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Antibacterial Activities of TiO, Nanotubes on
Porphyromonas gingivalis

Xiaoguo Shi,"” Quan Xu,”” Ang Tian,* Yulou Tian,* Xiangxin Xue,** Hongjing
Sun,‘ He Yang® and Chenbo Dong?

Titanium-based nanomaterials have been widely used as the dental implant for the advantages
of antiseptic and nano-interface effects. Specially, their application as surface decontamination
biocompatible materials attracts more and more attention. In this study, TiO, nanotube-based
antibacterial system has been fabricated by anodic oxidation method and its morphology,
crystalline phase and hydrophilic property were characterized. The effects of TiO, nanotubes
on bacterial growth inhibition as well as bacteria cell fate were also investigated. The results
indicated that TiO, nanotubes with mixed phases showed excellent antibacterial performance
under Ultraviolet light irradiation and their antibacterial ability could be attributed to the
oxidative stress induced by the TiO, nanotubes. The antibacterial performance of TiO,
nanotube coating can be manipulated with the photocatalytic activity as well as the geometry
characteristic. Our study firstly unravel that interaction with TiO, surface may increase the

potential survive chance of Porphyromonas gingivalis when exposed to the antibacterial drug.

1. Introduction

Dental implant is one of the most important methods
in treating missing teeth for its excellent stability and
biocompatibility.'”> However, dental implant has low
mechanical strength and may cause periimplantitis. Specially,
the periimplantitis occur in the functional bone joint surface,
leading to the inflammatory process and failure of
transplantation. Thus, the adverse effects need to be considered
in order to full achieve their application in biomedical fields.
Several factors could attribute to periimplantitis. Firstly, the
low biocompatibility of implant leads to little blood vessels
existing at the implant and bone layer interface, which inhibit
antibody reaching to the surface of the implant and eventually
cause the reduced resistance around the local host.? In addition,
microbial adhesions and their toxic products could lead to
epithelial separation and form periodontal pocket when implant
exposed to oral environment without the protection of the
periodontal membrane and vascular plexus, resulting in loss of
supporting bones and reducing the mechanical stability at bone-
implant interface.* Besides, bacteria and other microorganisms
could adhere to the implant surface, forming the bacteria plaque
biofilm which disable the immune system and antibacterial
agent > as well as leading to the failure of the implanting.
Thus, to develop dental implant materials with enhanced
biocompatibility and antibacterial performance is under urgent
for full achieving their application in biomedical field.”®

This journal is © The Royal Society of Chemistry 2013

Generally, the dental implant materials include: metals and
alloys, ceramics materials, carbon materials, polymer materials,
composite materials. ° Compared with other implant materials,
metal alloys such as ZrO,, Ti and TiO, have been widely used
in the field of stomatology and orthopaedics for their
advantages of excellent corrosion resistance and appropriate
mechanical properties. Among these alloys materials, TiO,
nanomaterials attract great attention due to its great stability
and biocompatibility. However, few articles investigate such
functional nanomaterials potential to be used as dental implant,
thus, to evaluate the potential application of TiO, as dental
implant materials is under urgent need.'™' Because of the
absence of antibacterial properties, titanium based materials
need to be modified to achieve excellent surface
decontamination activity. Nanotechnologies have been
demonstrated as great methods to fabricate functional materials
with specific properties include self-clean properties.'!'1®
Specially, TiO, coated Titanium structures could reduce the
bacteria adhesion and display excellent antibacterial property
which could be attributed to the nanoscale surface roughness
and high surface energy.'”'® TiO, have ability to absorb the
light which wavelength is below 400nm and generate electron
(") and hole (h*) pair which can produce active hydroxyl free
radical (-OH) and superoxide anion radical (0. The reactive
oxygen species could interact with the cell walls, lead to
bacterial cell membrane rupture or killing of the germs.’**' In
addition, such reactive oxygen species can break the basic
group of DNA strand, disrupt the duplication process of DNA
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in microbial cells and ultimately cause cell death. Thus, TiO,
nanotube (TNT) has been applied as excellent candidate in the
field of antibacterial coating **>* and bone transplantation >
because of its highly ordered tubular structure, high specific
surface area, high surface roughness and capacity for drug
loading.?

