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The purpose of the present study was to synthetize 80 nm diameter TiO2 nanotubes (NTs) on Ti6Al4V alloy using a commercially
superoxidized water (SOW) enriched with fluoride to reduce anodization time and promote the antibacterial efficacy against
Staphylococcus aureus (S. aureus). The alloy discs were anodized for 5min and as a result, NTs of approximately 80 nm diameters
were obtained with similar morphology as reported in previous studies using longer anodization times (1-2 h). Filed emission-
scanning electron microscopy (FE-SEM) and energy dispersive X-ray spectroscopy (EDX) were used to characterize the materials
surfaces. The NTs showed significantly decreased S. aureus viability after 1, 3, and 5 days of culture in comparison to nonanodized
alloy. Likewise, SEM analysis also suggested lower bacterial adhesion on the NTs surface. No differences in bacterial morphology
and topography were observed on both materials, as analyzed by SEM and atomic force microscopy (AFM). In conclusion, 80 nm
diameter NTs were grown on Ti6Al4V alloy in 5min by using a SOW solution enriched with fluoride, which resulted in a material
with promoted antibacterial efficacy against S. aureus for up to 5 days of in vitro culture when compared to nonanodized alloy.

1. Introduction

Despite strict sterilization procedures biomaterials associated
infection (BAI) is a common complication associated with
any implanted biomaterial [1]. Once infection arises, bacteria
tend to aggregate into a polymeric matrix forming a biofilm
on the biomaterial surface, which is difficult for the host
defense and antimicrobial therapy to destroy [2, 3]. Such BAI
may lead to removal of the implant, revision surgery, and even
amputation, all of which are associated with high medical
costs [4, 5]. One of the most common causes of BAI is related
to S. aureus, which has become an important protagonist
in metallic materials, bone joints, orthopedic implants, and

soft tissue infections [6–11]. Therefore, there is the need for
biomaterials with improved antibacterial properties in order
to increase the success of dental and orthopedic implants.

Bacterial adhesion to the implanted material is known
to be the first and most critical step in the pathogenesis
of the infection, in part because nonadhered bacteria are
rapidly phagocytized by the immune system [12, 13]. Thus,
prevention of bacterial adhesion exerts a fundamental role
in preventing the implant infection [14]. Currently, bacterial
infection has been safeguarded through the chemoprophylac-
tic use of antimicrobial agents before surgery, primarily when
they are systematically administered and in some cases even
locally released from the biomaterial. Nevertheless, this latter
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strategy has important limitations such as the rapid release
of the adsorbed antibiotic, antibiotics resistance, or systemic
toxicity [12, 13, 15].

Another important strategy for inhibiting the bacterial
adhesion and development of biofilm is by means of mod-
ifying the material surface properties. Surface modification
techniques tailor the surface chemistry and topography of
the biomaterial, which affects microbial colonization [13].
Different procedures have been developed to modify the
chemical composition and/or the topography of the bioma-
terial surface such as surface functionalization with antibac-
terial copolymers,UV irradiation, or peptide immobilization,
therefore inhibiting bacterial adhesion in a favorable manner
[16–18].

Metal-based biomaterials such as titanium (Ti) and its
alloys are widely used for orthopedic and dental applica-
tions due to their favorable mechanical properties, corro-
sion resistance, and biocompatibility [2, 19]. In this regard,
the Ti6Al4V alloy offers superior physical and mechanical
properties compared to commercially pure Ti (CP-Ti), as
well as excellent biocompatibility [20]. Among the surface
modification techniques to fabricate nanostructural coatings,
anodic oxidation is a well-known process that provides a
strong adhered NTs layer to the material surface [21, 22],
increasing its corrosion resistance [23, 24], surface area
[25], hydrophilicity [26], and more importantly biocompat-
ibility [27]. Nonetheless, previous reports suggest that the
anodization process using fluoride with distilled water as an
electrolyte to obtain NTs of 80–100 nm diameter requires
period of 1 h [28, 29] and perhaps 2 h [21]. Moreover,
various studies suggest that Ti alloy surfaces modified with
a nanostructured coating could decrease bacterial adhesion;
that is, Ercan et al. showed that amorphous NTs treated
with electrical stimulation could decrease S. aureus after
2 days of culture [30]; Grigorescu et al. suggest that TiZr
NTs grown for 2 h by anodization reduce Escherichia coli (E.
coli) after 18 h of incubation [31]. Furthermore, Puckett et al.
reported an increased number of dead S. aureus bacteria on
amorphous NTs after 1 h of cultivation [26], suggesting that a
nanostructured surface may provide antibacterial properties
decreasing bacterial adhesion [6, 32]. According to this fact,
we hypothesize that a metallic biomaterial implant improved
with NTs coating fabricated using a SOW solution used
for disinfection of medical devices [33, 34] and enriched
with fluoride will enhance its antibacterial effects, decreasing
BAI.

