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Titanium dioxide is a useful material in the biomedical field as it has excellent biocompatibility based on
its non-toxicity and non-inflammatory properties. Furthermore, TiO, can be excited by UV light to create
charge carriers giving rise to photocatalytic redox reactions at the surface and photo-induced super-
hydrophilicity. These properties might be exploited for surface decontamination of medical devices and
implants. With this in mind, titanium dioxide TiO, films were prepared on stainless steel substrates using
magnetron sputtering. Silver loaded (Ag-TiO;) films were prepared by the photocatalytic reduction of

I;%:wrds" Ag* from solution. The adsorption of human serum albumin (HSA) was studied. Surface analysis methods
Ag-TiO, used included X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy
Photocatalytic activity and atomic force microscopy (AFM). The TiO, films were predominantly anatase crystal phase and the
Protein photoreduced Ag was present at greater than 90% of the silver content as Ag® on the surface. Ag loading
Adsorption of the TiO, markedly enhanced the Raman signal (ca. 15-fold), but caused significant changes to the

Degradation spectrum indicating non-specific binding of protein side chain residues to the Ag. The amide I and III
modes remained well-resolved and were used to estimate the conformational change induced by the Ag.
Raman analysis showed an increase in the intensity of the band at ~1665 cm~! assigned to the disordered
conformation, suggesting that the adsorption to the Ag sites induces conformational changes in the
protein. UVB irradiation of the protein contaminated surfaces caused further changes in the protein
conformation, consistent with denaturation and enhanced binding and oxidation, thought to be induced
through a photocatalytic mechanism.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Interfacial adsorption of proteins is a key issue in medicine with
respect to the contamination of surgical instruments and the bio-
compatibility of medical implants. The nature of adsorption and the
impact this event has on the structure of the protein varies widely
depending on the properties of both the protein and the inter-
face. Reliable strategies for desorption or denaturation of proteins
adsorbed at a surface are critically important for the decontami-
nation of surfaces of surgical instruments which may have been
contaminated with infectious materials, for example, prion protein.

Among metallic materials used in biomedical applications, tita-
nium and its alloys are probably the most important due to their
chemical stability, low mass, high strength, corrosion resistance,
and their excellent biocompatibility [1]. In vitro and in vivo exper-
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iments have demonstrated that titanium dioxide coatings exhibit
good blood compatibility [2-4] and do not appear to induce platelet
aggregation, damage red blood cells or adsorb fibrin strongly
[5]. Consequently, titanium and its alloys are used in dental,
orthopaedic and cardiovascular implants [5,6]. The biocompatibil-
ity of titanium and its alloys is associated with the properties of the
titanium surface oxides [7-9].

Like titanium, stainless steel is widely used in medical devices
and instruments, because of its low cost and its strength. Surgical
steel is regarded as easy to sterilize; however, protein adsorbates,
most critically prion protein, may not be totally removed by con-
ventional sterilization procedures [10].

Titanium dioxide (TiO) is an excellent photocatalyst [11]. The
anatase form is a wide band gap (3.2 eV) semiconductor that can be
excited under UV irradiation to produce electron hole pairs. These
photogenerated charge carriers can either recombine or react with
a species at the surface of the TiO,. If in contact with an aqueous
environment, the hole will take an electron from water or hydrox-
ide ion to form hydroxyl radicals. If oxygen is present, it can act as
an electron accepter forming superoxide radical anion. In this way,
reactive oxygen species are formed which can attack and degrade
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organic material present at or near the interface [12,13]. TiO, pho-
tocatalysis has been reported to be effective for the degradation of a
wide range of organic chemicals in water and air, and for the inacti-
vation of microorganisms including viruses, bacteria and protozoa
[14,15]. TiO,, films can be deposited by a range of physicochemical
methods including sputtering, CVD, sol-gel synthesis and immo-
bilisation of nanoparticles [16-18].

