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Abstract

A Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectroscopy study of the photodegradation of ad-
sorbed bovine Serum Albumin (BSA) on porous TiO, films was carried out. The experiments were performed in a flow-
through cell in water at concentrations of 10~° mol/L at room temperature. The curve fitting method of the second deriv-
ative spectra allowed us to explore details of the secondary structure of pure BSA in water and conformation changes
during adsorption and illumination processes. The results clearly demonstrate that the amount of adsorbed BSA de-
creased under UV illumination although adsorption without illumination is considered as irreversible. The influence of
irradiation on the adsorption is not yet well understood. Also, during illumination of adsorbed BSA dissolved CO, at
2341 cm™' was observed, which indicates that part of the BSA is mineralized. The analysis of second derivative of in-
frared spectra was used to obtain direct quantitative information on the secondary structure components of BSA which
show that the percentage of ai-helix decreases from around 63% to 54% during UV light illumination whereas the per-

centage of B-turn increases.
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1. Introduction

The transparent conductive oxides (TCO), such as
TiO,, SiO,, and Al,O,, are used in many applications in
such diverse areas as pigments, sunscreens, food col-
orants, wastewater treatment reactors, semiconductors,
electrical insulators, and biomedical treatment."?
Especially titanium dioxide (TiO,), which exists in multi-
ple structures such as: rutile, anatase and brookite?, is an
important material both for medical applications and as
photocatalyst.

TiO, has big advantages for industrial photocataly-
sis compared to other materials. This is because TiO,
combines high photoactivity and stability with lowest
cost. This material has been used as a white pigment
from ancient times because its safety to humans and en-
vironment is guaranteed by history.* Many studies have

been published on the use of TiO, as a photocatalyst for
the decomposition of organic compounds. TiO, has a
gap around 3 eV, so it is active under ultraviolet light
(UV) irradiation, and creates electron hole pairs as a re-
sult of absorbing UV light.>”” Upon UV light illumina-
tion photochemical reactions take place on a TiO, sur-
face such as photo-induced redox reactions of adsorbed
molecules, and the photo-induced hydrophilic conver-
sion of TiOZ.4

The TiO, water interface is also important in a num-
ber of disciplines like biology, biotechnology, biochemi-
cal engineering, medicine and environment sciences. It is
therefore very important to understand protein adsorption,
a very complex process driven by different protein-surface
forces, from an aqueous environment to TiO,. Protein ad-
sorption on a solid surface may induce changes in their
structures and functions.® There are several important re-
search questions which are not yet well answered like the
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conditions under which proteins adsorb, the parameters
that control the adsorption process, whether the proteins
are still bioactive or not when they get adsorbed to a sur-
face and especially how do adsorbed proteins onto semi-
conductor surface behave under irradiation?

Here we study the interaction of bovine serum albu-
min (BSA) with TiO, and its behavior under photocatalyt-
ic conditions, i.e. under UV irradiation by using in situ at-
tenuated total reflection (ATR) infrared spectroscopy.
BSA was selected as it is stable, available at high purity,
soluble in water and it can be attached to different sur-
faces. BSA is widely used as a model protein and accord-
ing to literature'®'® it has a molecular mass between 66
kDa and 68 kDa and is built from 583-607 amino acids
linked together by peptide bonds. The secondary structure
of BSA is composed of ~67% o-helix, ~10% turn, and
around 23% extended chain and no B-sheet is contained. It
is shown that part of the protein is mineralized and that the
irradiation leads to significant changes in the relative
amount of secondary structure elements.

