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Abstract

The photocatalytic property of titanium dioxide is well known and is responsible for its antimicrobial activity. The present study is
focused on the understanding of enhanced antimicrobial property of Eu—Ag codoped TiO, surfaces, which were prepared using the sol—
gel method. After exposing Eu—Ag codoped TiO, surfaces to Pseudomonas aeruginosa, the microbes attached on them were
characterized by total viable counts, epifluorescence and Raman microscopic experiments. These techniques confirmed the effective
reduction of microbial attachments on Eu—Ag codoped surfaces when compared to the control and Eu doped TiO, surfaces. The reason
was that the co-dopants favored the transformation of anatase/rutile mixed phase and led to the increase in photocatalytic activity of the
Eu-Ag codoped TiO, surfaces. Also, the metallic silver on TiO, surface enhanced the photoactivity by accelerating the transport of
photogenerated electrons to oxygen molecules, preventing the electron—hole recombination and facilitating the activity of codoped
surfaces.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) is well known for its semicon-
ductivity, photocatalysis and non-toxicity [1,2]. Due to its
excellent photocatalytic activity, the material has gained
enormous attention and become the subject of contempor-
ary research interest [3—15]. There are many literatures on
doping of TiO, in the recent years [16-27]. Most of them
discussed about the reduction in the possible electron—hole
recombination and higher photocatalytic activity [16—18].
It was proved that the dopant particles of nanosize gave
improved catalytic behavior, and was used for the degra-
dation of many compounds and this peculiar quality lead
to enhanced antimicrobial property of doped TiO, surfaces
[16]. Added to this, co-doping has also been used to reduce
the band gap energies, which shifted the absorption to
longer wavelengths when exposed to visible light, leading
to higher catalytic and microbial activities [14,28-32].
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In the recent past, researchers contributed a lot toward
the lanthanide doping of TiO, [33-38]. It was reported that
the f-orbital of lanthanide ions interact with the Lewis
bases and form complexes with unique electronic structure
4fx5dy and oxygen vacancies [16,37,38] and hence, the
incorporation of lanthanide ions in a TiO, matrix became
easier [37-40]. In analogous to the earlier reports in this
area, we have carried out an investigation on antimicrobial
properties of Eu—Ag codoped TiO, surfaces. For the sake
of fundamental scientific interest and to get an insight,
antibacterial properties of Eu doped TiO, and Eu-Ag
codoped TiO, surfaces were compared by us. We adopted
the same concept and methodology presented in our earlier
paper on antimicrobial characterization of anodized and
sol-gel TiO, surfaces [41]. For the present analysis, the
codoped surfaces were produced using the sol-gel method
since the method was considered easy and adoptable. The
coated surfaces were characterized by Raman spectro-
scopy, photoluminescence, X-ray photoelectron spectro-
scopy and X-ray diffraction techniques. The antimicrobial
effects were tested with Pseudomonas aeruginosa. The
microbes attached on the doped and codoped surfaces
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were characterized by total viable counts, epifluorescence
and Raman microscopic experiments.

2. Materials and methods
2.1. Control titanium specimens

Commercially pure titanium Grade-2 samples were used
in this study. The surface cleaning of the metal and the
sample preparation was done as reported in our earlier
study [41]. The Ti coupons of size 30 x 20 x 1 mm? were cut
and treated in an acid bath (HNOs, 400 g/l+HF, 40 g/l1+
water) to remove any surface scales present. The treated
specimens were then cleaned ultrasonically in acetone,
washed in flowing water and finally rinsed in distilled water
and air-dried. These specimens were used as a control to
compare the photocatalytic activity of the Eu-doped and
Eu—Ag codoped TiO, specimens.

