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The increasing needs for environmental friendly antifouling coatings have led to investigation of new alternatives for
replacing copper and TBT-based paints. In this study, results are presented from larval settlement assays of the
barnacle Amphibalanus (=<Balanus) amphitrite on planar, interdigitated electrodes (IDE), having 8 or 25 um of
inter-electrode spacing, upon the application of pulsed electric fields (PEF). Using pulses of 100 ms in duration,
200 Hz in frequency and 10 V in pulse amplitude, barnacle settlement below 5% was observed, while similar IDE
surfaces without pulse application had an average of 40% settlement. The spacing between the electrodes did not
affect cyprid settlement. Assays with lower PEF amplitudes did not show significant settlement inhibition.
On the basis of the settlement assays, the calculated minimum energy requirement to inhibit barnacle settlement is

28 Whm 2

Introduction

Marine biofouling is a problem for any structure
immersed in the sea, including ships’ hulls, docks,
buoys and submerged sensors. Current research on
protective antifouling (AF) coatings has been stimu-
lated by concerns about the fate of toxic agents
released by the paints manufactured for this purpose
(Champ 2000). Research in this area has been devoted
to the creation of natural or synthetic polymers with
engineered patterns, surface charge or active groups
that can cither prevent adhesion of marine organisms
(AF coatings) or reduce the strength of adhesion in
such a way that a small shear stress can remove
attached organisms (fouling release coatings) (Clare
et al. 1992; Callow and Callow 2002; Owae 2003;
Bhadury and Wright 2004).

This study addresses the application of pulsed
electric fields (PEF) for AF purposes. The efficacy of
this approach is dependent on an ability to produce
high-strength electric fields with low voltages
(ie <25 V). Previously, Abou-Gazala and Schoenbach
(2000) used high-voltage pulsed fields (in the kV range)
to effectively produce temporary stunning of larvae
and propagules for pipe protection. Low-voltage,
continuous fields of alternating potentials have been

tested as AF alternatives to protect fishing nets
(Matsunaga et al. 1998) and seawater intakes (Wake
et al. 2006). Coatings based on the electrochemical
release of chlorine bubbles (Chyou San-Der et al. 2003)
and zinc ions (Dowling and Khorrami 2004) using low,
variable voltages have been patented.

To date, marine biofouling tests using low-voltage
PEF have not been reported. Therefore, this study
addressed the impact of PEF on the fouling of micro-
arranged planar electrodes with the spacing between
counter-electrodes reduced to a few microns. Low
voltages (0.5-5 V) applied to these assemblies showed
that PEFs could significantly inhibit the formation of
bacterial biofilms on surfaces subjected to the applica-
tion of these pulses (Pérez-Roa et al. 2006). The use of
PEFs in field applications, however, requires being
effective against not only bacteria, but also against
macrofouling organisms. The results presented here
correspond to laboratory-scale experiments related
to the effect of PEFs on the settlement of cyprids of
the barnacle Amphibalanus (=<Balanus) amphitrite
(Pitombo 2004; Clare and Hoeg 2008), a cosmopolitan
temperate and tropical marine fouler and a model
organism for evaluating AF coatings (Grunlan et al.
2004; Tang et al. 2005).
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Materials and methods
Interdigitated electrodes

The test platform consisted of parallel titanium strips
or electrodes printed via lithographic techniques onto a
non-conductive substratum of borosilicate glass (man-
ufactured by Intelligent MEMS Design, Ontario,
Canada). Each alternate electrode terminated at one
of two common edges or collectors, in effect forming
an interdigitated electrode (IDE) assembly (Figure 1).
The IDE configuration was akin to two overlapping
combs, with the prongs (ie the titanium strips) of one
comb adjacent and non-contacting the prongs of the
other comb (Van Gerwen et al. 1998). The width of
the metal strips and distance between adjacent strips
were only a few micrometer, in order to produce
localised, high-strength electric fields. All IDEs were
manufactured with strip widths (wg) equal to the inter-
strip spacings (wgp). Two different IDE designs were
used, having wg of 8 and 25 um, respectively. Each of
the two contiguous electrode assemblies per IDE was
connected to a voltage source through the collectors.
The dimensions of the active area (ie the surface
covered by the interdigitated structure) were 17.5
mm x 20 mm, for both IDE types.

