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Abstract 

This study was conducted to monitor the electrochemical responses of two proteins (bovine serum albumin (BSA) and 
gelatin) and their thiol derivatives adsorbed onto gold (Au) electrodes, which were analyzed by a “nonlinear” impedance 
method. A sinusoidal voltage is applied to a protein-containing aqueous solution and the waveform of the output current is 
analyzed by fast Fourier transformation (FFT). The intensities of the higher harmonics in the FFT varied with the species ot 
protein and their thiol derivatives, and with time. From the higher harmonics. voltage-dependent capacitance and 
conductance were quantitatively evaluated to differentiate the state of adsorbed protein. Adsorption and desorption 
characteristics of BSA and its thiol derivative on the Au surface were continuously measured by a quartz crystal 
microbalance (QCM) in situ. The microscopic state of thiol-derivatized BSA adsorbed onto the Au surface was imaged by 
atomic force microscopy (AFM). In general, thiol-derivatized proteins were tightly adsorbed on the Au surface and showed 
no desorption. The present electrochemical measurements clearly differentiated adsorption characteristics of physically 
adsorbed (physisorbed) and chemically adsorbed (chemisorbed) proteins on Au surfaces. 
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1. Introduction physicochemical state of an adsorbed protein on a 

Chemical composition, structure and properties of 
the blood- and tissue-contacting surfaces of medical 
devices play a decisive role in their protein adsorp- 
tion behavior which. in turn, determines the biocom- 
patibility of the devices [I ,2]. Therefore. an under- 
standing of protein adsorption dynamics and the 

Corresponding author. Tel: + 81-732-27-9191; Fax: + 8 I- 
742-27-9190: E-mail: nakatas~nara-edu.ac.jp 

solid surface is essential for the development of 
biological fluid-contacting devices such as artificial 
hearts, blood vessels and biosensors [l-6]. When a 
protein is preadsorbed on a device surface, such a 
physically adsorbed protein may be desorbed and 
replaced by a different species of protein present in 
biological fluid in vivo as well as in vitro. On the 
other hand, covalent bonding of a protein onto a 
substrate, which is generally achieved by condensa- 
tion between functional groups of a protein and a 
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substrate, is essentially resistant to desorption, form- 
ing a stable proteinaceous layer on the device sur- 
face. 

Recent studies have shown that the chemisorption 
of alkanethiols onto metals such as gold, silver, 
platinum and copper occurs to form a self-assem- 
bling membrane (SAM) [7-121. It is assumed that 
the bond energy between gold and the sulfur of thiol 
is much larger than that due to hydrogen bonding 
and electrostatic interaction. Thus, it is expected that 
such a chemisorbed protein will be stable under 
physiological conditions. Therefore, the state of the 
chemisorbed protein might be different from that of 
the physically adsorbed protein. Although there have 
been various methods for determining the molecular 
process of protein adsorption onto a solid surface, 
few methods have been available for in situ continu- 
ous monitoring. Quantitative techniques based on 
electrochemical measurements have been introduced 
recently [5,6,13]. It is difficult to determine the 
physicochemical state of adsorbed proteins on sur- 
faces. 

We have recently reported a novel sensing method 
for detecting the physicochemical state at a 
solution-metal interface, the nonlinear impedance 
method [14]. It is based on the detection of electro- 
chemical information of higher harmonics in the fast 
Fourier Transformation (FFT) of an output current 
under the application of an external sinusoidal volt- 
age as shown in Fig. 1. Voltage-dependent conduc- 
tance and capacitance (differential capacitance), 
which are evaluated from the real part and the 

Fig. I. Schematic representation of the mechanism for evaluating 
electrochemical nonlinearity. Higher harmonics of the real part 
and those of the imaginary part in FlT correspond to the nonlin- 
ear conductance and the nonlinear capacitance in the electrochem- 
ical system, respectively. 

imaginary part of the FFT, respectively, correspond 
to the conductance of molecules adsorbed on the 
electrode and the diffuse double layer around the 
electrode, respectively 114-171. It has been demon- 
strated that this method has excellent reproducibility 
and affords much useful information on the electro- 
chemical system 1151. In fact, the adsorption charac- 
teristics of bovine serum albumin onto a platinum 
electrode were electrochemically determined by this 
technique, indicating that the intensities of the power 
spectrum of higher harmonics change with the con- 
centration and with time [14]. 

