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Abstract

Ž .The adsorption of human serum albumin HSA onto nanocrystalline TiO electrodes was studied by elec-2
Ž .trochemical impedance spectroscopy EIS in function of pH and electrode potential. The characterization and

Ž .physico-chemical properties of the TiO electrode were investigated by scanning electron microscopy SEM ,2
Ž .UV-photoelectron spectroscopy UPS , cyclic voltammetry and capacitance measurements. The impedance response

of the particulate TiO electrode�protein interface was fitted using an equivalent circuit model to describe the2
adsorption process. The adsorbed protein layer, which is formed as soon as the protein is injected into the solution
and becomes in contact with the electrode, was investigated as a function of electrode potential and solution pH. The
measurements were performed under pseudo-steady-state and steady-state conditions, which gave information about
the different states of the system. With the pseudo-steady state measurements, it was possible to determine two rate
constants of the protein adsorption process, which correspond to two different states of the protein. The shortest one
was associated with the first contact between the protein and the substrate and the second relaxation time, with the
protein suffering an structural rearrangement due to the interaction with the TiO electrode. It was detected that at2

Ž .sufficiently long times approx. 1 h, where the system was under steady state conditions , a quasi-reversible protein
adsorption mechanism was established. The measurements performed as a function of frequency under steady-state
conditions, an equivalent circuit with a Warburg element gave the better fitting to data taken at �0.585 V closer to
the oxide flat band potential and it was associated with protein diffusion. Experimental results obtained at only one
frequency as a function of potential could be fitted to a model that takes into account non-specific and probable
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specific protein adsorption, which renders to be potential- and pH-dependent. Low capacity values were obtained in
the whole potential range, which were measured in the presence and in the absence of the protein layer. The
capacity dependence on potential and pH were associated with the generation of surface states on TiO . A surface2
state concentration of 4.1�1018 cm�2 was obtained by relating the parallel capacitance with oxide surface states
arising from the protein�oxide interaction. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The practical importance of TiO lies in its2
wide field of applications. The optical and electri-
cal properties of TiO have applications in gas-2
sensing devices, photochemical energy conversion

� �processes 1 , antireflection coatings and fabrica-
� �tion of oxidase � based biosensors 2,3 . In addi-

tion, its use as a biocompatible material raises
questions about whether surfaces cause bio-
molecules to denature, whether the optimum
length of linking groups and ways to interact from
the biomolecule, through the linker, to the sub-

� �strate 4 .
The TiO �electrolyte interface has been tested2

for a great variety of titanium-dioxide materials
Žand its crystallographic states polycrystalline

.anatase or rutile or single-crystal rutile have
been characterized, demonstrating that the
physicochemical properties of TiO are de-2
termined by its chemical origin and different
preparation methods. Oxide layers can be pre-

� �pared by different ways, e.g. thermal 5 or elec-
� �trochemical oxidation of metallic titanium 6 or

� �by sol�gel deposition as in our case 7 .
The most striking feature of the semiconductor

particulate films is the ability to retain the
properties of individual semiconductor particles
and thus carry out the reactions with similar
selectivity and efficiency as in semiconductor par-
ticle suspensions. Such a film provides a conve-
nient way of manipulating the protein adsorption
by electrochemical methods. If one can drive the

Želectric charges on the sorbent surface by chang-
.ing the electrode potential , independent of solu-

tion pH, it should be possible to follow the pro-
tein adsorption when charge signs on the protein
and the TiO are similar or opposed. But whether2
they prevent adsorption or not, it also depends on

other factors such as dehydration of the protein
and the sorbent as well as on structural rear-
rangements in the protein molecule. Human

Ž .serum albumin HSA , on the other hand, adsorbs
at any interface even if the sorbent is hydrophilic
and has the same charge sign as the protein. In
this case, the driving force for adsorption stems
from dehydration and�or conformational changes

� �in the protein molecule 8 . Although a same
charge sign may not prevent adsorption, it may

� �slow down the process 4 .
There are many studies about protein adsorp-

� �tion on different electrodes, mainly metals 9,10 ,
but there is very little information regarding pro-
tein-semiconductor electrodes using electro-
chemical impedance spectroscopy. Thus, we in-
vestigated the electric behavior of the TiO inter-2
face in the presence and absence of the protein.

In this work we have determined the HSA
adsorption mechanism onto nanocrystalline TiO2
electrodes by employing the impedance method.
Kinetic rate constants of the adsorption process
were determined by pseudo-steady state measure-

Ž .ments and for a long time stationary conditions ,
a quasi-reversible behavior was postulated and a
physical model that considers generation of oxide
surface states due to protein adsorption is taken
into account. Calculations about this process are
adjusted to experimental data.

