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Bioanalytical utility of sonovoltammetry
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Abstract

Dopamine dissolved within egg homogenate was used as a model system to study the effects of electrode
contamination and its subsequent reactivation through ultrasonically mediated in situ cleaning effects. The merits in
conducting electroanalytical investigations under the influence of the ultrasonic field were also appraised. Maintaining
the ultrasound field during oxidative measurements was found to yield hydrodynamic profiles that were linear over
the concentration range 2–20 �M dopamine. The resulting sonolinear sweep voltammograms were compared with
conventional rotating disk measurements, with the former found to provide significantly increased limiting currents
that were attenuable through the manipulation of the field intensity. The problem of retaining selectivity in the
presence of high concentrations of ascorbate was also assessed with the addition of cupric ion prior to commencing
the measurements found to efficiently negate an otherwise substantive interference. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The versatility of electrochemical techniques in
aiding the quantification of organic compounds is
beyond question yet their utilisation for routine
analytical determinations has traditionally been
eschewed in favour of chromatographic and capil-
lary electrophoretic techniques [1–6]. This lack of
acceptance can be attributed in part to the vari-
ability of the electrode response when confronted

with matrices of complex composition. Irrepro-
ducible behaviour resulting from fouling of the
electrode surface is a perennial problem in electro-
analysis and, as such, numerous methods have
arisen to counter the deleterious effects that ad-
ventitious adsorption can impart on the analytical
signal. Electrode substrate modifications aimed at
alleviating such problems abound within the liter-
ature [6], however, the complexities associated
with the fabrication of such assemblies often
serves to preclude their widespread adoption. This
is particularly true when considering routine
screening applications, where non-specialist users
would be responsible for the implementation of
the protocol. The principal aim of the current
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communication has been to assess the utility of
employing a standard ultrasound probe within an
electrochemical cell as means of automating the
electrode cleaning process and hence remove the
ambiguities associated with modified electrodes
and mechanical polishing.

The combination of ultrasound with electroana-
lytical stripping protocols has been shown to con-
fer a number of operational advantages to the
quantification of metal ions, of which continued
electrode activation and increased sensitivity are
among the more prominent [7]. Imposing a high
intensity ultrasonic field within the cell during the
deposition stage has enabled the extraction of the
target metals in media that would otherwise serve
to passivate the electrode [7–10]. The principal
advantage possessed by this approach over other
convective sources tends to lie in the generation
and subsequent collapse of cavitation bubbles at
the surface of the electrode. These processes
provide an ablative action that efficiently removes
adsorbed material from the electrode surface and
maintains electrode activity throughout the accu-
mulation period [7]. The actual measurement
phase, however, is almost invariably conducted
under silent conditions using conventional sweep
or pulse techniques [8–10].

The extrapolation of sonoelectrochemical tech-
niques to the analysis of organic species that are
incapable of accumulation at the electrode surface
has yet to be fully examined and a number of
questions remain to be addressed. Foremost, is
the possibility that in such instances, the only
beneficial action that can arise from such a combi-
nation is an in situ cleaning action. Exploitation
of the hydrodynamic conditions resulting from
the imposition of the ultrasound field during the
actual measurement phase, however, could
provide an added bonus of increased sensitivity
[7]. However, the ability to reliably quantify the
signal arising from the intensely turbulent condi-
tions is a major consideration as is the retention
of sufficient selectivity in the midst of other, more
concentrated, electroactive interferences. The lat-
ter has confounded many hydrodynamic schemes
and as a result they are usually employed as post
column detection systems (wall-jet) or restricted
to fundamental studies of electrode processes (ro-
tating disk).

The oxidation of dopamine within unfiltered
egg homogenate was selected as a model system
with which to probe the utility of the proposed
assembly. The complex composition and adhesive
qualities of the egg solution ensured that electrode
re-activation (whether through in situ ablation or
ex situ mechanical polishing) would be required
soon after immersion. Dopamine was chosen as
the redox probe as its electrochemical characteris-
tics are well established and routinely used to
explore the efficacy of new strategies aimed at
improving electrode response and/or selectivity
[11–16]. The report details the electrode responses
obtained using ultrasound purely as a means of
refreshing the electrode prior to commencing the
voltammetric scan, and also explores the various
merits and limitations associated with sustaining
the ultrasound field throughout the course of the
analytical measurement.

