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Cuprous oxide is the most commonly used biocide in antifouling paints. However, copper has harmful
effects not only on the fouling community but also on non-target species. In the current study, we
investigated the use of thymol, eugenol and guaiacol in this role combined with small quantities of
copper. Phenolic compounds were tested for anti-settlement activity against cyprid larvae of the barnacle
Balanus amphitrite and for their toxicity to nauplius larvae.

Thymol, eugenol and guaiacol were active for anti-settlement but guaiacol had the disadvantage of
being toxic to nauplius larvae. However, all of them showed therapeutic ratio>1.

fg{vwgg;er content Antifouling paints with thymol (low copper content/thymol, LCP/T), eugenol (low copper content/
Thymol eugenol, LCP/E) and guaiacol (low copper content/guaiacol, LCP/G) combined with small copper content
Eugenol were formulated for field trials. After 12 months exposure in the sea, statistical analysis revealed that
Guaiacol LCP/T and LCP/E paints were the most effective combinations and had similar performances to control

Antifouling paints paints with high copper content (traditional cuprous oxide based paints). In contrast, LCP/G paint was

only partially effective in preventing and inhibiting biofouling and was colonized by some hard and soft

foulers. However, this antifouling paint was effective against calcareous tubeworm Hydroides elegans.
In the light of various potential applications, thymol, eugenol and guaiacol have thus to be considered
in future antifouling formulations.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Materials immersed in seawater are rapidly coated by a
macromolecular film, which then favors colonization by pro-
karyotes (mostly bacteria), unicellular (microalgae, protozoans)
and multicellular eukaryotes (barnacles, mussels, tubeworms, etc.).
This phenomenon is called biofouling and can be defined as the
accumulation of micro and macroorganisms on surfaces immersed
in the sea. Biofouling represents a major nuisance for the maritime
industries, especially for shipping, as biofouling on ship hulls in-
creases the boat weight subsequently inducing over-consumption
of fuel and increased maintenance costs (Schultz et al., 2011).

The most successful techniques to prevent fouling attachment
have involved coating ship hulls with metal-containing antifouling
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paints. These paints protect against fouling by continuously
releasing toxic compounds, as copper, zinc and organotins, into the
surrounding seawater.

The International Maritime Organization (IMO) announced the
ban on the use of tributyltin (TBT) in 2003 when TBT-based prod-
ucts made up >80% of the global antifouling paint market (Scott,
1999). As a consequence, paints containing copper were coming
into use again (Voulvoulis et al., 2002). They have now largely
replaced to TBT-based coatings (Trentin et al., 2001) and present a
much reduced risk compared to TBT (Hall and Anderson, 1999).
Cuprous oxide was the first biocide developed for large scale in-
dustrial production of antifouling paints, and it is extensively used
in TBT-free antifouling products today (Cima and Ballarin, 2012).
However, observations of higher copper concentrations in water
(cuprous and/or cupric cations; free and/or complexed forms),
sediments and biological tissues close to marinas and harbours and
increasing regulatory pressure on copper containing paints have
caused intensified research into alternative, environmentally
benign antifoulants (Claisse and Alzieu, 1993; Champ, 2000;
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Srinivasan and Swain, 2007). In spite of its high effectiveness,
cuprous oxide alone is limited since it tends to work well against
animal fouling but algal fouling is more resistant to it. As a result,
over the years, chemists have spent much time and effort searching
for additional biocides, called ‘booster biocides’, which can be
added to cuprous oxide to boost its performance. Therefore, in
antifouling paints present on the market, cuprous oxide is found
within a polymeric matrix alone or, frequently, in combination with
organic booster compounds, to increase the effectiveness and
target spectrum of antifouling coatings. However, booster biocides
can cause deleterious effects on ascidians embryos (Gallo and Tosti,
2015). Also, several studies have evaluated the toxicity of booster
biocides on non-target species and have found most of them to be
growth inhibitors for freshwater and marine autotrophs (Okamura
et al., 2003) influencing key species, such as sea grasses (Chesworth
et al.,, 2004) and corals (Owen et al., 2002). Therefore, there is a
growing concern about the environmental fate and potential risks
of these booster biocides and their use has been banned or
restricted in many countries (Pérez et al., 2009; Guardiola et al.,
2012).

Given that marine fouling is a multistep succesional process,
where colonization by bacteria precedes the establishment of
macrofoulers, the incorporation of antimicrobial compounds could
be viewed as an attempt to interrupt the fouling cascade at an early
stage.