In this paper, adsorption characteristics of pro- 
teins with or without the thiol group on an Au 
electrode were monitored by nonlinear impedance 
measurement. Voltage-dependent changes in the in- 
tensities of the higher harmonics in FFT as functions 
of protein concentration and time clearly differenti- 
ated between the chemisorbed and physisorbed pro- 
teins. The adsorption characteristics and state of 
protein adsorbed on the Au surface were also mea- 
sured using a quartz crystal microbalance (QCM) 
and imaged by atomic force microscopy (AFM). 
These results are discussed in relation to the differ- 
ence between the adsorption mechanisms. 

2. Experimental 

2. I. Electrochemical instrument 

The test solution consisted of 0.1369 M NaCl, 
0.0268 M KCl, 0.00958 M Na,HPO, and 0.00146 
M KH2P0, and was buffered at pH 7.4. Water was 
first distilled and then purified with a Millipore 
Milli-Q filtering system. Electrical measurements 
were performed using the apparatus shown in Fig. 2 
[14]. Sinusoidal voltage (frequency 0.5 Hz, ampli- 
tude 0.3 V> was generated by a potentiostat (HA-10 
RIG, Hokuto Denko Ltd., Japan) connected to a 
waveform generator (Model 459 AL, Kikusui Elec- 
tronics Corp., Japan). The input sinusoidal potential 
and the output current were stored in a personal 
computer (NEC 9801, NEC Co. Ltd., Japan), and 
then Fourier-transformed to the frequency domain. A 
gold wire (length 10 mm, diameter 0.5 mm), a 
Ag/AgCl electrode and a platinum wire (length 40 
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Fig. 2. Diagram of the experimental apparatus for measuring 

electrochemical nonlinearity. 

mm, diameter 0.5 mm) were used as the working 
electrode, the reference electrode and the current 
electrode, respectively. All measurements were per- 
formed at 298 f 1 K. 

2.2. Atomic ,force microscopy (AFM) 

The AFM system used in this study was a com- 
mercial microscope, Nanoscope II (Digital Instru- 
ments. Santa Barbara, USA). An Si,N, cantilever 
(length 200 pm, V-type shape) with a force constant 
of 0.06 N mm’ was scanned over the sample in pure 
air at room temperature. A 50-nm Au film used as 
the substrate in AFM was obtained by electric melt- 
ing of a gold rod (purity 99.999%) evaporation on a 
mica wafer and annealing under vacuum (1 O-’ torr) 
[IX]. 

2.3. Qurrrt: ctytal microhalance CQCM) 

Quartz crystals (purchased from Seiko Electric 
Company Ltd., Tokyo, Japan) consisted of AT-cut 
quartz (diameter 5 mm) with a basic resonant fre- 
quency of 9 MHz [ 13.19-211, the surface of which 
was coated with Au by vapor deposition. By sealing 
the quartz with a silicone cell, only one side of the 
Au surface was in contact with the test solution 
(volume 100 ml). Tris buffer solution (0.05 M) was 
used for the QCM. 

2.4. Proteins 

Bovine serum albumin (BSA) and gelatin were 
obtained from Miles Laboratories, Inc. (Chicago, 
USA) and Wako Chemicals (Kyoto, Japan), respec- 
tively. Thiol-derivatized BSA and gelatin (designated 
as SH-BSA and SH-gelatin) were prepared as fol- 
lows. A mixed aqueous solution of .?-mercaptopro- 
pionic acid (0.50 g, 4.2 mmol), protein (2 g) and a 
water-soluble carbodiimide (I .O g, 5 mmol) was kept 
in an ice-water bath and stirred for I day. and then 
dialyzed against distilled water using a cellulose tube 
for 4 days. White powdery proteins were obtained 
after lyophilization. The number of incorporated thiol 
groups per molecule was determined as approxi- 
mately 6.2 for BSA and 7.0 for gelatin by titration of 
the primary amino group of lysine residues of a 
protein molecule using the trinitrobenzene sulfonic 
acid method [22]. 