For orthopedic applications, TiO, nanotubes have ability to
selectively adsorb vitronectin and fibronectin and therefore
promote to the association with bone reconstruction involving
vitro cell adhesion, proliferation and differentiation.’”*® TiO,
nanotubes with smaller diameter (30 nm) could improve the
adhesion of osteoblast at the greatest extent, while such effects
were not observed for TiO, with large diameter (70 nm).
What’s more, bacterial behaviour also exhibited size and
topography dependent manner when cultured on TiO,
nanotubes surface. It was observed that the number of bacteria
cultured on relatively rough TiO, nanotubes surface are
significantly reduced, compared with the smooth surface of the
Ti. Specially, bacteria cultured on nanotubes with diameter of
40-60 nm *° and 200 nm ** showed most reduced number. The
stress response of germs to the nanotubes could lead to the
rupture of bacteria cell membrane *' and cause cell death. The
nano-interface properties of TiO, can inhibit adhesion and
proliferation of certain bacteria. However, it was noted that the
interaction between nanomaterials and bacteria will increase
some bacterial drug resistance via increasing of horizontal
transfer between resistance genes of bacteria, which may
induce potential threat to global public health. For example,
nano alumina can promote RP4 plasmid from Escherichia coli
and salmonella joint and lead to the horizontal transfer drug
resistance genes.*”> Therefore, the potential risk assessment of
nano-effect should arouse great concerns. Porphyromonas
gingivalis can generate virulence factors which could result in
the loss of periodontal attachment level. Thus, in this study, we
use P. gingivalis 381 to investigate the bacteria responses to the
change of calibers and related the drug resistance under
different reagent concentration. Consequently, we could
evaluate the antibacterial property and potential threaten of
TiO, based functional nanomaterials. Our work could provide
guideline for the development of novel dental implant
materials.

2. Experiments

2.1 Preparation and characterization of TiO, nanotubes

TiO, nanotubes were fabricated using commercially pure
titanium sheets (®32*1.2 mm). The titanium sheets were
mechanical polished then clean with acetone, ethanol and
deionized water separately, followed by drying in air. These are
defined as “conventional Ti”. A two-step anodic oxidation
method was used to prepare the TNT coatings. The cleaned
titanium sheets were oxidized in the glycol containing 0.3%wt
ammonium fluoride at 60 V for 5 h. A platinum sheet was used
as the cathode. Both platinum and Ti were connected to a DC
power supply (SKD-1105A, SAKO) through copper wires. The
samples were cleaned with ethanol and deionized water and
dried in air. Further, the samples were oxidized in the glycol
containing 0.3%wt ammonium fluoride at varied voltage (20-60
V) and time (6-30 h). Finally, cleaned Ti sheet and TNT were
annealed at 450°C for 4 h (Brother vacuum tube furnace,
China) with heating/cooling rate of 2°C/min. The surface
morphology of the prepared TNT was observed by the field
emission scanning electron microscope (FE-SEM, ULTRA
PLUS, Zeiss, Germany). Specially, the samples where bacteria
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were cultured on were washed by the phosphate buffered saline
(PBS) and immersed with glutaraldehyde for 12 h at 4°C. Then
the samples were dehydrated with ethanol and dried in air. At
last, the morphology bacteria on the treated TNT were observed
using FE-SEM. The crystalline characteristic and phase
formation of the prepared TNT were analyzed by the X-ray
diffraction analysis (XRD, Philips X’Pert PRO, USA) with the
Cu-Ko as radiation source. The scan rage was set from 20° to
90°. The water contact angles of the TNT with different
diameters were measured by the image collection and analysis
systems (Dataphysics OCA20, Germany). The water contact
angle measurements were performed at room temperature with
distilled water as the determining medium. Each experiment
was repeated five times and data is expressed as mean =+
standard deviation.

2.2 Bacterial culture

P. gingivalis 381 (China Medical University Hospital of
Stomatology) were inoculated onto BHI blood agar plates
(Brain heart infusion, OXOID, UK) and revived (80%N,,
10%H,, and 10% CO,, anaerobic condition) in constant
temperature incubator (Shanghai Jing macro laboratory
equipment co., LTD) for 5 days. Then the bacteria were
inoculated onto BHI broth (OXOID, UK) and cultured under
anaerobic condition for 48h. The samples were collected after
centrifuge at 4°C for 5 min with 3000 r/min. (1-15 k, SIGMA,
Germany). Then collected samples were suspended in the BHI
liquid medium and bacteria solutions of 1*10°CFU/L were
prepared by McFarland nephelometry.