Plant essential oils and their components are known to exhibit
antimicrobial activities and have applications in pharmacy and
cosmetic industries. Thymol, eugenol and guaiacol are present in
the essential oils from herbs and spices, as clove oil, thyme oil and
cinnamon, and their antibacterial and antifungal properties are
well known (Buchanan and Shepherd, 1981; Kim et al., 1995;
Outtara et al., 1997; Cimanga et al., 2002). Thymol, one of the ma-
jor components of thyme oil, is recognized for their pharmaco-
logical properties, including antimicrobial, antifungal, insecticidal,
and antioxidant effects (Tepe et al., 2005; Braga et al., 2007; Preston
et al, 2007; Dalleau et al., 2008; Sahaf and Moharramipour, 2008).
Eugenol, a phenylpropanoid, is an allyl chain-substituted guaiacol,
which is weakly acidic, slightly soluble in water and soluble in
organic solvents. It is a clear to pale yellow liquid with a charac-
teristic and pleasant odour of cloves, a spice pungent taste, anti-
fungal properties (Lopez-Malo et al., 2002; Kamatou et al., 2012)
and is a quorum sensing inhibitor (Zhou et al., 2013). While com-
mercial eugenol is almost exclusively derived from natural sources
in a sustainable way, it can be also produced synthetically by ally-
lation of guaiacol with allyl chloride (Kamatou et al, 2012).
Conversely, the largest production of thymol and guaiacol is by
organic synthesis (Fu et al, 2005; Amandi et al., 2005) and
biotechnology processing (Witthuhn et al., 2012).

Guaiacol (o-methoxyphenol; methylcatechol) is a naturally
occurring compound derived from the resin of Guaiacum trees
(Parimal et al., 2011) and essential oil of many terrestrial plants (e.g.
tobacco) (Rodgman and Perfetti, 2009).

Phenolic compounds are characterized by the presence of a
hydroxy (—OH) group, attached to a benzene ring or other complex
aromatic ring structures, e.g., pyrogallol, catechol, or resorcinol.
Natural phenolic substances are among the most antimicrobial
active substances present in plant essential oils. In spite of their
high antifungal, antibacterial and insecticidal efficacy, they show a
very low toxic effect on homeothermic animals (Zabka and Pavela,
2013). Also, phenols were confirmed to possess strong antioxidant
activity (Ruberto and Baratta, 2000). In particular, oxygenated
monoterpenes as thymol are mainly responsible for the antioxidant
potential of the plant oils (Laguori et al., 1993; Aeschbach et al.,
1994; Baratta et al., 1998). Thymol, eugenol and guaiacol have
that phenolic structure and therefore were chosen as promising

candidates for inhibiting marine biofouling.

There are few reports about the use of essential oils in the field
of protective coatings. In particular, only a research article is
referred to the use of eugenol in a formulation similar to an anti-
fouling paint, actually is indeed a varnish with 10% of eugenol
(Bhattarai et al., 2007).

However, these phytochemicals were used in another type of
coatings with medical purposes and also in food industry. For
instance, immobilized guaiacol in acrylamide-polymers (Liu et al.,
2011) and polymeric derivatives of eugenol (Rojo et al., 2008)
were employed in biomedical devices due to its anti-adhesion, anti-
biofilm and antibacterial properties. Also, thymol was widely used
as antimicrobial agent in coating applications for food packaging,
cosmetic and pharmaceutic industries (Guarda et al, 2011;
Wiattanasatcha et al., 2012).

The goal of the present research work is to evaluate antifouling
properties of thymol, eugenol and guaiacol in laboratory tests and
then, formulate marine coatings with low copper content com-
bined with these compounds as antifoulant additives.

2. Materials and methods
2.1. Chemicals

Analytical grade chemicals were used for laboratory and field-
trials tests. Thymol (FLUKA ANALYTICAL), Guaiacol (SIGMA Life
Science) and Eugenol (ALDRICH Chemistry) were purchased from
SIGMA-ALDRICH Chem. Ltd., Argentina. Physicochemical parame-
ters of these compounds were highlighted in Table 1.

Solubility of thymol, eugenol and guaiacol in ASW were exper-
imentally determined by current procedures.

