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Dopamine β-hydroxylase (DBH) adsorbed on gold electrode was investigated by electro-
chemical and quartz crystal microbalance methods. It was found that DBH can adsorb irre-
versibly on a gold electrode under open circuit conditions. In a neutral phosphate buffer,
the adsorbed layer is stable to desorption within the potential range of 0.6 to –0.7 V vs
Ag|AgCl (1 M KCl) electrode. At potentials positive than 0.8 V, adsorbed DBH undergoes an
electrochemical oxidation involving probably tyrosine, tryptophan and histidine residues.
This process is accompanied by DBH desorption and gold oxidation. In the cathodic poten-
tial region, from –0.2 to –0.7 V, DBH exhibits two reductions assigned to disulfide groups.
No charge transfer reactions involving the copper centres in DBH have been noticed. How-
ever, DBH can bind reversibly copper(II) ions, which are not involved in the enzymatic ac-
tivity and their presence was proved by voltammetry. The compactness of the adsorbed film
was checked by cyclic voltammetry of selected redox probes at the DBH-coated electrode.
Keywords: Adsorption; Copper protein; Glycoproteins.

Dopamine β-hydroxylase1–3 (DBH) (EC 1.14.17.1) is a copper enzyme which
catalyzes a key hydroxylation step in the biosynthesis of noradrenaline and
adrenaline. This compound acts as a main hormone and neurotransmitter
in the nervous system. Bovine adrenal enzyme DBH, which was used in this
work, is a glycoprotein with molecular weight ca. 290 kD, consisting of four
identical subunits. Two pairs of monomers are assumed to be held together
by disulfide bridges, and the pair bind to each other by non-covalent force.
The whole molecule contains about 30 disulfide groups, but no thiol func-
tions. The high contents of tyrosine (≈80 residues) and histidine (≈60 resi-
dues) provide a large number of oxidation-susceptible sites.
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The three-dimensional structure of DBH has not yet been elucidated.
However, some assumptions concerning the DBH structure can be made by
analogy with the peptidylglycine α-hydroxylating monooxygenase (PHM)
domain of peptidylglycine α-hydroxylating monooxygenase (E.C. 1.14.17.3),
where PHM is mechanistically similar to DBH and its structure was already
determined4,5. Thus, it has been inferred that each DBH molecule contains
two copper centers that take part in the catalytic reaction like in the case of
PHM. A careful investigation of copper binding in DBH was performed by
Syvertsen et al.6 who observed binding of up to four copper atoms per
monomer. Abudu et al.7 reported kinetic studies on the activation of DBH
by copper ions and concluded that only one of these copper atoms is in-
volved in catalysis. Other authors, however, have included both DBH and
PHM in the class of noncoupled dinuclear copper proteins (for review
see8,9). Here, the term “coupling” points to magnetic interaction between
the copper centers. This implies that the distance between the CuII centers
is of at least 0.7 nm and no ligand bridge exists.

It is obvious that, under properly selected conditions, a direct electron
transfer to CuII centers in DBH may be expected. Such a process was thor-
oughly investigated for small copper proteins like copper-containing oxi-
dases (see e.g.10–27 and references therein).

This work deals with the electrochemistry of DBH irreversibly adsorbed
on a gold electrode and may be, therefore, integrated within the field of
protein-film voltammetry, as defined in28,29. In this context, the large mo-
lecular size of DBH is a particular feature. The gold electrode was used in
this work because its surface can conveniently be modified in order to facil-
itate the electron transfer to redox proteins28–33, particularly by the self-
assembly method34. As a first step, we report here on the electrochemical
behavior of DBH adsorbed on a bare gold surface. Our goal in this instance
was to assess the stability and packing degree of the adsorbed layer. Also,
the charge transfer reactions of DBH in the adsorbed state have been ex-
plored.

EXPERIMENTAL

DBH was extracted from bovine adrenal gland medulla, according to3,35 and stored at –80 °C
as an 8.7 mg/l solution in an aqueous phosphate buffer (pH 5). The DBH concentration was
determined by spectrophotometry at 280 nm, according to36. After thawing at room temper-
ature (20 ± 1 °C), a DBH sample was used within a maximum time period of 4 h.

