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Abstract: In this work the antimicrobial activity of TiO, nanopore thin films sensitized by Copper
tetracarboxyphthalocyanines (T.P.Cu) was investigated. TiO, thin films were deposited by magnetron sputtering and the
sensitization process was done by adsorption process. The samples were characterized by scanning electronic microscopy
(SEM), Fourier Transform infrared spectroscopy (FTIR), UV-Vis spectrophotometry, diffuse reflectance and Raman
spectroscopy. Finally, the antimicrobial effect against Methicillin resistant Staphylococcus aureus (MRSA) under visible
irradiation on TiO, and T.P.Cu/TiO, was studied. The antimicrobial assay showed that T.P.Cu/TiO, thin films reach 80.4%
(+/3.4) of inhibition of MRSA growth after visible irradiation.
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1. Introduction

In recent years, pathogens have become public threats
large-scale, which have been found to have an effect on
human’s health, food safety and even national security with a
considerable economic loss [1, 2]. Staphylococcus aureus
(SA) is a dangerous human pathogen, carried by about 30%
of the population and a leading etiologic agent of nosocomial
and community acquired infectious diseases. As one of the
most ubiquitous pathogens in public healthcare worldwide [3,
4], SA has been a major common cause of bloodstream
infections, osteomyelitis, endocarditis and toxic shock
syndrome [5]. Furthermore it has been reported to persist
inside phagocytes for prolonged periods. However, a more
thorough characterization of the different mechanisms for
intracellular persistence is lacking. It has been showed that
protection from primary staphylococcal infection is mainly
dependent on innate rather than adaptive immune responses
[6]. Tt is known that SA bacteria are resistant to some
conventional antibacterial drugs like penicillin, methicillin
and vancomycin. Last years, there were many researches in
the field intended to find new alternatives to control this

pathogenic microorganisms resistant to antibiotics [7].
Antimicrobial Photodynamic Therapy (APT) is a potential
methodology to solve this problem. APT uses three non-toxic
components: photo sensitizers, electromagnetic radiation and
molecular oxygen *0,. These three factors generate reactive
oxygen species (ROS) which are highly cytotoxic to bacteria
[8-10]. In recent years, many practical applications of
nanoparticles on APT were found [11]. APT relies in
excitation of photosensitizer (PS) under electromagnetic
visible radiation in the presence of basal triplet state 302,
when PS absorbs light; it excites from basal state (°PS) to
singlet state ('PS*) after that, two different process can
occur: (a) 1PS* could return to °PS state through
fluorescence process or (b) 'PS* could decay to triplet state
(’PS*) through internal cross system process; if “PS* is
generated two different process could occur; *PS* could
return to °PS state through phosphorescence process or 3PS*
could react to *O, to generate excited singlet state oxygen
'0,; this kind of reaction is known as type II reaction or
energy transfer reaction; furthermore, *PS* also could
produce radical species as hydroxyl or superoxide radicals
through electron transfer reaction, this kind of reaction is



10 P. M. Perillo and F. C. Getz: Dye Sensitized TiO, Nanopore Thin Films with Antimicrobial Activity Against Methicillin
Resistant Staphylococcus Aureus Under Visible Light

known as type I; 'O, is an important ROS and is highly
cytotoxic, it can react to a large number of biological
substrates [12—-18]. Among the semiconductors options;
titanium dioxide (TiO,) has shown good bio-deactivation
properties against different microorganism like cyanobacteria
and microscopic fungi, viruses, prions and cancer cells [19—
21]. Pure TiO, is photoactive only under UV irradiation;
however, photosensitization with organic and inorganic dyes
is a convectional way to shift optical properties of
semiconductors to visible range of electromagnetic spectrum
[22]. Most photosensitizers used for APT are porphyrins,
chlorines and bacteriochlorins; however, phthalocyanines,
purpurines and texapirines are investigated as main
alternatives  [23]. Among these  photosensitizers;
phthalocyanines are an attractive option, they have high
quantum yield of 'O, production, a high molar absorptivity in
the visible range of the electromagnetic spectrum and
besides, they have high absorption coefficient in the red
region of the spectrum (670 nm) where light can penetrate
the tissues and high photostability to minimize the effects of
photobleaching [24, 25]. Different phthalocyanines and their
derivatives are used in APT application due to possibility to
generate large amounts of singlet oxygen and other ROS;
cytotoxic species against antibiotic resistant bacteria,
especially gram positive bacteria such as SA.