2.2. Eu-doped and Eu—Ag codoped TiO, sol-gel coated
titanium specimens

In our experiments, all reagents used for the preparation of
TiO, sol-gel were of AR grade. The Eu-TiO, sol-gel was pre-
pared as reported in the literature [42]. The Eu-TiO, sol was
prepared from tetra-n-propyl titanate and ethyl acetoacetate
(EAcAc), a chelating agent. Initially, 40 ml of ethanol and
2 ml of EAcAc were mixed, followed by the addition of 4 ml
of tetra-n-propyl titanate. Tetra-n-propyl titanate: EAcAc:
Eu(NO3); - 6H,O:C,HsOH with molar ratios 1:4:0.1:27, were
stirred continuously for 1h at 50 °C. After 30 min, 0.2 ml
distilled water was carefully added to the solution to initiate
the hydrolysis of tetra-n-propyl titanate. The obtained trans-
parent yellow solution was kept stirring for 10 h. The yellow
transparent solution was aged for 24 h before coating on the
metal surface. For the preparation of Eu-Ag codoped TiO»,
silver nitrate was also added along with the Europium nitrate
solution. The ratio of Eu>* and Ag™ as 1:1 was maintained in
the codoped TiO,. The titanium specimens were ground with
no. 320-1000 SiC emery papers gradually, polished and then
ultrasonically cleaned in acetone and distilled water for
10 min, respectively. After hot air drying, they were coated
with doped and codoped TiO, coatings by the dip-coating
method. After drying naturally in the ambience, the specimens
were heated in an oven at 150 °C for 30 min. The process was
repeated for 4-5 times to increase the coating thickness. Then,
the samples were heat-treated at 470 °C for 2 h to enable the
oxide conversion.

2.3. Characterization of Eu-doped and Eu—Ag codoped
TiO; sol-gel coated titanium specimens

2.3.1. Raman and photoluminescence spectroscopy

All the sol-gel coated specimens were characterized using
Raman, photoluminescence (PL) spectroscopic techniques.
Both Raman and PL spectra were recorded by an integrated
Raman microscope (HR800, Jobin Yvon) equipped with

1800 grooves/ mm holographic grating. An argon ion laser of
488 nm and 10 mW power was used as an excitation source
for recording Raman and PL spectra of control, Eu-doped
and Eu-Ag codoped TiO, sol-gel coated Ti surfaces. The
system consists of an Olympus optical microscope mounted
at the entrance of the Raman spectrograph and the 10 x
long distance objective was used to focus the beam on the
sample. The laser spot size was approximately 3 um and the
slit width was 400 pm. The back scattered Raman spectra
were recorded using super cooled (< —110 °C) 1024 x 256
pixels CCD detector. All the Raman spectra were collected
with 5's exposure time and 20 accumulations. PL spectra of
all the samples were recorded with 30 s exposure time and
5 accumulations.

2.3.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) experiments were
carried out using a PHOIBOS 150 spectrometer employing
monochromatic Al K, (1486.74 ¢V) as the primary source
radiation at room temperature. The anode was operated at a
voltage of 13 kV and source power level was set to 300 W.
The spectra were collected using the PHOIBOS 150 MCD-9
analyzer with a resolution of 0.67 eV for 656 kcps at pass
energy of 10 eV and analyzed using the Casa XPS software.
The binding energies were calculated with respect to the
Cls=284.8 ¢V [43]. The analysis of each of the elemental
peak is deconvoluted after the subtraction of background of
the Shirley type. For the deconvolution of elemental peak of
europium linear background subtraction was used.

2.3.3. X-ray diffraction studies (XRD)

The crystalline phases of doped and codoped TiO,
nanoparticles were analyzed by X-ray diffraction (XRD)
measurements which were carried out at room temperature
by using a Siemens X-ray diffraction D500 with Cu K,
radiation.

2.4. FEvaluation of antimicrobial activity of modified
surfaces

Exposure studies and post-exposure analysis were done
by adapting the similar procedure reported in our earlier
paper [41] for comparing microbial attachment of control,
Eu doped and Eu—-Ag codoped TiO, surfaces.

2.4.1. Laboratory exposure studies

The Eu doped and Eu-Ag codoped TiO, sol-gel coated
titanium specimens were exposed to the culture of
P. aeruginosa bacteria in 10% nutrient broth in the
cylindrical glass vessel containing the appropriate exposure
medium. The specimens were withdrawn after 72 h for
antibacterial studies.

2.4.2. Post-exposure studies

2.4.2.1. Total viable count estimation (TVC). All the
specimens exposed to P. aeruginosa were removed after
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72 h exposure and gently washed to remove out loosely
adhering cells. The microbes on the 3 sets of specimens
were dispersed into 15ml of sterile phosphate buffer
(0.0425 g KH,POy,, 0.19 g MgCl,/l) using a sterile brush.
Serial dilutions of the biofilm suspensions were prepared
and 0.1 ml of each dilution was plated onto zobell marine
agar (ZMA) from Hi media M384. The plates were
incubated for 24-48 h at 32 °C, and the TVC was deter-
mined [41,44], and its statistical analysis was performed by
the MYSTAT software.