2. Experimental details

All reagents were obtained from Aldrich and
were used without further purification. Solutions
were prepared using deionised water with a resis-
tivity of not less than 18 M� cm (Elgastat, UK).
Electrochemical measurements were recorded us-
ing a �Autolab computer controlled potentiostat
with a conventional three electrode configuration.
Glassy carbon (3 mm diameter, BAS Technicol,
UK) served as the working electrode with a plat-
inum wire counter electrode and saturated
calomel reference electrode completing the cell.
Sonoelectrochemical investigations were con-
ducted using a 20 kHz transducer with a 3 mm
stepped titanium probe placed 5 mm directly
above the face of the working electrode. The
ultrasound horn was operated using a transducer
intensity setting of between 5 and 20%. The probe
was electrically isolated from the test solution
through the combined use of a PTFE spacer and
connecting screw. The cell assembly used for these
studies has been detailed in Fig. 1 with a typical
solution volume of 15 cm3 used throughout. Ther-
mostating of the cell was achieved by the intro-
duction of a glass cooling coil through which
water from a constant temperature bath (20°C�
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2) was circulated. Linear sweep voltammetry was
conducted with a scan rate of 50 mV s−1. Rotat-
ing disk analysis was conducted using an Oxford
electrode motor controller with the three electrode
arrangement described above. Surface morphol-
ogy comparisons were obtained using a To-
pometrix TMX 2010 Discoverer atomic force
microscope operating in contact mode with SFM
probes (type 1520-00) and a 75 �m scanner (type
5590-00).

3. Preparation of egg homogenate solution

In each set of experiments, egg (white and yolk)
was homogenised in a beaker and 50 cm3 of the
resulting mixture adjusted to pH 7 through the
drop-wise addition of NaOH. Supporting elec-
trolyte (0.1 M KCl) was added to the solution
before finally adjusting the volume to 100 cm3.
The egg homogenate was pipetted into the pre-as-
sembled electrochemical cell (15 cm3) and the
appropriate measurement conducted. Standard
additions of dopamine (typically 30 �l of a 0.01 M
stock solution) were introduced and the solution
mixed by the syringing action of a Pasteur pipette
to avoid foaming. The solution was then left to
stand for 5 min before commencing the electro-
chemical measurements.

Fig. 2. Linear sweep voltammograms detailing the oxidation
of dopamine (20 �M aliquots) at a glassy carbon electrode
within egg homogenate (pH 7). Scan rate, 50 mV s−1.

4. Results and discussion

Linear sweep voltammograms were used to de-
termine the response of a glassy carbon electrode
to increasing additions of dopamine within the
egg homogenate. Two series of experiments were
performed whereby the responses obtained in a
solution in which no attempt was made to clean
the electrode between scans were compared with
those recorded after the imposition of an ultra-
sonic pulse. In the latter, ultrasound was applied
for a period of 2 min with the subsequent linear
sweep recorded under silent, quiescent, condi-
tions. Voltammograms detailing the responses ob-
tained to increasing additions of dopamine (20
�M aliquots) at a pre-insonated electrode are
shown in Fig. 2. The response to 40 �M do-
pamine obtained under conventional, silent, con-
ditions (dashed line) has been included for
comparison. It can be seen that the introduction
of the ultrasound cleaning step significantly im-
proves the resolution of the oxidation wave with
the magnitude of the oxidation process found to
be more than double that attainable under non-
insonated conditions.

The effect of the ultrasound pulse on the elec-
trode solution interface was investigated by com-
paring the substrate morphology before and after
insonation. A freshly polished electrode wasFig. 1. Sonoelectrochemical assembly.
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placed within the egg homogenate and allowed to
sit undisturbed for a period of 2 h. The electrode
was removed, rinsed in fresh phosphate buffer
(pH 7) and the surface profile examined using
atomic force microscopy (AFM). The resulting
micrograph is detailed in Fig. 3A with the elec-
trode surface found to be thoroughly contami-
nated by the egg constituents. Upon replacing the
electrode within the sono assembly, detailed in
Fig. 1, a 2-min pulse of ultrasound was applied
and the surface re-characterised. The subsequent
AFM micrograph is detailed in Fig. 3B (recorded
at the same resolution in order to retain the
integrity of the comparison) with the lack of any
notable features, bar some original polishing
marks, consistent with that expected for a clean
electrode. The degree of electrode fouling experi-
enced through sitting in the homogenate for 2 h is
clearly an extreme case but it does serve to high-
light the surface activation properties of the ultra-
sound probe.

Maintaining the ultrasound field during the ac-
tual measurement phase induces hydrodynamic
behaviour with the increased mass transport to
the electrode providing a steady state current
profile upon commencing oxidation rather than
the peaked response observed in Fig. 2. The re-
sulting ‘sonolinear’ sweep voltammograms detail-
ing the oxidation of 20 �M dopamine are
compared with the responses obtained at a rotat-
ing disk electrode (RDE) under analogous condi-
tions. While both systems exhibit hydrodynamic
behaviour, two contrasting features are apparent.
First, the magnitude of the limiting currents
recorded under the influence of ultrasound are
substantially greater than those observed at the
RDE even at high rotation rates. Second, the
limiting current plateau is notably noisier in the
insonation profiles. Transient spikes in the current
are observed once oxidation commences and is
attributed to the generation and subsequent col-
lapse of cavitation bubbles at the electrode-solu-
tion interface. Asymmetric collapse of bubbles at
or near the electrode results in the release of high
velocity microjets of liquid at the electrode sur-
face. These jets invariably carry fresh, un-oxi-
dised, material and hence the subsequent increase
in the oxidation current manifests itself as a sharp
spike. While this may appear to induce a degree
of ambiguity in extracting the limiting current
from such data, it is found that signal averaging
over the plateau region provides reproducible
data (%R.S.D.=3.5, for 20 �M dopamine, N=
14). The response to increasing additions of do-
pamine was found to provide a linear increase in
the limiting current, shown in the inset diagram
within Fig. 4, covering the range 2–20 �M do-
pamine (regression data: Ilim (�A)=0.204 [do-
pamine (�M)]−0.07, N=11, R2=0.998). The
limit of detection was found to be 0.85 �M (based
on 3sb), which compares favourably with most
direct electrochemical approaches to the determi-
nation of dopamine and those using some form of
surface modification [12]. More importantly, the
ability to reliably perform the measurement
within complex media without any form of sam-
ple pretreatment and using a conventional, bare
electrode is clearly a significant advantage.

