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Abstract
Methods used to deter biofouling of underwater structures and marine vessels present a serious
environmental issue and are both problematic and costly for government and commercial marine
vessels worldwide. Current antifouling methods include compounds that are toxic to aquatic
wildlife and marine ecosystems. Dihydrooroidin (DHO) was shown to completely inhibit
Halomonas pacifica biofilms at 100 μM in a static biofilm inhibition assay giving precedence for
the inhibition of other marine-biofilm-forming organisms. Herein we present DHO as an effective
paint-based, non-cytotoxic, antifouling agent against marine biofouling processes in a marine
mesocosm.
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1. Introduction
Biofouling describes the natural process of organic matter accumulation on submerged
materials (Fusetani, 2004). This process is often initiated by microfouling, which is driven
by marine bacterial biofilms. Ultimately, microfouling precedes macrofouling, which is the
accumulation of invertebrates (i.e., barnacles) on submerged objects such as fishing
apparatus or ship hulls (Flemming et al., 1996). Additionally, bacterial biofilms have been
directly correlated in the biofouling process, causing biocorrosion of submerged surfaces
(Flemming et al., 1996; Fusetani, 2004). It has been documented that if a biofilm does not
form on the hull of a ship, invertebrate aggregation will not readily occur (Beech et al.,
2005).

The impact of biofouling in marine habitats drives a number of the significant problems that
our society faces in both water pollution and the emission of greenhouse gases. Most
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notably, accumulation of biomasses on ship hulls increases drag, which directly correlates
with increased fuel consumption (Chambers et al., 2006). Thus increased fuel consumption
due to biofouling has become an important topic in recent years as global warming pushes
academia and industry to find alternative approaches for lowering greenhouse gas emissions.

The first methods used to control biofouling relied on copper or lead sheathing of wooden
ships over 4000 years ago; more modern methods have been based upon the addition of
tributyl tin (TBT) to paints used on ships and other equipment that is in constant contact
with the oceanic environment (Champ and Lowenstein, 1987; Omae, 2003). This and other
frequently used chemicals (organomercury, arsenic, and lead) are extremely toxic to marine
life (Tang and Cooney, 1998; Omae, 2003). TBT causes severe reproductive damage to
marine life due to an alkyl tin radical metabolite of TBT, and it has been shown that
triorganotins are remarkably stable in dark, sedimentary places (i.e., sea beds), thus
prolonging their negative ecological effects on the marine ecosystem (Omae, 2003). TBT-
containing paints are now being replaced by copper-based paints; however, these are still
toxic to marine life and remain far from an environmentally safe means to regulate the
fouling process.

Research in finding alternate avenues for controlling biofouling while circumventing the
toxic properties of the aforementioned metal-based methods includes the application of
natural product antifouling agents. Work in this area has yielded several natural products
from both marine and terrestrial sources. Studies have been performed investigating the
ability of capsaicin and zosteric acid as paint additives to prevent biofouling (Xu et al.,
2005). There have also been reports of nanoparticle-based coatings to prevent fouling
(Anyaogu et al., 2008).

A variety of marine natural products are antifouling agents and some have been shown to
inhibit the formation of marine-based bacterial biofilms (Yamada et al., 1997). The limiting
issues with the use of marine natural products are two-fold. First, the act of harvesting the
material from natural sources is ecologically damaging and does not yield adequate
quantities of material for commercial applications. Second, the complex architecture of
many marine natural products makes their syntheses impractical for commercial use.

Oroidin 3 is a marine natural product isolated from sponges of the Agelasidae family and is
considered a biogenic precursor to bromoageliferin 1 (Fig. 1) (Forenza et al., 1971;
Braekman et al., 1992). One of the biological activities of these nitrogen-dense molecules is
to serve as anti-feeding deterrents for the sponges in their native warm shallow water
habitats (Braekman et al., 1992; Chanas et al., 1997; Assmann et al., 2000). Both
bromoageliferin and oroidin were also shown to have the additional, but biologically
unrelated, activity of inhibiting the formation of biofilms by the marine α-proteobacterium
Rhodospirillum salexigens (Yamada et al., 1997). Oroidin has also been documented to
possess activity in a limited number of studies involving bacterial attachment and
colonization (Kelly et al., 2003, 2005).

