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SHORT COMMUNICATION

Cytotoxic and Bacteriostatic Activity of Nanostructured TiO, Coatings
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Abstract

Nanostructures are structures, mainly synthetic (nanosurfaces, cylindrical nanotubes, and nanospheres), which range between 1-100 nm
in at least one dimension and can be engineered to a wide range of physical properties. This paper aims to explore the bacteriostatic and
cytotoxic characteristics of nano-TiO, coated specimens of glass, stainless steel and ceramic with different thickness and roughness. The
results show that stainless steel and glass specimens with a nano-TiO, coating thickness of 200 nm have a bacteriostatic effect of 97% and
100%, respectively after 30 minutes of UV exposure. Glass specimens with a nano-TiO, coating thickness of 750, 200 and 50 nm have
a bacteriostatic effect of 86%, 93% and 100% after 60 minutes. Nano-TiO, coatings show a great bacteriostatic but not a cytotoxic effect,

thus representing a valuable alternative for biomedical applications.
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Bulk titanium oxide (TiO,) does not exist in nature
but is mainly derived from the industrial process of
ilmenite (Tao etal., 2013). It is an n-type wide band-
gap semiconductor with 3 crystalline phases, anatase,
rutile and brookite, with rutile as the most stable form
(Liao et al., 2012; Wang et al., 2014). Rutile and Anatase
TiO, are widely used as photocatalysts although a mixed
form of these two phases have displayed an enhanced
photocatalytic ability (Kho et al., 2010; Li et al., 2008).
Due to its high refractive index small amounts of
TiO, can be used to achieve an opaque coating with
a great resistance to discolor under UV light (Mikkelsen
etal., 2011). In the last decade great interest arose from
the field of synthesis and applications of nanostruc-
tured TiO, materials (Kulkarni etal., 2015). In this
regard examples of applications are, for instance, dye-
sensitized solar cells, sensors, rechargeable batteries,
electrocatalysis, self-cleaning and antibacterial surfaces,
photocatalytic cancer treatment and dental implants
surface modification to prevent infections (Petrini
etal., 2006; Seo et al., 2007; Roy et al., 2011; Cai et al.,
2013; Lee et al., 2014; Behzadnia et al., 2014). An inter-
esting application of TiO, is related to its use in coat-
ing different surfaces such as glass and tiles, provid-
ing them with deodorant, bactericidal (Pleskova et al.,
2011; Yu et al., 2013) and self-cleaning (Xi et al., 2012;

Khataee et al., 2013) activity once exposed to the UV
light (Cai et al., 2013).

Based on such features it is also reasonable to
hypothesize a possible use of this nanostructured
material for biomedical applications such as operating
rooms floor coatings, laboratory bench surface coating,
as well as surgical instruments coating.

The aim of this study was to assess the bacteriostatic
and cytotoxic activity of TiO, coatings on different bars
made of glass, ceramic and stainless steel by means of
a photocatalytic reaction following UV exposure. TiO,
photocatalysis involves generation of hole (hp) and
electron (e) pairs and a subsequent reaction of surface-
bound hydroxyl ions (OH") and/or H,0O on TiO, parti-
cles with the holes to generate hydroxyl radicals (OH)
(Zuo et al., 2015).

TiO, coatings were performed by means of the elec-
tric arc physical vapour deposition (EA-PVD) tech-
nique (Kepenek et al., 2004) modified with the Electro
Magnetic Controlled Arc Stirring (EMCAS). The first
technique is characterized by a fast deposition rate,
a good control of the process parameter in respect of
conventional evaporation sources and the capability
to coat very thin films of nanometric thickness (Giolli
etal., 2007). As to the second technique, an electro-
magnetic device controls the electric arc movement
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Table I
Physical features of sample used for the study

Code Sample Dimensions | Thickness | Roughness

(mm) (nm) (um)
AL |polished glass 6x50 200 0.08
AH |acid treated glass 6x50 200 0.3
AS  |sandblasted glass 6x50 200 4.6
BL  |polished glass 6x50 100 0.08
BH |acid treated glass 6 x50 100 0.3
BS  [sandblasted glass 6 x50 100 4.6
CL |polished glass 6x50 50 0.08
CH |acid treated glass 6x50 50 0.3
CS  |sandblasted glass 6x50 50 4.6
DL  |polished glass 6x50 750 0.08
DH |acid treated glass 6 x50 750 0.3
DS  [sandblasted glass 6x50 750 4.6
EL  |polished glass 6x50 750 0.08
EH |acid treated glass 6x50 750 0.3
ES  |sandblasted glass 6x50 750 4.6
FL  |polished glass 6x50 750 0.08
FH |acid treated glass 6 x50 750 0.3
FS  |sandblasted glass 6x50 750 4.6
ST  |undeposited glass 6x50 - -
ST  |stainless steel 6 x50 200 0.3
ST  |ceramic tile 25x25 100 4.6