2.3 Bacteria cultured on different substrates with
metronidazole

Prior to inoculation, the conventional Ti and TNT were
sterilized for 6h under an UV light with a power of 20W.
Metronidazole with different concentrations (Group A and B)
were used to study the effect of TNT on P. gingivalis. The
Metronidazole (China Pharmaceutical and Biological Products)
solution was diluted with BHI broth and mixed with bacteria
solution for preparing the bacteria samples. Prior to the
experiment, the minimum inhibitory concentration (MIC) of the
metronidazole for P. gingivalis was first determined using
classic drug susceptibility testing method (agar dilution
method). The MICy, was about 10mg/L which was set as the
lower limit of the drug concentration in the experiment. The
final concentration of metronidazole in Group A and B were
10mg/L and 15mg/L, respectively. TNT samples with different
diameters and titanium sheet (total 6) were placed into six well
plates (Corning, USA) for each group. The bacteria solution
with metronidazole concentration of 10mg/L (group A) or
15mg/L (group B) was added to each six-well plates (GIISON,
French). The bacteria were cultured (80%N,, 10%H,, 10%CO.,,
anaerobic environment) in constant temperature (37°C) for 48
h. 2ml bacteria solution was took from each six-well plates and
measured under UV spectrophotometer (UV765, Shanghai
Precision and Scientific Instrument Co., Ltd.) to determine the
corresponding bacteria density. Each experiment was repeated
three times and data is expressed as mean + standard deviation.

3. Results

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 XRD Patterns of (a) unannealed TNT and (b) annealed TNT. Group B (15mg/L)

Fig. 4 Bacterial density of different samples: (a) Group A

The XRD pattern of TNT was shown in Fig 2. Without heat (metronidazole: 10 mg/L), (b) Group B (metronidazole: 15 mg/L).

treatment, the nanotubes had amorphous structure, and only
diffraction peak of Ti could be observed in the XRD spectrum
(as shown in Fig. 2a). Whereas in the XRD pattern of annealed
TNT, the characteristic peaks of 101 and 110 revealed the
existence of anatase and rutile (as shown in Fig. 2b).

35+
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g Fig. 5 FE - SEM image of bacteria on different substrates in Group
ES A. a-b: titanium sheet, c-d: 30 nm, e-f: 60 nm, g-h: 100 nm.
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Fig. 3 The water contact angles of Titanium sheet and TiO,
nanotubes with different diameters.
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The water contact angle data of TNT and titanium sheet were )
shown in Fig. 3. Water contact angle is an important indicator
to assess hydrophobic and hydrophilic of the surface. Titanium
sheet exhibited hydrophobic compared with the TiO,
nanotubes. In addition, nanotubes exhibited obvious
hydrophilic property with the increase of caliber and the lowest
contact angle was obtained for the nanotubes with 100nm
diameter.

lum

Fig. 6 FE - SEM image of bacteria on different substrates in Group
B. a-b: titanium sheet, c-d: 30 nm, e-f: 60 nm, g-h: 100 nm.

Bacterial densities on various culture substrates of group A

and group B were shown in Fig. 4, respectively. The bacteria
cultured on the Ti sheet or TiO, nanotubes showed reduced

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3



RSC Advances

number compared with blank sample for both groups.
Specially, for bacteria cultured on the TNT, firstly the number
of bacteria decreases with the increase of TNT’s diameter and
the lowest density was achieved when diameter was 60nm. And
it’s interesting to note that TNT with diameter of 60 nm seemed
to be an inflexion. The number of survived bacteria increased
when cell cultured on the TNT with diameter 60-100 nm. Fig. 5
and Fig. 6 showed SEM image of bacteria in group A and B
(Drug Group). For group A, in which there was lower
concentration of metronidazole, more bacteria adhesion and
fusion was found on the nanotubes. However, in group B which
contained higher concentration of metronidazole, the growth of
bacteria was significantly inhibited. Moreover, it’s interesting
to note that bacteria cultured on TNT with diameter 60 nm
showed shrinking morphology, which were significant different
from others.