Electrolyte solutions were prepared with fresh ultra-pure water (Millipore, specific resis-
tance 18 MΩ cm). Potassium hexacyanoferrate(III) (Merck, p.a.), hexaammineruthenium(III)
chloride (Strem Chemicals, 99%) and ferrocene-1,1′-dicarboxylic acid (Sigma, 96%) have
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been used as redox probes. Other reagents were of analytical grade. All the experiments were
performed in a phosphate buffer (26 mM Na2HPO4, 20 mM NaH2PO4, 0.1 M KNO3, pH 7), if
not stated otherwise.

A polycrystalline gold disk electrode was prepared by embedding a gold wire (Aldrich
99.99%, 1 mm diameter) in a glass tube with Epoxy resin. The electrode surface was condi-
tioned by mechanical polishing followed by prolonged CV scanning in 0.01 M HClO4 in the
potential region from 0.00 to 1.45 V. An Ag|AgCl (1 M KCl) reference electrode was con-
nected with the test solution via 1 M KNO3 electrolyte bridge. The auxiliary electrode con-
sisted of a platinum spiral. Other details in this respect are available in37.

Protein adsorption onto the gold electrode surface was performed at room temperature
(20 ± 1 °C) by dipping the electrode into a DBH solution. After a suitable time interval, the
electrode was rinsed with deionized water, dried in N2 stream and transferred into the
voltammetric cell.

Voltammetric experiments have been performed at room temperature (20 ± 1 °C) with
Autolab PGSTAT30 (Eco Chemie) equipment. Dissolved oxygen was removed from the test
solution by bubbling with pure nitrogen until the oxygen reduction wave vanished. During
recording, the nitrogen stream was directed above the solution. Fitting and simulation of
the current–potential curves was performed with the Autolab GPES software.

For electrochemical quartz crystal microbalance (EQCM) measurements a Maxtek PM-710
plating monitor was used. The working electrode was a 5 MHz AT-cut quartz crystal (2.5 mm
diameter), coated with a Ti-backed Au layer. Deposition of DBH on the piezoelectrode sur-
face was performed by placing a layer of protein solution on the electrode surface held in
horizontal position. After 1 h, the enzyme solution was removed, the gold surface was care-
fully rinsed with distilled water and the crystal was then placed in the voltammetric cell to
record simultaneously the current and frequency shift.

RESULTS AND DISCUSSION

DBH Behavior in the Anodic Potential Region

Electrochemical behavior of DBH in the adsorbed state at a gold electrode
shows features of a protein surface layer adsorbed on a noble metal sur-
face38. As proved by Fig. 1a, curve 2, the anodic current in the region of
gold oxide formation (wave A) is larger for a DBH-coated electrode (curve 2)
compared with the plain gold electrode (curve 1), although no difference
appears in the gold oxide reduction peak (B). This demonstrates that addi-
tional charge on curve 2 associated with the anodic process is due to the
oxidation of active groups in the adsorbed DBH molecule (such as tyrosine
and tryptophan residues as well as cystine and histidine at extreme anodic
potentials38).

The charge flowing during the first anodic scan (curve 2, shoulder A) is by
35% higher than that recorded for the plain gold electrode (curve 1). This
difference diminishes to about 7% for the second scan (curve 3), and is no
more than ±2% for the following scans (curves 4 and 5). This behavior may
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be due both to the exhaustion of the oxidizable groups and protein
desorption.

In order to distinguish between the described effects, EQCM was used to
assess the mass change during the anodic process (Fig. 1b). Thus, in the po-
tential region of the anodic reaction (Fig. 1b, curve 1), a positive shift in the
QCM frequency occurs (curve 2) proving that the surface layer is removed
during the anodic process. Subsequent scans do not display any noticeable
frequency shift. At the same time, the absence of any negative frequency
shift on the reverse branch of the curve 2 demonstrates that the DBH read-
sorption at less positive potentials cannot occur.