3. Results 

3. I. Elec~trochemicnl nonlinear resporwes upon ucl- 
sorption 

The measurement of electrochemical nonlinearity 
upon protein adsorption on the Au electrode was 
carried out in a phosphate-buffered solution (PBS) 
using the electrochemical measuring apparatus and 
analyzing instrument as shown in Fig. 2. Proteins 
used were nonmodified BSA and gelatin, and their 
thiol derivatives (SH-BSA and SH-gelatin), both of 
which were prepared by condensation of 3-mercap- 
topropionic acid with the lysine residue of the corre- 
sponding protein. Both proteins contained around 
6-7 thiol groups per molecule. 

Fig. 3 shows the time variations of the output 
current versus input sinusoidal voltage (i-l,) curves 
in protein-containing PBS (protein concentration I 
mg ml-‘. measurement time 10, 30 and 60 min after 
immersion of the electrode in the solution). Irrespec- 
tive of the species of protein. a large amplitude and a 
large degree of hysteresis in the i-r, loop were 
observed for nonmodified proteins. whereas a much 
smaller amplitude and a smaller degree of hysteresis 
in the i-l, loop were observed for both thiol-deriva- 
tized proteins. Although differences in i-c curves 
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Fig. 3. Current (i) versus electrical potential (V) curves for (a) 
PBS without proteins, (b) gelatin, (c) SH-gelatin, (d) BSA and (e) 
SH-BSA after the elapsed time of (1) 10 min. (2) 30 min and (3) 
60 min. The concentration of each protein was 1 mg ml-’ in 
PBS. 

between the nonmodified proteins and between the 
thiol-derivatized proteins and their time-variation 
changes appeared to be small, electrochemical non- 
linearity analyzed using higher harmonics of FFT 
clearly differentiated between the electrochemical 
responses of these proteins as will be shown below. 

If the system has a linear property, the i-v curve 
is ellipsoidal and there are no higher harmonics in 
FFT as shown in Fig. 1. The appearances of the 
deformation of current versus voltage curve and the 
higher harmonics are due to the electrochemical 
nonlinearity [ 14- 17,231. Relative intensities of higher 
harmonics to the fundamental harmonic of the power 
spectrum, R,/P, and IJP,, were adopted as in- 
dices of nonlinearity: R, and I2 are the intensities of 
the second harmonic in the real and imaginary parts, 
respectively, P, is the intensity of the power spec- 
trum (= (Rt + Zf)“*) and 0.5 Hz is the frequency 
of the fundamental harmonic. Reproducibility of the 
conventional impedance method is poor because 
measured values varied largely even with a slight 
dimensional change in the distance between elec- 
trodes, the presence of impurities such as bubbles on 
the electrode and the aging arising from the adsorp- 

tion of various electrolytes on the electrode at the 
lower frequency [24,25]. In addition, our study 
showed that the linear components have relatively 
large experimental errors (approximately 20%) in 
each experimental run, whereas the normalization to 
P, reduced errors to within 5% for all measurements 
in this study. 

Fig. 4 shows the time dependence of the relative 
intensity of higher harmonics in FFT of the output 
current. The analyzed data correspond to the current 
values in Fig. 3 (protein concentration 1 mg ml-’ ). 
Even in the absence of protein in PBS, the higher 
harmonics appeared significantly. However, little 
time-dependent change in R,/P, was observed for 
the protein-free PBS, whereas significant time-de- 
pendent change was observed for protein solutions. 
These results indicated that, irrespective of the 
species of protein, both thiol-derivatized proteins 
provided much larger intensities of R,/P, and Is/P, 
than the corresponding nonmodified proteins. Re- 
gardless of the species of protein and thiol modifica- 
tion, an increase in intensity was observed at an early 
period of immersion, whereas it eventually remained 
constant after longer periods of immersion. Upon 
thorough washing with distilled water, little change 
in RJP, and 12/P, was observed for both thiol-de- 
rivatized proteins, whereas a significant change of 
these parameters was observed for nonmodified ones. 