Our research group has been interested in the design of small molecules, which are
structurally inspired by both bromoageliferin and oroidin that inhibit and disperse bacterial
biofilms through a non-microbicidal mechanism (which we refer to as anti-biofilm activity).
The underlying motivation for the design of molecules with this activity is two-fold. First,
by preventing bacterial attachment, we would mitigate processes (such as microfouling) that
are underpinned by the formation of a bacterial biofilm. Second, evolution of bacterial
resistance to molecules that inhibit and disperse bacterial biofilms through non-microbicidal
mechanisms would also be mitigated due to lack of selection pressure. In this vein, we
recently reported the synthesis and anti-biofilm activity of a 50-compound library of small

Melander et al. Page 2

Int Biodeterior Biodegradation. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



molecules that were based upon oroidin (Richards et al., 2008). One of the lead compounds
from this study that had anti-biofilm activity was dihydrooroidin (DHO) 2. Although the
mechanism by which these compounds inhibit and disperse bacterial biofilms is not known
and under active investigation, we posited that the anti- biofilm activity of these compounds
would directly translate to antifouling activity in a marine environment. This hypothesis was
based upon the current picture of biofouling development that microfouling (i.e., biofilm
development) drives macrofouling (Beech et al., 2005).

To this end, this report examines the ability of DHO to inhibit the formation of Halomonas
pacifica biofilms in vitro. H. pacifica was specifically chosen because previous studies have
established that this bacterium is involved in the microfouling process (Bakker et al., 2003;
Ista et al., 2004). Based upon this inhibition result, we investigated, and subsequently
demonstrated, that DHO would suppress biofouling when mixed with commercially
available marine paint (absent of additional antifoulants) and placed in an oceanic marine
mesocosm. Finally, we provide preliminary toxicity screening results with two mammalian
cell lines that indicate DHO is devoid of cytotoxicity. The objective of this work was to
validate DHO’s potential to act as a non-toxic, antifouling additive to marine paint.

2. Materials and methods
2.1. Synthesis and biological evaluation of oroidin and DHO

Oroidin and dihydrooroidin were synthesized as previously reported (Richards et al., 2008).
Their purity was confirmed to be ≥ 95% by 1H NMR, 13C NMR and HRMS analysis. For
the general static biofilm inhibition assay, stock solutions in biological grade DMSO (100
mM and 10 mM) of oroidin and DHO were prepared and stored at room temperature.

2.2. General static biofilm inhibition assay protocol for Halomonas pacifica
Halomonas pacifica (ATCC 27122) was purchased from ATCC. H. pacifica has frequently
been employed in studies involving fouling processes (Bakker et al., 2003; Ista et al., 2004).
An overnight culture (grown in Luria-Bertani [LB]) of the wild type strain was subcultured
at an OD600 of 0.01 into LB along with oroidin or DHO (at 100 μM, respectively) to be
tested for biofilm inhibition. Samples were then aliquoted (100 μL) into the wells of a 96-
well PVC microtiter plate (O’Toole and Kolter, 1998). The microtiter dishes were covered
and sealed before incubation under stationary conditions at 37°C for 24 hours. After that
time, the medium was discarded and the plates thoroughly washed with water. The wells
were then treated with a 0.1% aqueous solution of crystal violet (100 μL) and allowed to
stand at ambient temperature for 30 minutes. Following another thorough washing with
water the remaining stain was solubilized with 200 μL of 95% ethanol. Biofilm inhibition
was quantified by measuring the OD540 for each well by transferring 125 μL of the ethanol
solution into a fresh polystyrene microtiter dish for analysis.

2.3. Challenge tank
The mesocosm design is based on standard literature precedence with slight modifications
(Lauth et al., 1996; Pennington et al., 2004, 2007). Each tank contains seawater, four to six
sediment trays, and various estuarine species including but not limited to Spartina
alterniflora, grass shrimp (Palaemonetes pugio), sheepshead minnows (Cyprinodon
variegatus), and hard clams (Mercenaria mercenaria). The systems are subjected to natural
(ambient) light and temperature regimes for the coastal region of South Carolina.

The seawater for all experiments was collected from Cherry Point boat landing on
Wadmalaw Island, SC (32° 35.876′ N, 080° 10.973′ W). The seawater was collected in
250-gal fractions (1250 gal total) and homogenized by mixing for 24–48 hours.
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Homogenization was conducted to uniform salinity, temperature, aeration, and
microorganism distribution. After homogenization, the seawater was diluted to 20 parts per
thousand with deionized water. Depending on the exact experimental design, 300 to 350 l of
20 ppt seawater is added to each system. A semidiurnal tidal cycle is set for each tank using
a pump switched by a multi-event timer. The system was set up 2–3 months prior to dosing
for equilibration and acclimation.

Intertidal sediment was collected from Leadenwah Creek (32° 38.848′ N, 080° 13.283′ W),
sieved with a 3-mm sieve, and homogenized. It was then dispensed into sediment trays (7.5 l
~ 49 kg of sediment per tray). Four to six sediment trays were placed randomly into the
systems and placed at various elevations to simulate tidal flat elevation.

Estuarine organisms are generally collected from the same site as the sediment with the
exception of Spartina, sheepshead minnows, and hard clams, which were obtained from
commercial vendors. Since seawater is collected whole, the systems contain natural
planktonic community assemblages. Likewise, the sediments contain the natural benthos
that will pass through a 3-mm sieve.