Silver loaded TiO, has previously been reported to act as a
good substrate for surface enhanced Raman (SERS) [19,20]. Fur-
thermore, loading the surface of TiO, with metal clusters can also
enhance the photocatalytic activity by providing sites for charge
carrier separation, improving electron or hole transfer to solution
i.e. electro-catalysis, and/or by providing more surface area for
adsorption [20-22]. Ag may be deposited onto TiO, surfaces via
various physicochemical routes, including photocatalyic reduction
where Ag* is reduced at the surface of the TiO, by photogenerated
electrons [9,17,19].

Silver initself has interesting biological properties. For example,
itis possible to improve the biocompatibility of artificial blood ves-
sels by coating with silver [23]. Compared with other metals, silver
exhibits higher toxicity to microorganisms while it exhibits lower
toxicity to mammalian cells [24].

In this contribution, we explore the coating of stainless steel
with TiO, thin films and subsequent loading of these films with
Ag particles. The adsorption of protein on these substrates is
investigated along with the photocatalytic decomposition of pro-
tein under ultraviolet irradiation. TiO, films were prepared on
316 stainless steel coupons using magnetron sputtering. Ag-TiO;
was prepared by photocatalytic reduction of Ag* from solution.
The protein model explored was human serum albumin since its
adsorption onto surgical instruments and medical devices is likely
to dominate in vivo due to its abundance in human serum. The films
were characterised using advanced surface analytical techniques,
including Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD) and atomic force microscopy (AFM).

2. Experimental
2.1. Preparation of TiO, thin films

Polished coupons of 316 stainless steel (2 x 2 cm?) were cleaned
using acetone in an ultrasonic water bath for 30 min, then washed
using distilled water and dried with nitrogen gas. TiO, thin films
were then deposited on the clean coupons by radio-frequency
(rf) magnetron sputtering using an unbalanced magnetron sys-
tem (TEER UDP 450). Sputtering was carried out in an argon and
oxygen plasma, with a Ti target (Teer, 99.6% pure) and pressure
<5 x 10~% Pa. The deposition process was performed in power reg-
ulation mode at 400 W, resulting in 0.96 A applied to the target. The
partial pressures of oxygen and argon were controlled by the oxy-
gen and argon flow rates. A ratio of 15 sccm argon to 5 sccm oxygen
led to a concentration of oxygen of around 25%. The time of deposi-
tion was around 8 h. The thickness of the deposited TiO; layers was
estimated using stylus profilometry measurements. To improve the
crystallinity of the TiO, films, some samples were annealed at ele-
vated temperaturesinair (samples were heated atarate of 5°C /min
to a temperature of 430 °C, held for 3 h, and cooled at 5°C/min).

2.2. Photo-reduction of Ag onto TiO; films

Samples were placed in a Petri-dish, with the TiO, film fac-
ing upwards, and immersed in a 75:25, v/v CH30H:H,O solution
containing 0.001 M of AgNOs. The films were then irradiated over
different intervals ranging between 10 and 60 min using a UV-A
fluorescent lamp (Philips, PLS 9 W) set 6 cm above the Petri dish.

The samples were then washed with distilled water, dried under a
stream of nitrogen and stored in the dark.

2.3. Silver ion release from the Ag/TiO, thin film

ASV was used for the quantitative determination of the silver
ion concentration releasing from the Ag/TiO, films, and measure-
ments of various solutions with a defined silver ion concentration
led to a calibration curve [25,26]. Prepared samples of Ag/TiO,
thin film 2cm x 2cm x 0.1 cm in size was immersed into a seal-
able tube containing 15 mL of distilled water (DW). Then, the tube
was oscillated at 37°C in a water bath. One millilitre from above
storage solution was taken out at interval of 1, 3, 5, 7, 10 and 15
days. The ASV measurements for silver ion release were carried out
using an Autolab PGSTAT 20 (ECO CHEMIE), using a conventional
three-electrode electrochemical cell containing a glass carbon elec-
trode and a Pt wire as working and counter electrodes, respectively.
Ag/AgCl electrodes with saturated KCI solution were employed as
reference electrodes. The detail experiments are described by Liu
and Kumar et al. other co-workers [26,27].