In this work, we studied antimicrobial activity of TiO,
nanopore thin films sensitized by P.T.Cu under visible
radiation as possible alternative to source antimicrobial
material.

2. Experimental Procedure
2.1. Synthesis and Characterizations of Phthalocyanines

The procedure for the synthesis was as follows: copper
sulfate (II), trimellitic anhydride, urea, and ammonium

chloride were mixed in 10.0 ml of nitrobenzene. The reaction
was catalyzed with ammonium tetramolybdate. The mixture
was heated to reflux at 185 °C for 4 h. Then, the dye was
purified and recrystallized in acid medium [26, 27].

The samples were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), UV-Vis
spectrophotometry, Fourier Transform Infrared Spectroscopy
(FTIR), diffuse reflectance and Raman spectroscopy. A Zeiss
Supra40 Gemini microscope was employed for the
morphological characterization of the TiO, samples.

XRD patterns were recorded with a diffractometer
(PANalytical model Empyrean) equipped Cu Ka (4 =
0.15418 nm) using a generator voltage of 40 kV and current
of 40 mA. FTIR spectra were recorded in a Nicolet MAGNA
560 instrument equipped with a liquid N, cooled MCT-A
detector.

The diffuse reflectance absorption spectrum was measured
using a Lambda 4 Perkin Elmer spectrophotometer equipped
with an integrating sphere. Raman measurements were
carried out using a Jovin Yvon T64000 spectrometer
equipped with a microscope objective and a charge coupled
device detector (CCD).

2.2. Thin Films Sensitization

Ti films (600 nm in thickness) were deposited by RF
magnetron sputtering on p-type Si (100) wafer with 300 nm
layer of SiO,. The detailed preparation of TiO, thin film
nanotubes was reported in our previous work [28]. TiO, thin
films were immersed in a solution of each phthalocyanine by
16 hours at room temperature and constant stirring, after that,
sensitized films were washed and dried.

2.3. Antimicrobial Activity Test

The plate count methodology was used and the viable cells in
terms of colony forming units (CFU) were estimated [29, 30].
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Fig. 1. UFC counting dishes methodology to inhibition assay of Staphylococcus aureus growth under visible irradiation.
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First, we inoculated strains resistant SA in 30 ml of sterile
nutrient broth, and it was stirred for 12 hours at 37°C, after
time incubation, optical density of the culture was measured
to determinate the respective microorganism growth.

Cultures with same absorbance were prepared at different
falcon tubes, a culture was grown without any treatment as
the negative control and gentamicin was used as positive
control.

Dilution in series until 107 for each crop was used; the thin
films were submerged into the crops. The samples were
irradiated under visible light (450 pWem™ %) for 30 minutes,
after that were incubated and agitated for 12 hours. Procedure
was performed by triplicate. Finally, we performed the
electronic counting of CFU into petri dishes to determinate
antimicrobial activity. Fig. 1 shows general description of
antimicrobial test methodology.

3. Results and Discussion
3.1. XRD TiO, Thin Film Characterization

The corresponding XRD pattern of TiO, nanostructure
fabricated from Ti film at 60 V anodizing voltage after being
annealed at 550°C is shown in Fig.2. Typical peaks of
anatase phase at 20 near 25°, 37° and 48° are observed,
which correspond to planes (101), (004) and (200),
respectively. Also typical peaks of rutile phase at 26 near 27°,
36°, 41° and 54° are observed which correspond to the planes
(110), (101), (111) and (211), respectively. The peak at 20
near 33° belongs to Si (200) plane of the substrate. In
summary, the structure consists of a mixed phase of anatase
(01-086-1157) and rutile (00-034-0180).
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Fig. 2. XRD patterns of TiO; nanostructure prepared on Ti films.
3.2. FTIR Phthalocyanine Characterization

Fig.3 shows FTIR to T.P.Cu synthesized in this work.
Typical broadband is located between 3418 cm ', this signal
could be assigned to O-H; this broad and strong signal
overlapped the signal of chemical bond stretching of N—H.