2.4.2.2. Epifluorescence microscopic studies. The speci-
mens of control, doped and codoped TiO, were exposed
to P. aeruginosa for bacterial growth and used for direct
microscopic observation using epifluorescence microscopy
[41,45]. The specimens were gently washed with sterile
water, and air-dried in a sterile chamber, and then the
surface was flooded using 0.1% acridine orange. The
excess stain was drained off after 2 min, and the specimens
were washed in sterile water, dried and observed under a
Nikon Eclipse E600 epifluorescence microscope (excitation
filter BP 490; barrier filter O 515). When the intercalation
of acridine orange with DNA and RNA was taking place,
either green or red fluorescence was observed upon 480—
490 nm excitations.

2.4.2.3. Raman protocol for antimicrobial studies. The
titanium coupons with the bacterial biofilms were
immersed in the Ag colloidal suspensions and their
analysis in the Raman microscopic scanning mode were
carried out with the same HR800 Jobin Yvon Raman
spectrometer using 1800 grooves/ mm holographic grating.
He—Ne laser of 633 nm was used as an excitation source.
The laser spot size was approximately 3 um and laser
power was 5 mW at the sample. The back scattered Raman
spectra were recorded using super cooled (< —110 °C)
1024 x 256 pixels CCD detector over the range 80—
4000 cm ~'. All the spectra were collected with 5 s integra-
tion and 20 accumulations. Both integration time and
number of accumulations were kept constant for all the
experiments. The spectral maps were obtained by collect-
ing spectra over 100 x 100 um? area with 5 s exposure time
and 20 CCD accumulations. Data acquisition was done by
an associated software package.

3. Results and discussion

3.1. Characterization of Eu-doped and Eu-Ag codoped
sol-gel TiO, coated Ti specimens

3.1.1. Raman, X-ray diffraction and photoluminescence
analysis

The coated titanium coupons were characterized using
Raman spectroscopic experiments. Both Eu doped and
Eu-Ag codoped gave Raman signatures of TiO, at the
surface. Generally, the presence of anatase TiO, was
confirmed by its characteristic Raman modes at 142 (E,),
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Fig. 1. Raman spectra taken from the (a) control (b) Eu-doped and (c, d)
Eu-Ag codoped TiO, coated surfaces. Excitation wavelength=488 nm;
laser power=10 mW; exposure time=>5 s; laser acquisitions=20.

393 (Bly), 636 (E,) cm ™' whereas the rutile phase was
confirmed by its Raman modes at 238, 445 and 609 cm !
[46]. Fig. 1(a and b) depicted the Raman spectra of control
and Eu doped TiO, coupons. Raman spectra were col-
lected at randomly selected points (at least 5) of each
sample, and were observed to be reproducible. This was
achieved by the XY motorized sample stage in the Raman
microscope. Fig. 1(c and d) shows the Raman spectra
taken from 2 different positions at Eu—Ag codoped TiO,
coupons. The Raman spectra taken at different places of
Eu—Ag codoped TiO, coupons indicated the presence of
both anatase and rutile phases (Fig. 1(c and d)). The
spectral assignments and the interpretation were made
based on the literature [46—49]. The Eu doped TiO, surface
showed predominant anatase phase. In the case of Eu—Ag
codoped surface, the intensity of the peak at 145 cm ™! was
drastically reduced whereas new peaks at 249, 447,
612 cm ™! were observed due to anatase to rutile transfor-
mation [48]. Peak positions were slightly altered from the
reported values as a result of surface inhomogeneities and
particle size effects. Few extra peaks were observed owing
to the aggregation of small particles and surface effects.
Generally, Eu-doped TiO,, gave stable anatase phase,
though the annealing temperatures were up to 700 °C,
the anatase to rutile phase was not formed [48]. Due to the
existence of Eu—O-Ti bonding in Eu doped TiO; substrate,
the annealing temperature was increased for the anatase—
rutile transformation [48]. The Eu®" ion will prefer to
occupy interstitials because of the difference in ionic radii
of the both Eu®™ and Ti** and block the rutile formation
[48,49]. Hence, the presence of anatase phase in the Raman
spectra of Eu doped TiO», was very much supported by this
fact. However, the incorporation of Ag into the Eu doped
TiO, matrix, stimulate the anatase to rutile transformation
and the Raman spectra of Eu-Ag codoped surface
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Fig. 2. X-ray diffraction pattern of (a) Eu-doped and (b) Eu-Ag codoped
TiO, coated surfaces.