2.4. Protein adsorption

Solutions of human serum albumin (HSA, 0.5%, w/v) were pre-
pared in distilled water (phosphate buffer saline (PBS) was not used
to avoid interference from phosphate ion which binds strongly to
the surface of TiO,). Both TiO, and Ag-TiO, samples were treated
in the same way and immersed in the HSA solution for 30 min in
Petri dishes, after which they were removed, washed and dried.

2.5. UV-photocatalysis

Following exposure to HSA, samples were irradiated using either
UV-A or UV-B, to determine the effect of photocatalysis on the pro-
tein structure. The UV-A source was a fluorescent lamp (Philips,
PLS 9W/10) set 6 cm above the Petri dish, with peak emission at
~365nm. The UVB source was a fluorescent lamp (Philips, PLS
9W/12/2p) set 6cm above the Petri dish with peak emission at
315 nm. Dark and light control experiments were also undertaken.

2.6. Film characterisation

A Bruker D8 X-ray diffractometer was used for powder XRD
analysis. Diffraction patterns were collected in reflection-mode
geometry from 20° to 80° 26 at a rate of 0.05° 260/min. XPS anal-
ysis was undertaken using an AXIS Ultra XPS system using a
monochromatic Al Ko X-ray source (hv 1486 eV) generated from
an aluminium anode operating at an emission voltage of (15 kV)
with current of 5 mA at the source.

Raman spectra were recorded on a Horiba Jobin Yvon HR800UV
microscope using ~2 mW from a 532 nm laser diode for excitation
and the following parameters, confocal aperature 200 pm, spectral
resolution ~5cm~1. A 100x objective was employed and typical
acquisition times were 5s with 7 time repeat. This process was
repeated at four or five different spots across the samples of TiO,
and Ag-TiO; to assess uniformity of response. Prior to acquisition
the spectrometer was calibrated using the zero order diffraction
peak and first order peak from a silicon phonon mode from a silicon
wafer sample.

Atomic force microscopy (AFM) was performed on a multimode
atomic force microscope (Digital Instruments, Veeco). The AFM
exhibited a maximum scan area of 10 pum x 10 wm and a vertical
range of 3 wm and was calibrated using calibration gratings pur-
chased from Micro Masch, the force applied was 500 mV.
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3. Results and discussion
3.1. TiO, and Ag-TiO, film characterisation

Samples of TiO, and Ag-TiO, films on stainless steel were
annealed at 430 °C for 3 h to generate polycrystalline films. The film
thicknesses have been achieved using profilometry, and the values
were ~(100 + 5) nm, the growth rate of film deposition was around
(12 nm/h).

3.1.1. X-ray diffraction

X-ray diffraction (XRD) analysis was undertaken on both the
TiO, and Ag-TiO, films. For TiO, the major peaks were observed at
20values 0f25.3°,48.2°,53.9°,55.0° and 62.6° which are assigned to
(101),(200),(220),(105),(211)and (204)reflections of anatase
(Fig. 1) [28]. For Ag-TiO, films, four additional diffraction peaks
were observed at ca. 20=38.3°, 44.1°, 64.7° and 77.5° assigned to
(111),(200),(220) and (31 1) reflections of Ag particles, respec-
tively (Fig. 1). This provides good evidence that silver metal is
deposited on the surface of the TiO, by photocatalytic reduction

(Eq. (1)):
2Ag* + CH30H 22V A60 | CH,0 4 2H* (1)

Also, it was observed that peaks at 260=25.3°, 48° and 54°
appeared when the Ag atomic ratio on the surface was above ~9.6%
[28]. In addition, the intensity of peak at 38.3° increased with
increasing irradiation time during the photo-reduction of Ag*.