2. Experimental

2.1. Materials

2.1.1. Chemicals
The measurements were performed in 0.1 M

NaCl solutions, where the protein does not un-
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dergo any changes at this ionic strength and the
high salt concentration is adequate to decrease
electrolyte resistance to perform electrochemical
measurements. The pH of the solution was ad-
justed either with HCl or NaOH before each
experiment and checked with an Orion 960 auto-
chemistry system. Although this solution is not a
buffer, no significant variations in the solution pH
were observed during the experiment. The work-
ing pH effect was analyzed in a range of approxi-
mately 2 units around the protein isoelectric point
Ž . Ž . Ž .IEP i.e. 4.7 . The HSA fraction V was pro-
vided by Laboratorio de Hemoderivados, Univer-

Ž .sidad Nacional de Cordoba Argentina and used´
without further purification. The protein concen-
tration was determined spectrophotometrically in
an UV 1601 Shimadzu spectrophotometer at 279
nm. All the solutions as well as glassware cleaning
were performed with water Milli-Q Millipore Sys-
tem. Different aliquots of a stock protein solution
were injected to 50-ml 0.1 M NaCl to give various
final protein concentrations in the electrochemi-
cal cell. All chemicals were of analytical grade
and purchased from MERCK used without fur-
ther purification.

2.1.2. Cells and electrodes
A three-electrode system was used for all ex-

periments under N atmosphere at room temper-2
ature. The counter electrode was a platinum elec-
trode with a large area and the reference elec-
trode was a double junction saturated calomel

Ž .electrode SCE .
The working electrode was a Ti�TiO2

nanocrystalline. Cathodic electrodeposition of
nanocrystalline titanium dioxide film onto tita-
nium electrodes was carried out as described else-

� �where 7 . The substrate, a titanium rod that was
mechanically polished until 1 �m with alumina
was cleaned with HF�HNO �H O, 1:4:5 for 10 s3 2

Ž .before immersion in the TiO NO deposition3 2
bath. The nanocrystallite oxide deposition was
carried out potentiostatically at �1.1 V for 5 min.
This process was performed several times until a
certain thickness was obtained. This type of

Žmethod with a temperature treatment approx.
.400�C allows formation of the anatase phase of

the oxide with a large surface area.

2.2. Methods

2.2.1. SEM and UPS measurements
The surface morphology was observed by scan-

Ž .ning electron microscopy SEM at high resolu-
Ž .tion. UV-Photoelectron spectroscopy UPS mea-

surements were performed at the Campinas Sin-
Žcrotron, SP, Brazil in the TGM Toroidal Grating

.Monochromator beam line. The pressure in the
sample chamber was in the 10�9-mbar range. In
order to obtain information about the composi-
tion at different film depths, TiO samples were2

Ž .argon sputter etched 2 KeV, 20 �A in the
preparation chamber for different periods of time.

2.2.2. Cyclic �oltammetry measurements
Voltammetric curves were recorded after a

stabilization of five cycles between �0.4 and 1.5
V vs. SCE at 100 mV�s starting at the electrode

Ž .rest potential approx. �0.185 V vs. SCE in 0.1
M NaCl. After the voltammograms of the elec-
trode were recorded in 0.1 M NaCl, aliquots of
protein were added to the electrochemical cell
and the electrochemical measurements were re-
peated with each aliquot.

2.2.3. Impedance measurements
Two impedance methodologies were used to

investigate the adsorption of HSA on TiO par-2
ticulate electrodes, under pseudo-steady state and
steady state conditions. The kinetics of HSA ad-
sorption was determined and the measurements
were performed as if the system were under steady
state during data acquisition. For each time and
at a given frequency, the capacity value is
recorded. This value is the average of several
measurements taken at 0.5 s where the minimal
signal variation takes place.

ŽAt long times, approximately 1 h after protein
.was added the recording showed that the capaci-

tance tends to a steady state value, where these
conditions were considered as steady state of the
adsorbed albumin. The stabilization of the elec-

Ž .trode potential at open circuit ocp was recorded
Ž .until a minimal variation approx. 1 mV was

observed. The electrode potential was fixed to a
given value, �0.585 V and 1.40 V, selected to
give a different charge in the semiconductor space
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charge region. The system was polarized to the
selected potentials as long as it was necessary to

Žreach almost constant current values changes
.approx. 0.1 �A for approximately 1 h. The

impedance measurements were performed after a
steady state current or potential value was
achieved. This procedure was carried out before
and after a protein amount was added into the
bulk solution.