4. Discussion

The TNT could increase the surface area and roughness of the
titanium surface, promoting the adhesion of some cells.?
However, for bacteria, it was proved that TNT could induce
significantly reduction on number of cells adhered to its
surface. '® It is known that TiO, nanotubes have great surface
energy than the unmodified Ti.'” By analyzing wetting angle
experimental results, we can conclude that the water contact
angel of TiO, nanotubes increase, indicating enhanced
hydrophilia of samples, which is corresponding with increased
TiO, nanotubes diameter. Currently, opinion on how materials’
hydrophilia/free regulate cellular behavior of bacterial is not
consistent. Previously, some reports demonstrate that the
enhanced hydrophilic surface could promote bacterial adhesion
and proliferation and the bacterial were expected to growth
with the increased TiO, nanotubes diameter.***> However, in
our experiment, with increased TiO, nanotubes diameter, the
number of bacterial decreased first then increase, which
indicated that there are complex factors to regulate bacterial
behavior at the biocompatible interface. In this study, the TNT
nanotubes  exhibited obviously different antibacterial
performance when compared with blank sample and titanium
sheet sample, which could be attributed to the sterilization and
their nanoscale effects. The nanotubes were sterilized by the
ultraviolet irradiation and produce high oxidative photo-
generated holes (h+) which could react with H,O and O,, and
further generate active groups with strong oxidization ability
including hydroxyl radicals (-OH) and super oxide free radical
(0%).* These active groups can interact protein, nucleic acid
and cell membrane of bacteria, causing damage to molecular
structures.’” *® In addition, the reactive oxygen generated by
TiO, could increase lipid peroxidation and lactate
dehydrogenase, causing the damage to DNA and lead to cell
death.® In this process, the unsaturated fatty acids in the cell
membrane can also be oxidized by -OH group, which would
affect the cell membrane fluidity and structure. Subsequently,
the thickness of cell membrane would decrease, and the cell
apoptosis occur.*®*! Thus, the interactions between TNT
nanotubes and bacteria would eventually lead to cell death with
generation of reactive oxidation group under UV light
excitation, and it is worth noting that the mixed crystalline
(anatase and rutile) have enhanced ability to produce photo-
generated holes (h+), resulting in stronger antibacterial effect
than amorphous TiO,. In a word, generation of oxidative stress
under UV light irradiation of TiO, has contributed to their
antibacterial effect and nanotoxicity.

4| J. Name., 2012, 00, 1-3

The response behaviours of bacteria to TNT with different
geometry characteristics were also investigated. Previous
studies demonstrated that the antibacterial property of TNT was
mainly affected with the number of active groups, which were
correlated with the specific surface area of the functional
materials. The antibacterial materials with increase of specific
surface area displayed enhanced decontamination ability.*?
Specially, the specific surface area of nanotubes is correlated
with the diameter **, thus nanotubes with the increased pipe
diameters are expected to have improved bacterial growth
inhibition effect. It was worth to note that the bacteria survive
on TNT decreased corresponding with the increase in diameters
ranging from 40 nm to 60 nm. Specially, TNT with diameter of
60 nm has higher density and thinner nanotube wall which is
beneficial to inhibit hole electron recombination and displayed
improved photocatalytic ability than TNT with diameter of 30
nm and 50 nm nanotubes, °° thus the most significant
antibacterial effect was expected to be observed. ** However,
for bacteria cultured on TNT with diameter from 60 nm to 100
nm, the number of bacteria began to increase. The observed
improved growth behaviour of bacteria suggested that survival
rate of bacteria on TNT is determined by multi factors.
Previous studies indicated materials at nanoscale have specific
effects which can trigger series biological behavior changes on
cells.** In this study, P. gingivalis on TNT also exhibit
nanoscale dependence behavior. TNT with diameter ranging
from 30nm - 60nm could cause physical punch on cell via
mechanical contact to the cell membrane because of the
cylindrical shape and high aspect ratio.***’ The physical
interaction could induce cell member ruptures, cause the
cytoplasm outflow and eventually lead to cell apoptosis.
However, the continuous increase in the diameter of TNT (i.e.
60-100 nm) could reduce directly mechanical contact effects of
cell and show decreased inhibition on growth of bacteria.*®
Thus, the survival rate of bacteria was dominated by the
photocatalytic oxidation ability of TNT and nano geometry
characteristic dependence of bacteria. It was interesting to note
that the concentration of bacterial cultured on TNT with 80 nm
in drug group A was slightly higher than that of the control
group. The possible reason could be that the drug inhibition
effect on bacteria in Group A was weak due to relatively low
drug concentration in group A (close to MICy) and the
potential impact of TNT on metronidazole (discussed below).
In addition, TNT with larger diameter (80nm) could weaken the
physical punch effect and resulted in the increase of bacteria.
The exact mechanism will be investigated in subsequent
experiments.