indicated the formation of clear anatase/rutile mixed
phase. The results were in good agreement with the
X-ray diffraction experiments (Fig. 2). The crystallite size
was calculated by the Debye—Scherrer formula D =K1/f
cosf, where D is the crystallite size, 4 is the wavelength of
X-ray radiation (0.154 nm), K is the constant (0.89), 0 is
the Bragg’s angle and f is the peak width at half maximum
height after subtracting the equipment broadening [39,50].
It was found that the average crystallite sizes of Eu doped
and Eu-Ag codoped TiO, surfaces were 11 and 10 nm,
respectively. The crystallite sizes were calculated by con-
sidering (101) plane of anatase of doped and codoped
surfaces. In addition to that, the crystallite size of Eu-Ag
codoped TiO, surface was calculated (14 nm) with regard
to the 110 plane of rutile phase. It is well known that the
decrease in crystallite size will increase the microstrain in
the sample, and the Eu and Ag atoms will be just adsorbed
on the surface [39,50]. The microstrain was calculated
using the formula, /4 tan@ [50] and observed to be 0.013
and 0.014 for Eu doped and Eu-Ag codoped TiO,
surfaces, respectively. By using XRD, the weight content
of [51] anatase and rutile phase in Eu—Ag codoped TiO,
was determined using the formula

WR=1/140.8(IA/IR), (1)
WA=1-WR, (2

where WA and WR are the weight fraction of anatase and
rutile, /4 and IR are the diffraction peak intensities of
anatase (101) and rutile (110), respectively. The calculated
weight contents of anatase and rutile in codoped surface
were 0.67 and 0.33 respectively. The crystal planes (101)
and (200) of the anatase phase were selected to calculate
the Ilattice parameters of the Eu-doped and Eu-Ag
codoped TiO, surfaces. The lattice parameter and unit cell
volume of the samples were calculated by using the
formula [52] d(hkl) = 2/2 sin0 (Bragg’s law) and d(hkl) =
(h* )+ 13 |a? +12/(:2)_1/2 where /ikl are the Miller indices;
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Fig. 3. Photoluminescence spectra taken from the (a) control,
(b) europium nitrate, (¢) Eu-doped and (d) Eu—Ag codoped TiO, coated
surfaces. Excitation wavelength =488 nm; laser power=10 mW; exposure
time=30 s; laser acquisitions=>5.

a, b and ¢ are the lattice parameters (in a tetragonal
system, a=b+#c); d(hkl) is the interplanar spacing between
the crystal planes (hkl); / is the X-ray wavelength; and 0 is
the diffraction angle. The lattice parameters for Eu-doped
TiO, surfaces were found to be a=0.3785 nm; ¢=0.9484
nm and slight deviation was shown from the lattice
parameter values of codoped TiO, surfaces (¢=0.3786 nm
and ¢=0.9509 nm). The cell volume was also calculated
and observed to be higher for Eu-Ag doped TiO,
(0.1363 nm®) than that of Eu doped TiO, (0.1358 nm?)
due to the incorporation of Ag into the TiO, matrix.