The change in frequency due to the gold oxide formation/reduction was
beyond the detection limit under the conditions selected for recording
mass change due to DBH desorption. Actually, the shift in frequency occur-
ring on the first scan should be partially due to viscoelastic properties, the
porous structure and entrapment of solvent molecules in the adsorbed film,
as it is typical for protein layers39. Therefore, a direct relationship between
the mass change and the frequency shift cannot be established. That is why
no attempt was made to calibrate the QCM using the Sauerbray equation40.
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FIG. 1
Voltammetry of DBH-modified gold electrodes at positive potentials. a Cyclic voltammograms
of bare Au-disk electrode (curve 1) and successive CV scan at the DBH-modified electrode
(curves 2–5). Modification time 30 min, scan rate 50 mV s–1. b Cyclic voltammogram (curve 1)
and smoothed EQCM frequency shift (curve 2) measured at DBH-coated EQCM sensor
(Au-coated). Adsorption time 60 min. Other conditions are as in a
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Despite this limitation, the data in Fig. 1b prove that the surface layer was
irreversibly desorbed during the anodic scan.

Curve 2 in Fig. 1b proves that the shift in frequency starts well before the
onset of gold oxidation, in the so-called “pre-oxide” region41. Probably, the
positive electrode potential induces some rearrangement in the adsorbed
layer structure leading to modifications in its density and viscoelastic prop-
erties.

A further proof of DBH adsorption/desorption arises from the capacitive
current determination in the double layer region (Fig. 2). A marked depres-
sion in the AC current occurs after performing the electrode modification
(Fig. 2; curves 1 and 2, respectively). In the frame of the Helmholtz model
for the double layer, this behavior is accounted for by a combined effect of
the thickness of the surface layer, which is much larger than the distance
from the electrode to the Helmholtz plane in absence of adsorption. Also,
the lower permittivity of the DBH layer may play an important role. How-
ever, the change in capacitance following DBH adsorption is much lower
than that produced by a long-chain alkanethiol layer42. The difference may
be due to water inclusion in the surface layer and also due to a stronger
polarizability of the protein molecule.

Since the stoichiometry of the anodic oxidation is not clear, it is not pos-
sible to use the method stressed in38 in order to assess the protein surface
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FIG. 2
Capacity current measurements by phase sensitive AC voltammetry (200 Hz, 5 mV rms, quad-
rature component). 1 Bare Au-disk electrode; 2 DBH-coated Au electrode; 3 the same electrode
as in 2, after performing a CV scan in the cathodic potential region of 0.15 to –0.70 V; 4 the
same electrode as in 3, after anodic desorption as in Fig. 1a
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concentration. However, an analysis of adsorption kinetics was performed
by assuming that the charge for the anodic oxidation process, Qox, is pro-
portional to the surface concentration of DBH. The effect of the adsorption
time on Qox provides the basis for the kinetic analysis of DBH adsorption.
The charge Qox was calculated as follows:

Q Q Qi
i

ox a= −
=
∑ , 4 5

1

4

. (1)

Here, Qa,i stands for the wave A charge (due to both protein and gold oxida-
tion) on each of the 1st–4th scan, 〈Q5〉 represents the average charge re-
corded during the 5th scan for various modification times and is assigned
to gold oxidation alone. In order to account for the variability in electrode
surface area, Qox was further normalized to the peak B charge for the 5th
scan (Qc), which was assumed to be proportional to the electrode area

Qox,n = Qox/Qc . (2)

For various adsorption times, ranging from 0 to 240 min, the Qox,n vs t
data fitted the Delahay–Trachtenberg relationship for diffusion-controlled
adsorption43 formulated as follows:

Qox,n = Ql [1 – exp (–bt)] . (3)

Here, t is in min and Ql = 1.84 stands for the limiting value of Qox,n. The
parameter b = 0.017 is a function of the adsorption constant in the
linearized Langmuir isotherm, DBH diffusion coefficient and the thickness
of the diffusion layer. A limiting surface coverage was attained after 30 min
modification time and, consequently, this was the standard modification
time throughout this work.

