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Abstract

The process of adsorption of bovine serum albumin onto a platinum electrode was monitored through the
measurement of a nonlinear electrochemical property. The principle of the new method is that a sinusoidal
voltage source is applied to a test solution and the waveform of the output current is analyzed by Fourier
transformation. It was found that the intensities of the higher harmonics in the Fourier transformation change
depending on the concentration of albumin and with time. From the higher harmonics, voltage dependence of
the capacitance was quantitatively evaluated. The change of the state of albumin adsorbed onte the platinum
plate was also monitored from the pattern of ‘crack’ of adsorbed albumin by using scanning electron
microscopy. These results were discussed in relation to the mechanism of bimodal adsorption of albumin.
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1. Introduction

Although there have been many studies on the
molecular process of adsorption of protein onto a
solid surface, a detailed mechanism of the ad-
sorption has not been fully clarified yet [1-10]. In
order to develop artificial organs, for example, an
artificial heart or blood vessels, it is most impor-
tant to know the physico-chemical state of the
adsorbed protein on the surface. It is rather diffi-
cult to monitor the molecular process of protein
adsorption in situ [1,2]. We have recently re-
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ported a novel sensing method for detecting the
physico-chemical state at a solution-metal inter-
face [11]. This method is based on the principle
of detecting information of the higher harmonics
in the Fourier-transformation of output current
under application of an external sinusoidal volt-
age [12-14] (See Appendices I and II). It has
been demonstrated that the reproducibility of
this method is excellent and that it affords us
much useful information on the electrochemical
system. Here, the Fourier transformation is uti-
lized for detecting quantitatively the electrochem-
ical nonlinearity. In this paper, adsorption of
albumin has been analyzed in a quantitative man-
ner using data of the higher harmonics of the
output current. From the results of the Fourier-
transformation, voltage dependence of the capac-
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itance, differential capacitance [15], has been de-
duced. The state of albumin adsorbed onto the
platinum plate has also been studied with the aid
of a scanning electron micrograph.

2. Experimental

Bovine serum albumin was obtained from Miles
Laboratories, Inc. (U.S.A). The test solution con-
sisted of 0.1369 M NaCl, 0.0268 M KCl, 0.00958
M Na,HPO,, and 0.00146 M KH,PO, 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
in an apparatus shown in Fig. 1. Sinusoidal volt-
age (frequency: 1 Hz, peak-to-peak voltage: 2V)
was generated by a potentiostat {HA-10 RIG,
Hokuto Denko Ltd., Japan) connected to a wave-
form generator, Model 459 AL (Kikusui Electron-
ics Corp., Japan). A two-electrode cell was em-

Waveform Potentiostat Personal
generator computer
Salt bridge
r r
Ag/AgCL Pt electrode
electrode T

33MKCL Test solution

Fig. 1. Diagram of the experimental apparatus used for mea-
suring etectrochemical nonlinearity.

ployed and the ohmic drop arising from solution
resistance in the cell was successively compen-
sated by the positive feedback as a function of the
potentiostat, The input sinusoidal voltage and the
output current were successively stored in a per-
sonal computer, NEC PC-9801 (NEC Co., Ltd.,
Japan), and then Fourier-transformed to the fre-
quency domain [11]. Platinum wire (length: 25
mm, diameter: 0.5 mm) was used as the working
electrode and a Ag/AgCl electrode was used as
the reference electrode. All measurements were
performed at 25 + 2°C. Scanning electron micro-
graphs were obtained with a scanning electron
microscope (Model S-430, Hitachi, Co., Tokyo).
The albumin adsorbed onto the platinum plate
was freeze-dried and then coated with gold by
vacuum evaporation.

3. Results and discussion

3.1 Time-variation of output current for albumin
solution

Figure 2a shows the output current in the
albumin-free buffer solution (a-1) in 5% (w/v)
albumin solution versus time (a-2, 3 and 4). Two
maxima during one cycle of the sinusoidal wave
are noticed in Figs. 2a-2, 3 and 4. The waveform
of the output current for the buffer solution
without albumin remained essentially constant for
a period of more than 3 hours, we regarded the
waveform of Figure 2a-1 as the control pattern.
The marked change of output current in the
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Fig. 2. The left pannel shows the waveform of the output

current with the application of sinusoidal voltage (1 Hz).