2.2. Laboratory assays

Bioassays were carried out using the cosmopolitan fouling bar-
nacle Balanus amphitrite. Adults of this species were collected from
Club de Motondutica piers and rocks in the harbour of Mar del Plata
(38°08 17”S, 57°31’ 18"W). In the laboratory, all organisms were
conditioned in artificial seawater (ASTM D1141-D1198, 2013, pH
8.2) at 20 + 1 °C with suitable aeration and natural light. Barnacles
were fed with a daily diet of Artemia salina nauplii. Newly released
B. amphitrite larvae (nauplii I) were transferred to a beaker con-
taining filtered seawater; they molted and became nauplii II
approximately 1 h after release. Some nauplii II actively swimming
toward a light source were selected for each bioassay, while the
remainder were put into a beaker containing seawater and fed with
cultures of diatom Skeletonema costatum. In these conditions,
30—35% of the larvae metamorphosed to the cyprid stage, i.e., non-
feeding stage whose role is to find a suitable place to settle, and
were kept at 4 °C (Rittschof et al., 1992). Thirty nauplii Il and twenty
cyprids of B. amphitrite were used for the toxicity and settlement
assays, respectively. Larvae were added using a Pasteur pipette to
small crystallising dishes containing 30 mL of each solution.

To establish the baseline antilarval settlement potency of the
compounds, screening tests using several dilutions of each com-
pound were carried out. Then, concentrations for experiments were
established, i.e., between 2.7 and 22 pM for thymol, 0.015 and
1.5 pM for eugenol and 0.091 and 9.1 mM for guaiacol. Artificial
seawater without any compound added was used as negative
control.

Observations were made under a stereomicroscope after 24 h.
The inability of B. amphitrite nauplii II to stay in the water column
and the loss of phototactic reaction were scored as toxic responses.
Cyprids were scored as dead if they did not swim or move or close
their valves. Three replicates were used in each concentration and
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Table 1
Physicochemical parameters of thymol, eugenol and guaiacol.
Structural formula Solubility Pka (acidity)
Qils Water Strong alkaline media
CHy soluble 0.85 g/l highly soluble 10.59
OH
HCThHiol
molar mass: 150.22 g/mol
[ soluble 0.64 g/l highly soluble 10.21
OCH,
OEugenol
molar mass: 164.20 g/mol
OCHj soluble 14.6 g/ highly soluble 9.98
OH
uaiacol

molar mass: 124.14 g/mol

data collected from all concentrations were examined by Probit
analysis to obtain a 24 h LCsg (lethal concentration for 50% of
nauplii) and ECsq (effective concentration corresponding to the
inhibition of 50% of settlement) with a 95% confidence interval
(Finney, 1971).

Additionally, therapeutic ratio (TR) was also estimated. TR is
defined as LC50/ECsg and indicates whether settlement inhibition is
due to the toxicity of the compounds or related to other mecha-
nisms (Vitalina et al., 1991; Rittschof et al., 1994). A comparison of
LCsp and ECsg values provides insight to the possible working
mechanisms of the compound tested. However, a thorough un-
derstanding of compound toxicity is given by recovery tests. To
study the ‘refreshing effect’, larvae were removed from the test
solutions and placed in vessels with artificial seawater. The
refreshing effect was determined by observations of the organisms'
recovery of swimming movements and ability to continue their
development.

2.3. Antifouling paints-field trials

Two soluble matrix antifouling paints were prepared by disso-
lution of colophony (resin) and oleic acid (plasticizer) in a xylene/
white spirit mixture (1:1) using a high-speed disperser. A labora-
tory scale ball mill was loaded with this mixture (‘vehicle’) and
pigments (cuprous oxide and calcium carbonate), and dispersed for
24 h. One of them was formulated with high cuprous oxide content,
16%, similar to traditional cuprous oxide based paints (HCP, positive
control) and the other with low cuprous oxide content, 1.6% (LCP).
Then, LCP was fractionated in four portions, one of which was used
as a control and the remaining as treatments. For treatments,
thymol, eugenol and guaiacol were incorporated in LCP paint giving
the following formulations: LCP/T, LCP/E and LCP/G, respectively.
Finally, these paints were dispersed during 15 min (Table 2).