3.1.2. Raman spectra

The Raman spectra of TiO, and Ag-TiO, films are shown in
Fig. 2. The observed modes are consistent with anatase TiO,, where
Raman active Ti-O stretching modes were observed at 636 cm™!
(Eg) and 515cm™! (A1g), while O-Ti-O bending type vibrations
were observed at 400 cm~! (Byg) and 152 cm~! (Eg) [29]. Notably,
there was no evidence for the presence of rutile TiO, which is char-
acterised by modes at 606, 434 and 230cm~!. The Raman data
correlates well with the XRD data, indicating that the TiO; is in the
anatase phase. The results are similar to those reported by Sousa
etal.[5]. Agloading of the TiO, surface resulted in an enhancement
of Raman signal intensity for TiO, modes along with the appearance
of new bands at ~814 and 935 cm~! which correspond to the silver
metal (Ag) surface modes and Ag-OH bending mode, respectively
[30].

3.1.3. X-ray photoelectron spectroscopy
Fig. 3 shows the high resolution XPS spectrum survey scan of
TiO, and Ag-TiO, (4.7 at.%) films. Two peaks in the Ti 2p binding
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Fig. 1. XRD of TiO; (A) and 4.7 at.% Ag-TiO (B) thin films.
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Fig. 2. Raman spectra for TiO, (A) and 4.7 at.% Ag-TiO, (B) thin films.

energy region were observed. The peak located at 464.7 eV can
be assigned to Ti (2p'/2) and the peak located at 458.4eV cor-
responds to Ti(2p3/2). The splitting between both Ti (2p'/2) and
Ti (2p32) core levels is around 5.7 eV, indicative of Ti%* in the
anatase phase of the TiO, film [12,31]. Peak de-convolution yielded
three Gaussian peaks of Ti 2p3/2 at 457.2, 457.9 and 458.6¢eV,
and these were assigned to TiO, Ti;O3 and TiO,, respectively
[32]. The band at 458.6eV correlating to TiO, contributes 89%
of the Ti signal, as compared with the other bands for TiO (4%)
and Ti3* (7%) which can be resulted from the incorporation of
silver and silver oxides on the TiO, layer [25] (Fig. 4A). Decon-
volution of the O (1s) peak yielded three Gaussian components
(Fig. 4B).

The lower binding energy peak is located at 530.8 eV and corre-
sponds to the lattice oxygen of the TiO,. The second component at
531.8 eV may be due to physisorbed water or -OH groups on the
surface in -Ti(OH)-O-Ti—(OH)-. The highest binding energy peak
at 527.0eV, corresponds to C=0 of (COH, ) which formed by photo-
catalytic deposition of silver and adsorbed oxygen on the surface.
The O/Ti molar ratio of the film was calculated to be ~1.8 from the
ratio of the peak areas [31,32].
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Fig. 3. XPS survey scan of TiO, (A), 4.7 at.% Ag-TiO, (B), HSA on Ag-TiO, (C).
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Fig. 4. XPS de-convolution of Ti 2p (A), O 1s (B) bands of TiO, thin film.

From the XPS survey scan of the Ag-TiO, films (Fig. 3B) addi-
tional bands attributed to TiO, film (Ti 2p and O 1s) appeared
following silver loading and a new band was obtained at ~368 eV
whichis assigned to Ag 3d. Fig. 5 shows the Ag 3d spectrum with the
Ag (3d°/2) and Ag (3d3/2) bands at 368.5 eV and 374.5eV, respec-
tively. The difference in energy between the 3d doublet is around
6.0eV, indicating formation of metallic silver nanoparticles [31].
Peak deconvolution of the Ag (3d) band yielded three Gaussian
peaks at 367.3,367.8 and 368.5 eV corresponding to AgO, Ag,0 and
Ag?, respectively, however, Ag® is dominant (92%) with small con-
tributions from Ag* (6%) and Ag*2 (2%). This correlates well with
other reports [31,32].
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Fig. 5. XPS de-convolution of Ag 3d band of 4.7 at.% Ag-TiO, thin film.