Time (min) 

Fig. 4. Time-dependent change of relative intensity of higher 
harmonics (A and C, Rz/P,; B and D. I,/P,) for BSA CO), 
SH-BSA (a), gelatin (El), SH-gelatin (B) and PBS without 
protein (A ). The analyzed data correspond to the current values in 
Fig. 3. The point marked by an arrow in each figure indicates the 
value obtained after five times immersion of the protein-adsorbed 
Au electrode in PBS. 
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Fig. 5. Time-dependent change of relative intensity of higher 
harmonics (A) Rx /P, and (B) I, /P, at various concentrations 
of SH-BSA: (A) PBS only: (0) 0.1 mg ml-‘; (0) 0.5 mg 
ml --‘I (0) I mg ml-‘. 

Fig. 5 shows the time variation of the relative 
intensities of higher harmonics, R,/P, and 1,/P,, 
at different concentrations of SH-BSA. Little time- 
dependent change in R,/P, and IJP, was ob- 
served for the protein-free PBS, whereas time-depen- 
dent increases in both indices were observed for 
protein-containing solutions: the higher the concen- 
tration was varied, the much larger change was 
observed at an earlier period of immersion. I,/P, 
was plotted in Fig. 5 since this relative intensity 
significantly depended on the concentration of SH- 
BSA (note that Z,/P, of SH-BSA is almost zero in 
Fig. 4). The physicochmical meaning of higher har- 
monics is discussed in the following theoretical sec- 
tion. Thus, voltage-dependent conductance and ca- 
pacitance afford information on not only the qualita- 
tive adsorption state but also the quantitative adsorp- 
tion rate. 

3.2. Theoretical analysis of electrochemical nonlin- 
ear responses 

In order to evaluate the electrochemical nonlinear 
responses, the differential capacitance and conduc- 
tance were estimated from higher harmonics as elec- 
trochemical elements [ 14- 17,23,26]. Let us assume 
differential capacitance (C) and conductance (G) as 
simple nonlinear elements given by Eqs. (1) and (2): 

C(v)=c,+c,v+czv*+c,v” (1) 

G(V)=G,+G,V+G2V2+GJ3 (2) 

When a sinusoidal potential (V(t) = E, cos wet, 
where E, = 0.3 V, w0 = 2rf, f= 0.5 Hz) is applied 

to a parallel circuit with nonlinear capacitance and 
nonlinear conductance, as expressed in Eqs. (I) and 
(21, the output current, I(t), at a given time is given 
by Eq. (3) (for a detailed derivation, see Appendix A 
and our previous papers [14.15]). 

I(t) = 4.5 x IO-‘G, + 3.0375 x IO-“G, 

+(OJG, + 2.025 x lO-‘G?)cos~~+ 

+ (4.5 x IO-‘G, 

f4.05 x lO~“G,)cos2o,,r 

+ 6.75 x 10~3G2cos3w,,t 

+ 1.0125 x lO~‘G,cos4w,,r 

- 0.3n{(C,, + 2.25 X IO-‘C,)sino,,t 

+(O.l5C, + 6.75 X IO-‘C,)sin2w,t 

1 
+2.25 X lo--C,sm3w,,r 

+3.375 X IO-‘C,sin40,t} (3) 

When the current I(t) is Fourier-transformed, the 
coefficients of the cosine and sine functions corre- 
spond to the real and imaginary parts, respectively. 
From Eq. (31, it is apparent that the second, third and 
fourth harmonics of the real and imaginary parts are 
related to the first, second and third derivatives in the 
nonlinear conductance and nonlinear capacitance, as 
follows: 