The amplitude of the a.c. perturbation signal
was 10 mV superimposed on a d.c. potential using
a ZANHER IM5D analyzer.

2.2.3.1. Impedance measurements performed at con-
stant potential and frequency: pseudo-steady state

Ž .conditions. Employing a circuit R RC as shown
in Fig. 1, the total impedance value is given by:

R R2 C 2 �p p T
Z �R � � jŽ� . s 2 2 2 2 2 21�R C � 1�R C �p T p T

Ž .�a� jb 1

where � is the angle frequency, R is the parallelp
resistance and a and b are the real and imaginary
parts of impedance, respectively. For high enough

2 2 2 Ž .values of �, R C � �1 and b�1� C � sop T T
that changes in the imaginary part of the
impedance reflect the changes in the total capac-
ity of the system C at a given frequency.T

We will assume that the main contribution to
changes in capacity after protein addition is given
by surface localized states generated in the oxide
by the interaction with the protein. Nevertheless,
a general approach will be presented and the
contribution of the Helmholtz capacity C , sur-H
face states capacity C and space charge layerss
capacity of the semiconductor C to the totalsc
capacity must be considered:

1 1 1 Ž .� � . 2C C C �CT H ss sc

The impedance measurements were performed
at 18 and 80 Hz in a range where the capacity is

Ž .independent of the frequency Fig. 1 and the
experimental noise from the electric line is mini-
mal because it is outside the resonance frequency

Ž .Fig. 1. Electrode capacity vs. log frequency plot, in 0.1 M
NaCl at two potential values, pH 4.7 and room temperature.
The arrows show 18- and 80-Hz frequencies. The capacity was
calculated from the equivalent circuit shown in this figure,

Ž .which is referred as R RC notation in the text.

Ž .50 Hz and its harmonics. Fig. 1 shows 1��Zimag
� total capacity vs. f recorded for the system. A
plateau can be seen between 5 and 1200 Hz
where the capacity remains almost independent
of the frequency. The measurements were per-

Ž .formed at constant potential �0.585 and 1.4 V
in NaCl 0.1 M at pH 4.7.

( )2.2.3.2. Impedance measurements EIS performed
at constant potential from 0.1 to 5�10 3-Hz fre-
quency range: steady state conditions. The interface
was polarized at �0.585 and 1.40 V. The system
was allowed to stabilize at these potentials for 1 h
in the presence of 50-ml 0.1 M NaCl at room
temperature. During this time, several measure-
ments were recorded in order to evaluate the
response of TiO nanocrystalline electrode�elec-2
trolyte interface without protein. Then, an aliquot
of albumin solution was added, so that the final
protein concentration was 0.1 g l�1 at pH 4.7.

ŽAfter 1 h of stabilization when protein was pre-
.sent , the impedance spectrum was recorded. This

procedure was repeated at 3.0, 3.6, 7.7 and 8.5 pH
values.

Ž .The impedance Z � were displayed in a com-
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plex plane over a whole frequency range, forming
a parametric curve with � in which, by conven-
tion in electrochemistry, a capacitive feature is
characterized by �Z and an inductiveimag

Ž .impedance by �Z Nyquist diagram . Fromimag
these diagrams, an equivalent circuit was pro-
posed and associated to an appropriate physical
model of the system. The elements used in the
different equivalent circuits were fitted by the

ŽCNLS method a complex non-linear least square
.fit using a commercially available program

Ž .EQUIVCRT . Depending on the determining
step of the process that takes place at the elec-
trochemical interface, a specific impedance re-
sponse of the system will prevail. It was, there-
fore, necessary to adjust the system using differ-
ent circuits depending on the pH of the solution
and electrode potential at which adsorption takes
place. Comparison of the experimental diagram
with a theoretical diagram calculated on the basis
of that assumed equivalent circuit allows one to
test the validity of the circuit. Therefore, compar-
ison of the diagrams recorded in the presence of
protein with those recorded in its absence should
give information on the protein adsorption mech-
anism.

2.2.3.3. Impedance measurements performed at con-
stant frequency in a potential range from �0.8 to
1.5 V: steady state conditions. The capacity and
resistance values were calculated from impedance
data using the equivalent circuit shown in Fig. 1

Ž . Ž .using the Z � function from Eq. 1 . Capacity
measurements were performed between �0.8 and
1.5 V at 18 and 80 Hz at different solution pH
values of 3.0, 3.6, 4.7, 7.7 and 8.5. At these fre-
quencies the capacity values are almost constant
as it is shown in Fig. 1.