3.1.4. Atomic force microscopy

Fig. 6(A and B) shows the AFM images of both of TiO, surface
and silver nanoparticles grown on the TiO, films, respectively. The
roughness was measured by the root mean square (rms) value (Rq)
and it was ~23.2+2.7nm. The surface roughness was observed
to slightly decrease on addition of Ag deposition whereby an rms
of ~21.2 £ 1.6 for 4.7% Ag loading on the film, was recorded. The
results are in good agreement with those reported by Malagutti
et al. who found the surface roughness of TiO; film decreased with
low deposition of silver [33].

3.1.5. Silver ion release from Ag/TiO, thin film

We have evaluated the silver ion release characteristics from
Ag|TiO, films (which is a unique property of the antibacterial
activity of silver doped TiO;). The calibration curve is obtained
by plotting the silver ion concentration of the corresponding stan-
dard solution of silver (Ag*) as a function of current. Fig. 7 shows
the concentrations of the released silver ions as a function of
immersion time in DW. It can be seen that the concentrations
of silver ion increases sharply and fastest release rate in the first
seven days. The sharp initial release process of silver ions can
be assigned to easy diffusion of water on the surfaces not effec-
tively covered by the thin TiO, cap layer [32]. From day 7 to day
15 as we investigated, the release of Ag* becomes much steady.
These results are similar to those of Wu et al. [34]. At these
conditions, the saturated amount of released silver ions was mea-
sured nearly 1.8 wmol/L after 15 days, as can be seen in Fig. 7.
This shows that the synthesised Ag/TiO, nanocomposite thin film
can protect the immobilised silver nanoparticles for a long time
[25].

Table 1
Raman shift and percentage of amide I band.
Bands Samples
Random coil a-Helices 3-Sheet B-Turn
cm™! % cm! % cm! % cm™! %
HSA free? 1637 11 1655 55 1669 22 1687 12
HSA on TiO, (dark control) 1635 12.8 1652 48.4 1671 30.2 1688 8.6
HSA on stainless steel + (UV-B) 1633 14.5 1653 47.3 1672 30.8 1689 7.4
HSA on TiO; +(UV-B) 1634 18.1 1654 45.6 1674 29.1 1688 7.2
HSA on 4.7 at.% Ag-TiO; +(UV-B) 1634 21.7 1654 42.7 1674 27.2 1688 8.4

HSA: Human serum albumin.
2 Percentages obtained in Refs. [37,38].
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Fig. 6. AFM image of TiO; (A) and 4.7 at.% Ag-TiO, (B) before, after adsorption of HSA (A*), (B*), and following irradiation by UV-B (A”), (B”).
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3.2. Protein adsorption

3.2.1. Raman of HSA-TiO,

Fig. 8B shows the Raman shift of HSA adsorbed on the TiO, sur-
face. The amide I band is centred at ~1660 cm~!, and there is a well
resolved peak between 1230 and 1340 cm~! for the amide III struc-
ture, and protein backbone modes are observed between 900 and
1100cm™1, although the signals are of low intensity. Similar results
are observed on binding of other ligands to HSA [35,36].

3.2.2. Amide I band of HSA-TiO,

The fitted band of amide I using Gaussian models (Fig. 10) shows
that the adsorbed protein on titanium oxide surface contains 48% o.-
helix (1652 cm~1), 30% of B-sheet (1671 cm~!)and ~13% of random
coil (1635cm~1) (Table 1). In comparison, the amide I band of free
HSA (Fig. 8A), is deconvoluted into an a-helix band at ~1654 cm™!
(55%) of with the remaining being mostly 3-sheet (22%)and ~(11%)

1271
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Raman Shift cm’!