2. Experimental
2. 1. TiO, Thin Film Preparation

Commercial type TiO, anatase (Sigma-Aldrich
Chemie GmbH) with an average particle size less than 25
nm (specific surface area 200-220 m%g, density: 3.9
g/mL at 25 °C) was used in the photocatalytic experi-
ments. The catalyst films were prepared by suspending 20
mg of TiO, anatase in 10 ml of purified water (Milli-Q,
Millipore) water (18 MQ cm). The slurry was sonicated
for 30 min. The film was formed by dropping the slurry
onto a Ge internal reflection element (IRE, 52 mm x 20
mm X 1 mm, Komlas GmbH). Before film deposition the
IRE was first cleaned with ethanol and then put in air plas-
ma for around 15 min. The solvent was evaporated using
the spin coating method (1000 rotation per minute) twelve
successive spin coatings were applied with 2.25 minutes
between the individual coating steps. Then the samples
were dried at 80 °C for some hours in an oven. After dry-
ing the film was ready for use. For every experiment a
fresh catalyst film was prepared, and results were repro-
ducible on different catalyst films. Bovine serum albumin
(BSA, Sigma-Aldrich) (68 kDa, solubility 1g in 25 ml of
H,0) was used to prepare a BSA solution of 10 mol/L in
all experiments. The pH of the solution was about 5.4,
which is between the isoelectric points of BSA (4.8) and
TiO, (6.4).

2. 2. Attenuated Total Reflection Infrared
Spectroscopy
Attenuated total reflection infrared (ATR-IR) spec-

troscopy is a well established experimental technique to
investigate processes taking place at solid-liquid inter-

faces.!”?! ATR spectra were recorded with a dedicated
flow-through cell, made from a Teflon piece, a fused sili-
ca plate (45 mm x 35 mm x 3 mm) with holes for the inlet
and outlet (36 mm apart), and a flat (1 mm) viton seal. The
cell was mounted on an attachment for ATR measure-
ments within the sample compartment of a Bruker
Equinox 55 FTIR spectrometer equipped with a narrow-
band MCT detector. Spectra were recorded at a room tem-
perature at a resolution of 4 cm™'.

Optical fibers

|—:

Filter UV Lamp

Window

Outlet  Catalyst

Internal reflection element (IRE)
Infrared beam
Detector

Figure 1. Schematic of the experimental setup for in situ ATR-IR
spectroscopy and UV-light irradiation for the investigation of pho-
tocatalytic reactions taking place at solid-liquid interfaces. Adapted
with permission from.> Copyright Elsevier (2007).

The aqueous BSA solution can pass through the cell
and over the sample by means of peristaltic Pump (Isma-
tec, Reglo 100) located after the cell. A constant flow rate
of about 0.2 ml/min was used.

In ATR-IR, a beam of infrared light is passed
through the ATR crystal (Ge) as shown in Figure 1, in
such a way that it reflects at least once off the internal
surface in contact with the sample. This reflection leads
to an evanescent field which extends into the sample.
The penetration depth into the sample is typically be-
tween 0.5 and 2 micrometers, with the exact value being
determined by the wavelength of light, the angle of inci-
dence and the indices of refraction of the ATR crystal
and the medium being probed. The beam is then collect-
ed and guided to a detector as it exits the crystal.
Illumination of the sample with UV light was carried
out using a 75 W Xe arc lamp. The UV light from the
source is guided to the cell via two fiber bundles. The
light was passed through a 5 cm water filter to remove
any infrared radiation. A Schott UG 11 (50 x mm x 50
mm x 1 mm) broadband filter from ITOS was used to
remove visible light (transmission between 270 and 380
nm). The intensity of the UV light at the surface is
measured to be 2-4 mw/cm? and the temperature is in-
creased by around 2 °C.
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2.2.1. ATR-IR of Proteins

Although water (H,O) is challenging for IR spec-
troscopy, it is much preferable over D,O for studying
protein structure because it has the advantage of provid-
ing a more native environment.?*~2° D,O changes the
protein properties somewhat with respect to the native
state because the amide I bands are strongly affected by
the H-D exchanges in the peptide linkages.”’>° In H,0
solution, the bands between 1654 cm™' and 1658 cm™
are assigned to o-helix. The unordered conformation
(random coil) is usually associated with the IR band be-
tween 1640 cm™' and 1648 cm™, beta turn is found be-
tween 1675 cm™ and 1685 cm™, B-sheet absorbs from
1690 cm™ to 1696 cm™ and from 1624 cm™ to 1642
cm™', and intermolecular B-sheet gives rise to a signal
around 1615 cm™'.