3. Results and discussion

3.1. Characterization of nanocrystalline TiO2
electrodes

Fig. 2 shows a microphotograph obtained for a
nanocrystalline TiO electrode. A regular dis-2

Žtribution of spherical nanosized particles �20

Fig. 2. Microphotograph of the nanocrystalline Ti�TiO elec-2
Ž .trode obtained by SEM. The mark �� corresponds to a

scale of 100 nm.

.nm can be observed so that the surface area
gives an electrode high roughness factor of �450.

� �The porous semiconductor films 7 were em-
ployed and treated in such a way that an anatase
structure with a greater area in contact with the
electrolyte, resembling semiconductor particle
suspensions are obtained.

In order to get the titanium oxidation state into
the oxide net, UPS analysis was performed. Fig. 3
shows UPS spectra at different sputtering times,
obtained at the binding energy E ranges whereb
the signals corresponding to valence band energy,
O2s and Ti3p, are expected to appear. The peak
shape corresponding to the valence band changes
for different sputtering times. The Ti peak at 37
eV coincides with the values corresponding to
Ti4� for the oxide. After a few seconds of sputter-
ing a shoulder appears at smaller values of E ,b
indicating the presence of a lower oxidation state,
probably Ti3�, whose contribution becomes more
significant for deeper oxide layers. However, these
experimental facts may not be highly conclusive,
because a preferential sputtering of oxygen could
produce the reduction of TiO . However, the2
Ti3��Ti4� redox couple can be observed in the
cyclic voltammograms, as it is shown later. For all
spectra obtained at different sputtering times,
H O adsorption could be detected. This bound2
water layer is proving the film porosity that allows
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Fig. 3. UPS spectra at different sputtering times with argon
Ž .ions 2 keV, 20 �A . The O2s peak at 23-eV binding energy

was taken as the reference signal.

water to reach the substrate. The TiO nanocrys-2
talline film is deposited onto a titanium substrate,
which spontaneously forms a thin oxide layer with
n-type semiconductor characteristics. But as it
can be seen from Fig. 3, the Ti3� is observed at
very superficial layers, indicating that the
nanocrystalline film should present n-type semi-
conductor behavior rather than the behavior pre-
sented by small size particles where an apprecia-
ble electric field cannot build up in the colloidal
film. This may be due to the way that the film is
prepared compared with the synthesis developed

� �by other authors 11 .

3.2. Dependence of the current�potential cur�es with
the protein concentration

Fig. 4 shows the potentiodynamic current�
potential profiles for nanocrystalline TiO elec-2
trodes in 0.1 M NaCl pH 4.7 and after the addi-
tion of different amounts of protein. In the po-
ten tia l ran ge stu died, th e h ydrogen
adsorption�desorption process is also taking

� �place. According to previous results 12 , the peak
observed during the negative sweep corresponds

Ž . Ž .to Ti IV reduction and is related to Ti III oxida-

tion during the positive scan which could be ex-
pressed as:

2�2� � �Ž . � Ž . �Ti OH �H O� Ti OH �H �e .22

Ž .3

From 0.02 to 0.1 g l�1 HSA, a current decrease
is observed compared with the current obtained
without protein. This suggests that unsaturated
surface Ti4� might be interacting with the pro-
tein generating surface states and thus decreasing
the Ti3� concentration during the positive poten-
tial sweep. However, a clear correlation with HSA
concentration cannot be observed, indicating that
this methodology cannot be employed to analyze
the adsorption process at different coverage de-
grees. Hereafter, a concentration of 0.1 g l�1 was
used in all determinations, where the greatest
changes were observed.

3.3. Kinetics of HSA adsorption

The experimental data were analyzed by the
least-squares non-linear method with a theoreti-
cal expression that relate C with time and corre-T

Fig. 4. Cyclic voltammograms for a Ti�TiO electrode in 0.12
Ž .M NaCl, pH 4.7 — and for different amounts of protein:

�1 Ž . �1 Ž .0.050 g l --- and 0.1 g l � . Protein was injected at
�0.585 V and voltammograms obtained after 1 h of stabiliza-
tion.
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sponds to the sum of the exponential functions of
the form:

Ž . �t � � i Ž .C t �a � a e 4ÝT 0 i
i

where the a and a parameters will be later0 i
discussed. The fitting yielded two time constants,
which suggest that the adsorption is consistent
with a two-consecutive step mechanism.