(a—1): the buffer solution; (a—2 to 4): 5% (w/v) albumin

solution after the elapsed time of 5 min (a— 2), 30 min {(a—3),

and 60 min (a—4). The right pannel shows the relative inten-

sity (P, /P,) of the harmonics in the Fourier-transform of the
output current.

albumin-containing buffer solution is attributable
to adsorption of albumin molecules onto the sur-
face of the Pt-electrode [3-5]. As the pH at the
isoelectric point of bovine serum albumin is 5.3,
carboxylic acid groups in albumin molecules dis-
sociate; albumin is negatively charged under the
conditions used in the present study. Figure 2b
shows the relative intensity of higher harmonics
to the fundamental harmonics (1 Hz) in the power
spectrum of the Fourier-transformation upon the
output current shown in Fig. 2a. It was found that
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Fig. 3, Time variation of relative intensity on various concen-

trations of (% w/v) of albumin: {a) 1, (b} 5, and (c} 10. P,;

Intensity of the power spectrum of the nth harmonics; (O)

2nd harmenics {2 Hz); () 3rd harmonics (3 Hz). and {G) 4th
harmonics (4 Hz).
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Fig. 4. Dependence of relative intensity on the concentration
of albumin, These data were measured after an elapsed time
of 30 minutes. P, Intensity of the power spectrum of the nth
harmonics; (©) 2nd harmonics (2 Hz), (#) 3rd harmonics (3
Hz), and (OI) 4th harmonics (4 Hz).

the intensities of the higher harmonics (2, 3, and
4 Hz) change with time (Fig. 2b-2, 3, and 4). The
appearance of the higher harmonics of the
Fourier spectrum is due to the electrochemical
nonlinearity [11], Even in the absence of albumin,
the higher harmonics appeared significantly. This
is mostly due to the electrochemical nonlinearity
generated by the presence of diffuse electrical
double layer of inorganic ions around the elec-
trode surface. As is discussed in the Appendix II,
diffuse electrical double layer possesses the prop-
erty of the electrochemical nonlinearity in its
intrinsic nature. Thus, we evaluated the higher
harmonic components in the absence of albumin
as the control values of the experiment. Figure 3
shows the time-dependence of the relative inten-
sity P, /P, (P,, the intensity of the power spec-
trum corresponding to that of the nth harmonic;
P,, the intensities of the power spectrum of the
fundamental harmonic) with various concentra-
tions, (a) 1, (b) 5, and (c) 10% (w /v), of albumin.
In 10% (w/v) albumin, the relative intensities
remain essentially constant, indicating that the
adsorption has been completed immediately after
immersion of the electrode. In 1 and 5% (w/v)
albumin solution, P,/P, decreased and P;/P,
increased with time. The direction of the changes
of the relative intensities are the same within the
range of 1 to 5% (w/v) albumin solution, al-
though the rates of the changes are apparently
different. Figure 4 shows the dependence of
P,/P, upon the concentration of albumin after
30 minutes. It is clear that the relative intensitics
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change greatly in the concentration range of 0 to
10% (w/v) and the curve becomes nearly flat
above 10% (w/v). These results suggest that the
changes of the relative intensities reflect the time
course of adsorption of albumin onto the elec-
trode.

Under similar experimental conditions, in the
classical impedance method, reproducibility is
poor because of changes in the distance between
the electrodes, the presence of bubbles on the
electrode, and hysteresis arising from adsorption
of various chemicals onto the electrode. By con-
trast, the reproducibility of our method was good
in duplicate runs. This is because in our treat-
ment the intensities of the power spectrum on the
2nd, 3rd, and 4th harmonics are given as normal-
ized values relative to the intensity of the power
spectrum on the first harmonics. Although the
linear components showed relatively large experi-
mental errors (ca. 20% {w/v)) on each experi-
mental run, use of the normalization procedure
reduced errors in the relative intensities to less
than 5% (w/v) for all measurements in this study.
In the present study, we have applied sinusoidal
voltage of rather low frequency (1 Hz). The rea-
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Fig. 5. (a) Capacitance-voltage curve deduced from the

Fourier-transformed spectra (Fig. 2b). (b) Waveform of the

output current deduced from the reversed Fourier-transfor-
mation of the spectra in the frequency domain (Fig, 2b).

son for this choice is that the dielectric property
of the bulk solution contributes to the capaci-
tance with higher frequency, and thus the capaci-
tance component of the diffuse double layer near
the electrode surface could be observed only with
low frequencies [17].

3.2 Theoretical simulation

In order to clarify the relationship between the
intensities of the higher harmonics and the elec-
trochemical nonlinearity, let us discuss on a volt-
age-dependent capacitor as a simple nonlinear
element [11], as given in eq. (1).

C(V)=Cy+CV+C 2+ CV3 (1)

When a sinusoidal voltage (V(t) = E, sin wyt) is
applied to the system of a parallel circuit with
this nonlinear capacitor and a resistor, the output
current is given by eg. (2). (Sce, for a detailed
derivation, Appendix I.)