In this work we synthetized for the first time 80 nm NTs
on Ti6AlV4 alloy by anodic oxidation using a commercially
available superoxidized water solution enriched with fluoride
and ethylene glycol. Moreover, we also used UV and SOW
for NTs sterilization and we explored its antibacterial effects
comparing those of nonanodized alloy. The materials surface
was characterized by FE-SEM and the chemical composition
by EDX. The S. aureus viability on the materials surface was
assessed by colony-forming unit (CFU) calculation. Adhered
bacteria and topography were also evaluated by SEM and
AFM, respectively.

2. Materials and Methods

2.1. Materials for NTs Synthesis. Ti6Al4V alloy (ASTM F136-
02) discs with a 150mm2 surface area from Supra Alloys
Inc. (Camarillo, California, USA) were used. Microdacyn 60,
commercially available superoxidized water with the follow-
ing composition, sodium (<55 ppm) and chloride (<80 ppm),
was obtained from Oculus Technologies (Mexico, Mexico).
Ammoniumfluoride powder (Sigma-Aldrich, ST. Louis,MO)
and ethylene glycol (Sigma-Aldrich, ST. Louis, MO) were
purchased and used as received.

2.2. Synthesis of NTs. Ti6Al4V alloy discs were polished using
SiC emery paper (100 to 2000 grit) and 1-micron alumina was
used for finishing. The samples were subsequently cleaned
by sonication in water, acetone, and ethanol for 5min each
[31]. Next, mirror finished disc surfaces were mounted on
a flat 125mL cell and then electrolytically anodized using
Microdacyn 60 at pH 6.8, containing 10mg/L of NH

4
F and

20% ethylene glycol. A 20V potential was applied using a DC
power supply for 5 minutes and a platinummesh as a counter
electrode. The process was carried out at 24∘C. Finally, discs
were cleaned in an ultrasonic bath (Transsonic 570 Elma)
at 300W with distilled water for 5 minutes to eliminate the
excess of fluoride salts, rinsed with isopropyl alcohol, and
then dried in a desiccator for 12 hours. No thermal treatment
was applied after the cleaning process and a nonanodized
alloy was used as a control.

2.3. Surface Characterization of the Samples. The structural
morphology of anodized and nonanodized Ti6Al4V alloys
was characterized using FE-SEM (Tescan LYRA 3, Brno,
Czech Republic); the images were taken at a 15 and 20 kV
accelerating voltage. The chemical composition of the alloys
surface was examined using EDX (JSM-6010LA, JEOL,
Tokyo, Japan) with a silicon drift detector, coupled to the
SEM.

2.4. Bacterial Cell Culture. For the bacterial growth experi-
ments, S. aureus (Strain American Type Culture Collection
25923, American Type Culture Collection, Manassas, VA,
USA) which has been shown to be a good biofilm former
and capable of producing mature biofilms after only 24 hours
was used [6, 30]. For the preparation of the inoculums, the
strain was freshly grown overnight on tryptic soy agar (TSA)
plates (BecktonDickinson, Sparks,Maryland, USA). Discrete
colonies were obtained from TSA plates and suspended in
tryptic soy broth (TSB) to an optical density (O.D.) of 0.3, pH
7.0, assessed using a spectrophotometer (LAMBDA25, Perkin
Elmer, Connecticut, USA). All experimental specimens were
sterilized using ultraviolent (UV) irradiation for 30 minutes
each side [35] and rinsed with SOW for 1 h.