Fig. 5 shows the capacity�time curve, which
represents the kinetics of adsorption of the al-
bumin on the electrode. The two consecutive
reactions occurring at the interface can be con-
sidered as follows:

k k1 2 Ž .P � P � P 5sol ads1 ads2

where P refers to the protein in the electrolytesol
and P , P are two different states of theads1 ads2
irreversibly adsorbed protein. A similar mecha-
nism was reported in Pt and glass C rotating disk

Ž .electrodes with bovine serum albumin BSA
� �13,14 . This physical situation is schematized in
Fig. 6.

Ž .Fig. 5. Time-dependence of the capacity C � after HSAT
Ž .addition, 0.1 M NaCl, pH 4.7, at �0.585V. Fitted curve �

Ž .was obtained on the basis of the Eq. 4 . Parameters obtained
from the fitting are shown in the text. The protein injection
was considered as t�0 and the capacity variation was recorded
for half an hour. Inset shows simulation obtained using the
same equation after 1 h of protein injection, f�80 Hz. The
results obtained at 18 Hz show the same behavior.

Fig. 6. Scheme of the TiO �HSA system in 0.1 M NaCl2
showing the different steps from protein injection until statio-
nary conditions are established. The changing shape of the
protein simulates possible structural rearrangements after ad-
sorption occurs.

The first adsorption step that corresponds to
the first relaxation time occurs during the initial 8
s upon contact of the protein with the electrode

Ž .and thus an adsorption layer is formed step 1
with a coated electrode fraction � . Afterwards1
there is a second step in which the protein under-
goes a surface rearrangement with � of 15 min
Ž .step 2 with a coating of � . These are consecu-2
tive and irreversible first-order steps. The second
step can be associated to a modification in the
structure of the adsorbed layer or with the ad-
sorption�desorption of a second layer of the pro-
tein. The rate equations for these consecutive
first-order steps give information about the over-
all process so they are described below.

The protein initially in solution, P , adsorbs tosol
the electrode surface where the initial adsorbed
state, P , increases with concentration of theads1
protein in solution, in an apparently first order
process, as well as on changing its structure and
in a consecutive step, forms another layer of
protein adsorbed called P , so that:ads2

� �d Pads1 � � � � Ž .�k P �k P . 61 sol 2 ads1d t

Finally, this protein restructures and in its final
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state is formed at the expense of the protein
initially adsorbed:

� �d Pads2 � � Ž .�k P . 72 ads1d t

Assuming that the only source of the protein is
� �in solution and its initial concentration is P ,0

and taking into account that this is a first-order
process, the albumin concentration in solution
undergoes the following variation:

� � � � Ž�k1 t . Ž .P � P e 80sol t

Ž .replacing in Eq. 6 and under the initial condi-
� � � � � �tion of P �0, P and P result inads1 0 ads1 t ads2 t

the following:

k1 �k t �k t1 2� � � � Ž . Ž .P � P e �e , 90ads1 t ½ 5k �k2 1

k2 �k t1� � � �P � P 1� e0ads2 t k �k2 1

k1 �k t2 Ž .� e , 10k �k2 1

Considering:

� �P �10

� �P ��ads1 1

� �P ��ads2 2

where � and � represent the fraction of the1 2
electrode covered by the protein in the adsorbed
states 1 and 2, respectively. Assuming that the
structural changes in the protein occur mainly in
the layer that is in contact with the TiO surface,2
the preceding mentioned processes are in paral-
lel, so that the total capacity of the system will be
expressed considering mainly the surface state
capacity as it was pointed out in Section 2.2.3.1.

Ž . Ž . Ž .C t �C 1�� �� �C � �C � 11ss ss0 1 2 ss1 1 ss2 2

where C , C and C correspond to the capac-ss0 ss1 ss2

ity of the oxide surface states without protein and
with a monolayer of protein adsorbed in steps 1
and 2, respectively. Thus we obtain the expres-
sions:

k k1 2Ž .C t �C � C �Css ss2 ss1 ss2ž k �k k �k2 1 2 1

k1�k t1�C e � Css 0 ss2/ ž k �k2 1

k1 �k t2 Ž .�C e 12ss1 /k �k2 1

Ž .�1 Ž .�1and considering k � � and k � � we1 1 2 2
obtain:

Ž .a �C 130 ss2

k k1 2 Ž .a �C �C �C , 141 ss0 ss1 ss2k �k k �k2 1 2 1

k k1 1 Ž .a �C �C . 152 ss2 ss1k �k k �k2 1 2 1

From the values of the parameters obtained by
fitting the experimental data, a �13.79 �F, a �0 1
�1.823 �F. � �7.8 s, � �814.7 s, a ��0.591 2 2
�F, the capacity values are:

� for � �� �0, C �11.39 �F;1 2 ss0
� for � �1 and � �0, C �13.19 �F; and1 2 ss1
� for � �0 and � �1, C �13.80 �F,1 2 ss2

this represents an ideal situation, but during the
adsorption process co-exist the two states of the
protein except at short times.