Fig. 3 shows photoluminescence spectra of control, Eu-
doped and Eu—-Ag codoped Ti surfaces at room tempera-
ture. Our Instrument (HR800, Jobin Yvon) was not
provided with UV laser probe to record the PL spectra.
Hence, the emission spectra were recorded after exciting
the samples at 488 nm. There was no specific reason in
selecting this particular excitation wavelength for PL
experiments. Fig. 3(c and d) showed emission peaks at
590 and 614 nm, which were due to magnetic (SD0— 7F1)
and electrical (5D0— 7F2) dipole transitions respectively
[47]. The PL spectra indicated the presence of europium
ions in the doped and codoped surfaces. The emission
spectra of doped and codoped surfaces consists emission
lines at 591, 600, 613, 660 and 710 nm due to Eu* ion
transitions from °Dg to 'F, (J=0, 1, 2, 3 and 4) [47,53].
The possibility of formation of Eu,Ti,O; was eliminated
due to the presence of peaks at 591 and 613 nm [47]. The
intensities of electrical dipole were higher than that of
magnetic dipole transitions. The asymmetric factor of the
europium ion in the TiO, matrix was calculated by finding
out the ratio of the electric to the magnetic dipole
transitions [47,54,55]. The values of asymmetric factor of
Eu doped and Eu—-Ag codoped surfaces were found to be
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3.45 and 3.39, respectively. Though ratio of electric to
magnetic dipole transitions were almost same, the intensity
of electrical dipole transition was decreased upon codoping
due to the cross relaxation among europium and silver ions
[54]. As reported in earlier literature, an unusual increase
in the intensity of the electrical dipole transitions was

Ml
Ti2p
" e
Eu3d
b
. W"MJ Agad . C1s
3 t |
) 01s
— Eu3d
,-é' AN ™ | Tizp b
n WJ
c . Cis
s S
£
O1s
g Tizp a
w _LC1s
T T T T T T T
1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig. 4. XPS survey spectra of (a) control, (b) Eu-doped and (c) Eu-Ag
codoped TiO, coated surfaces.
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observed due to polarizability effect of the host matrix
[54,55].

3.1.2. X-ray photoelectron spectroscopy analysis

The XPS survey spectrum clearly revealed the presence
of Ols (530.3eV), Ti 2p, and Ag 3d (Fig. 4). The XPS
analysis of coated surfaces showed distinct peaks corre-
sponding to Ti** and Eu®"and Ag° [43]. However, Eu was
observed with very low intensity indicating the lesser atom
content of europium. The existence of titanium as Ti*™
was confirmed by the presence of peak at 459.2 eV [43].
No binding energy peaks corresponding to Ti** or Ti*™"
were observed at 455.1eV [43] and 457.7¢V [47], and
hence the possibility of occurrence of Ti*T or Ti** was
ruled out. The observed binding energy values Ols and Ti
2p were slightly shifted to higher values due to the
incorporation of dopants [40,47]. The formation of Eu—
O-Ti chemical bond was confirmed by the increase in
binding energy values [47]. The high resolution scan
(Figs. 5 and 6) of the 3ds), core level of Eu revealed two
distinct peaks around 1135.4¢eV and 1127.0 eV denoting
Eu (IIT) and Eu (I1), respectively, for both Eu-doped and
Eu-Ag codoped surfaces [40,56]. When the high resolution
scan for 3d core level of Ag was carried out for Eu-Ag
codoped surfaces, two well separated peaks were observed
at 368.8 eV and 374.8 eV [37] with a peak separation of
6 eV, inferring the presence of metallic Ag in the codoped
Ti surfaces.
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Fig. 5. High resolution XPS spectra of Eu-doped TiO, coated surfaces: (a) Ti 2p; (b) O Is and (c) Eu 3ds), core levels.
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Fig. 6. High resolution XPS spectra of Eu-Ag codoped TiO, coated surfaces: (a) Ti 2p; (b) O 1s; (c) Eu 3ds, and (d) Ag 3d core levels.

3.2. Characterization of bacterial biofilms formed on
control, Eu doped and Eu—Ag codoped titanium specimens

The control, Eu doped and Eu-Ag codoped sol-gel
coated titanium coupons were exposed to P. aeruginosa
and retrieved after 72 h. The bacterial biofilms formed on
the exposed sol-gel coated Ti surfaces were characterized
using the following techniques and the results are
discussed below:

3.2.1. Total viable count (TVC)

Fig. 7 shows the total viable counts (TVC) of all the
microorganisms and it was observed that TVC counts in
the Eu—Ag codoped titanium surface were 4 order lesser
than that of control surfaces.

3.2.2. Epifluorescence microscopic observation
Epifluorescence studies showed the morphology of
microbes formed on different titanium surfaces exposed
to P. aeruginosa. Acridine Orange (AO) is a nucleic acid
selective metachromatic dye, which differentially stains
RNA and DNA. It fluoresces in orange when interacted
electrostatically with RNA and in green while intercalated
with DNA. Since the metabolically active cells are rich in
RNA, the dye prefers to bind with RNA and fluoresces in
orange. On the contrary, metabolically inactive cells have
very less RNA content, the intercalation of the dye with

1000000 T
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10

a b c
Fig. 7. TVC count in the (a) control, (b) Eu-doped and (c) Eu-Ag
codoped TiO, coated surfaces.