I(t)=(E,/R) sin wgt
+wy EH5C, + C,E}) sin 2wyt
—3C,woE} sin 4wt
+{3C,E] + ColwyE, cos oyt
— 10,C, Ej cos 3wyt 2)

When the current I{(z) is Fourier transformed,
the coefficients of the sine and cosine functions
correspond to the real and imaginary compo-
nents, respectively. From this relationship, it is
apparent that the 2nd, 3rd, and 4th harmonics
correspond to the first, second, and third deriva-
tives, respectively, of the nonlinearity of the ca-
pacitance. Apart from the nonlinearity of the
voltage-dependence of the capacitance, other
phenomena such as hysteresis on the electrode
and the nonlinearity of the resistance may con-
tribute to nonlinearity in an electrochemical sys-
tem. The derivation of eq. (2) has been based on
the assumption that dC/d¢ =0, and that resis-
tance, R, is independent of the applied voltage.
Figure 5 shows the simulated capacitance-voltage
curve based on the experimental results of
Fourier-transformation of the output current
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wave. In this computer simulation, the compo-
nents of the 2nd, 3rd, and 4th harmonics have
been evaluated using eq. (2). This figure clearly
demonstrates the relationship between the non-
linearity of the capacitance and the shape of the
output current.

It should be stressed that our technique is
entirely different from the classical impedance
method [16). In the classical impedance measure-
ment, electrochemical properties have been inter-
preted by taking into consideration the equivalent
circult with capacitors and resistors which have
only krear characteristics; i.e. non higher har-
monics will appear, even with an electrical circuit
composed of many capacitors and resistors. Non-
linear characteristics only produce the higher
harmonics after application of a sinusoidal volt-
age with a single frequency.

3.3 Scanning electron micrograph of adsorbed al-
bumin

In order to gain further insight into the mecha-
nism of adsorption, we have carried out electron
microscopic measurements. On examining the
manner of adsorption by electron microscopy, we
found that the pattern of cracks of the adsorbed
layer changed markedly dependent upon the state
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of the adsorbed albumin. Figure 6 shows ‘cracks’
of albumin adsorbed onto a platinum plate. The
cracks are caused by freeze-drving during prepa-
ration of the sample for the scanning electron
micrograph, It is apparent that the pattern of the
‘cracks’ changes differs and is depending on the
period of immersion of the platinum plate into
the albumin solution. After an elapsed time of 5
minutes, the angle between the lines of ‘cracking’
is almost 90°. By contrast, after a period of 1
hour, the angle becomes nearly 120°. The differ-
ence of the pattern of the ‘cracks’ may depend on
the surface tension and the thickness of the albu-
min layers. In the early stage of adsorption, albu-
min molecules may remain in their natural state,
i.e., the adsorption is physical. Thus, when dehy-
dration occurs, individual molecules schrink in a
manner nearly independent of each other. In this
situation, rectangular cracks are generated as
shown in Fig. 6a. When adsorbed albumin
molecules stay for a long peried, they tend to be
denatured, i.e., the adsorption is chemical. The
peptide skeletons of denatured albumin
molecules, on the strongly adsorbed albumin, may
interact with each other, thereby inducing macro-
scopic surface tension on the layer of adsorbed
albumin. Upon dehydration, cracks with 120°
crossing angles are generated because of the in-

Fig. 6. Scanning electron micrograph of albumin adsorbed onto platinum plate: (a) after an elapsed time of 5 minutes, and (b} after
an elapsed time of 1 hour. The conditions for (a) and (b) are the same as in the legend for Figs. 2a-2 and 2a-4, respectively.
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crease of the surface tension induced throughout
the layer of the albumin.

3.4 Measurement of the amount of adsorbed albu-
min by use of an electronic balance

In order to investigate the amount of albumin
adsorbed onto the platinum plate, the time varia-
tion of the weight of the platinum plate (20 x 50
X (0.1 mm) immersed into the 5% (w/v) albumin
solution was measured with a Shimadzu RNB-50
electronic balance in order to evaluate the amount
of the adsorbed albumin molecules onto the plat-
inum plate. The weight gradually increased up to
ca. 1.0 mg (i.e., a surface density of 7.4 x 10~ 1°
mol/cm?) during 1 hour corresponding to the
initial stage of adsorption (i.e., physical adsorp-
tion) after which the weight remained essentially
the constant over a period of 3 hours. This result
suggests that the characteristic change of the
output current wave in Fig. 2 reflects the degree
of the denaturation of albumin, and not the
increase of the albumin adsorbed.