Sandblasted acrylic panels (8 x 12 cm), previously degreased
with toluene, were painted for field trials. Also, uncoated acrylic
panels were used as negative controls. Panels were hung from the
marina at 50 cm below water line for 12 months. Field trials were
carried out at Club de Motonautica (Mar del Plata, Argentina). This
sample station has around 2 m depth. Settlement of fouling or-
ganisms was measured as percentage cover on each panel using a
dot-grid estimate method (Foster et al., 1991). All field tests were
carried out in triplicate.

2.4. Statistical analysis

All statistical analyses were performed with Statistica 7.0. The
normality assumption was verified with the Shapiro—Wilk's test
(Shapiro and Wilk, 1965). The differences between treatment and
control were determined by one-way analysis of variance (ANOVA)
followed by Tukey post-hoc test. Differences were considered to be
significant at p < 0.05.

3. Results
3.1. Solubility features of phenolic compounds

Phenolic compounds such as thymol, eugenol and guaiacol are
partially soluble in both water and oil media. This amphipathic
behaviour agrees with the structure of these molecules which have
both a polar (hydroxyl group) and non-polar (benzene ring) moi-
eties (Table 1).

Experimental solubility of thymol, eugenol and guaiacol in ASW
was similar to those reported in distilled water (Table 1).

When a weak acid is dissolved in water, dissociation equilibrium
according to equation (1) is established. The dissociated/undisso-
ciated relationship for weak acids as a function of pH and pKa
values is given by Henderson-Hasselbalch's equation (2).

Ph — OHePh — 0~ + H* (1)
Ph—07]

H = pKa + lo [7 2
pH=p % 1Ph — OH] (2)
where [Ph—07] = concentration of dissociated phenols and
Table 2
Paint composition expressed as volume percentage.

Components Paints

HCP LCP  LCP/T LCP[E  LCP/G

Pigments Cuprous oxide 16.0 1.6 1.6 1.6 1.6

Calcium carbonate 11.0 254 234 234 234

Thymol _ _ 2.0 _ _

Eugenol _ _ _ 2.0 _

Guaiacol _ _ _ _ 2.0
Vehicle Colophony (resin): 27.0 + oleic acid (plasticizer): 6.0

Solvents Xylene/white spirit mixture (4:1)
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[Ph—OH] = concentration of undissociated phenols

According to (2), it is expected that thymol, eugenol and
guaiacol have a high solubility in strongly alkaline media as shown
in Table 1. At high pH values, phenols are predominantly in their
dissociated form (phenoxides). The phenoxide anions, for its highly
polar nature, are more soluble than the same undissociated mole-
cules. By contrast, in ASW (pH 8.2—8.4) and considering the pKa
values of Table 1, the dissociation degree of the studied compounds
is low (~1%), and in these conditions the predominant form cor-
responds to the undissociated molecule. This explains the solubility
values for phenols in ASW close to those found in distilled water
(pH 7).

On the other hand, calcium carbonate inside the paint plays a
significant role as controller of the phenol-compound solubility in
order to maintain an adequate concentration to prevent the set-
tlement of organisms in the paint/seawater interface.

3.2. Laboratory assays

When healthy larvae (nauplii II) of B. amphitrite were exposed to
either thymol, eugenol and guaiacol they fell to the bottom of the
vessels so that the number could readily be counted. B. amphitrite
larvae were susceptible to thymol, eugenol and guaiacol. Toxicity
and settlement inhibition assays revealed that these compounds
varied in effectiveness to a great extent, even though they are
structurally similar compounds.

Significant differences between treatments and control were
observed (p < 0.05). Thymol and eugenol affected naupliar activity
from low concentrations. Nauplii lost phototactic response and
swimming movements. This effect was observed above 3.00 uM for
thymol solutions and above 0.048 pM for eugenol solutions.
Particularly, LCs¢9 was determined at 4.41 pM for thymol and
0.059 uM for eugenol.

In spite of guaiacol shown strong inhibition on larvae, the
threshold concentration necessary to reach inactivity was deter-
mined at 0.364 mM and LCsg at 0.53 mM, that is to say, three
magnitude orders larger than thymol and eugenol.

Naupliar toxicity assays were performed and results for all
compounds are shown in Fig. 1. The antisettlement activity of
thymol, eugenol and guaiacol was examined by exposure of cyprids
for 24 h. Cyprid behaviour was affected by exposure to the com-
pound, swimming cyprids responded with a rapid immobilization
and of closing their valves. Cyprid settlement was also affected by

100 A
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60
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log C [uM]

Fig. 1. Naupliar inactivity percentage vs. phenolic compounds concentration.
Bars = mean + SE.

all three compounds. Results of settlement inhibition are shown in
Fig. 2.