Aromatic chemical functional groups is corroborated by
absorption at 1700—1200 cm ', signal located at v = 1668 cm™
' corresponds to asymmetric stretching of C=O-, strong
signal located at v = 1524 cm ' could be assigned to chemical
bond stretching of C=C of aromatic groups, signal located at
v=1355 cm ' chemical bond stretching of C—O of carboxylic
acid group and besides, signal located near to 1007 cm ' is
assigned to chemical bond bending of C-C in aromatic
groups [31, 32].
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Fig. 3. FTIR spectrum to PcTcCu synthesized in this work, PcTeCu chemical structure is given as inset image.

3.3. UV-Vis Phthalocyanine Characterizations

Fig. 4 shows UV—Vis spectrum to T.,P.Cu dissolved in
H,S0, (c), spectrum shows typical Soret band around 320
nm, it corresponds to z—x* transition; furthermore, broad

bands located at 650 nm and 695 nm correspond to Q bands,
these signals can be assigned to dimmer of phthalocyanines;
P.T;Metal molecules can interact with each other through
delocalized m electrons and hydrogen bonds [33]. The pH,
concentration, temperature, solution polarity are most
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important factors affecting aggregation [34], furthermore,
phthalocyanines derivatives easily form dimmers even in
dilute solutions [35].
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Fig. 4. UV-Vis spectrum to PcTcCu synthesized in this work.
3.4. Raman Sensitized Thin Films Characterization

Fig. 5 shows Raman spectrum to TiO,, P.T.Cu and
TiOy/P.T.Cu. Results shows TiO, thin films shows typical
Raman signals to anatase phase; symmetry modes
corresponds to E;, located at 144 cm’l, 398 cm ! and 520 cm™
1; Es, to signal located at 639 cm’l; these results corresponds
to others reports [36]. Fig.4 shows typical signals of
phthalocyanines after irradiation for using Laser of 780 nm
under P.,T.Cu Powder, signal located at 1532 cm! can be
assigned to bonding Cg —Cg vibration of pyrrole chemical
group, signal located at 1330 cm ' can be assigned to
isoindole chemical group and signals located at 683 cm ' and
746 cm' can be associated to symmetric and asymmetric
distortions of macrocycle [37, 38]. Fig. 5 also shows Raman
spectrum to TiO,/P.T.Cu. The main signal corresponded to
the anatase phase. The final product TiO, PhthCu Raman
spectrum indicates that no significant changes in the
vibrational profile of the TiO, and PhthCu were occurred
keeping their crystalline forms and characteristic symmetrical
vibrational modes. Finally, Fig. 5 also shows Raman
spectrum of TiO,/P T Cu, this spectrum shows an increase in
the Raman intensity signals, this result can be assigned to
SERS enhancements [39]. Results indicate that P .TcCu is
adsorbed on TiO, surface.
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Fig. 5. RAMAN spectra to TiO, and TiO/P.T.Cu thin films and P.T.Cu
powder.

3.5. Optical Sensitized Thin Films Characterization

Fig.6 shows reflectance diffuse spectrum to TiO, and
TiOy/P. T.Cu thin films. TiO, spectrum does not show
absorption at the visible range of electromagnetic spectrum
(after 400 nm), due to the higher band gap of TiO, [40].
TiOy/P.T.Cu spectrum shows two bands located at 640 nm
and 696 nm, however in this case the bands are not fully
resolved; these two signals may be associated to transitions
(n—x*), signals which are typical of phthalocyanines metal
complexes [41].
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Fig. 6. Reflectance diffuse spectrum to TiO; films and TiO,/P.T.Cu thin
films.