2.5. Bacterial Viability on the Samples. For the determination
of viable cells on the samples, 100 𝜇L of S. aureus suspension
containing approximately 1 × 107 CFU/mL (O.D. 0.3) plus
100 𝜇L of fresh TSB was used to cover the material’s surface.
This inoculumwas incubated on the specimens for 4 hours at
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Table 1: Surface elemental composition by EDX analysis.

Surface Atomic concentration (%)
C V Al Ti O F

Non-anodized alloy 5.96 5.67 5.37 83.00 0.00 0.00
NTs 4.00 0.00 5.40 61.91 25.51 3.18

37∘C to allow adhesion in a static model. Thereafter, 2mL of
warm TSB was deposited, and the incubation time continues
for D1, D3, and D5. After the corresponding incubation
days, the specimens were rinsed twice with phosphate saline
buffer (PBS; pH 7.0) to remove any unbounded cells. The
substrates were transferred into sterile conical tubes (Falcon,
BD Biosciences, Franklin Lakes, NJ, USA) with 5mL of fresh
TSB medium. The tubes were placed in an ultrasonic bath
and sonicated for 15 minutes at 120W to release the attached
cells from the biomaterial [36, 37]. Next the materials were
removed and the remaining suspensions were diluted with
PBS (pH 7.0) and cultured at 37∘C for 24 hours in TSA plates.
Bacterial viability was assessed by CFU counting in TSA
plates.The above procedure was performed 20 times for each
material [36]. The viability was expressed as log

10
CFU/mL ±

SD.

2.6. Bacterial Density andMorphology on the Samples by SEM.
In order to determine the bacterial density and morphology
at the end of each incubation period, the samples were pre-
pared for SEM (JSM-6010LA, JEOL, Tokyo, Japan) analysis
according to the following procedure: the discs were rinsed
in PBS (pH 7.0) to wash away nonadhered bacteria and then
fixed with 2.5% glutaraldehyde (Sigma-Aldrich, ST. Louis,
MO) in 0.1mol/L PBS (pH 7.0) for 2 h at 25∘C. Next, samples
were washed three times with PBS (10 minutes each wash),
dehydrated in a graded series of ethanol solutions (50, 60, 70,
80, 90, and 100% v/v), and finally sputter-coated with 10 nm
gold layer for the analysis.

2.7. Bacterial Topography on the Samples by AFM. To assess
any changes on bacteria’s topography incubated on the mate-
rials, we used AFM analysis. However, we only analyzed D1
in order to obtain a more precise analysis of only a subset of
bacteria’s surface instead of layers of bacteria.Thus, following
D1 of bacterial growth, the samples were prepared in the
same way as for SEM, as described above [38]. A Quesant Q-
Scope 350AFM (AMBIOS,AguraHills, California, USA)was
used because of its high-resolution probe with an acceptable
resolution in the subnanometer range [39].The analyses were
carried out at room temperature using an antiacoustic box to
prevent noises, which can affect measurements. The system
was operated in the contact mode, using a 40𝜇m 𝑋-𝑌 and
4 𝜇m 𝑍 scanner equipped with a silicon tip and 10 nm tip
curvature. The scan speed was 0.5Hz/sec. The experiment
scan area was 25𝜇m2.

2.8. Statistical Analysis. At least three independent experi-
ments were performed, each in triplicate. Numerical data

were analyzed using GraphPad Prism 6 (San Diego, Califor-
nia, USA). One-way analysis of variance (ANOVA) followed
by post hoc Tukey’s test was used to determine statistical
significance. A𝑃 value below 0.05 was considered statistically
significant.