It is important to remark that, in all cases, larvae responded to
the compounds in a dose-dependent manner.

In Table 3, therapeutic ratio values calculated both for nauplii
and cyprids are shown.

3.3. Refreshing test

After 24 h exposition, nauplii and cyprids were transferred to
fresh artificial seawater and the percentage recovery was estimated
(data not shown).

Larvae exposed to all concentrations of thymol and eugenol
solutions could recover; they metamorphosed and settled in high
percentages (100% and 90%, respectively). Therefore, these com-
pounds affected larvae temporary. However, low recovery per-
centages were observed for larvae exposed to guaiacol solutions
(<30%).

3.4. Field trials

As expected, a strong recruitment of fouling organisms was
observed in unpainted acrylic panels (Figs. 3 and 4).

Significant differences (p < 0.05) in cover percentages were
observed between treatments and controls (HCP and LCP) after 12
months exposure in the sea (Figs. 3 and 4).

4. Discussion

The present study combined laboratory and field experiments to
test whether thymol, eugenol and guaiacol have potential to be
used for antifouling protection.

Based on the results of the present work, all these compounds
inhibited barnacle settlement in a non-toxic way in the laboratory.
Also, these phenolic compounds combined with 1.6% cuprous oxide
maintained a broad-spectrum antifouling activity in the sea for
twelve months. Particularly, thymol and eugenol had better per-
formances. Dambolena et al. (2012) conducted antifungal tests
using natural phenolic compounds and determined a similar
response, they concluded that this activity was attributable to the
difference in lipophilicity of thymol and eugenol in relation to
guaiacol.

To be selected as a promising new antifouling formulation,

100 1 —e— eugenol
o
< —&— thymol
5 —&— guaiacol
S 80 4
2
=]
£
g 60
Q@
£
]
)
40 -
20
0+ T T T T T T T
0.0001 0.001 0.01 0.1 1 10 100 1000 10000

log C (uM)

Fig. 2. Settlement inhibition percentage vs. phenolic compounds concentration.
Bars = mean + SE.
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Table 3
LCso, ECsp and therapeutic ratio values for larvae exposed to thymol, eugenol and
guaiacol. In parenthesis: 95% lower and upper fiducial limits are shown.

Compound LCso ECso TR
4.41 uM (3.94—4.89) 2.260 uM (1.16—2.70) 1.95

Thymol

Eugenol 0.059 1M (0.048—0.072)  0.024 uM (0.023—0.026) 2.46
Guaiacol 0.53 mM (0.425—-0.679) 0.419 mM (0.314—0.565) 1.26
—~ 100 -
X O E. intestinalis .
s Eclocarpus sp I
2 80 O H. elegans a
8 O Bugula sp.
B Corophium sp
60 C. intestinalis -
W Botrylus sp. foesoees]

R
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9609t
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]
s
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I
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LCP LCP/T LCP/E LCP/G HCP acr
treatments

Fig. 3. Fouling cover percentage on panels exposed at Mar del Plata harbour (12
months immersion). LCP: 1.6% copper paint; LCP/T: 1.6% copper + thymol; LCP/E: 1.6%
copper + eugenol; LCP/G: 1.6% copper + guaiacol; HCP: 16% copper paint; acr: acrylic.
*significant differences from controls (HCP and LCP). Bars = mean + SE.

compounds need to have an effective concentration (ECsg) lower
than the lethal concentration (LCsp) (Dhams and Hellio, 2009).
Therapeutic ratio (TR) obtained in these experiments were, in all

cases, higher than 1. Recent trends consider as non toxic anti-
foulants candidates to those compounds with LCs9/ECsq ratio >15
(Qian et al., 2010). Although molecules studied in this paper had TR
values between 1.26 and 2.46, the non toxic effect was indeed
confirmed by recovery tests, i.e., thymol and eugenol affected
larvae in a reversible way. However, larval recovery percentage
after exposure to guaiacol was low, and this result indicate that TR
should be confirmed by recovery tests in order to determine
toxicity degree of a compound.