DNA is favored and hence green fluorescence is observed.
Thus, the number of orange fluorescing cells represented
the actively metabolizing cells, and the green fluorescing
cells indicated the photocatalytically inactivated microbial
cells on Ti specimens [41]. Fig. 8(b and ¢) showed that Eu
doped and Eu-Ag codoped TiO, coated titanium samples
had lesser biofilm formation than control specimens
(Fig. 8a). In our studies, the biofilm formation was always
patchy and non-uniform. However, the epifluorescence
image of microbes on Eu—Ag codoped specimen showed
lesser distribution of bacterial film than Eu doped and
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b

Fig. 8. Epifluorescence microscopic images of biofilms on (a) control (b) Eu-doped and (¢) Eu-Ag codoped TiO, coated surfaces, which were earlier

exposed to P. aeruginosa and retrieved after 72 h.

control surfaces. The results of epifluorescence microscopic
studies were in good agreement with the TVC experiments.

3.2.3. Surface enhanced Raman spectroscopic experiments
of control, Eu doped and Eu—Ag codoped Ti surfaces

The microbial characterization on Ti surfaces using
Raman spectroscopy has been already reported by us
elsewhere [41,57]. Similar methodology was adapted in
the present study for analyzing the Raman spectra. As
expected, normal Raman experiments (NR) on the bacter-
ial biofilms on different titanium surfaces gave unclear
spectra. Hence, the surface enhanced Raman scattering
(SERS) was used to enhance the signal intensity and
resolution. Different regions of the titanium coupons
containing bacterial biofilms were analyzed using Raman
microscopy. The micro-SERS spectra on the biofilms on
titanium surfaces using Ag colloid were higher in magni-
tude than that of NR experiments. The Ag colloid was
synthesized as stated in the literature [58]. A tentative
assignment of bands (Table 1) was performed by referring
to Raman and SERS assignments for P. aeruginosa from
literature [59—61]. The characteristic Raman frequencies of
the cellular components were used to confirm the presence
of microbial attachments. Fig. 9(a, b and c¢) shows the
Raman spectra of P. aeruginosa on control, Eu doped and
Eu-Ag codoped titanium surfaces, respectively. All the
spectra showed similarities and indicated considerable
microbial attachment. Fig. 10(a, b and c) depicted the light

Table 1

Tentative peak assignments (cm~') for micro-SERS spectra of P.
aeruginosa [58-60] on different sol-gel coated titanium specimens in
Ag colloid. Wavelength of excitation is 633 nm.

Band (cm ") Assignments

593 Carbohydrates

646, 684, 669 COO™ bending and C-C skeletal
735 Ring I deformation

803, 869, 824, 884
1016, 1021, 1076

Different C-N stretching from proteins
Polysaccharides and C-C, C-O, C-O-H
deformation

1170, 1172, 1177 Aromatic amino acids in proteins

1256, 1269 N-H, C-N, amide III (protein)

1350, 1360, 1373, C-H bending of protein, COO ™~ symmetric

1381, 1387 stretching, various bending and stretching of
proteins.

1404, 1461 COO™ symmetric stretching

1584 C=—C lipid

1635 Amide I

Other small peaks  Unassigned

microscopic image of P. aeruginosa biofilm on control, Eu-
doped and Eu-Ag codoped sol-gel coated Ti specimens,
respectively.

The Raman spectral maps (Fig. 11(a—c)) were obtained
by collecting the spectra with 5s exposure time over
100 x 100 pm? area on the bacterial biofilms on different
Ti surfaces. The maps were obtained by considering the
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protein vibrations. Generally, Raman map gives the
intensity distributions of one particular spectral range
from which the changes in the composition of a specific
component can be determined. The intensity variations of
specific components over 100 x 100 um? area is depicted in
the form of colored Raman image. Since proteins are one
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Fig. 9. The Raman spectra taken from the P. aeruginosa on (a) control,
(b) Eu-doped and (c) Eu—Ag codoped TiO, coated Ti surfaces. Excitation
wavelength=488 nm; laser power=10 mW; exposure time=5s; Laser
acquisitions=20.