Fig. 8. Raman spectra of HSA powder (A), and HSA adsorbed on TiO; (B) [dark con-
trol], HSA adsorbed on stainless steel after 30 min UV-B (C) [light control], HSA
adsorbed on TiO, surfaces after 30 min UV-A (D) and HSA adsorbed on TiO, after
30 min UV-B (E).

2
g v
&
(B)
S
2
)
g (D)
=
g
=
©
(B)
‘ ‘ ‘ ‘ ‘ )
800 1000 1200 1400 1600 1800 2000

Raman Shift cm-!

Fig. 9. Raman spectra of HSA powder (A), and HSA adsorbed on AgTiO, (B) [dark
control], HSA on stainless steel after 30 min UV-B (C) [light control], HSA on 4.7 at.%
AgTiO, after 30 min UV-A (D) and HSA on 4.7 at.% AgTiO, after 30 min UV-B (E).

for random coil (Table 1). By comparing these results with native
protein [37,38] (Table 1), it can be inferred that the secondary struc-
ture of HSA has been partially disordered due to the binding of HSA
to TiO,.

3.2.3. Raman of HSA-Ag-TiO,

Following adsorption of the HSA onto the Ag-TiO,, there is a
marked enhancement of the Raman signal and the band intensity
increased by up to a factor of 15 in comparison to HSA adsorbed on
a TiO; surface. The amide I is partially obscured by enhancement
of aromatic modes. Surface enhanced Raman (SERS) is observed
and is probably due to selective adsorption of the HSA on the silver
[39,40].

Fig. 9B shows the Raman shift of HSA adsorbed onto 4.7% (at.)
Ag-TiO,. A band is observed with a maximum near ~1284 cm~!
which is attributed to [3-sheet and random conformations of amide
Il mode, whereas a strong band at 1308 cm~! is observed which
can be assigned to B-turn and a weak band at ~1340 cm~! which
corresponds to the symmetric vibrations of C-H and tryptophan
vibrational modes [41]. The observed peak at 1450cm~! corre-
sponds to the asymmetric bending of CH3 and CH, groups and the
peak at 1418 cm™! can be attributed to the C=0 stretch of ionized
carboxyl groups (COO™) of aspartic and glutamic acid and side chain
vibrations of the imidazole ring of histidine [42].

The backbone skeletal stretch region is found between ~870
and 1150cm™!, originating mostly in the Cy-C, Ca-Cp, and Cy-N
stretches. Also, a weak broad band was observed at ~512cm™!
which may be assigned to the disulphide bridges between cysteine
residues (not shown).

3.2.4. Amide I band of HSA-Ag-TiO,

The various conformational contributions to the amide I bands
between 1600 and 1700 cm~! can be de-convoluted by fitting the
envelope to Gaussian Lorentzian models. The random coil, a-helix
and 3-sheet components can be identified on the basis of the amide
I Raman components at around 1634, 1654 and 1669 cm~!, respec-
tively, while the bands in the 1680-1690cm™"! region reflect the
contribution of B-turn [43-46].

For HSA adsorption on Ag-TiO,, the de-convoluted band at
~1634cm1, which can be assigned to the random conformation,
increases relative to the band at ~1654 cm~! (a-helix region) with
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increasing Ag loading on the TiO, (Table 1 and Fig. 10). This indi-
cates that adsorption onto the Ag-TiO, results in a change in the
protein conformation from a-helix toward 3-sheet, (Table 1).

Following the adsorption of HSA, the surface of the TiO, and
Ag-TiO, samples were analysed by XPS. The N 1s signal indicates
the presence of the protein [44,47] and the C 1s band intensity was
markedly increased, along with a reduction in the Ti 2p and Ag 3d
intensities, as compared to clean TiO, and Ag-TiO, films (Fig. 3).
This is further evidence for HSA adsorption [9]. A weak band was
observed at 164.1eV in the high-resolution analysis of the S 2p
which can be attributed to sulphur atoms in cysteine) [22].