These molecules are small and were effective at low concen-
trations. It is worth noting that these compounds could be
degraded in the environment by photolysis, mineralization, as well
as by aerobic and anaerobic microorganisms. (Chamberlain and
Dagley, 1968; Tadasa, 1977; Gonzdlez et al., 1993; Rabenhorst,
1996; Peird et al., 2001; Pracht et al., 2001; Overhage et al., 2002;
Amat et al., 2005; Ashengroph et al.,, 2011; Samet et al., 2011;
Hahn et al., 2013; Mishra et al., 2013).

Field experiments were the next step in assessing the anti-
fouling performance. The main biofouling organisms observed
were encrusting species such as tubeworms, bryozoans, ascidians,
and algae. These organisms grew and developed quickly on the
surface of the acrylic panels from the first month of immersion and
covered the entire surface after immersion for twelve months. LCP
was invaded by several species demonstrating that cuprous oxide
content was not enough to inhibit fouling settlement. The paints
studied contain 10 times less cuprous oxide than traditional ones
and were combined with thymol, eugenol or guaiacol. LCP/T and
LCP/E paints were the most effective combinations and had similar
performances to HCP. Because of these formulations have the same
cuprous oxide content as LCP, the successful antifouling activity is
attributable to the addition of thymol or eugenol. In contrast, LCP/G
paint was only partially effective in preventing and inhibiting
biofouling and were colonized by some hard and soft foulers

Fig. 4. Panels exposed at Mar del Plata harbour (12 months immersion). LCP: 1.6% copper paint; LCP/T: 1.6% copper + thymol; LCP/E: 1.6% copper + eugenol; LCP/G: 1.6%

copper + guaiacol; HCP: 16% copper paint; acr: acrylic.
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(p < 0.05). As stated above, the attachment of some algal species is
not affected by traditional cuprous oxide based paints. The results
of this study confirmed the settlement of Ectocarpus sp. on both,
HCP and LCP panels. In contrast, combinations of LCP/T and LCP/E
completely inhibited the settlement of this alga. In spite of LCP/G
paint was not as effective as previous combinations, it is clear that
significantly reduced Ectocarpus sp. attachment and had better
performance than HCP and LCP. Additionally, LCP/E paint prevents
the settlement of the green algae Enteromorpha intestinalis in a
similar way as HCP.

It is important to remark that all formulations (HCP, LCP, LCP/T,
LCP/E and LCP/G) were capable of inhibiting the settlement of
Bugula sp. and Ciona intestinalis. A particular effect was observed for
the amphipod Corophium sp. because this species was completely
inhibited in all treatments except for LCP in which some sandtubes
were registered.

The calcareous tubeworm Hydroides elegans was strongly
inhibited by LCP/G combination and only a few tubes were regis-
tered on these panels. This performance was very similar to positive
control HPC which completely inhibited tubeworm attachment. On
the other hand, LCP/T and LCP/E combinations also reduced the
settlement of H. elegans but in relation to LCP. Additionally, the
colonial ascidian Botryllus sp. was markedly affected in settlement
by LCP/T and LCP/E.

Both, LCP/T and LCP/E had broad spectrum activity. Although
LCP/G paint did not show significant performance was the most
effective against tubeworm species. Then, it would be necessary
formulate new coatings employing new combinations of these
phenolic compounds.

Several studies indicate that copper released from a coating in
the marine environment has been shown to be strongly associated
with organic matter (ligands) (Campos and van den Berg, 1994;
Voulvoulis et al., 1999), and these copper-ligand complexes are
less labile and therefore less toxic than the uncomplexed form
(Cu?*, referred herein as free copper). Thus, high concentrations of
organic copper-binding ligands in coastal estuaries have been
shown to effectively buffer copper toxicity even at relatively high
copper loadings (Buck and Bruland, 2005; Rivera-Duarte et al.,
2005). Copper concentrations that exceed the binding capacity of
the natural ligands can lead to potentially toxic copper conditions
(Rivera-Duarte et al., 2005). In contrast, other studies indicate that
copper could also form lipophilic complexes with organic com-
pounds, e.g. dithiocarbamates, increasing their toxic effect by
means of synergistic effect (Bonnemain and Dive, 1990).