O]

100 um

of the major constituents of the bacterial biofilm, their
distributions were expected to give the measure of biofilm
density at the surface. Hence, Raman maps of proteins
(Fig. 11(a—)) were taken at various titanium surfaces. In
Fig. 11, pinkish white and black color regions indicated the
lesser and higher intensities, respectively (color scale is
mentioned in the figure). The intensities of the Raman
maps are related to the surface composition and thickness
of the biofilm. In the present study, the mapping experi-
ments undoubtedly showed the lesser distribution of
microbes, inferring the decrease of microbial attachments
on Eu-Ag codoped and Eu-doped TiO, coated titanium
surfaces.

The mapping of proteins (Fig. 11(a—c)) was carried from
1300 to 1400 cm™~' (various stretching and bending of
proteins) [59—61]. The mapping experiments were repeated
for other spectral regions. The observed results were
reproducible and in good agreement with the earlier
findings. Different regions of the sol-gel coated specimens
showed lesser bacterial distribution than that of control
specimens. An effective microbial reduction was observed
for Eu—Ag codoped samples than other Ti surfaces. The
observed Raman results were in well agreement with the
epifluorescence microscopy and TVC results.

Generally, smaller the crystal size of the particles larger
is the surface area with more photochemical activity. Since
the particles sizes of both doped and codoped TiO,
surfaces were almost same, it was expected to have similar

100 pm

Fig. 10. The light microscopic image of P. aeruginosa biofilm on (a) control, (b) Eu-doped and (c) Eu-Ag codoped TiO, coated Ti specimens. The image
was obtained by Olympus Raman microscope using 10 x long distance objective. The square box inside the figure represents the selected region of

interest where Raman mapping was carried out.
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Fig. 11. Distribution of proteins in the biofilms formed on (a) control, (b) Eu-doped and (c) Eu-Ag codoped Ti specimens. Raman map was recorded
from 1300 to1400 cm ™', corresponds to various bending and stretching of proteins. (For interpretation of the references to color in this figure, the reader

is referred to the web version of this article.)

photocatalytic behavior from those surfaces. Conversely,
Eu-Ag codoped TiO, surface was shown to be more active
than the Eu doped TiO, surface in the present investiga-
tion. It was earlier reported [62] that catalysts with mixed
phases exhibited significantly higher catalytic activity than
the pure anatase phase. Degussa P-25, a standard indus-
trial photocatalyst which is composed of 70% anatase and
30% rutile, exhibited better activity owing to the better
charge carrier separation in the mixed phase [62]. There-
fore, the existence of mixed anatase/rutile phase formed on
Eu—Ag codoped TiO, surface was mainly responsible for
more antibacterial resistance of codoped surfaces. We
considered the contribution of silver in controlling the
microbial attachments. When silver ions were incorporated
in to the TiO, matrix, they were reduced to Ag, which was
proved by the XPS experiments. As suggested by the
earlier literature [63—66], pre-deposited metallic silver on
TiO, surface enhanced the photoactivity by speeding up
the transport of photogenerated electrons to the outer
dissolved oxygen molecules. Also, partially electrons were
consumed for the reduction of Eu’* to Eu?" and further
prevented the hole—clectron pairing leading increased
activity of codoped surfaces.

4. Conclusions

The Eu doped and Eu-Ag codoped TiO, surfaces were
prepared using the sol-gel method, and their antibacterial
properties were determined using TVC, epifluorescence
microscopy and Raman spectroscopic techniques. It was
observed that bacterial biofilm showed lesser adherence to
Eu-Ag codoped surfaces than Eu doped and control

surfaces. This was due to the increased photocatalysis of
the codoped TiO, surfaces, which disintegrate the bacterial
biofilm components effectively. The codopants favored the
formation of anatase/rutile mixed phase and enhanced the
photocatalytic activity of the surfaces. The metallic silver
on TiO, surface enhanced the photoactivity by accelerating
the transport of photogenerated electrons to oxygen
molecules. Also, the increased activity of codoped surfaces
was attributed to the prevention of hole—electron pairing
by the consumption of electrons for the reduction of Eu® ™
to Eu?™.
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