http://dx.doi.org/10.1034/j.1600-0501.2001.012004287.x
http://dx.doi.org/10.1016/j.ijid.2004.09.009
http://dx.doi.org/10.1016/S0142-9612(00)00115-0
http://dx.doi.org/10.1016/j.actbio.2011.09.004
http://dx.doi.org/10.1002/jps.21158
http://www.ncbi.nlm.nih.gov/pubmed/17722098
http://dx.doi.org/10.1016/j.biomaterials.2005.03.021
http://www.ncbi.nlm.nih.gov/pubmed/15894372
http://dx.doi.org/10.1016/j.tibtech.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20724010
http://dx.doi.org/10.1002/jbm.b.30641
http://dx.doi.org/10.1038/319041a0
http://dx.doi.org/10.1016/j.biomaterials.2004.01.018
http://dx.doi.org/10.1016/j.progpolymsci.2012.03.002
http://dx.doi.org/10.1126/science.3629258


Nanomaterials 2020, 10, 1093 12 of 12

29. Anselme, K.; Davidson, P.; Popa, A.M.; Giazzon, M.; Liley, M.; Ploux, L. The interaction of cells and bacteria
with surfaces structured at the nanometre scale. Acta Biomater. 2010, 6, 3824–3846. [CrossRef]

30. Uchida, M.; Kim, H.M.; Kokubo, T.; Fujibayashi, S.; Nakamura, T. Structural dependence of apatite formation
on titania gels in a simulated body fluid. J. Biomed. Mater. Res. Part A 2003, 64, 164–170. [CrossRef]

31. Campoccia, D.; Montanaro, L.; Arciola, C.R. The significance of infection related to orthopedic devices and
issues of antibiotic resistance. Biomaterials 2006, 27, 2331–2339. [CrossRef] [PubMed]

32. Anderson, D.G.; Burdick, J.A.; Langer, R. Materials science. Smart biomaterials. Science 2004, 305, 1923–1924.
[CrossRef] [PubMed]

33. Urist, M.R.; DeLange, R.J.; Finerman, G.A. Bone cell differentiation and growth factors. Science 1983, 220, 680–686.
[CrossRef]

34. Kirker-Head, C.A. Potential applications and delivery strategies for bone morphogenetic proteins. Adv. Drug
Deliv. Rev. 2000, 43, 65–92. [CrossRef]

35. Peppas, N.A.; Langer, R. New challenges in biomaterials. Science 1994, 263, 1715–1720. [CrossRef] [PubMed]
36. Luvizuto, E.R.; Tangl, S.; Zanoni, G.; Okamoto, T.; Sonoda, C.K.; Gruber, R.; Okamoto, R. The effect of

BMP-2 on the osteoconductive properties of beta-tricalcium phosphate in rat calvaria defects. Biomaterials
2011, 32, 3855–3861. [CrossRef]

37. AshaRani, P.V.; Low Kah Mun, G.; Hande, M.P.; Valiyaveettil, S. Cytotoxicity and genotoxicity of silver
nanoparticles in human cells. ACS Nano 2009, 3, 279–290. [CrossRef]

38. de Jonge, L.T.; Leeuwenburgh, S.C.; van den Beucken, J.J.; Wolke, J.G.; Jansen, J.A. Electrosprayed enzyme
coatings as bioinspired alternatives to bioceramic coatings for orthopedic and oral implants. Adv. Funct. Mater.
2009, 19, 755–762. [CrossRef]

39. Dzenis, Y. Material science. Spinning continuous fibers for nanotechnology. Science 2004, 304, 1917–1919.
[CrossRef]

40. Bernard, A.; Renault, J.P.; Michel, B.; Bosshard, H.R.; Delamarche, E. Microcontact printing of proteins.
Adv. Mater. 2000, 12, 1067–1070. [CrossRef]

41. Yeo, L.Y.; Gagnon, Z.; Chang, H.C. AC electrospray biomaterials synthesis. Biomaterials 2005, 26, 6122–6128.
[CrossRef] [PubMed]