R, = 0.3G,, + 2.025 X IO-‘G, 

R? = 4.5 X lOY?G, + 4.05 X lO-‘G> 

R, = 6.75 X 10-3G2 

R, = 1.0125 x IO-‘G, 

I, = ~(0.3C,, + 6.75 X 10~3C2) 

I, = ?T(4.5 x 10-C, + 2.025 x 10-C,) 

Ii = 6.75 x 10~%rC2 

3 I, = 1.0125 x lo-.rrc, 

Fig. 6 shows differential capacitance and 
voltage-dependent conductance which were com- 
puter-simulated using the experimental data of the 
Fourier transformation of the output current shown 
in Fig. 3(3) (the elapsed time of measurement was 60 
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Fig. 6. (A) Differential capacitance and (B) voltage-dependent 
conductance evaluated from the Fourier transformation of the 
output currents and the model of the parallel circuit of resistor and 
condenser. The simulated output currents are (b-31, (c-3). (d-3) 
and (e-3) in Fig. 3 (measurement time, 60 min; protein concentra- 
tion, I mg ml-’ in PBS). 

min, protein concentration 1 mg ml-’ ), where the 
components of the second, third and fourth harmon- 
ics were evaluated using Eq. (3). Note that the 
nonlinearity of capacitance and conductance depends 
on the species and thiol modification. In particular, 
thiol modification, irrespective of the species of pro- 
tein, not only lowered the capacitance and conduc- 
tance markedly, but also changed their voltage de- 
pendency considerably. For example, the slopes of 
capacitance-electrical potential curves for thiol-de- 
rivatized proteins are positive at positive potential, 
but the slopes for nonmodified proteins are negative, 
as seen in Fig. 6. In addition, C, values in SH-gela- 
tin and SH-BSA are positive and almost zero, re- 
spectively. C, is related to IJP,, as deduced in Eq. 
(3). Indeed, 1,/P, values in SH-gelatin and SH- 
BSA are positive and almost zero, respectively, in 
Fig. 4. According to the Gouy-Chapman theory, 
both C, and C, are zero in an electrolyte with a 
symmetrical charge magnitude, e.g. NaCl or CaSO, 
[26]. On the other hand, C, and C, have some value 
in an asymmetrical electrolyte. The difference in C, 
between SH-gelatin and SH-BSA may be due to the 
location of positively and negatively charged do- 
mains in the proteins. 

In the non-fixed form proteins (BSA and gelatin), 
the electrochemical nonlinearity on the bulk phase is 
generated by the presence of diffuse double layers of 
inorganic ions in addition to the adsorption of pro- 
teins on the electrode surface, and then the differen- 
tial capacitance of BSA seems to be similar to that of 
gelatin. In contrast, the resistance of the electrode 

surface is increased by the strong adsorption of 
thiol-derivatized proteins, and then the information 
on the electrode surface is selectively detected in the 
fixed form proteins. 

In the present experiment, we used a sinusoidal 
potential with a single frequency (0.5 Hz). Our model 
is preliminary since the present simulation is based 
on the assumption that the capacitance is indepen- 
dent of potential sweep rate. As hysteresis on the i-c 
curve is generated in the formation of a double layer, 
the differential capacitance may depend on the scan 
rate of the potential or the applied frequency. The 
effect of the potential sweep rate should be included 
as a development of this simulation. 