The correction of the spectra from water absorption
is always a concern. H,O has a strong IR absorbance
around 3400 cm™' (O-H stretching), 2125 cm™ (water as-
sociation combination band) and 1640 cm™ (H-O-H
bending). The amide I mode of proteins absorbs between
1600 cm™' and 1700 cm™, overlapping directly with the
H,O bending vibrational mode at 1640 cm™'.?2 For ATR-
IR study of proteins in H,O solution, water absorption in
the region 1600~1700 cm™ is the biggest problem where-
as D,O has no absorption band in the spectral region of
the amide I and amide II bands.*

The contribution of water in the protein spectrum
can be eliminated using digital subtraction by measur-
ing water and the protein in water at identical condi-
tions. There are two criteria that allow a good subtrac-
tion of absorption bands due to liquid water and
gaseous water in the atmosphere. First, the sharp bands
originating from water vapor must be subtracted accu-
rately from the protein spectrum between 1800 and
1500 cm™'. Second, a straight baseline must be ob-
tained from 2000 to 1750 cm™'. Using these two crite-
ria to judge the successfulness of water subtraction
leads to a higher quality of protein spectra.”>*'=* The
validity of this approach was tested by determining the
content of the secondary structure elements of dis-
solved BSA in water using ATR-IR and a curve fitting
of the second derivative spectra (see later). Using this
procedure the known composition of secondary struc-
ture elements of dissolved BSA could be well repro-
duced.

3. Results and Discussion

The spectrum of adsorbed BSA on the surface of
TiO, under equilibrium conditions is shown in Figure 2.
No corrections were made for water compensation. The
negative water bands around 1640 and 3000-3700 cm™
are due to displacement of water molecules from the inter-
face due to protein adsorption.
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Figure 2. ATR-IR spectrum of BSA on TiO, close to equilibrium
situation and peaks identification. No corrections were made.

3. 1. Adsorption of BSA on TiO, and Effect
of UV Illumination

Figure 3 shows the evolution of ATR spectra of BSA
adsorbed on TiO, as a function of time as the system
evolves towards the equilibrium and Figure 4 shows the
effect of UV light. Before illumination BSA was adsorbed
for about 80 minutes. It is clear that UV light decreases
the amount of adsorbed BSA. It is well known that the
band gap of TiO, anatase is about 3 eV. UV light illumina-
tion leads to the creation of electron hole pairs that can
migrate to the surface of the TiO, and react with adsorbed
BSA. This phenomenon is complex and still not very well
understood right now.

Figure 5 shows the signal at 1654 cm™ as a function
of time for BSA adsorbed on TiO, followed by rinsing by
water and UV illumination. The adsorption is initially
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Figure 3. ATR-IR spectra recorded during adsorption of BSA onto
TiO,. Equilibrium was reached after about 80 minutes. a) Absor-
bance spectra collected in situ, b) variation of amide I band versus

time.
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very fast but slows down with time as the surface gets
crowded. Upon flowing water the signal remains constant,
indicating that BSA remains adsorbed under these condi-
tions. By UV illumination one part of the BSA is removed
but the removal seems to stabilize at some point, indicat-
ing that some of the BSA molecules are “irreversibly”
bound to the surface. This behavior is still not well under-
stood and it could be caused by the changes of the surface
properties during elongated UV illumination. According
to literature, the photocatalytic activity of TiO, has been
found to be tied to the surface properties of the catalyst.
Some of the particle properties which are known to affect
the photocatalytic activity are particle size, crystal struc-
ture, amounts and the identity of defects and preparation
method.*>*® It has been found that UV irradiation of the
titanium dioxide surface will induce superhydrophilicity,
which changes the nature of a surface from hydrophobic
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Figure 5. Absorbance at 1654 cm™ corresponding to the amide I

band of BSA adsorbed on TiO, as a function of time during adsorp-
tion, rinsing by water and UV illumination.
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Figure 6. The appearance of a peak at 2341 cm™ after UV illumi-
nation for 5 hours and during the whole night. Spectra were
smoothed using smooth function (Savitzky-Golay algorithm) in
OPUS program to omit the noise.