The potential disadvantage on the drug resistance caused by
nanotubes was also discussed in this paper. Bacteria could
obtain exogenous resistant genes mainly via three ways:
transformation, transduction and joint. The joint is the most
effective and common route of horizontal transfer which means
DNA transfer between cells with the aid of plasmid.*’ Previous
studies found that nano alumina could promote the
conjugational transfer of multi-resistant plasmid RP4 from
Escherichia coli to Salmonella joint (200 times of the untreated
cells). On some condition, nano materials could promote the
horizontal transmission of resistance gene in the level of
different strains, and leads to the increase of bacterial drug
resistance.>? Thus, in order to evaluate the effect of TNT on
bacterial drug resistance property, we tested antibacterial
properties of TNT nanotubes to bacteria treated with drug in
different concentrations. The results suggested that when
exposed to drug with low concentration, the antibacterial

This journal is © The Royal Society of Chemistry 2012
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effects of TNT nanotubes were significantly lower than the
blank group and most of them were lower than the control
group. Under relatively high drug concentration exposure, the
antibacterial effect of all samples had a certain improvement.
However, the antibacterial effects of TNT coatings were still
lower than blank group and control group. The good
antibacterial effects of TNT coatings with 50 nm might be
attributed to the nanometer size effect. Oxidative stress induced
by the TNT coating could change the P. gingivalis cell
membrane’s fluidity and structure thus promoting the
plasmid containing resistance genes transfer and transmit
between cells,so‘5 ! eventually result in the increase of bacterial
drug resistance performance. There might be two reasons for
the relatively low antibacterial effect of metronidazole on the
TNT coating. First of all, it had been reported that the photo
catalytic ability of TiO, could be used to degrade the
metronidazole under the visible light>* Tt reduced the
concentration of metronidazole in a certain extent which would
weaken the drug effect. In addition, oxidative stress of
nanotubes can restrain the sterilization effect of metronidazole.
Metronidazole entered into bacteria cell and its nitro can be
easily reduced to amino by electron transfer protein under the
anaerobic environment. It can prevent the synthesis of bacterial
DNA and degrade the synthesized DNA to achieve the
antibacterial effect.”> While TNT produced photo-generated
holes (h+) have strong oxidation ability under illumination,
could restrain the reduction process by the production of
catatonic amino. Therefore, TNT coating might weak the
inhibition effect of metronidazole on bacteria growth. However,
for further validating the hypothesis, related investigations
should be implemented in our future studies.

5. Conclusions

In this study, the two-step method was used to prepare TNT
coatings with different diameters and the antibacterial
properties of different TNT coatings and its impact on bacterial
resistance were studied. The biological behaviours of bacteria
on the surface of the TNT coating seem to be affected by both
oxidative stress and nanometer size effect. In addition, the
nanotubes could be inclined to attenuate the antibacterial effect
of metronidazole. The argument would be bolstered with the
further investigation.
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Porphyromonas gingivalis were seeded on the TiO, nanotube array coatings to
evaluate the potential impact of the TiO, nanotubes on bacteria’s growth and drug
resistance. We discovered that the antibacterial performance of TiO, nanotube coating
can be manipulated with the photocatalytic activity as well as the geometry
characteristic and the interaction with TiO, surface may increase the potential survive
chance of Porphyromonas gingivalis when exposed to the antibacterial drug.