3.5 Relationship between higher harmonics and ad-
sorption of albumin

In the present study, we have demonstrated
that the voltage-dependent capacitance probe
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Fig. 7. Schematic representation of the relationship between
nonlinear characteristics and the manner of adsorption: (a)
initial stage, (b} intermediate stage, and (c) final stage.

provides us with information about the nature of
adsorption of albumin. Figure 7 summarizes the
time-variation of the waveform of the output cur-
rent, power spectrum of the Fourier transforma-
tion, and voltage-dependent capacitance. A plau-
sible process of the manner of adsorption is also
given in Fig. 7. In Fig. 7a when the Pt wire is
immersed into the albumin aqueous solution, the
molecules of albumin begin to be adsorbed onto
the Pt surface. In this stage, the adsorbed albu-
min molecules do not aggregate. In Fig. 7b the
adsorbed albumin molecules gradually change
their conformation, corresponding to a kind of
surface denaturation [1,2,6,10]. The conforma-
tional change results in albumin molecules on the
surface to interact with each other. In the final
stage, Fig. 7c, the surface of the electrode is fully
covered with the “denatured” albumin, or with
the strongly adsorbed albumin. At iower concen-
trations ( < 1% {(w /v)), the progress of adsorption
is very slow, as shown in Fig, 3a. For the 5%
(w/v) albumin solution, the progress of adsorp-
tion becomes fast (Fig. 3b). With the higher con-
centrations of albumin, more than 10% (w/v),
the final stage of the adsorption (state (c)) is
attained quite fast, which results in the relatively
flat curves (Figs. 3¢ and 4). The electron micro-
scopic observation also supports this mechanism.

The above mentioned scheme for albumin ad-
sorption is compatible with the mechanism of
bimodal adsorption proposed by several re-
searchers [7,8].

In summary, it becomes clear that the charac-
teristic change of the voltage-dependent capaci-
tance, together with the observation of cracking
of the adsorbed protein, affords us useful infor-
mation on the physicochemical state of the pro-
tein adsorbed onto the solid surface.
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Appendix 1

Relationship between the voltage-dependent capaci-
tance and its higher harmonic Fourier components

Suppose that an electrochemical system is
modeled by a paraliel circuit with a nonlinear
capacitor and a linear resistor. Let us now discuss
the charge (0 which is expressed by eq. (Al) as a
simple expansion to the fourth order with voltage
V.

(V)
where differential capacitance C(V) is given by
eq. (A2).
C(V)=dQ/dV=Cy+CV+CV*+CJ?
(A2)

=CV+3CVI+ 103+ 3GV (Al

When a sinusoidal voltage (V= E, sin wyt) is
applied to the circuit, the current through the
resistor Ix(7) and the current through the capaci-
tor I.(¢) are given by egs. (A3) and (A4), respec-
tively.

Ia(t) = (E,/R) sin wy! (A3)
Ie(1) = dQ/dr = (d4Q/dV)(dV/d1)
= C(V)(dV/dt)

=(Co+ CV+ O+ 07
Xd( E, sin wgyt)
/dt
= {Co+ C(Ey sin w,t) + Cy( E; sin w,t)°

+Co E, sin th)3}w0E1 COS wy!

=CywyE, cos wyf + CywoE} sin @yt cos gl

+ C,0E} sino,t cos wpt
+ CywE sin’wyt cos wyt

= CywyE, cos wot + (C wyE7/2) sin 2wt
+(CywoE7 /4)(cos wyt — cos 3wyt)

+(CymyE{ /8)(2 sin 2wyt — sin 4wyt)
(A4)

The total current I(¢) through the voltage source
becomes

(1) = Ie(1) + Ic(1) (A5)

Substituting egqs. (A2)-(Ad) into eq. (AS), we
obtain eq. (2) as:

I(t)=(E,/R) sin w;t
+woEH{3C, + 1C;EL} sin 2wt
- 3C30,E} sin 4wyt
+{iCLE] + ColwyE, cos wgt
— 1wyC,E} cos 3wyt (2)

Appendix II

Voltage-dependent capacitance in the case of elec-
trochemical diffuse double layer

According to the Gouy-Chapman theory of a
diffuse double layer of ions formed around the
electrode surface, differential capacitance, Cy is
given as follows [15].

c 2z% se a° 172 b zeV A6
4T\ T T €08 (ZkT) (A6)

where z denotes the (signed) number of units of
electronic charge, e the elementary charge, ¢ the
dielectric constant of the medium, &, the permit-
tivity of free space, n° the number concentration
of each ion in the bulk phase, & Boltzmann’s
constant, T the absolute temperature (K), and V'
the electrostatic potential (V).

Above equation can be expanded to a polyno-
mial in V.

2z% e.s n 12 ze \? )
C"_( kT ) {”(m)‘/
( ze )4V4 } (A7)
2kT

The above equation clearly suggests that capaci-
tive components at an electrode is generally
“nonlinear” or, in other words, the capacitance is
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voltage-dependent as in eq. (Al). Besides the
electrochemical diffuse double layer, the voltage-
dependence of the component originates from
adsorption /desorption kinetics of protein at the
electrode and also from time-dependent defor-
mation of the protein.
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