3. Results

3.1. Surface Characterization. Nonanodized Ti6Al4V alloy
surface morphology is depicted in Figure 1(a), denoting
a smooth texture as expected. Following anodization, a
uniform layer of NTs was fabricated over the Ti6Al4V alloy
surface, as observed in Figure 1(b). Cross section view is
presented in Figure 1(c). The NTs diameter was estimated to
be 80 nm and the length 380 nm.

The EDX analyses suggest the formation of NTs based
on an increased percentage of oxygen in the chemical
composition analysis compared to the nonanodized alloy (see
Table 1). Moreover, a trace amount of fluoride can be detected
on the NTs surface as shown by an increased percentage of
fluoride content (Table 1).

3.2. Bacterial Viability on the Samples by CFU Analysis. The
S. aureus viability on the samples is shown in Figure 2. At
day 1 (D1) of bacterial incubation, the NTs showed 35.4%
(𝑃 < 0.05) decreased viable bacteria when compared to
nonanodized material. At day 3 (D3), the number of viable
bacteria increased on both materials; nonetheless, a lower
bacterial viability was observed on the NTs surface, that is,
a 31.5% bacterial growth inhibition (𝑃 < 0.05) in comparison
to the nonanodized material. Finally at day 5 (D5), the NTs
surface showed 25% (𝑃 < 0.05) reduced viable bacteria
compared to nonanodized alloy. Also, at D5 no significant
changes in bacterial viability were observed compared to D3
on both samples.

3.3. Bacterial Density and Morphology on Samples by SEM.
The morphology of the bacterial colonies on the anodized
and nonanodized alloys did not vary, as tested by SEM
(Figure 3). However, at D1 of incubation we detected an
increased cellular colonization and agglomeration on the
nonanodized alloy surface (Figure 3(a)) compared to the NTs
(Figure 3(b)). At D3, the bacterial colonization increased
in both samples (Figures 3(c) and 3(d)), despite being to a
lower extent on the NTs surface (Figure 3(d)). Similarly, at
D5 adhered bacteria were higher on the nonanodized alloy
(Figure 3(e)) when compared to theNTs surface (Figure 3(f));
nevertheless, no apparent increase was found on bacterial
density when compared to D3.
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(a) (b)

(c)

Figure 1: FE-SEM micrographs of the samples. The nonanodized and anodized Ti6Al4V alloy surfaces were characterized and compared.
(a) Nonanodized alloy, (b) NTs, and (c) cross section view of NTs.

3.4. Bacterial Topography. The S. aureus topography after D1
of culture on anodized and nonanodized alloys is displayed
in Figure 4. There were no apparent bacterial topographic
changes on nonanodized (Figure 4(a)) and anodized alloys
(Figure 4(b)). Thus, the bacterial topography was not altered
by the NTs formed on the anodized alloy.

4. Discussion

Infections of dental and orthopedic devices are strongly
associated with bacterial adhesion to the material surface
[1, 40]. Once bacteria adhere to the material surface the
colony proliferates forming a biofilm [14]. There are two
stages involved in the mechanism of the biofilm formation.
The first stage comprises the bacterial attachment to the
surface by physicochemical interactions [3, 14], while in the
second stage, there are cellular and molecular interactions
between bacteria that provide an adequate environment
for bacterial growth [3, 41]. Thus, according to this fact,
by inhibiting the bacterial adhesion one could avoid the
biofilm development and therefore reduce the probability of
BAI. Previous investigations evaluating changes of bacterial
adhesion on the surface of modified commercial implants
have shown promising results; that is, Cochis et al. suggested
decreased bacterial growth for up to 72 h using Ti surfaces
grafted with gallium ions [42]; Jin et al. reported increased
in vitro antibacterial performance of Zn/Ag nanoparticles
immersed by plasma ion implantation on a Ti surface [43].
In this regard, implants with nanostructured surfaces have

been widely investigated for their capacity to enhance the
biocompatibility of orthopedic and dental materials, which
may also have improved their antibacterial properties [44–
47].