Other synergistic interactions between copper and organic
compounds such as thymol, eugenol and guaiacol could be possible.
In this sense, some plant extracts are currently being used to syn-
thesize metal nanoparticles because they contain organic com-
pounds of high reducing power (Iravani, 2011; Abdelmonem and
Amin, 2014; Makarov et al., 2014). Green synthesis of metallic
nanoparticles such as copper, silver and gold were carried out using
pure compounds present in different plant essential oils, e.g.
eugenol and guaiacol (Singh et al., 2010; Milczarek and Ciszewski,
2012; Subhankari and Nayac, 2013; Yin et al., 2014). Eugenol and
guaiacol act as powerful reducing agents and probably would delay
the oxidation process and dissolution of cuprous oxide at paint-
film/seawater interface. Furthermore, part of the dissolved copper
(Cu™?) in seawater from the cuprous oxide of the paint, may be
reduced to metallic copper nanoparticles in the presence of
eugenol or guaiacol. The bactericidal effect of metal nanoparticles
has been attributed to their small size and high surface to volume
ratio, which allows them to interact closely with microbial mem-
branes and is not merely due to the release of metal ions in solution
(Kon and Rai, 2013).

Reducing the content of copper in antifouling paints is a

research topic that has been taking place since more 20 years ago,
and remains in force until today (Vetere et al., 1997; Pérez et al.,
2003, 2006; Peres et al., 2014). In this regard various antifouling
pigments with low copper content have been synthesized but none
of them has reached the market yet. Whilst in such cases the
reduction of the copper content was greater, preparing these
antifouling pigments at industrial scale implies a financial invest-
ment. By contrast, our research is aimed at obtaining new anti-
fouling paint formulations with cheaper raw materials available on
the market, such as thymol, eugenol and guaiacol.

Bactericidal activity of thymol is mostly attributed to the action
of its phenolic structure (Juven et al., 1994; Ultee et al., 1998;
Lambert et al., 2001; Friedman et al., 2002). Due to their hydro-
phobic nature, thymol interacts with the lipid bilayer of cyto-
plasmic membranes causing loss of integrity and leakage of cellular
material such as ions, ATP and nucleic acid (Helander et al., 1998;
Ultee et al.,, 1999; Lambert et al., 2001; Trombetta et al., 2005).
Thymol and eugenol, known to be lipophilic, can enter between the
fatty acyl chains making up membrane lipid bilayers, altering the
fluidity and permeability of cell membranes (Sikkema et al., 1995;
Pina Vaz et al., 2004; Di Pasqua et al., 2007). Also, the mechanism
of phenolic toxicity towards fungi is based on the inhibition of
fungal enzymes, which contain —SH groups in their active sites
(Cowan, 1999; Celimene et al., 1999). As stated above, eugenol is a
member of the phenylpropanoid class of plant secondary metab-
olites. Aromatic amino acids, specifically phenylalanine, are pre-
cursors of eugenol in the phenylpropanoid biosynthesis pathway
(Louie et al., 2007). The molecular structure of eugenol is very
similar to these aromatic amino acid precursors and because of
these structural similarities eugenol may interfere with active sites
of acid permeases in the cytoplasmic membrane of yeast (Darvishi
et al.,, 2013).

The main fouling organisms at Mar del Plata harbour exhibited
higher sensitivity to thymol and eugenol than guaiacol. Trace of
copper at the cellular level are often involved in oxidative stress,
which results in the production of reactive oxygen species (ROS).
ROS includes the superoxide radical, hydrogen peroxide and the
hydroxyl radical, all of which affect mainly lipids, proteins, carbo-
hydrates, and nucleic acids (Rajkumar and Milton, 2011). The
importance of antioxidant enzymes is generally emphasized in the
prevention of oxidative stresses by scavenging of ROS. Antioxidant
system comprises several enzymes such as superoxide dismutase
(SOD), catalase (CAT), and guaiacol peroxidase (GPx). Under this
oxidative stress, many organisms significantly increase its antioxi-
dant enzymes, e.g. guaiacol peroxidase (Pinto et al., 2003; Li et al.,
2012; Sharma et al., 2012). In this context, we can infer that copper
could increase the activity of GPx and consequently decrease the
concentration of guaiacol (via polymerization) and therefore its
antifouling effect (Doerge et al., 1997). Further research is needed to
clarify this hypothesis.

In conclusion, these experiments highlight the potential of
thymol, eugenol and guaiacol as active additives in antifouling
coatings. The incorporation of thymol, eugenol and guaiacol into
marine paints show clear evidence of antifouling activity at con-
centrations tested. Within the context of worldwide pressure for
legislation limiting the use of biocides, these compounds in com-
bination with small quantities of copper are considered the most
promising alternative environmentally friendly for antifouling
technology.
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