It results from what was said above that DBH adsorption under open cir-
cuit conditions is a diffusion-controlled process. During the anodic scan,
the adsorbed DBH film undergoes an anodic oxidation accompanied by
desorption within the region of the wave A. No attempt at investigating
the adsorption isotherm was made because this approach is rendered inap-
plicable to the problem due to the irreversible character of the adsorption44.
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DBH Behavior in the Cathodic Potential Range

The first cathodic scan (potential range from +0.15 to –0.70 V; Fig. 3) dis-
plays the wave C with the halfwave potential E1/2 = –0.30 V and the peak D
with peak potential Ep = –0.60 V. Both of them are not present in subse-
quent scans and no anodic counterparts have been detected. These findings
prove the irreversible character of the pertinent electrode processes.

The increase in the modification time results in an increase in the peak D
current. At the same time, the wave C current experiences a slight depres-
sion. Under the same conditions, the charge for the overall cathodic pro-
cess (both C and D processes) decreases to some extent (1.13, 1.07 and
1.00 µC for 15, 30 and 60 min modification time, respectively). Apparently,
a longer modification time and higher packing degree lead to a molecule
orientation that is less favorable to the wave C process.

In order to assess whether or not DBH desorption occurs during the cath-
odic scan, the capacity current was measured by AC voltammetry before
(Fig. 2, curve 2) and after performing a cathodic scan (Fig. 2, curve 3). Ac-
cordingly, only a minor change in the capacity current arises after the cath-
odic scan proving that no significant desorption takes place under cathodic
polarization. This conclusion is also supported by the results of an anodic
desorption test (under the same conditions as in Fig. 1a), which followed a
CV scan under the conditions of Fig. 3. Such a test resulted in a pattern
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FIG. 3
Cyclic voltammetry of the Au|DBH electrode at negative potentials. Influence of the modifica-
tion time (in min): 1 0 (plain gold), 2 17, 3 30, 4 65. Scan rate 50 mV s–1 (only the first CV
scan is shown)

–0.6 –0.4 –0.2 0.0
E, V

0.0

–0.1

–0.2

i,
µA

1

2

3

4

D

C



similar to that in Fig. 1a, curve 2, and the corrected anodic charge (3.62 µC)
was close to that recorded when the anodic desorption was performed with-
out a prior cathodic scan (3.66 µA). Hence, it results that the cathodic cur-
rents in C and D arise from irreversible Faradaic processes that are not ac-
companied by major changes in the state of the adsorbed layer.

Data in Fig. 4 allow to assess whether or not a connection between the
processes C and D exists. To this end, several successive CV scans have been
performed with the same modified electrode but with different vertex po-
tentials. The first scan was limited to the shoulder C region (Fig. 4, curve 1),
whereas the next scans (curves 2 and 3) were extended to the negative limit
of the potential window. The shoulder C is not evident on curve 2, al-
though peak D still appears. Both C and D processes do not arise on curve 3,
in accord with data in Fig. 3. It results, therefore, that these processes are
independent of each other. The possible assumption that peak D is due to a
product of process C is not supported by the chemical structure of DBH (see
the last paragraph in this Section for details).

In order to assess the participation of copper centers in the cathodic reac-
tion, the effect of copper removal from DBH by a strong chelator was inves-
tigated. To this end, the DBH-modified electrode was left for 30 min in con-
tact with a 1 mM EDTA and then a CV scan was performed under the condi-
tions of Fig. 3. The result (Fig. 5a) is similar to that in Fig. 3, indicating that
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FIG. 4
Effect of the negative vertex potential. 1 CV scan in the potential region of wave C, 2 and 3
two successive scans in the potential region 0.2 to –0.7 V after performing the scan 1. Modifi-
cation time 30 min. Other conditions are as in Fig. 3
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processes C and D cannot be assigned to the electron transfer involving
copper centers in the enzyme.

The copper centers were thereafter reconstituted by leaving the modified
electrode in contact with a 0.05 M Cu2+ solution for 3 min. The electrode
was further carefully rinsed with distilled water and subjected to a CV scan
in the anodic region (Fig. 5b, curve 1). Patterns C and D, which vanished
after the previous cathodic scan, do not reappear after the Cu2+ treatment.
Instead, a couple of cathodic/anodic peaks develops (Ep,c = 0.06 V, Ep,a =
0.25 V), but vanishes after soaking the electrode in EDTA (Fig. 5b, curve 2).
This behavior reminds of the non-specific Cu2+ binding to DBH, as was al-
ready evidenced by potentiometry6. In view of these results, the voltam-
metric copper peaks in Fig. 5b may be assigned to copper ions attached to
some sites that are different from the active Cu centers in the enzyme.