High resolution analysis of the C 1s peak after adsorption of
protein was quite different from the samples prior to protein
adsorption. The deconvolution of the C 1s peak gave four different
bands at ~285.1, 286.7, 288.4 and 289.5 eV, which correspond to
carbon atoms in various environments i.e. (C-C) saturated hydro-
carbon groups, (C-NH) amine groups, the peptide bond (C=0-NH)
and acidic groups (C-COO-), respectively (Fig. 10A). The amount of
HSA bound to the surfaces can be related to the C 1s peak intensity.
Following adsorption of HSA, the N 1s spectra were found to have a
three different Gaussian bands corresponding to ionic amino group
-NH3*, peptide bond (OC-NH) and the NH, groups with binding
energies of 401.8eV, 400.5eV, and 399.3 eV (Fig. 10). The neutral
peptide nitrogen peak and NH; peaks dominate the N 1s spectrum,

contributing more than 90% of signal [5]. The O 1s band after pro-
tein adsorption is similar to that without protein, suggesting that
the most of the signal is attributable to metal oxides and surface
OH groups (Fig. 10).

In order to determine the change of surface topography upon
adsorption of HSA, onto TiO, and Ag-TiO, films, AFM was per-
formed. The uncoated TiO, thin film showed a homogeneous
distribution of small clusters or grains of TiO, Fig. 6(A*). In case
of the TiO;, film the R; value changed to (29.1+2.4)nm from
(23 £2.7), This value of rms is similar to results quoted by Stranak
et al. [48]. AFM showed that R4 values increased following protein
adsorption, specifically for 4.7% (at.) Ag-TiO, the R; changed to
(32.0+£2.3)nm from 21.2 + 1.6 nm, Fig. 6(B*). Consider giving the
errors and mentioning the significance of the increase.

3.2.5. UV-photocatalytic degradation of HSA

To assess the ability of TiO, and TiO,-Ag to photocatalyt-
ically degrade the adsorbed protein, the films were irradiated
with UV-A [365nm] or UV-B [320nm)]. Fig. 8 shows the Raman
shift of HSA in various situations without the presence of Ag,
before and after irradiation with UV light. The strong protein
bands, amide I and amide III, are centred in the control spectrum
at 1660cm~! and 1281 cm™1, respectively. The essential spectral
components of the amide I band are the random-coil structure
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between (1634 and 1638)cm™!, the a-helix (1650 and 1655) cm™!,
the B-sheet between (1665 and 1678)cm~1, and the B-turn 1685
and 1696 cm~1 [45,46]. The deconvoluted analysis of amide I show
a series of overlapping bands assigned to a mixture of 3-turns, a-
helix, B-sheets and random coil structures. The behavior of the
B-sheet and a-helix components (respectively at 1673 cm~! and
1653cm! in the light control sample) is particularly significant
because some interesting shifts after UV-B irradiation are revealed.
The band at 1652cm~! which return to a-helix well shifted to
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Fig.11. XPSspectraofC1s(A),N 1s(B),0 1s(C)of HSA adsorbed on 4.7 at.% Ag-TiO,.

1654cm1, and as same mode the B-sheets pick was shifted from
1672 to 1674 cm~!. As well following UV-B exposure, new features
at 1763cm~! and 1767 cm~! appeared in the Raman spectra for
HSA on TiO, and 4.7% Ag-TiO, surfaces, respectively (Figs. 8 and 9).

According to the literature, HSA contains more than 10% at.
of aspartic and glutamic amino acids [49], and there should be a
band detected around ~1765cm™!, but there was no significant
peak present following adsorption of HSA on the surfaces. Follow-
ing UVB irradiation, there was an increase in the intensity of the
~1765cm~! and this assigned to a C=0 bond, as compared with
the same protein without irradiation of UVB (Fig. 9b).