(scanning speed and position), the dimension of elec-
tric arc spot, and the time of permanence of spot in
a desired position on the target so that it is possible
to control the plasma density, the plasma temperature,
the target wear and the evaporation zone of the tar-
get (Giolli et al., 2007). It is possible to distinguish two
separate and different electric circuits of the deposi-
tion apparatus: 1) high voltage (up to 1000 V) and low
current (<5 A) for obtaining a plasma able to clean the
substrates, and 2) relatively low voltages (5-30 V) and
high currents (50-150 A) for coating the substrates;
moreovet, it is possible to apply to the substrates to be
coated a negative bias.

All samples characteristics, provided by VACUUM
SURTEC S.rl., Parma, Italy, have been summarized
in Table I.

Before any biological assay the surface of glass,
ceramic and stainless steel specimens was previously
observed and characterized by means of an environ-
mental scanning electron microscope (ESEM, Quanta
200, Fei Company, Holland) and Energy Dispersive
X-ray Analysis (EDS) for the presence of contaminants.
Subsequently, samples were also analyzed by means of
surface-conduction electron-emitter display (SED)
and back-scattered electrons (BSE) analysis, at a low
vacuum (0.98 Torr), 25-30 KV spectrum with differ-
ent spots and at a distance of 10 mm (data not shown).
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Before each analysis each sample was sterilized in an
autoclave at 120°C for 20 minutes.

In-vitro assays. Specimen cytotoxicity was assessed
according to the standard EN/ISO 10993/5 using
Neutral Red (Sigma Aldrich St. Louis Missouri; USA)
and 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetra-
zolium bromide (MTT) (Life Technologies, Monza,
Italy), whereas bacteriostatic activity was tested against
Staphylococcus aureus by means of a Wood lamp
(G.C.M., Milan, Italy) application at a 365 nm peak and
at a distance of 10 cm which was previously recognized
as safe in terms of bacterial death.

Each specimen was first rinsed with ethanol, then
with acetone in a ultrasonic bath for 10 minutes and
eventually accurately washed with deionized water for
other 10 minutes. According to EN 30993-12 the ratio
between sample area (> 1 mm) and the extraction liquid
[((DULBECCO’S MEM, GIBCO™, UK) with Penicillin/
Streptomycin (GIBCO™, UK) 100 IU/100 pg/ml, 2 mM
L-glutamine, 1 mM Sodium Pyruvate and 10% fetal calf
serum (Euroclone, Milan, Italy)] was: A/V =3 cm?*/ml.
Each sample was then incubated at 37°C with 5% CO,.

As to Neutral Red and MTT assay we used murine
fibroblasts 1929 at a concentration of 5x 10* and 10 x 10°
and uniformly distributed in 6 and 96 MW in 3 and
0.2 ml of MEM, respectively.

Copper was used as a positive control for both
assays whereas a cell culture without specimen was used
as a negative control.

Microscopic evaluations were performed by means
of an optical microscope (Nikon Eclipse E600 micro-
scope, Japan) whereas spectrophotometric analyses of
wells were performed by a HP 8452 diode array spec-
trophotometer (St. Paul. GMI Inc. USA) at 540 nm.

As to cytotoxic evaluations, 100 mm plastic petri
dishes (Life Technologies, Monza, Italy) were used to
place both specimen and 3 ml (4 ml only for ceramic
specimen) of a 5mM saline solution which was
achieved from 3 serial dilutions of a 0.5M solution
with Staphylococcus aureus ATCC 6538. Serial dilu-
tions were used to allow the operator to easily count the
remaining colonies following UV light exposure. Then,
before starting the UV light exposure (time 0), after
30 minutes of exposure (time 30) and after 60 minutes
of exposure (time 60) 10 pl of solution was withdrawn
from the petri dish and placed onto a blood Agar (TSA
with 5% Sheep Blood)/MacConkey plate (Life Techno-
logies, Monza, Italy).

Statistical analysis. Data were analyzed using
GraphPad Prism 6 software (GraphPad Software, Inc.,
LaJolla, CA, USA). All data are presented as the means
+standard error of the mean and were first checked
for normality using the D’Agostino-Pearson normality
test. Differences between samples were analyzed using
Friedman Test with Dunn’s multiple comparisons test.
P <0.05 was considered significant.
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Neutral Red assay. Neutral Red assay highlighted
a great viability and numerosity of cells in contact with
AL, AS and AH as well as clearly colored as for the
negative control (data not shown). Conversely, cell
numerosity resulted quite reduced for BH, BL and BS
specimens, less stained and rod shaped meaning a suf-
fering condition which was the same of that observed
for the negative control (data not shown).