All the above results indicate that the patterns C and D cannot be as-
signed to electron transfer processes involving copper sites in DBH.

The nature of processes C and D can be elucidated if we bear in mind the
occurrence of about 30 disulfide groups in the DBH molecule3. By analogy
with proteins behavior at a mercury electrode44, the reduction of disulfide
groups should first be taken into account. On the other hand, it is neces-
sary to remind that the disulfide interaction with the gold surface is a
dissociative process and a reductive desorption process may occur as a con-
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FIG. 5
Cyclic voltammetry of Au|Apo-DBH electrode. a Three successive CV scans in negative poten-
tial region. b Cyclic voltammetry after 3 min immersed in 5 × 10–2 M CuSO4 solution (1); after
10 min in contact with 1 × 10–3 M EDTA solution (2). Modification time 30 min; scan rate 50
mV s–1; supporting electrolytes: 26 mM Na2HPO4, 20 mM NaH2PO4, 0.1 M KNO3; pH 7
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sequence12. Experiments with cystine saturated solution in phosphate
buffer, pH 7, yielded an irreversible cathodic peak located at –0.55 V (i.e., in
the region of peak D). The cystine peak current is proportional to the scan
rate (0.05–1.00 V s–1), proving its surface character. According to12, cystine
interaction with gold surface results in a formation of adsorbed cystine
layer which desorbs at –0.55 V in a reductive process. On the ground of the
similarity of peak potentials, we assume that the DBH peak D corresponds
to the reductive splitting of the sulfur–gold bonds. Such bonds form during
the adsorption step by the dissociative surface interaction of exposed
disulfide groups in DBH. Conversely, the wave C may be assigned to
disulfide reduction on sites which are far enough from the metal surface to
avoid its dissociative effect during the adsorption step. This interpretation
is tentative but, at least, it is in accord with the data in Fig. 4 that demon-
strate the absence of any influence of process C on the occurrence and in-
tensity of peak D.

As the cathodic processes do not cause a major change in the surface state
(Fig. 2, curves 2 and 3), it can be concluded that the sulfur–gold interaction
plays a minor role in the DBH adsorption which is dominated apparently
by hydrophobic interactions.

Charge Transfer Reactions at the DBH-Coated Electrode

The electron-transfer reaction of various redox probes was investigated in
order to evidence some properties of the adsorbed DBH layer, such as the
compactness and packing degree. The selected probes were hexaammine-
ruthenium(III) chloride, the hexacyanoferrate(III) ion and ferrocene-1,1′-di-
carboxylic acid. A specific charge, molecular size, standard potential and
standard rate constant for the electron transfer reaction characterizes each
of them. Due to the polycrystalline structure of the gold electrode, it is
highly probable that the adsorbed layer shows some structural imperfec-
tions even at a high-coverage degree. That is why the data interpretation
was mostly based on the model of nonlinear diffusion to a partially blocked
electrode42,46,47. According to this model, the charge transfer reaction may
occur only at the exposed metal surface islands (pin-holes) and the elec-
trode behaves as a microdisc electrode array (MEA). Deviations from this
model may result from the partition of the probe between the adsorbed
layer and the solution phase, as well as from electron tunneling or coopera-
tive linear and spherical diffusion in the case of very small pin-hole42.
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Probe 1: [Ru(NH3)6]3+

The [Ru(NH3)6]3+/2+ charge transfer reaction is of the outer sphere type and
proceeds with a very high rate constant; the standard exchange current
density is of about 100 A cm–2 (see48). No difference between the voltam-
mogram recorded at a plain gold electrode or at the same electrode after
DBH adsorption was noticed up to a scan rate of 5 V s–1. In both cases, the
CV curve corresponds to a reversible process and displays the same peak pa-
rameters. This behavior is typical of a MEA with the average distance be-
tween two active centers being much lower than the thickness of the diffu-
sion layer. This is the result of very high rate constant, which affords a fast
expansion of the diffusion layer. At the same time, this demonstrates that
the coverage degree is very close to unity.