Pulsed field configurations

The characteristics of the pulses applied during
barnacle settlement experiments are schematically
depicted in Figure 2. These experiments were designed
to evaluate the effects of polarity, pulse duration and
amplitude, over pulse cycles of 3 s having 5 ms pulse
periods (i.e. pulses with a frequency of 200 Hz). Studies
on the effect of amplitude were performed using pulses
having duration of 100 ms and negative polarity.
Pulses of 10 V in amplitude were tested at both
polarities and at two levels of pulse duration (10 and
100 ms). The influence of inter-electrode spacing was

Collector

Figure 1. Schematic of IDE. The opposite electrodes form
an interdigitated structure; an electric field between
consecutive strips is formed upon the application of an
external potential carried by the collectors. The width of the
electrode strips (wg) was equal to the spacing between
electrodes (wp). Nomenclatures and figure adapted from Van
Gerwen et al. (1998).

studied at three voltages (—5, —7.5 and —10 V), for
pulses with 100 ms in duration.

Barnacle drop assays

Prior to each experiment, the IDE devices were cleaned
by gently scrubbing with acetone, followed by a two-
step cleaning on a Bransonic 2510 sonicator (Branson
Inc, Danbury, CT), first using an enzymatic detergent
(Terg-a-zyme™, Alconox, White Plains, NY) for 1 h,
and then with a solution containing 10% v/v of nitric
acid for an additional hour. After sonication, the
electrodes were rinsed again with acetone, air-dried
and baked for 2 h at 250°C.

The barnacle drop settlement assays (Pechenik
et al. 1993) were performed adapting procedures
described elsewhere (Tang et al. 2005). Briefly, a drop
(200 ul) of seawater containing 28 + 18 cyprids (the
larval settlement stage of barnacles) was placed on
each test slide and incubated at room temperature
(~23°C), under ambient light and 100% humidity.
The slides were stored in Petri dishes with wet paper
towels placed inside each dish to provide sufficient
moisture such as to prevent desiccation of the drop
during the experiment. Experiments were continued
until at least ~40% of the barnacles had settled on
non-pulsed IDEs (2-3 days). The set of tested slides
included: (a) plain glass slides, (b) plain titanium foil,
(c) non-pulsed IDE devices and (d) pulsed IDE devices.
At least four replicates were performed for each of the
tested pulse configurations.

During these experiments, electric fields with
amplitudes lower or equal to 10 V were supplied using
a multiple channel pulse generator (PCI 6723, National
Instruments). An external signal generator (Wavetek
Datron 29A) connected to a power amplifier (HP
6824A) was used for generating pulses with amplitudes
higher than 10 V. A computer running LabVIEW®
virtual instruments controlled both pulsing systems.
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Figure 2. Pulse field characteristics. In these studies, all the
pulses had a period of 5 ms (equivalent to a frequency of 200
Hz) and a total cycle length of 3 s.




An external oscilloscope (Tektronix TDS 1001B) and
an OhmRanger variable resistor (Ohmite Mfg. Co,
Rolling Meadows, IL) were used to measure root-
mean-square (RMS) currents passing through the
electrodes and to visualise the pulsed fields that were
applied. Separate measurements of electric potentials
versus a standard calomel eclectrode (SCE) were
performed by placing a pulsed electrode in a glass
beaker containing artificial seawater (Kester et al.
1967), and measuring voltages using the oscilloscope.