Colthup et al,, investigated the Raman signal of a y-carboxylic
acid monomer and assigned a band located between (1800 and
1740)cm~"! [50]. In addition, Strehle et al. reported on a similar
band for fibrinogen adsorbed on TiO, which they interpreted as
C=0 stretch mode of anionic carboxylate bonded to TiO,. The abil-
ity of the protein to bind via its side chains to the TiO, varies with
conformation [51]. In a-helix conformation, because of the rela-
tive orientation of the side chains, binding is expected to be weak
to TiO,. However for random coil and (3-sheet conformation the
binding strength is expected to be increased. Therefore the rela-
tive intensity of 1765 cm~! mode is a useful measure of protein
structural change and surface binding.

UVB-photocatalysis causes peptide hydrolysis, releasing o-
carboxyl groups which appear at ~1740 cm~!. This indicates that
the new peak at ~1765 cm~! might be selected as a marker band
for protein degradation in which the intensity changes are due to
binding of free carboxyl either following peptide cleavage or gross
conformation change in the protein [52].

De-convolution of the XPS C 1s band following UVA irradiation of
the HSA on the Ag-TiO, (4.7 at.%) sample is shown in (Fig. 12). One
can see that the both FWHM and intensity changed compared with
the C 1s band before irradiation (Fig. 11). The band area at ~289.3 eV
was increased with a decrease of peptide bond peak (288.2eV), as
compared with the C 1s of HSA on Ag-TiO, without UV irradiation.
This may indicate that peptide cleavage is occurring to form a free
carboxylic acid [50].

The surface morphology was investigated by AFM to understand
the influence of protein adsorption and UV treatment on the surface
topology. The surface roughness for samples decreased following
UV-B irradiation as compared with same samples before irradia-
tion (Table 2). The Rq value was reduced to (13.6+2.2)nm and
(15.2+2.4)nm for HSA onto TiO, and 4.7% Ag-TiO,, respectively
Fig. 6 (A” and B”). This data may indicate that the protein confor-

0=C-(NH) o
peptide bond

Intensity (cps)

T # I L 1 - I ' I i
292 290 288 286 284 282
Binding Energy (eV)

Fig. 12. deconvolution of C 1s band of HSA adsorbed on 4.7 at.% Ag-TiO, following
UVB irradiation.
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Table 2
Roughness values (rms (R;)) for surface of samples before and after attachment of
HSA and after treatment use UV-B.

Sample Root mean square [rms] (Rq) (nm)
Before attachment  After attachment  Exposure of UV-B
of HSA of HSA on attached HSA
TiO, 232427 29.1+24 13.6+2.2
4.7 at.% Ag-TiO, 21.2+1.6 320+23 152+24

(+£): Represent the values calculated standard deviation.

mation became increasingly flat due to increased surface binding
of side chain residues as the protein undergoes a-helix to random
coil and [3-sheet conformation due to cleavage of protein bonds or
removal of protein from surface [53].

4. Conclusion

TiO, thin films were prepared using magnetron sputtering and
Ag-TiO,, films were prepared by the photocatalytic reduction of Ag
metal onto the surface of the TiO,. After annealing of TiO, films
at 430°C for 3 h, the films exhibited the characteristic diffraction
peaks due to the anatase phase with no rutile. Examination of
Ag-TiO, films showed that atomic percentage of Ag increased with
increasing photocatalytic treatment time. XPS showed the majority
of deposited silver was in Ag® form with small amount of Ag* ions.
The adsorption of HSA onto surfaces of TiO, and Ag-TiO, and the
atomic ratio of silver tended to change the protein conformation
by shifting of amide III toward higher wavelength, and reduce of a-
helices mode in amide I band indicative of enhanced of 3-sheet and
random coil formation (as compares with native protein). A new
band at ~1765cm~! was observed following UV irradiation of the
films and can be attributed to C=0 str. mode of carboxylate which
may arise from photocatalyic peptide bond cleavage and increased
binding of these groups to the surface leading to the conformational
change of the protein.
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