Probe 2: [Fe(CN)6]3–

The use of [Fe(CN)6]3– as a redox probe in CV may lead to confusing results
due to the deterioration of the electrode surface by the formation of a poly-
meric hexacyanoferrate adsorbate49. That is why the stability of the CV re-
sponse was assessed by series of five successive scans with only the first one
displayed in each case. Also, long series of CV with the same electrode have
been avoided.

The apparent standard rate constant for the [Fe(CN)6]3–/4– couple is much
lower than that for [Ru(NH3)6]3+/2+ (see50). That is why, at the same time
scale, the extension of the diffusion layer is more limited in the case of
[Fe(CN)6]3–/4–. Consequently, the adsorbed film exerts a more important ef-
fect on the parameters of the CV curve (Fig. 6).

According to Fig. 6a, at a low scan speed the DBH film induces an increas-
ing apparent irreversibility, as indicated by the simultaneous depression of
peak currents and by increasing peak potential difference. According to the
MEA model46,47, this result demonstrates that the thickness of the diffusion
layer is of the same order as the average distance between the active centers
and, consequently, the linear and spherical diffusion occur to a comparable
extent. However, at higher scan speed (Fig. 6b), the CV curve of the DBH-
coated electrode (curve 2) exhibits a marked asymmetry. Its cathodic branch
approaches the shape of a steady-state irreversible curve, which is shifted to
a higher overvoltage as compared with curve 1. This indicates a spherical
diffusion to active centers with almost no overlapping of diffusion layers.
At the same time, the anodic branch (Fig. 6b, curve 2) demonstrates a
non-steady state typical of linear diffusion. The transition from the sym-
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metrical shape (Fig. 6a, curve 2) to the asymmetrical one (Fig. 6b, curve 2)
proceeds gradually with an increase in the scan rate. Rather than with the
MEA model, this behavior may be accounted for by assuming a reactant
partition between the solution and the adsorbed layer51. At high scan rates
the transport process is mostly limited to the adsorbed layer, with no signif-
icant concentration profiles beyond its limit. The transport of [Fe(CN)6]3–

seems to proceed via preferred sites that behave like pin-holes, rendering
the radial diffusion to be predominant. Conversely, [Fe(CN)6]4– seems to
partition, diffusing through the film, which behaves as a homogeneous
medium.

It is clear that the behavior of [Fe(CN)6]3–/4– at the DBH-coated electrode
is too complicated to draw conclusions on the properties of the adsorbed
film with certainty.

Probe 3: Ferrocene-1,1′-dicarboxylic Acid (FDA)

FDA behavior was investigated in a phosphate buffer in absence of potas-
sium nitrate which may induce a marked instability of the FDA solution.

FDA reaction at a bare Au electrode (Fig. 7) has a quasireversible charac-
ter, as proved by the ratio of the anodic/cathodic peak currents (1.004) and
the peak separation (65 mV) measured at the 100 mV s–1 scan speed. Under
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FIG. 6
CV response of 5 mM [Fe(CN)6]3– in 0.1 M KNO3 at plain Au (1) and the Au|DBH electrode (2).
Scan rate (in mV s–1): a 20, b 1000
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the same conditions, the CV curve recorded at an Au/DBH electrode shows
a higher degree of irreversibility; the peak separation is 0.125 V (Fig. 7a,
curve 2) but the anodic-to-cathodic peak current ratio remains close to
unity. At a higher scan rate (Fig 7b), the voltammetric curve lost the peak
shape, although the FDA reaction at the bare Au electrode preserved its
quasi-reversible character (Fig. 7b, curve 1).

An estimation of kinetic parameters for the FDA electron transfer reaction
was made by a numerical fitting of the square-wave voltammetric curves
(Fig. 8). The DBH adsorption brings about a significant drop in the appar-
ent standard rate constant as well as an important decrease in the charge
transfer coefficient. Combined with the CV data (Fig. 7), these results sug-
gest that the DBH-coated surface behaves as an MEA towards the oxidation/
reduction of negatively charged FDA redox species.