At the end of the experimental period, the fraction
of barnacles that settled was calculated for each slide.
Settled organisms were visually identified by their
change in morphology, from larvae to pinhead
barnacle (Crisp 1988). After quantification according
to morphological changes, the slides were slowly
immersed in deionised water to remove the non-settled
cyprids from the slide, while settled barnacles remained
attached. This rinsing (immersion) procedure was
performed with special care so as to minimise shear
forces on the slide surface that could induce detach-
ment of lightly adhered cyprids. For documentation
purposes, cach slide was photographed before and
after rinsing with water, using a digital photographic
SLR camera (Canon EOS xTi) equipped with a macro
lens. At the end of each experimental run, the
electrodes were scrubbed and cleaned as described
previously for use on successive experimental runs. A
total of four experimental sessions were performed.
For each of these sessions, pulsed and control IDE
devices were randomly chosen from the pool of cleaned
slides.

Statistical analysis

All statistical comparisons were performed using the
free software R (www.r-project.org), as well as
Sigmaplot®™ and Sigmastat™ (Systat Corporation).
Welch’s type f-tests were primarily used to compare
data. Specific data sets that did not distribute normally
were assessed using Mann—Whitney tests on ranks. A
non-normal distribution occurred since some pulse
configurations showed skewed distributions with re-
peated 0% settling ratios. A p-value of 0.05 or less was
considered statistically significant for all comparisons.

Results

Settlement experiments had a duration that corre-
sponded to ~40% settlement on control surfaces.
Using slides containing non-pulsed IDEs to define
the duration of the experiments, the average bar-
nacle settlement (s) on four types of non-pulsed
slides tested (Figure 3) was at minimum for glass
(s =38% =+ 14% sd, n =46) and at maximum for

titanium (s =<62% =+ 14%, n =<6). The IDEs with
no pulsing showed settlement between these values.
For 8 um IDE devices, the settling ratio was 47% =+
11% (n =<5), similar to the results obtained with the
25 um electrodes (s =«45% =+ 12%, n =48). With the
exception of 8 um and 25 um IDEs, average larval
settlement was statistically different in pairwise com-
parisons (p =<.028 for glass vs. 25 um IDE and
p < 0.005 for the rest).

When PEFs with different amplitudes and negative
polarity were applied (Figure 4), a reduction in the
settlement percentage was evident when the applied
voltage was —10 V. With this amplitude, the effec-
tiveness of the PEF in preventing barnacle settlement
was significant. Average settlement was s =2% =+ 3%
(n =«6) for the 25 um IDEs and s =<5% + 2%,
(n =<4) for the 8 um IDEs. The observed settlement
resulted from some of the replicate experiments
completely inhibiting settlement, while other replicates
had one or two settled barnacles (Figure 5).

There was no statistically significant difference
between the settlement on 8§ and 25 um IDE devices
for these experiments (Figure 4), showing that, at least
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Figure 3. Larval settlement on control surfaces. Non-
pulsed IDEs were used to define the duration of the settling
experiments so that their average settling ratio was ~40%.
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Figure 4. Influence of voltage and inter-electrode spacing
on barnacle settlement on IDE assemblies. These results were
obtained using negative pulses of 100 ms in duration over a
3 s cycle. Settlement on 8 um devices was not measured
(NM).
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Figure 5. Images of 25 um IDE devices at the end of the
experimental period, for two different configurations. The
panels on the left (a and c) correspond to the slides
containing a drop with barnacle cyprids. The panels on the
right (b and d) correspond to the same slides, but after
rinsing with deionized water. The unattached organisms were
flushed away, thus only the settled barnacles remained on the
slides. Panels a and b correspond to a control IDE not
subjected to PEFs (s =«47%); panels ¢ and d are from a slide
subjected to negative pulses of —10 V amplitude and 100 ms
duration (s =<0%).

for the pulse amplitudes studied, inter-electrode spa-
cing did not play a critical role in settlement inhibition.
An experiment with —25 V in amplitude resulted in
electrode damage noted by dissolution of the titanium
strips on parts of the IDE and a blue coloration on
other areas of the IDEs.