The experimental fitting was estimated from
the standard deviation calculated as follows:

2Ž .'1�nÝ x �yi i Ž .�� 16
22 Ž .'1�nÝ y � Ý y �ni i

Ž .where x is the value of C t calculated fromi ss
Ž .Eq. 12 and y is a point on the experimentali

curve. The result obtained with the standard devi-
ation is 0.012 which is taken as a very good fitting
of the experimental data to the proposed model.
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The kinetic parameters obtained lead to con-
clude that the adsorption mechanism comprises
the formation of a first irreversible layer that
occurs in the first 8 s followed by a surface

rearrangement with a possible irreversible struc-
tural change that takes approximately 15 min.
This layer of the protein that undergoes changes
can desorb and be detected by UV-visible spec-

Ž . Ž . Ž . Ž . Ž .Fig. 7. Electrode impedance measured with 	 and without � HSA addition obtained at a �0.585 V and b 1.4 V. Fitting �

was performed with EQUIVCRT program. The equivalent circuit shown corresponds to the best data fitting for the HSA�TiO2
system. In the fitting procedure a pure capacity was used. The inset shows the system response for 1 h compared with the system
response at longer times.
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� �troscopy and fluorescence techniques 8 . A sub-
sequent step is, therefore proposed where a des-
orption process of the modified protein is observed
Ž .k in Fig. 6 . This step could not be detected by3
pseudo-steady state impedance measurements but
from the measurements performed in the steady
state where a diffusion coefficient could be ob-
tained under certain experimental conditions. This
indicated that once the protein layer was formed

Ž .in the steady state at times longer than 20 min ,
a reversible adsorption�desorption mechanism
occurs which allows detection of the protein in
solution. In other words, the adsorption mecha-
nism of HSA onto TiO shows some degree of2
reversibility under certain experimental condi-
tions. When the protein is adsorbed at �0.585 V,
a diffusion process is observed from an impedance

Ž .diagram Fig. 7a . Under these new potential con-
ditions, the protein would then be reversibly
bound and could have a more evident adsorp-
tion�desorption mechanism. This behavior is

Žobserved even at times longer than 1 h see inset
.in Fig. 7a . The observation of this fact is very

important because other authors find the adsorp-
tion process of a protein essentially irreversible
� �14 . However, these results would be confirming
the reversible character of this process and are in
agreement with those of other authors that sug-
gested that reversibly adsorbed layers are formed
at times longer than in this study such as 30 min
after the contact of the protein with the surface
� �15 . Synthetic polymers and proteins adsorbed on
surfaces were detected to desorb in the presence
of the macromolecule in solution by a so-called

� �exchange mechanism 16 .

3.4. Processes obser�ed under steady state conditions

A qualitative analysis of the system is first given
and then a more quantitative interpretation of
the observed processes is carried out. The adsorp-
tion�desorption process of the protein on the
TiO in steady state depends markedly on the pH2
and electrode potential. The protein adsorption
and the impedance spectra measurements were
performed at two different potentials, �0.585
and 1.4 V. At these potentials, characteristic space
charge regions are developed in the semiconduc-

tor, with different charge density, which generate
a special interaction with the protein. The inter-
play between hydrophobic and hydrophilic forces
is thought to be partially responsible for the
changes in adsorption processes and these forces
could be regulated also with changes of the charge
that take place in the semiconductor surface.
Therefore, the changes observed as a function of
potential at constant pH should indicate different
kinds of interactions between the protein-semi-

Žconductor interface as well as the data taken at
.constant potential for different pH .