Series of CV experiments with FDA performed in potential region 0.2–
0.6 V may lead to gradual inhibition of the electrode reaction, while simple
contact of the DBH-coated electrode with the FDA solution does not have
this effect. An extended cathodic sweep following a series of CV scans in
the FDA reaction region reveals a new peak at –0.35 V and also removes the
inhibition state. We assume that the ferricenium ion, formed by the oxida-
tion of the ferrocene species, is destabilized upon iron co-ordination by
ligand groups in DBH. Consequently, Fe(III) oxide (or hydrated hydroxide)
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FIG. 7
Cyclic voltammograms of 0.5 mM FDA in 26 mM Na2HPO4 and 20 mM NaH2PO4. 1 Bare Au,
2 DBH-coated Au (modification time 30 min). Scan rate (in mV s–1): a 100, b 10000
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is formed and seals defects of the adsorbed layer. Fe(III) oxide reduction at
–0.35 V restores the access of the solution to the free metal surface at the
pin-hole defects. Ferricenium decomposition may occur by a mechanism
similar to that proposed for ferricenium decay in the presence of OH– and
other inorganic anions52.

The above mentioned inhibition process appears erratically, probably due
to some uncontrollable variability in the structure of the surface layer. Data
in Figs 7 and 8 have been gathered in the absence of such an effect. It re-
sults that the testing of protein surface layers by ferrocene-based redox
probes must be done cautiously.

CONCLUSIONS

Electrochemistry of the DBH-adsorbed monolayer on polycrystalline gold
surface was investigated by cyclic voltammetry, alternating current voltam-
metry, square wave voltammetry and electrochemical quartz crystal micro-
balance.

In a phosphate buffer at pH 7, the adsorption process is irreversible and
proceeds under diffusion control. The DBH adsorption process is probably
dominated by hydrophobic interactions. At the same time, some disulfide
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FIG. 8
Square wave voltammograms of 0.5 mM FDA. 1 Bare Au, 2 DBH-coated Au. Frequency 50 Hz,
potential step 1.05 mV, amplitude 19.95 mV. Other conditions are as in Fig. 7. Lines, experi-
mental values; circles, simulation. Parameters of simulation: E0 = 0.42 V; apparent standard
rate constant and transfer coefficient for curve 1: 2.30 × 10–2 cm s–1 and 1, for curve 2: 2.97 ×
10–3 cm s–1 and 0.38; diffusion coefficient 1.86 × 10–6 cm2 s–1 (determined from the FDA CV
curve at a plain gold electrode); T = 293 K
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groups interact in a dissociative way with gold surface to form thiolate–gold
bonds.

In the anodic region, the adsorbed layer is stable up to 0.7 V vs the
Ag|AgCl (1 M KCl) reference electrode. At more positive potentials, DBH ox-
idation and desorption occur at the same time with gold oxidation. In the
cathodic potential region (up to –0.7 V), the DBH layer is relatively stable to
desorption. However, two irreversible and not interconnected cathodic pro-
cesses have been identified at –0.30 and –0.55 V and assigned to the reduc-
tion of disulfide groups and reductive splitting of the gold–thiolate bonds,
respectively. No direct electron transfer involving the active copper centers
in the enzyme was detected. On the other hand, the copper ion binds re-
versibly to some non-specific sites in DBH and is electrochemically active in
this form.

Electron transfer reactions of selected redox probes suggest that the DBH-
adsorbed layer is not completely impermeable to [Ru(NH3)6]3+, [Fe(CN)6]3–,
or FDA. In the case of [Ru(NH3)6]3+ and FDA, the mass transfer through the
surface film is localized at small defects and the DBH-coated electrodes be-
have as an ultramicroelectrode array. In the case of [Fe(CN)6]3–, reactant
partition between the surface layer and the solution phase may complicate
the overall process.

The presented results referring to DBH adsorption may be of relevance
when attempting to perform DBH immobilization at a modified gold elec-
trode. In such an instance, strong DBH interaction with the metal surface
may lead to competitive adsorption and more or less advanced substitution
of the modifier by DBH.
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