In another set of experiments, the effect of pulse
duration and polarity were evaluated. Figure 6
summarizes settlement results obtained in a two-level,
two-factor evaluation using a magnitude of 10 V in
amplitude (ie +10 and —10 V) and 25 um IDE
devices. A 10-fold reduction in pulse duration (from
100 to 10 ms) rendered the PEFs ineffective against
larval settlement. Reversing polarity, while maintain-
ing 100 ms of pulse application, remained an effective
pulse configuration, with s =& + 11% (n =<5) with
positive pulses, a result that was not statistically
different from the amount of settlement observed
with the application of negative pulses.

In addition to settlement results, currents during
PEF application were measured to assess energy needs,
as well as to detect differences between PEF of +10
and —10 V. The average current values for each
voltage tested are shown in Table 1, for both IDE
types used in the settling experiments. Currents
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Figure 6. Effects of polarity and pulse duration on settling
ratio, using 10 V pulses on 25 um IDE devices.

Table 1. Average measurements of RMS currents for each
PEF configuration and IDE spacing.

IDE Average currents (mAgrps)

spacing

(um) +10 (V) —10(V) =7.5(V) —=5() —1()
8 NM 5340.6 19+1.1 1.2+0.5 NM
25 43+ 1.1 48+1.1 27+0.8 25+06 0.3+0.2

NM =<«ombinations not measured in these experiments.

delivered on 25 um IDEs were higher than those on
8 um devices at voltages of —5 and —7.5V and
similar when —10 V were applied. Measurements
showed that currents at —10 and +10 V were similar
(4.8 + 1.1 and 4.3 + 1.1 mA, respectively).

To further evaluate the effect of reversing polarity
on the PEFs delivered to the surface of the IDEs, the
potentials of the live and ground connections against a
reference electrode (Standard Calomel Electrode, SCE)
were measured. An illustration of the voltages ob-
served using an oscilloscope is shown in Figure 7. The
potential at the working electrode when +10 V was
applied was similar to the voltage at the counter
electrode upon — 10 V pulse application. Therefore, in
the symmetrical configuration of the IDEs, switching
polarity of the applied voltage merely reversed the
function of each of the electrodes, but the electric field
generated at the surface of the IDEs was the same. This
observation was in agreement with the settlement data
summarized in Figure 6.

Data obtained from the output of the oscilloscope
also showed that, regardless of the sign of the applied
voltage, the potential was higher in magnitude on the
positive side (approximately 6.5 V vs. —3.5 V in the
negative side), which corresponds to the working
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Figure 7. Oscilloscopic view of an electric field pulse
applied to an IDE device. The potential of the working
(WE) and counter (CE) electrodes were measured against a
standard electrode, for an applied PEF of +10 V (top)
and —10 V (bottom). The straight lines show the 0-V level.
Both cases produced a similar pattern in voltage distribution,
only reversing the electrodes carrying positive and negative
potentials.

electrode for +10 V and to the counter-electrode
for —10 V pulses. The unbalanced voltages suggested
the presence of electrochemical reactions, occurring at
different potentials on each of the two electrodes.

Discussion

These experiments demonstrate that PEFs are inhibi-
tors of barnacle larval settlement. Under the condi-
tions tested, pulses having 10 V in amplitude and
100 ms in duration were effective, while pulses with
lower amplitude and shorter durations were not
effective. The IDE devices allow the production of a
localized, high-strength electric field. The short dis-
tance between contiguous electrode strips of opposite
charge could have increased ionic activity, which may
boost electrochemical activity on the surface. Thus, the
mechanisms underlying settlement inhibition might be
related to field strengths, electrochemical processes, or
a combination of both factors.