The diffuse reflectance spectra were analyzed through
Kubelka Munk remission function through follow equation
[42]:

F (Ro) = (1 —Ra )’/ 2Ra (1)

Where R, is the reflectance; F (R,) is an indicative of the
absorbance of the sample at particular wavelength value and,
it is proportional to the absorption constant of the material.
We calculated the optical band gap by extrapolating the linear
portion of the (F (R,) 4v)* vs. hv plot on the x axis according
to:

(F (Ra) hv)* = A (hv— Eg) )

Where E, is the band gap and A is a constant depending on
the transition probability.

Fig. 7 shows that band gap of TiO, thin film was 3.28 eV,
this corresponds to typical value of band gap energy of TiO,
[43]; this result is according to Raman measurements
presented before. Furthermore, results also show a redshift of
absorption band for TiO,/P.T.Cu thin films, these films
present a band gap energy of 1,58 eV, the broad absorption
band at the visible region is attributed to P.,T.Cu molecules
absorbed on TiO, surface. This represents a reduction of 51%
in the band gap value, this result suggests, sensitization
enhancement process TiO, photoresponse in visible range of
electromagnetic spectrum [44]. Sensitization of TiO, thin
films can permit to use visible region of electromagnetic
spectrum to generate ROS.
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Fig. 7. Plot of (F (R)hv)’ vs. hv to both TiO, and TiOy/P.T.Cu thin films,
band gapenergy value is indicated into x axis.

3.6. SEM Analysis

Thin films morphology was studied through SEM analysis.
In Figure 8a it can be seen a nanoporous structure. The
nanostructure size is approximately 60 nm in all cases.

After sensitization process of aggregates on TiO, surface
increase their size in around 100 nm (Fig. 8b), it is possible
after adsorption process, P.T.Cu support agglomeration
process on TiO, surface, aggregation of phthalocyanines on
TiO, thin films has been reported before [45].

Fig. 8. SEM images of a) TiO; and b) TiO»/P . T.Cu thin films.

3.7. Antimicrobial Assay

Fig. 9 shows antimicrobial activity yield to TiO, and
TiO,/P.T.Cu thin films. Under visible irradiation TiO, thin
films did not show antibacterial activity after culture
procedure; however, P, T.Cu/TiO, had 81.5 % antimicrobial
activity against to MRSA. After visible irradiation P. T .Cu in
basal state can be promoted to the first excited singlet state
(‘CuP.T.*) three different events can occur: (1) electronic
injection from LUMO 'CuP.T.* to conduction band of TiO,
and subsequent generation of O, q*” on TiO, surface; (2)
generation 'O,, through type reaction II [46]; (3) O, (ad) * by
photon induced electron transfer through mechanism named
type 1 reaction [47]. Fig. 1 shows general scheme of this
possible reactions. After irradiation ROS attack cell covering
and they react to protein, lipids and nuclide acids; damages
undergo by microorganism are irreversible [48].

Different reports have corroborated sensitizer must not be
connected nor spread across into cell covering to destroy
bacteria [49]. Results demonstrated high potential of Cu
tetracarboxy—phenyl-phthalocyanine in development of
antimicrobial surfaces.
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Fig. 9. Antimicrobial activity to TiO; and TiOy/P.T.Cu thin films against to
MRSA.

4. Conclusions

In this work we deposited TiO, and TiO,/P.T.Cu thin
films, P, T.Cu was synthesized for using Achar method and
besides, it was characterized by FTIR, UV-Vis and Raman
spectroscopy. UV—Vis, Raman spectroscopy indicated SERS
enhancements was presented after adsorption process of
P.T.Cu on TiO, thin films, furthermore optical results
corroborated sensitization process improved photoactivity of
TiO, thin films in visible range of electromagnetic spectrum.
Antimicrobial effect under visible irradiation against MRSA
showed T.P.Cu/TiO, thin films reach 80.4% (+/3.4) of
inhibition of MRSA growth after visible irradiation. Finally,
our results indicated system TiO,/T ,PcCu exhibited adequate
germicidal properties against to MRSA bacteria.
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