MTT assay. MTT assay on TiO,-coated polished
and sandblasted glass clearly indicated that cell pro-
liferation was quite the same as for negative control,
thus meaning the lack of any cytotoxic activity (Fig. 1).

Microbiological assay. Before each experiment stain-
less steel, glass and ceramic specimens were first placed
in respective petri dishes along with a 5 mM saline solu-
tion with S. aureus ATCC 6538, as previously described
in the materials and methods section. Then before start-
ing the UV light exposure (time 0), at a 10 cm distance,
after 30 minutes of exposure (time 30) and after 60 min-
utes of exposure (time 60) 10 pl of solution were with-
drawn from the petri dish and placed in triplicate into
blood Agar/MacConkey plates. Then, all plates of all
specimens were placed at 37°C overnight and a mean
of all colonies for each specimen was determined.

Firstly, a comparative analysis of ceramic, stainless
steel and glass (AL) was performed to better evaluate
differences, in terms of bacteriostatic activity, between
different specimens (Fig. 2A).

Figure 2A clearly shows a marked bacteriostatic
effect of stainless steel and glass specimens (97% and
100%, respectively), with respect to the positive con-
trol, already after 30 minutes of UV light exposure, thus
highlighting the possible enhanced bacteriostatic activ-
ity of TiO,-coating. On the contrary, the ceramic speci-
men seemed to share the same trend of positive control,
thus evidencing the absence of a possible bacteriostatic
activity induced by TiO,-coating. As to negative con-
trol, it showed the normal trend of S. aureus ATCC 6538
which had not been exposed to UV light, thus confirm-
ing the bacteriostatic activity of all specimens.

Based on these result the bacteriostatic activity on
glass specimens was evaluated with different TiO,-
coating thickness in order to observe any differences
in terms of bacterial growth inhibition (Fig. 2B).

A marked bacteriostatic effect of glass specimens
AL, CL, and FS, was observed with respect to the posi-
tive control, as well as an overall decrease of S. aureus
ATCC 6538 colonies of 100%, 93%, and 86% respec-
tively after 60 minutes of UV light exposure, thus high-
lighting the possible enhanced bacteriostatic activity
of TiO,-coating. DS specimen showed a good bacte-
riostatic effect with a decrease of S. aureus ATCC 6538
colonies of 66% after 60 minutes of UV light exposure.

As for BH and EH specimens, a poor bacteriostatic
activity was observed since there was only a 49% and
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Fig. 1. Graphical representation of cytotoxic activity
of TiO,-coated glass with different treatments.
(A) polished, (B) sandblasted, (C) acid treated; (*p <0.05).

56% decrease of S. aureus ATCC 6538 colonies after
60 minutes of UV light exposure.

This study aimed to evaluate the response of stain-
less steel, glass and ceramic specimens with TiO, layers
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Fig. 2. Graphical representation of S. aureus ATCC 6538 colonies trend during the study.

(A) Before starting the UV light exposure (time 0), after 30 minutes of exposure (time 30) and after 60 minutes of exposure (time 60). The positive

control was S. aureus ATCC 6538 exposed to UV light, while the negative control was the same strain but not exposed to UV light; (B) Before starting

the UV light exposure (time 0), after 30 minutes of exposure (time 30) and after 60 minutes of exposure (time 60) on glass specimens with different

TiO,-coating thickness. The positive control was the S. aureus ATCC 6538 exposed to UV light, while the negative control was the same strain but
unexposed to UV light.

of different thickness coated by means of the electric
arc physical vapour deposition technique. Neutral
Red assay pointed out that BL, BH and BS specimens
showed a marked reduction of bacterial proliferation
with respect to positive control while AL, AH and AS
specimens only showed a slight reduction. Conversely,
the MTT assay evidenced the almost lack of cytotoxic-
ity of the specimens. This is in agreement with previous
literature reports which showed the biocompatibility of
TiO, so that it is commonly used for different biomedi-
cal applications (He et al., 2013; Kulkarni et al., 2015).

We hypothesized that the lack of a cytotoxic effect
was either due to a partial penetration of UV light
which was unable to trigger the photocatalytic effect
or due some surface structure alterations. As to bacte-
riostatic effects, these resulted particularly enhanced
with AL, EH, CL and FS glass specimens.

In conclusion, this study revealed that both the
bacteriostatic and cytotoxic effects depended on the

kind of material and on its TiO, thickness. Thus, fur-
ther experiments are required to overcome the lack of
information about nanostructured surfaces for future
biomedical applications.
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