In the present study, we built self-organized and ordered
NTs (80 nm of diameter) using a SOW containing fluoride
by anodization on Ti6Al4V alloy surface, requiring just only
5min of anodization to obtain similar morphology NTs
as reported by Wang et al. who anodized Ti6Al4V for 1 h
[28] and Narayanan et al. for 2 h [21] using fluoride and
deionized water as electrolyte. This trend could be explained
by the presence of the oxidized components that with fluoride
synergistically may act promoting a faster oxidation which
leads to a nanostructured morphology and significantly
impacting the adhesion and colonization of S. aureus up to
5 days of incubation. As previously mentioned, the NTs were
successfully obtained by the anodization process with traces
of fluoride and a decrease inAl due to an increment of oxygen
as illustrated by the EDX analysis (Table 1), data which are in
accordance with previous reports [3, 26, 48].

Hitherto, the eradication of biofilms-associated infections
on orthopedic and dental implants has been an elusive goal
[49]. Several approaches have been undertaken to treat those
infections, such as the prophylactic and prolonged use of
antimicrobial therapy, as well as the use of biomaterials
loaded with drugs [50, 51]. However, such options indi-
vidually possess limitations due to antibiotic-resistance, fast
delivery of the immobilized drug, and toxicity or failure
that ultimately leads to removal of the implanted biomaterial
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Figure 2: Viability evaluation of S. aureus incubated on nonan-
odized alloy and NTs discs after 1, 3, and 5 days of incubation. The
bar graphs show the mean ± SD error bars, 𝑁 = 3, ∗𝑃 < 0.05
denotes significance between nonanodized alloy andNTs after 1 day,
∗∗
𝑃 < 0.05 indicates significance between nonanodized alloy and

NTs after 3 days, and ∗∗∗𝑃 < 0.05 illustrates significance between
nonanodized alloy and NTs after 5 days of incubation.

[11, 52–54]. Therefore, in this study a surface modification on
Ti6Al4V alloy was selected to fabricate NTs as an alternative
to improve the resistance against bacterial adhesion and
on the other hand to promote osteoblast biocompatibility
leading to a successful osseointegration process as reported
by others [3, 55, 56]. However, these methods require long
anodization periods; for instance. Pérez-Jorge et al. described
an anodizing method for the fabrication of amorphous NTs
that takes a period of 1 h using fluoride as electrolyte in
an aqueous solution, showing decreased bacterial adhesion
when compared to nonanodized Ti [3]. Similarly, Wang et
al. explored an anodization process of 1 h using fluoride dis-
solved in distilled water, which showed increased osteoblasts-
like cells (SaOS2) biocompatibility [56]. Moreover, Portan
et al. performed an electrochemical anodization method
using distilled water and fluoride and reported enhanced
human bone marrow cellular adhesion when compared to
nonanodized Ti [55]. Here we report a rapid, simple, and
easy anodization process for the synthesis of NTs. This
process requires a short period of only 5min, for fabrication
of NTs similar to those obtained in the aforementioned
reports. As suggested by the data, the NTs surface denoted
a decreased bacterial viability as assessed by CFU counting
for up to 5 days of culture as compared to the nonanodized
Ti6Al4V alloy. Furthermore, the SEM analysis also suggested
a decreased number of adhered cells on the NTs surfaces for
the mentioned incubation periods, supporting the viability
results. Recently Pérez-Jorge et al. suggested that NTs of
80 nm diameter on Ti limited the bacterial growth of Staphy-
lococcus epidermidis (denoted here as S. epidermidis) more
than Cp-Ti [3]. Moreover, Zhang et al. evaluated S. aureus
adhesion on NTs and NTs incorporated with vancomycin,

showing decreased adhesion after 6 h of culture for both
surfaces as compared to Cp-Ti [57]. Possible explanations for
such observed effects on the amorphous 80 nm NTs are the
increased surface roughness and the decreased water contact
angle, where the latter allows the dispersion of bacteria
on the surface, thereby limiting its communication, protein
deposition, and colonization [3, 13, 26, 30], a property widely
observed on amorphous anodized NTs containing fluoride
[3, 26, 30].