Fig. 7a shows the impedance diagrams when
the potential electrode was �0.585 V. The elec-
trode response could be related to the diffusion
controlled and the activation controlled protein
adsorption process. This data interpretation was

� �first made by Lorentz et al. 17 and it is well
documented in the literature and it was summa-

� �rized by Sluyters et al. 18 . The interaction with
the electrode is different from the one observed
at 1.4 V because the diffusion process is not
observed in the diagram of impedance, as it is
shown in Fig. 7b. Probably, the adsorption process
at this potential is more irreversible because a
more positive charge at the electrode surface is
developed. If the conditions that surrounded the
protein are such that they destroy or decrease the
magnitude of the hydrophobic interaction, then
what was a reversible process is irreversible in the
new environment. The behavior observed here is
explained in more detail in the next section.

3.5. Impedance measurements performed at constant
frequency in a potential range from �0.8 to 1.5 V

Fig. 8 shows capacity parameters as a function
of pH at 18 Hz, obtained at two different poten-

Ž .tials 0.6 and 1.4 V . It can be seen that the
changes are greater when the protein and the
electrode surface have opposite sign. But even
when they have the same charge sign there are
changes in the parameters that show the same
tendency in all range of pH. This fact could be
due to hydrophobic interactions, which are modi-
fied with the new protein charge. The measure-
ments carried out up to pH 3 and 1.4 V, where
the protein as well as the electrode are loaded
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Ž . Ž .Fig. 8. Capacity vs. pH obtained in � 0.1 M NaCl and 	
�1 Ž . Ž .0.1 M NaCl�0.1 g l HSA at a 0.6 V and b 1.4 V, f�18

Hz.

positively, show that the differences when the
protein is present or absent are less than at pH
4.7 but the mechanism is the same. In the case of
pH 7.7 and 1.4 V, the changes observed are
greater than the ones observed at pH 4.7, so the
adsorption of the protein may be enhanced by the
electrostatic interactions, even more marked when
the pH is far away from the IEP.

Fig. 9a shows C vs. potential curves for TiOT 2
electrodes, in the presence and absence of the
protein at pH 4.7. The greatest changes in capac-
ity are observed as the potential becomes closer

Žto the flat band potential V the potential valuefb
at which the electrostatic potential is constant, i.e.

.V �0 throughout the semiconductor . This in-Žx.
crease could be associated with changes caused

by the protein at the oxide surface coinciding with
the ones obtained at constant potential of �0.585
V. The curves obtained at pH 7.7 and pH 10.0
show the same change in capacity after protein
addition, indicating that specific interactions pre-
vail over electrostatic ones. The V was calcu-fb
lated in an approximate way considering the
Mott�Shottky model and the value obtained at
pH 4.7 was �0.6 V.

3.6. Physical model of adsorption

The experimental evidence obtained under
steady state conditions can be interpreted in terms
of a physical model of the protein adsorption. As

Ž . Ž .Fig. 9. a Capacity curves obtained at 80 Hz, pH 4.7 	 with
Ž . Ž .and � without protein addition. b Differential capacity

Ž . Ž .obtained from Eq. 18 see text . The parameters obtained
from the Gaussian function corresponding to the first maxi-
mum are: N �4.1�1018 cm�2 , V �V �0.14 V, � �0.08ss1 t1 fb 1
eV. The capacity values are referred to the electrode geomet-
ric area.
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it was pointed out previously, let us assume that
the protein adsorption process produces mainly a
change in the surface states of the oxide. These
localized states can arise from titanium atoms

Ž 4� � 3�.acting as electron traps Ti �e �Ti , atcb
semiconductor�electrolyte interface where the ti-
tanium atoms are partially co-ordinated to water.
Experimental evidence for the existence of sur-
face states has been reported in EPR studies of

� �colloidal TiO 19 and for impedance measure-2
� �ments of rutile single-crystal electrodes 20 .

The experimentally accessible quantity refers
to the potential drop between the electrolyte and
the bulk of the semiconductor 	V�V �Vsc H
where V is the voltage across the space chargesc
layer and V is the potential drop to theH

Ž .Helmholtz layer see Fig 10a . The V is given bysc
eN1 D 2 � �V � W 21 , where N is the donorsc D2 

0

concentration, W is the thickness of the space
charge layer, 
 is the dielectric constant of the
semiconductor, 
 is the vacuum permittivity and0
e is the electron charge. When the magnitude of
C may prove to be larger than C , it followsss sc
that 

 E �Q , where eV �E is the electric0 H ss H H
field across the double layer. Then a change in
the potential drop in the Helmholtz layer dV �H�
L d E related with a change in the potentialH H
drop in the semiconductor dV , is described bysc

dV L dQ CH H ss ssthe ratio � � � � � 	CssdV 
 
 dV Csc H 0 sc H
Ž .was calculated by rearranging Eq. 2 according

to:

1 1 1 Ž .� � 17C C C �CT H sc ss

and yield the reciprocal experimental capacities
Ž .1�C . Considering that the Helmholtz layerT
remains constant and equal to 43 �F�cm2 during
the adsorption process, the mathematical opera-

Ž .tion indicated in Eq. 17 was carried out not only
for the capacity values obtained in the absence of
HSA but also in its presence. This procedure

Ž .leads to the second term of the Eq. 17 . Its
reciprocal obtained under both conditions is sub-
tracted to analyze the change in the capacity

produced by the adsorption process assigned to
changes in the surface states:

Ž . Ž .C �C � C �CHSA HSAss sc ss scwith without

Ž . Ž .�	 C �C 18ss sc

As C and C are in parallel, when the surfacesc ss
states increase considerably, it can be assumed
that:

� the contribution to the C of the space chargeT
region of the semiconductor is much lower
than that provided by the surface state charges

Ž .C �C . Therefore, 	 C �C �	C ; andss sc ss sc ss
� the potential drop occurs mainly in the

QssHemholtz double layer, yielding C � .ss Vs
This variation is schematically presented in
Fig. 10a,b.

Observation of the experimental dependence of
the capacity 	C with the potential allows us toss
suggest that N is a function of the energy and isss

Ž .no longer a constant value. Therefore, N E willss
be considered as a function of the energy de-
scribed by the Gaussian distribution. The fol-
lowing expression yields C as a function of po-ss
tential:

n eV�eV jN tdQ 21 ssjss .�0.5Ž
�	C � � �e d EjÝss dV �' j2� j�1

Ž .19

where V is the potential that corresponds to thetj
maximum of the function.

For the best fitting of the experimental values,
three Gaussian functions were considered and
the resulting curve is shown in solid line in Fig.
9b. An estimated value for the flat band potential
was calculated from the Mott�Schotky plots, giv-
ing a value of �0.6 V.

According to the physical model proposed, the
parameters with reasonable values are those near
the flat band potential, a region where the changes
associated to the protein adsorption are more
important, so the values reported are N �4.1�ss1
1018 cm�2 , V �V �0.14 V.t1 fb



( )F.Y. Oli�a et al. � Biophysical Chemistry 91 2001 141�155 153

Ž . Ž . Ž . Ž .Fig. 10. Schematic representation of the system a when protein is absent and b in its presence. c and d Represent probable
functional groups that may interact in the TiO �HSA system.2

The results obtained from the application of
this model are interesting. First, the appearance

Ž .of several surface levels detected at least three
when the protein layer is formed on the surface
of the electrode. Second, the extrinsic nature of
these states and their elevated density can indi-
cate and�or be explained in terms of the pro-
tein�substrate interactions. Results from XPS ob-
tained for the colloidal particles of TiO with and2

Ž .without adsorbed protein pH 4.7 indicate that
the basic groups OH� in the titanium surface
sites are interchanged with higher probability than
the acid sites, therefore, the expected reaction,
schematized in Fig. 10c,d would be:

� �� � �Ž . Ž .Ti IV � OH�COO �H �Ti IV
� � OOC�H O2

Ž .20

� �Schmidt et al. 22 have postulated this ligand
exchange reaction for a cysteine and homocys-
teine interaction onto TiO .2

4. Conclusions

Thin particulate films, which exhibit elec-
trochemical properties similar to those of an n-
type semiconductor, have been successfully stud-
ied in comparison with colloidal systems. It could
be inferred that the protein adsorption under
special conditions is irreversible. On the other
hand, when the protein is adsorbed at �0.585 V,
the impedance diagrams showed the presence of
resistance and a Warburg element connected to
diffusion controlled and activation controlled ad-
sorption process.
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The magnitude of the change observed de-
pends not only on the potential at which the
protein was adsorbed but also on the pH of the
solution.

From these conclusions, the following points
should be emphasized:

� From pseudo-steady state measurements, a
two-step consecutive mechanism is postulated
by interpreting the changes in capacity as pro-
duced on the surface states of the oxide due
to the protein adsorption process.

� From the steady-state measurements, the
changes in capacity obtained at different pH
values and electrode potentials can be ana-
lyzed with a physical model which assumes a
surface state distribution around a main state.
Although the chemical nature of these states
cannot be confirmed with this technique, an
exchange mechanism is highly probable to oc-
cur due to the characteristics of the surface
groups involved in the process.

� Specific HSA-TiO interactions prevail over2
electrostatic ones as indicated by the studies
in function of pH and electrode potentials.
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