In order to get some more information on the nature
of the desorbing species upon irradiation of adsorbed
BSA we used UV-vis spectroscopy (Jasco 650). Figure 7
shows the absorption spectrum of pure BSA in water (107
mol/L). The two peaks around 280 nm (less intense) and
around 210 nm (more intense) are due the aromatic
groups and amide groups, respectively, in BSA.

A pure solution of BSA in water was irradiated by
UV light for more than two hours and after that the meas-
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Figure 7. Absorbance of pure BSA in water at a concentration of
107 mol/l and solution obtained during illumination of adsorbed
BSA by UV multiplied 10 times.
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ured UV-vis spectrum did not show any changes with re-
spect to the one measured before irradiation.

As it is evident from the ATR experiments that part
of the adsorbed BSA is removed from the TiO, surface
upon irradiation we have collected the cell effluent during
such an experiment and the collected solution was ana-
lyzed by UV-vis spectroscopy (Figure 7). It is evident that
the spectrum is different from the one of BSA in solution.

The observations confirm that the UV light does not
desorb the whole protein from the surface of TiO, but it
may cut it into smaller pieces, as it is expected by other
authors.® At least one part is even completely mineralized
thus leading to the formation of CO,. Interestingly, the re-
moval of BSA from the surface becomes very slow after
some time.

To study the effect of adsorption and of UV irradia-
tion on the secondary structure of BSA we determined the
percentage of secondary structure elements of BSA by
analysis of the second derivative of the amide I band. For
comparison we measured the ATR spectrum of the protein
dissolved in water. For this we prepared a solution of high
concentration of BSA (2¥10* mol/L). The ATR spectra
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Figure 8. Corrected spectrum of pure BSA in solution at a concen-
tration of 2*#107* mol/L from water using the two criteria.

were then measured while flowing the BSA solution over
a clean Ge internal reflection element. After rinsing with
pure water another spectrum was recorded. The latter
spectrum was subtracted from the spectrum recorded
while flowing the BSA solution. This procedure ensures
that BSA adsorbed on the internal reflection element is
not considered. The resulting solution spectrum is correct-
ed from water using the two criteria mentioned above and
the final spectrum is shown in Figure 8.

Figure 9 shows the negative second derivative of the
amide I region and the result of the curve fitting procedure
which yields the following contributions of secondary
structure elements for BSA in solution: Intermolecular
B-sheet at 1613.8 cm™": 1.5%; B-sheet (or B-strands, short
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Figure 9. Curve fitting of negative second derivative of pure BSA
in water solution at concentration of 2*10~* mol/L.

segments connecting helical structures'®*) at 1632.0
cm™: 22.5%:; o-helix at 1655.1 cm™: 66.6%; turn at
1680.2 cm™: 9.2%. These percentages are in good agree-
ment with the literature.'*

The same procedure is applied to study the second-
ary structure of BSA during adsorption (Table 1) and un-
der UV irradiation (Table 2). The table 1 shows the result
of negative second derivative fitting of adsorbed BSA on
TiO, before UV irradiation.

Table 1. Curve fitting results of negative second derivative of ad-
sorbed BSA on TiO, before UV irradiation (% is the percentage
corresponds to each peak at different times).

Time min —» 74 14.6 289 436 584 799
Peak {

1614 cm™ - % 1.5 2.0 1.7 2.2 2.2 2.5
1634ecm™ > % 255 245 251 243 247 249
1655ecm™ % 64.1 635 627 639 63.1 625
1680 cm™ — % 8.7 98 103 9.6 99 10.0

According to table 1, the percentages of the second-
ary structure elements are quite stable during adsorption
with a slight decrease of o-helix at higher coverage.
During UV irradiation (Table 2) however the percentage
of o-helix decreases clearly.

This behavior is graphically represented in figure 10
which shows the decrease of o-helix from around 62 %
before UV irradiation to around 54 % and the increase of
beta turn from around 10 % to 16 % after UV illumina-
tion, respectively.