In regard to field strength, the average field
magnitude as a function of the distance from the
electrode surface was estimated using the equations
proposed by Van Gerwen et al. (1998), which are
specific for IDEs (Figure 8). Van Gerwen’s model
returns the spatial distribution of the electrical
potential as a function of the applied voltage, the
spacing between consecutive electrodes (8 or 25 um in
the study reported here), and the width of each
electrode strip (which are equivalent to the electrode
spacing for IDE devices in the study reported here).
Although those equations assume that the voltage is
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Figure 8. Theoretical average electric field strength as a
function of distance from the IDE surface, for devices with
interelectrode spacings of 8 and 25 um and applied voltages
of Sand 10 V.

being distributed equally between both electrodes
(which was not true in experiments reported here),
they provide a good initial approximation. The results
shown in Figure 8 are for applied voltages of 5 and
10 V. As shown by line [b] in the figure, a 25 um
IDE device and 10 V would produce a field of
~0.2 V um~" in magnitude in the first 20 um from
the surface. This configuration was shown to be
effective in biofouling inhibition (see Figure 4).
However, a voltage of 5V in an 8 um IDE would
produce similar and even a higher field strength (line [c]
in Figure 8) in the first 10 um above the surface. Note,
however, that this voltage did not affect barnacle
settlement. Thus, these theoretical estimations suggest
that the strength of the electrostatic field cannot be
directly linked to the effectiveness of PEFs in prevent-
ing macrofouling. Nonetheless, the settling inhibition
results obtained with PEF of 10 V suggest that voltage
is important. This could be due to the effect of voltage
on electro-osmotic flows, produced by concentration
gradients on the surroundings of the IDE strips, since
shear stresses, induced by these electro-osmotic flows,
might discourage settlement (Mullineaux and Butman
1991). Moreover, it may be possible that PEF
application generates an electro-wetting phenomenon
that could generate a more hydrophilic surface and
discourage barnacle settling. Throughout the experi-
ments, increases on the area wetted by seawater drops
on the IDE surfaces were qualitatively evaluated.
However, a clear correlation between PEF application
(ie applied voltage) and the extent of wetting (ie
increases on IDE surface covered by the seawater



drop) was not detected. To directly evaluate the
possibility of PEF induced electro-wetting, the percen-
tage of IDE area covered by a seawater drop was
measured at the beginning and end of a 2-day
experiment, using the PEF conditions that were
successful in inhibiting barnacle settling (ie —10 V in
magnitude, 200 Hz in frequency and 100 ms in
duration over 3-s cycles). On average, the drops placed
over pulsed and non-pulsed IDEs experienced a 5%
increase in size, with no statistical difference noticed
between pulsed and non-pulsed experiments, support-
ing the observed lack of correlation between PEF
application and wetting. Thus, it is not possible to
conclude that electro-wetting significantly affected
barnacle settlement.

Alternatively, it is likely that electrochemical
processes at the electrode surface also played a
significant role in settlement inhibition. Evidence of
electrochemically-induced corrosion on the material
was observed when pulses of —25 V were applied, as
noted by the disintegration of part of the IDEs and the
blue coloration on the electrodes. With an amplitude
of —10 V, formation of a gold coloured layer on the
titanium strips was observed. It is possible that this
coloration was due to the development of an amor-
phous titanium oxide film (TiO,), as reported by Wake
et al. (2006) on titanium electrodes used in electro-
chemical AF systems. Superficial electrode corrosion
was unlikely to happen with 10-V PEFs on 25 um
electrodes; otherwise, electrode trans-passivation
would have produced increased current flows due the
migration of titanium ions into the liquid medium, but
current measurements did not show evidence of such
phenomenon. Rather, currents follow a linear relation-
ship with voltage, as expected when an oscillating pulse
(ie a 200 Hz wave) is applied into a solid-liquid
system. IDEs with 8 ym might have been affected by
corrosion, but no morphological change or loss in AF
performance was detected after successive experiments.

In regard to the possibility that electrochemical
byproducts were generated and contributed to the
inhibition of settlement, there was no evidence of
bubble formation, which could be indicative of
reactions leading to water splitting and chlorine
formation. The lack of bubbling even with amplitudes
as high as 10 V suggests that the frequency used on
these pulses (200 Hz) imposed kinetic limitations on
those reactions. Park et al. (2004) described a similar
phenomenon by testing the electrochemical production
of chlorine using alternating currents with 5, 16 and
50 Hz of frequency. They showed that CI, production
decreased as the frequency was increased, with Cl,
formation close to detection limits at 50 Hz. More-
over, alternating currents with 60 Hz or higher
frequencies have been used for electrical sterilization

by heating without water splitting reactions (Amatore
et al. 1998; Uemura and Isobe 2002; Samaranayake
et al. 2005).