3.3. QCiV measurement during protein adsorption 
and desorption 

The QCM, which is very sensitive to mass change 
on a solid surface [ 13,19-2 I], was used for measur- 
ing the mass of SH-BSA and BSA adsorbed on the 
gold surface. A thin-film Au-deposited quartz crystal 
electrode was immersed in a Tris-buffered solution 
containing SH-BSA or BSA for up to 80 min, and 
then transferred to a protein-free PBS. During the 
experiment, the frequency of the oscillating crystal 
was continuously monitored (Fig. 7). In this experi- 
ment, the frequency jump was observed at the arrow 
points in Fig. 7. The plot of the frequency jump was 
omitted since the frequency was almost restored 
within several tens of seconds after the exchange of 
the sample solution. A decrease in the frequency 
indicates an increase in the mass on the electrode 

-G+cTkd 0 
Time (min) 

Fig. 7. Typical time-dependent change in the frequency of SH- 
BSA and BSA adsorption and desorption on Au-coated quartz 
crystal oscillators. SH-BSA (1 mg ml-’ ) or BSA (1 mg ml-‘) in 
0.05 M Tris-buffered solution was used. The probe was trans- 
ferred to PBS without BSA or SH-BSA at the time indicated by 
the downward arrow. 
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(note that a decrease of 1 Hz corresponds to an 
increase of I ng). Compared with BSA, a rapid 
increase in mass occurred with SH-BSA at an early 
period of incubation. For both proteins, the decrease 
in frequency was stabilized within 1 h incubation, 
reaching an equilibrium state. The difference in fre- 
quency at an equilibrium state showed that the 
amount of adsorbed protein was larger for SH-BSA 
than for BSA. On transferring the probe to a 
protein-free PBS for SH-BSA, the oscillatory fre- 
quency remained almost unchanged, whereas the 
frequency increased for BSA. These results indicate 
that little desorption occurred for SH-BSA adsorbed 
on an Au surface whereas BSA adsorbed on an Au 
surface desorbed with time. 

3.4. Atomic ,force micrograph of SH-BSA adsorbed 

on an Au su&cr 

AFM was used for observing SH-BSA adsorbed 
on a regionally well-crystallized gold surface, which 
was prepared by a high-vacuum deposition technique 
[ 12,18,27]. Fig. 8 shows the AFM images for gold 
surfaces subjected to immersion in different concen- 
trations (1 X IOY-1 mg ml ‘) of SH-BSA for I h 
and subsequent thorough washing with distilled wa- 
ter. At the lowest concentration t 1 X IO ~’ mg ml ’ ). 
the proteins tended to adsorb regionally, resulting in 
the formation of relatively deformed and large aggre- 
gates which w:ere randomly scattered on the surface 
at a low density. At an intermediate concentration 

Fig. 8. AFM images for SH-BSA adsorbed on an Au surface. The probes, which were immersed in (A) purified water without protein, (B) 
0.01. (C) 0. I and (D) I mg ml-’ SH-BSA aqueous solution for I h, were washed in purified water five times. then measured in air. 
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(0.1 mg ml-’ >, small spherical aggregates of pro- 
teins completely covered the gold surfaces. At the 
highest concentration (0.1 mg ml- ’ ) a thick, contin- 
uous proteinaceous layer was formed, which ap- 
peared to be composed of spherical aggregates. 

4. Discussion 

Information on the dynamic adsorption process 
and the adsorption state of proteins on material 
surfaces may provide a solid basis for the logical 
surface design of devices which come into contact 
with biological fluids such as blood. A variety of 
spectroscopic techniques has been developed to mon- 
itor the kinetics of adsorption of proteins onto mate- 
rials [ 1 I. These include IR spectroscopy, fluorescence 
spectroscopy, total internal reflection fluorescence 
and ellipsometry. However, most of these techniques 
measure the amount of adsorbed protein. Circular 
dichroism can provide information on relatively large 
conformational changes upon adsorption. On the 
other hand, electrochemical techniques, which have 
been developed recently, allow reproducible, contin- 
uous in situ measurements of protein adsorption with 
much higher sensitivity than spectroscopic tech- 
niques. 