This behavior can be explained by the transforma-
tion of a-helix structure to B-turn during the photodegra-
dation of adsorbed BSA on TiO,. As discussed above, UV
irradiation does not remove the whole protein from the
surface but it might cut it into smaller pieces. The main ef-
fected secondary structure in the adsorbed BSA is a-helix
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Table 2. Curve fitting results of negative second derivative of adsorbed BSA on
TiO, after UV irradiation (% is the percentage corresponds to each peak at differ-

ent times).
Time min — 0.7 364 72.6 108.8 1454 181.6 218.3 254.6
Peak |
1614 cm™ — % 2.0 24 1.8 1.5 20 20 24
1634ecm”'—>% 251 242 261 261 266 266 27.1 267
1654cm™—>% 625 602 581 573 567 558 547 54.0
1680cm”'—>% 104 12.8 147 151 155 160 165
63.0 | s of amide I band, after correcting spectra from liquid and
¢ e vapor water, permits direct quantitative analysis of the
615 ' secondary structural components of adsorbed BSA and
g . clearly demonstrate the decrease of the percentage of o-
£ 60.0 | ® helix under UV light illumination this behavior is totally
= . b different from the effect of pH and temperature.
= 585} T0 35 70 105 140 175 210 245
- . Tiaw o e
2570} LR 5. Acknowledgment
555 . Funding was provided by the University of Geneva
° in Switzerland and by DAAD at the University of
B R e S S

0 30 60 90 120 150 180 210 240
Tiume (min)

Figure 10. Variation of the percentage of: a) o-helix and b) B-turn
during UV illumination.

(that represents also the major fraction with about 65 %).
The damage made to the protein during photocatalysis
seems to destabilize the a-helix structure. Note that the
changes in the secondary structure of adsorbed BSA ob-
served during UV irradiation are different from the ones
observed by heating the sample. In the latter case the
analysis of the amide I bands points towards the formation
of random coil structure (results are not shown here) in
agreements with earlier reports.*'°

4. Conclusion

ATR-IR spectroscopy and spectrophotometry were
used to study the photodegradation of BSA over porous
thin films of TiO, anatase prepared by spin coating tech-
nique. Our results under shining the adsorbed BSA on
TiO, with UV light clearly show reducing the amount of
BSA exists on the surface which is considered as irre-
versible after rinsing with purified water. We have further-
more seen that UV illumination does not desorb the whole
protein from the TiO, surface but it might cut it into small
pieces. The most likely explanation of the appearance of
the peak at 2341 cm™ corresponds to dissolved CO, in
water is that one of the final products of the photodegrada-
tion process is CO,. The curve fitting of second derivative

Heidelberg in Germany.
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Z infrardeco spektroskopijo na oslabljeni popolni odboj s Fourierjevo transformacijo (FTIR-ATR) smo izvedli Studijo
fotorazgradnje adsorbiranega govejega serumskega albumina (BSA) na poroznem TiO, filmu. Eksperiment smo izvedli
v pretoéni celici v vodnem okolju pri koncentracijah 107 mol/L in pri sobni temperaturi. Metoda prilagoditve krivulji za
drugi odvod spektra je omogocila vpogled v sekundarno strukturo ¢istega BSA v vodi in opazovanje konformacijskih
sprememb med adsorpcijo in procesom osvetljevanja. Rezultati jasno kaZejo, da se pod vplivom UV osvetlitve koli¢ina
adsorbiranega BSA zmanjSa, medtem ko je koli¢ina adsorbiranega BSA brez osvetljevanja nespremenjena. Vpliv os-
vetlitve na adsorpcijo $e ni dobro pojasnjen. Med osvetljevanjem smo v spektru adsorbiranega BSA opazili vrh za raz-
topljeni CO, pri 2341 cm™, kar nakazuje na delno mineralizacijo BSA. Z analizo drugega odvoda infrardecih spektrov
smo pridobili direktne kvantitativne informacije o sekundarni strukturi komponent BSA, ki kaZejo, da se z UV osvetlje-
vanjem zniZa deleZ o-vijagnic s priblizno 63 % na 54 %, medtem ko se delez B-zavojev poveca.
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