Fig. 3. Atomic force micrographs of the electrode surface after
exposure to the egg homogenate for a period of 2 h (A); and
after in situ ultrasonic cleaning (B).
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Fig. 4. Comparison between sonoelectrochemically enhanced
oxidation of 20 �M dopamine and the response obtained with
a rotating disk electrode. Inset, sonolinear sweep voltam-
mograms detailing the oxidation of dopamine (2 �M aliquots).
Scan rate, 50 mV s−1.

ascorbate is the classic example and its ubiquity
has meant that numerous strategies have evolved
to counter its effect. In this instance, we have
found that the addition of excess cupric ion to the
analysis medium prior to commencing the analy-
sis can negate the influence of ascorbate. The
chemical oxidation of ascorbate by cupric ion is
well documented but the majority of the studies
conducted thus far have concentrated on the elu-
cidation of the kinetics associated with the reac-
tion [17,18]. The exploitation of the reaction as a
means of selectively removing ascorbate within
analytical contexts has yet to be appraised.

The influence exerted by the copper was as-
sessed by comparing the change in the dopamine
(20 �M) oxidation wave upon the addition of
ascorbate (0–300 �M) in the presence and ab-
sence of excess cupric ion. A large excess of the
cation (typically 0.5 mM) is employed to minimise
possible losses due to complexation with matrix
constituents. The results are detailed in Fig. 6. It
can be seen that the oxidative action of the cupric
ion selectively removes ascorbate through its con-
version to the electro-inactive dehydroascorbate
leaving the principal dopamine wave unchanged.
Removal of ascorbic acid in this way was also
achieved without penalising the clarity of the do-
pamine voltammetric profile. This is highlighted
in the inset diagram within Fig. 6, where 11
sonolinear sweep voltammograms detailing the

Although the increased sensitivity can prove
valuable for the quantification of low concentra-
tions of analyte, caution must be exercised when
dealing with complex media within which other
electroactive species reside. The oxidation of these
compounds will be similarly amplified by the in-
creased mass transport and, if present in massive
excess could completely obscure the true analyti-
cal signal. A disadvantage in attempting electro-
analytical determinations under hydrodynamic
conditions is the lack of specificity that can, in
principle, be achieved through the use of pulse
techniques (i.e. square wave or differential pulse
voltammetry). This is highlighted in Fig. 5, where
the sonoelectrochemically enhanced oxidation of
20 �M dopamine was assessed in the presence of
ascorbate (0–300 �M). The oxidation of ascor-
bate (+0.27 V) was found to occur at potentials
slightly less positive than that of the dopamine
(+0.14 V) and, as such, the introduction of the
interferent leads to a cumulative increase in the
oxidation current. The close proximity of both
processes effectively precludes discrimination be-
tween the two signals with a single limiting cur-
rent plateau observed.

Efficient and indeed effective use of sonolinear
sweep voltammetry clearly depends on judicious
choice of application. The interference posed by

Fig. 5. Sonolinear sweep voltammograms detailing the elec-
trode response to 20 �M dopamine in the presence of 0–300
�M ascorbic acid in pH 7 solution. Scan rate, 50 mV s−1.
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Fig. 6. Influence of cupric ion on the height of the oxidation
peak. Inset, sonolinear sweep voltammograms detailing the
oxidation of 20 �M dopamine in the presence of 0.5 mM
Cu(II) and 0–300 �M ascorbic acid in pH 7 solution. Scan
rate, 50 mV s−1.

assessed and a strategy for improving selectivity in
the presence of ascorbate has been presented. This
has particular relevance given the multitude of
compounds whose oxidative determination would
traditionally have been plagued by the presence of
this common antioxidant. The low micro-molar
detection range and electrode activation proper-
ties afforded by the sonoelectrochemical tech-
nique clearly provides the analyst with a
significant tool for investigating a range of physi-
ologically relevant species. The ability to clean the
electrode in situ hence remove the ambiguities
associated with mechanical polishing combined
with a potentially fast response time will also
prove attractive for routine screening applications
within the context of pharmaceutical analysis. The
applicability of the sonoelectrochemical approach
is further strengthened by the use of purely com-
mercial equipment whose combination effectively
minimises or removes the need for extensive sam-
ple clean up and electrode manipulation and, as
such, offers a degree of procedural simplicity that
is absent with most forms of conventional
electroanalysis.
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