In the absence of water splitting or chlorine
formation, other possible electrochemical reactions
upon the application of PEFs to the IDEs could be
the formation of reactive oxygen species such as
hydroxyl and superoxide radicals. Jeong et al. (20006)
found that these species were involved in the electro-
chemical inactivation of E. coli under chlorine-free
conditions, which could be a possible scenario for
settlement inhibition in the present study. Indeed,
oxygen reduction and hydrogen peroxide production
have been reported in anodically produced TiO,
(Clechet et al. 1979; Mentus 2004). Moreover, Wake
et al. (2006) presented a similar conclusion regarding
the involvement of reactive oxygen species on electro-
chemical AF processes using titanium electrodes. Thus,
further investigation of these systems is necessary in
order to evaluate the importance of reactive oxygen
species formation on the inhibition of barnacle
settlement.

The experiments with different pulse amplitudes
showed that barnacle settlement was only prevented
with amplitudes as high as 10 V. In addition, pulses of
short duration were not effective against settlement.
Taken together, these observations suggest that there is
a minimum energy requirement to achieve electro-
chemical settlement inhibition. Since practical PEF
application would depend on whether energy require-
ments are low enough to at least outperform cleaning
procedures associated with biofouling, energy con-
sumption was assessed by measuring currents for each
pulsed slide. Energy consumption was calculated
according to Equation 1, where E corresponds to the
energy used per unit of time (expressed in W h™ 1), V to
the applied voltage, Iryms to the measured root mean
square current, P to the pulse duration (10 or 100 ms),
and L to the cycle length (3 s for all these experiments).
Thus, the ratio P/L indicates the fraction of the time
when the power is effectively turned on.

P
E=4 -pms - 7 (1)

For each pulse configuration used in this study, data
from positive and negative polarities were pooled for
the calculation of energy consumption, since they are
basically the same (as discussed earlier). The estimated
energy consumption was plotted against mean
settlement percentages, as shown in Figure 9. This
figure defines a minimum energy requirement
(~0.7 mW h ") to reduce cyprid attachment. In terms
of the energy expense per unit of active area, effec-
tive settlement inhibition required ~2.8 W h~' m~2
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Figure 9. Energy requirements and settling ratios for each
PEF configuration tested. A cycle length of 3 s was used in
these experiments.

(the effective surface area of the electrodes was
2.4 + 0.4 cm?). This energy value is higher than the
one reported by Wake et al. (2006) for an AF study
using galvanometrically activated titanium plates in a
field system (0.3-0.6 Wh~'m™2 or, equivalently,
50-100 mA m 2 of current with an average voltage
of 6 V vs. Ag/AgCl reference electrode). Voltage drops
occurring at the counter electrode were not reported in
that study, thus a direct comparison with the present
results cannot be established. By only considering
the voltage drop between the oxidized electrode (ie
the one achieving ~+7 V) and the reference, energy
requirements would decrease by ~30% (ie down
to ~2Wh ' m™?).

In summary, the present experiments demonstrated
that PEF inhibited settlement of 4. amphitrite cyprids
with low voltages. The system needs to be optimized in
terms of energy consumption. The relevance of
possibly generating reactive species under the high-
strength electric fields produced needs to be investi-
gated. These follow-up studies are key to under-
standing the effects and limitations of externally
applied potentials (and currents) on the prevention of
biofouling. At the scale of the IDE devices tested
(millimetres to centimetres), the anti-biofouling tech-
nique presented in this study should be applicable to
small devices, such as marine sensors, whose reliability
and autonomy is strongly related with their ability to
keep off biofouling agents (Whelan and Regan 2006).
However, practical applications of PEF on a larger
scale would likely require geometries other than the
IDE architecture.
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