42. Duewelhenke, N.; Krut, O.; Eysel, P. Influence on mitochondria and cytotoxicity of different antibiotics
administered in high concentrations on primary human osteoblasts and cell lines. Antimicrob. Agents
Chemother. 2007, 51, 54–63. [CrossRef] [PubMed]

43. Oh, S.; Daraio, C.; Chen, L.H.; Pisanic, T.R.; Finones, R.R.; Jin, S. Significantly accelerated osteoblast cell
growth on aligned TiO2 nanotubes. J. Biomed. Mater. Res. Part A 2006, 78, 97–103. [CrossRef] [PubMed]

44. Eriksson, C.; Nygren, H.; Ohlson, K. Implantation of hydrophilic and hydrophobic titanium discs in rat
tibia: Cellular reactions on the surfaces during the first 3 weeks in bone. Biomaterials 2004, 25, 4759–4766.
[CrossRef]

45. Berney, M.; Hammes, F.; Bosshard, F.; Weilenmann, H.U.; Egli, T. Assessment and interpretation of bacterial
viability by using the LIVE/DEAD BacLight Kit in combination with flow cytometry. Appl. Environ. Microbiol.
2007, 73, 3283–3290. [CrossRef]

46. Albrecht-Buehler, G. Filopodia of spreading 3T3 cells. Do they have a substrate-exploring function? J. Cell
Biol. 1976, 69, 275–286. [CrossRef]

47. Nobes, C.D.; Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes
associated with actin stress fibers, lamellipodia, and filopodia. Cell 1995, 81, 53–62. [CrossRef]

48. Minagar, S.; Berndt, C.C.; Wang, J.; Ivanova, E.; Wen, C. A review of the application of anodization for the
fabrication of nanotubes on metal implant surfaces. Acta Biomater. 2012, 8, 2875–2888. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.actbio.2010.04.001
http://dx.doi.org/10.1002/jbm.a.10414
http://dx.doi.org/10.1016/j.biomaterials.2005.11.044
http://www.ncbi.nlm.nih.gov/pubmed/16364434
http://dx.doi.org/10.1126/science.1099987
http://www.ncbi.nlm.nih.gov/pubmed/15448260
http://dx.doi.org/10.1126/science.6403986
http://dx.doi.org/10.1016/S0169-409X(00)00078-8
http://dx.doi.org/10.1126/science.8134835
http://www.ncbi.nlm.nih.gov/pubmed/8134835
http://dx.doi.org/10.1016/j.biomaterials.2011.01.076
http://dx.doi.org/10.1021/nn800596w
http://dx.doi.org/10.1002/adfm.200800819
http://dx.doi.org/10.1126/science.1099074
http://dx.doi.org/10.1002/1521-4095(200007)12:14&lt;1067::AID-ADMA1067&gt;3.0.CO;2-M
http://dx.doi.org/10.1016/j.biomaterials.2005.03.033
http://www.ncbi.nlm.nih.gov/pubmed/15893816
http://dx.doi.org/10.1128/AAC.00729-05
http://www.ncbi.nlm.nih.gov/pubmed/17088489
http://dx.doi.org/10.1002/jbm.a.30722
http://www.ncbi.nlm.nih.gov/pubmed/16602089
http://dx.doi.org/10.1016/j.biomaterials.2003.12.006
http://dx.doi.org/10.1128/AEM.02750-06
http://dx.doi.org/10.1083/jcb.69.2.275
http://dx.doi.org/10.1016/0092-8674(95)90370-4
http://dx.doi.org/10.1016/j.actbio.2012.04.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	TNT Fabrication 
	Drug Loading with ESD 
	Surface and Particle Characterization 
	Antibacterial Assay 
	Cell Culture 
	Cytotoxicity Assay 
	Cell Morphology 
	Osteogenic Gene Expression 
	Extracellular Matrix Mineralization 
	Statistical Analysis 

	Results 
	Surface Characterization 
	Antibacterial Activity 
	Cytotoxicity 
	Cell Morphology 
	Gene Eexpression 
	Extracellular Matrix Mineralization 

	Discussion 
	Conclusions 
	References

