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The immobilization of cytochrome ¢ or horseradish peroxidase at the sulfur-modified gold electrode exhibits a ra-
pid electron transfer behavior because of its specific orientation on the electrode surface and the interaction between
cytochrome c or horseradish peroxidase and sulfur-modified on the surface of the Au electrode.
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Introduction

Sulfur adsorption and its effects on metal surface
have been extensively reported!'™’. From these re-
ports, it has been concluded that the sulfur, which is
covalently adsorbed onto the transition metal surface, is
ordered and negatively charged. The results from the
core-level electron-energy-loss spectroscopy suggest that
sulfur adatoms retain some of the negative charges. The
ab initio SCF calculation also shows the same result'?’.
Therefore, the modified surface can easily immobilize
some positively charged molecules or positively-charged
moiety of dipole molecules via the electrostatic interac-
tion.

The immobilization of biological molecules is high-
ly beneficial to understand the protein interaction in a
biological system. Of all the biological molecules stu-
died, redox active cytochrome c'*'®' and horseradish
peroxidase''' ' have been the focus of research inte-
rests. The asymmetric distribution of the uncompensat-
ed lysine residues of cytochrome c results in large di-
pole moment, and the end near the exposed heme edge
possesses positive charges'"). Similarly, horseradish
peroxidase holds a net charge of +5 in the middle third
residues 100—215 along the peptide chain''?. These
positive charges easily facilitate their adsorption onto
the negatively charged sulfur surface via the electrosta-
tic interaction. Peripheral peptide chain around the
heme kernel contains several amino residues and lead
to multiple interactions between the target biomolecules

and sulfur adatoms via N—H:--S hydrogen bonds and

specific N--+S bond. These factors effectively promote
the immobilization of such biological molecules on sul-
fur-modified metal surface and thereby, a stable and
oriented monolayer modification is obtained.

This article deals with the immobilization of cyto-
chrome ¢ and horseradish peroxidase at sulfur-modified
gold electrode. Such modification exhibites excellent
ordering and rapid electron transfer. Results from the
photoelectron spectroscopy confirm the specific coordi-
nation interaction between the modified biomelecules
and the electrode substrate.

Experimental

Horse heart ferricytochrome ¢ ( Type VI) and
horseradish peroxidase( HRP, 90 units/mg) were pur-
chased from Sigma Co. and used without further purifi-
cation. Cyclic voltammetric measurement and chrono-
amperometric measurement were carried out in a con-
ventional three-electrode cell. The Au electrode(1 mm
in diameter) was used as the substrate of the working
electrode, which was polished with 1.0, 0.3, and
0.05 mm «a-Al,0, powders, respectively. After wash-
ing, it was scanned in 1. 0 mol/L H,SQ, solution until
a stable cyclic voltammogram was obtained. A Pt wire
was used as the counter electrode and an Agl AgCl(sa-
turated KC1) electrode was used as the reference elec-
trode.

All the potentials were measured with respect to
the reference electrode. The electrochemical area of the
gold disk electrode was determined using the method
described by Rodriguez et al. !'") via the chemisorption
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of iodine.

The clean gold electrode was immersed for 20 min
in a solution of 0. 1 mmol/L Na,S adjusted to pH =11
using 10 mmol/L NaOH. The electrode was subse-
quently rinsed several times with distilled water. This
sulfur-modified electrode was immersed in cytochrome c
or horseradish peroxidase aqueous solution for a certain
time. Finally, the resulting electrode was thoroughly
rinsed with distilled water.

Results and Discussion

Sulfur on the gold surface is very stable, which is
similar to that in the thiols/Au chemical adsorption,
and an irreversible anodic process will take place in the
potential range studied. Therefore, the periodic voltage
excursion in 1 mol/L H,SO, can be applied for the de-
termination of the coverage of sulfur via the measure-
ments of charge consumed in the oxidation of adsorbed
sulfur'’’. Assuming that the hexagonally close-packed
Au(111) was used as the substrate, a ratio of 2. 7: 1 of
atom numbers between the surface of Au and sulfur can
be obtained. Such a sulfur packing density is consistent

to (43 x3) R30° —~ S pattern, as shown in litera-

turem.

It indicates that an ordered and compactly
packed monolayer has been formed, and the sulfur ad-
layer is very important to prevent the adsorbed proteins
from denaturation.

Fig. 1(A) shows the cyclic voltammograms of cy-
tochrome ¢ immobilized at the sulfur-modified gold
electrode after adsorption for a short period of time( ca.
30 min) in phosphate buffer solution( pH =7.02) con-
taining high concentration of cytochrome c(1 mg/mL).
A pair of redox peaks was obtained as those in the pre-

vious reports*®). At a scan rate of 20 mV/s, E,=

+115mV, E_ = +55 mV, and AE, =60 mV were
obtained. The formal potential of +85 mV is similar to
the result of +62 mV measured in solution by the spec-

t"®) as well as to those observed

troscopic measuremen
at other chemically modified electrodes. The linear re-
lationship between the peak current and the scan rate
confirmed the occurance of surface wave process| shown
as inset in Fig. 1(A) ]. The surface coverage of the ad-
sorbed cytochrome c on S/Au electrode is on the order
of a monolayer/submonolayer, with an average value of
1.01 x10 " mol/cm”.

The apparent electron transfer (ET) rate constant
of the cytochrome c¢/S/Au surface was calculated using
Laviron’s model' ™) by the variation of peak separation
with scan rate. In the region of scan rates studied, a

rapid electron transfer rate was obtained (k,, = 1.56

ImA

Fig. 1 Cyclic voltammograms at the S/Au electrode
modified with cytochrome ¢ in 1. 0 mg/mL so-
lution for 30 min( A) and in 10 mg/L solution
for 20 h(B)

Scan rate/(mV - s'): a. 50; b. 20; ¢. 10; d. 5.
Inset; plot of anodic peak current vs. scan rates.

s™'), which was a fast redox process in comparison
with those of other biomacromolecules such as proteins
and enzymes on the electrode surface. This value is
10—100 times more rapid than k_, for other cytochrome
(10.20.21) " The fast

electron transfer process is because of the advantages of

c/self-assembled monolayer systems

immobilization on sulfur-modified substrate. The immo-
bilization, based on the atom-modified technique, is
beneficial for proteins to obtain a favorable orientation,
and the small effective electron transfer distance also
facilitates the electron transfer.

Furthermore, under the conditions of dilute cyto-
chrome ¢ (10 mg/L) solution and a longer adsorption
time( >20 h), the immobilized cytochrome c is irre-
versibly reduced. The anodic current just appears from
ca. 0.25 V[Fig. 1 (B)]. The slow anodic electron
transfer exhibits electron transfer process in single-di-
rection, i.e. , it is easy to be reduced and difficult to
be oxidized as in the case of biological system™*’.
After rinsing with buffer followed by potential cycling in
buffer several times, almost identical current-voltage
traces are resulted, demonstrating that the desorption is
negligible.

For further characterizing the bioactivity of the im-
mobilized biomacromolecules, an easy template with
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