The electrochemical techniques consist of an 
impedance method which was introduced by Caprani 
and co-workers [13] in 1993 and by us [I51 in 1989, 
and a QCM method which enables determination of 
the amount of adsorbed proteins with very high 
time-resolution [ 19,201. Caprani and co-workers pro- 
posed the measurement of double-layer capacitance 
which can be directly calculated from the imaginary 
part of the impedance measured at a single frequency 
[13]. The method allows reproducible in situ mea- 
surements with a time resolution of 0.1 s. Using this 
technique, kinetic characteristics of protein adsorp- 
tion on a gold electrode were recorded precisely for 
up to several minutes after immersion in protein-con- 
taining solutions, and a model of the time-dependent 
interfacial structure of a proteinaceous layer formed 
on the electrode was presented based on the experi- 
mental results [ 131, Our method involves the mea- 
surement of nonlinear electrochemical properties in 
which higher harmonics of FFI are measures of the 
adsorption characteristics [ 14- 171. In fact, our previ- 

ous study showed that the differential capacitance 
curves are closely related to the species of the pro- 
tein adsorbed onto a solid surface as well as the 
packing state of proteinaceous layers [ 141. The QCM 
quantitatively provides the information of the ad- 
sorbed amount and is insensitive to the adsorption 
state. In contrast, electrochemical nonlinearity pro- 
vides qualitative information on the adsorption state 
of the protein such as the differential capacitance and 
conductance. Thus, the present method will provide 
invaluable information on the adsorption state of the 
protein. 

In this paper, i-u relationships measured during 
the adsorption of BSA, gelatin and their thiol deriva- 
tives on Au electrodes were analyzed by the electro- 
chemical nonlinear method. We summarize our ex- 
perimental results as follows. 

(1) The higher harmonics depended on the con- 
centration of the protein, thiol modification and incu- 
bation time. 

(2) A much lower degree of hysteresis of the i-u 
loop was observed for the two thiol-derivatized pro- 
teins than for the nonmodified ones (Fig. 3). A 
small, significant time-dependent change of the i-u 
loop was observed irrespective of species or thiol 
modification. 

(3) However, higher harmonics of the real part 
and the imaginary parts in FFT clearly differentiated 
between the time-dependent electrochemical re- 
sponses, reflecting the adsorption characteristics of 
non-modified proteins and their thiol derivatives 
(Figs. 4-6). 

(4) A much lower voltage dependency of capaci- 
tance and conductance was observed for the two 
thiol-derivatized proteins than for the nonmodified 
ones (Fig. 6). In addition, QCM measurement showed 
that the adsorption and desorption of nonmodified 
proteins on the Au surface are reversible, whereas 
irreversible adsorption on the Au surface occurred 
for thiol-derivatized proteins. These results strongly 
indicate that thiol-derivatized proteins are more 
firmly adsorbed on Au surfaces than nonmodified 
ones, and that the difference in electrochemical re- 
sponses may be responsible for the difference in 
adsorption state, as will be described below. 

The adsorption state resulting from physisorption 
allows a high degree of freedom in movement which 
includes rotational and lateral movements and des- 
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Fig. 9. Schematic representation of the adsorption state of BSA 

and SH-BSA given at the applied electrical potential. 

orption and readsorption. Upon polarity change of 
voltage, adsorption sites of proteins are changed by 
molecular rotation to achieve maximal electrostatic 
interaction with the electrode, since many proteins 
have ionic domains clustered with negatively charged 
side-chains of amino acid residues such as glutamic 
acid or aspartic acid and positively charged ones 
such as lysine or histidine. When a positive electrical 
potential is applied to the electrode, a negative ionic 
domain of an adsorbed protein rotates to achieve 
maximum interaction with the electrode surface, and 
when a negative electrical potential is applied, posi- 
tive ionic domains will relocate on the electrode. 
This configurational change upon polarity-induced 
rotation of the adsorbed protein may result in the 
high degree of hysteresis of the i-c loop when the 
scan speed of the voltammetric measurement is high, 
and results in high voltage dependency of capaci- 
tance and conductance as schematically illustrated in 
Fig. 9. In contrast, the adsorption configuration of 
chemisorbed proteins is fixed on surfaces. Therefore, 
chemisorbed proteins respond poorly to polarity 
change of the applied potential, and a slight degree 
of deformation induced by polarity change of electri- 
cal potential may be expected. This results in a low 
degree of hysteresis of the i-r, loop and minimal 
voltage-dependent conductance and capacitance as 
experimentally observed (Figs. 4-6). In addition. the 
packing density of the proteins affects the density of 
the double layer formed by the hydrophilic domains 