Previous studies evaluating the NTs surfaces reported an
enhanced antibacterial activity after short times: 1 h [26],
4 h [58], and 24 h [30] of incubation with S. aureus and S.
epidermidis. Nonetheless, here we report for the first time a
reduction of viable bacteria up to 5 days of culture onto 80 nm
NTs compared to nonanodized Ti6AlV4 alloy. The bacterial
topography did not account for the observed antibacterial
effects, since there were no changes on either bacterial
morphology or topography. These results are in agreement
with previous reports regarding the S. aureusmorphology on
anodized amorphous NTs [30].Thus, we hypothesize that the
presence of fluoride observed on the NTs may decrease the
adhesion forces of S. aureus, thereby reducing its attachment
without altering its topographical structure as suggested by
others [59]. Perhaps, other factors that can contribute to
the decrease of the bacterial viability are the contact with
electrolyzed components (such as H

2
O
2
, oxidizing radicals,

and chlorine molecules) from the SOW solution which could
decrease the bacterial viability [33, 34] or the differences
of the surface morphology (between nonanodized Ti6Al4V
alloy and NTs) [26, 60]. Furthermore, Pérez-Jorge et al.
compared the antibacterial effects of NTs with and without
fluoride, suggesting that the presence of fluoride strongly
decreased bacterial adhesion [3]. Ercan et al. suggested that
anodized amorphous NTs with fluoride could decrease S.
aureus growth for up to 2 days of bacterial culture when
compared to heat-treated anodized NTs without fluoride
[30]. In a previous work it was described that 80 nm diameter
NTs negatively impact S. aureus and S. epidermidis viability
when compared to nonanodized Ti and smaller diameter
NTs (20 or 40 nm) [60]. Similarly, Puckett et al. depicted
different bacterial behavior on nanorough, nanotextured,
and nanotubular Ti and on nonanodized Ti, reporting an
increased number of dead bacteria on anodized nanotubular
Ti [26]. The aforementioned evidence clearly indicates that
thematerial surface topography influences bacterial response
to a biomaterial, where nanostructured surfacesmay offer one
of the best options to impede infections, as observed in the
current study.

In addition, there are some in vitro reports indicating
that NTs fabricated with fluoride could positively impact
the biocompatibility, suggesting increased cell proliferation
[23, 61], and in vivo osseointegration [62, 63]. Recently, we
showed enhanced osteoblast and chondrocyte adhesion and
viability on 80 nmNTs when compared to nonanodized alloy
[64], thus evidencing that anodized 80 nm NTs fabricated
with SOWnot only offers excellent antibacterial efficiency but
also importantly enhanced biocompatibility in comparison to
nonanodized alloy.
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(a) (b)

(c) (d)

(e) (f)

Figure 3: SEMmicrographs of S. aureus adhered on the experimental substrates. (a) Nonanodized alloy and (b)NTs afterD1; (c) nonanodized
alloy and (d) NTs after D3; and (e) nonanodized alloy and (f) NTs after D5.

(a) (b)

Figure 4: AFM images of S. aureus on the surfaces. Differences between bacterial topography were assessed at D1 of culture on the
experimental samples. (a) Nonanodized alloy and (b) NTs. Scale bar is 5𝜇m.
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All these results prove that anodization process can
be performed using a SOW solution with fluoride as an
electrolyte to dramatically reduce the time of anodization and
to promote antibacterial properties. Most likely the observed
effects are due to the presence of fluoride, the nanostructured
surface morphology, and the oxidizing species of the SOW.

5. Conclusions

Surface modification of Ti6Al4V alloy with 80 nm diameter
NTs obtained using SOWand fluoride as electrolyte enhances
the antibacterial effects of the material against S. aureus.
We suggest that bacterial inhibition of the NTs can be due
to the presence of fluoride derived from the anodization
process, modification of the surface morphology, and the
oxidized species present in the SOW. The obtained results
indicate that NTs fabricated by anodic oxidation using SOW
solution enrichedwith fluoride can be used as ameans for the
development of biomedical implants with promoted antibac-
terial properties. However, more investigation regarding the
interactions between S. aureus and NTs is required in order
to corroborate those findings.
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