of the protein and the conductance of the electrode 
surface depending on the hydrophobicity of the pro- 
tein. and then both differential capacitance and volt- 
age-dependent conductance are changed depending 
on the packing density of the protein. The electro- 
chemical nonlinearity discussed in this paper may 
provide invaluable physicochemical information on 
the adsorption state of proteins, which may deepen 
our understanding of protein adsorption and serve as 
a guide to achieve a logical surface design for better 
biocompatibility. 

Appendix A 

Suppose that an electrochemical system consists 
of a parallel circuit with voltage-dependent capacitor 
and conductor as simple nonlinear elements given by 
Eqs. (1) and (2) [ 14,151. When a sinusoidal electrical 
potential (V(r) = E,, + E, cos o,,t) is applied to the 
parallel circuit, the current through the conductor 
Z,(t) and the current through the capacitor &(r) are 
given by Eqs. (A 1) and (A2), respectively: 

&i(r) = V(r)G(V) 

= (E,, + F;,cosw,r){G,~ + G,( E,, + EacoswOt) 

+ G,( E,, + E,cosw,~$ 

+G;( E,, + E~,cosw,~I)‘} 

= G,,E,, + G,{E; + (l/2) EL;} 

+ Gz E,{ E; + (3/2) EL;} 

+ G,{ E; + 3 E;E;; + (3,‘8) E;) 

+[G,&+2G,E,,E., 

+3GJ,{E; + (1/4)E;} 

+G,E,E,{4E; + 3E<;}]cosw,,t 

+( 1,‘2)[G, + 3G, E,, 

+6G,E@;+ E,)]E~cos2w,,r 

+ E:(G, + G,E,,)cos3w,,r 

+ ( I /8)G, E;;cos4o,,r C-41) 
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Z,(t) = dQ/dt= (dQ/dV)(dV/dt) 

= C( V)(dV/dt) 

151 P. Bernabeu, A. de Cesare and A. Caprani. J. Electroanal. 
Chem., 265 (1989) 261. 

= (c, + c,v + c,v* + c,v3) 

x d( E, + E,cosw,t)/dt 

= (C, + C,( E, + E,cos qt) 

+ C,( E, + E,cosq,$ 

+C,( E, + E;,co~w,r)~}( -w,E,sino,t) 

[6] A.V. Elgersma, R.L.J. Zsom, W. Norde and J. Lyklema, J. 
Colloid Interface Sci., 138 (1990) 145. 

[7] E.W. Wollman, C.D. Frisbie and MS. Wrighton, Langmuir. 
9 (1993) 1517. 

[8] L. Sun, B. Johnson, T. Wade and R.M. Crooks, J. Phys. 
Chem., 94 (1990) 8869. 

[9] R.G. Nuzzo, B.R. Zegarski and L.H. Dubois, J. Am. Chem. 
Sot., 109 (1987) 733. 

[IO] R.G. Nuzzo, F.A. Fusco and D.L. Allara, J. Am. Chem. Sot., 
109 (1987) 2358. 

= -o,Ea[{Co + C,E,, + CzE; + C3E; 

+( l/4) Ei( Cz + 3C, E,)]sino,t 

+(1/2)((C,Ea+2C,EoEa+3C3E,3E,) 

+(1/2)C3E:}sin2w,t 
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+ (l/4) E,‘( C, + 3C, E,)sin3w,t 
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The total current I(t) through the voltage source 
becomes 

I(f) = W) + k(f) (A3) 

Substituting Eqs. (Al) and (A2), and experimen- 
tal conditions E,, = 0 V, E, = 0.3 V, w0 = 21rf and 
f= 0.5 Hz into Eq. (A3), we obtain Eq. (3). 
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