The challenge tank experiment began by mixing DHO into a generic marine-based paint
absent of any antifouling agents to a concentration of 1 mM (~ 400 mg l−1). Vigorous
mixing of the paint and DHO was performed to affect dispersion of DHO into the paint.
Two PVC plastic boards were used as the designated surfaces for the experiment. Surface
abrasions were introduced into both boards prior to paint application to ensure better
adherence. These surfaces were then submerged and held stationary in a challenge tank to
determine the effect that DHO had upon fouling in a simulated marine environment. The
surfaces were placed at a depth of 6–8 inches and kept at this depth during tidal surges.

2.4. Quantification of biofouling
All quantification of biomass accumulation was done through pixel analysis as previously
described (Stafslien et al., 2006). Briefly, all digital images of the boards were converted to
grayscale tagged imaged file formats (tif) using Adobe Photoshop. The tif images were then
imported into ImageQuant. Pixel analysis was then performed to determine the abundance of
fouling organisms over the paint strips.

2.5. Toxicity
For cytotoxicity screening, both GH4C1 rat pituitary cells and N2A mouse neuroblastoma
cells were chosen. Cell viability is assessed through a MTT (3-(4,5-cimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) dye based colorimetric assay. After an 18-hour
incubation with DHO at concentrations up to 600 μM, MTT dye is added. Within 4 hours,
living cells take up the dye in the mitochondria where they metabolize the MTT into a blue
formosan. The cells are then lysed with SDS and HCl. Dark blue crystals are solubilized,
yielding a purple color. Wells exhibiting cell death due to the presence of toxin remain
yellow.

3. Results and discussion
DHO is a synthetic analogue of oroidin (Olofson et al., 1998). To assess the activity of DHO
in comparison to oroidin for potential antifouling applications, both compounds were
initially screened in a 96-well format using the standard crystal violet reporter assay
(O’Toole and Kolter, 1998) to assess each compound’s ability to inhibit the formation of H.
pacifica biofilms. Results indicated that oroidin and DHO were able to completely inhibit
the formation of H. pacifica biofilms at 100 μM as evident by the ethanol solubilized crystal
violet stain (Fig. 2). Follow-up analysis of the growth curves of H. pacifica grown in the
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absence or presence of DHO or oroidin (data not shown) showed no difference in the
planktonic growth rates, indicating that we were inhibiting biofilm development through a
non-microbicidal mechanism. While oroidin was shown to be just as active against H.
pacifica in the biofilm inhibition assays, DHO is a more attractive candidate due to its ability
to be chemically synthesized on large scales (Olofson et al., 1998).

After determining that DHO had anti-biofilm properties against H. pacifica, it was then
dissolved in generic marine-based paint absent of any antifouling agents to a concentration
of 1 mM (~ 400 mg l−1). Strips of control paint (NC: no compound) and paint containing
DHO (lanes 1 and 2) were then applied in a duplicate fashion to two PVC boards (Fig. 3).
The plates were then submerged into the challenge tank at a depth of 6–8 inches and kept at
this depth throughout tidal surges. After one week in the tank the boards were pulled out and
examined (Fig. 4). Visual inspection of the control and experimental paint strips on each
board indicated that both were relatively free of fouling, and we were unable to qualitatively
determine fouling difference between the paint strips by this method. Quantification of the
biofouling rate, however, revealed that the paint alone accumulated 25% more biomass
coverage than paint containing DHO. Each board was again submerged (under identical
conditions as above) and then pulled after an additional two weeks sitting stationary in the
tank. Upon visual examination, there was a significant qualitative difference between the
control and experimental paint in preventing fouling (Fig. 5). Again, quantification of the
rate of biofouling indicated 125% more biomass coverage on the paint alone than on the
paint containing DHO. This also indicated that the DHO within the paint was still active
after three weeks in a marine environment.

After we observed a reduced fouling rate for paint containing DHO, we investigated the
cytotoxicity of DHO by employing GH4C1 rat pituitary cells and N2A mouse
neuroblastoma cells in a cell-based MTT reporter assay. These cell lines were extensively
utilized for evaluating Pfiesteria poisoning (Burkholder et al., 2005) and have been utilized
for evaluating toxicity of marine natural products (Van Dolah et al., 1994). DHO was shown
to be non-cytotoxic at concentrations up to 600 μM (the highest concentration studied). This
is in contrast to bromoageliferin (which served as the structural inspiration for this work),
which is known to be cytotoxic and activate Ca2+ channels (Bickmeyer, 2005). Thus, by
preliminary screening, DHO appears free from any cytotoxic side effects.

The lack of cytotoxicity coupled with the preliminary antifouling results of the mesocosm
challenge tank argues that this class of marine-based natural product analogues may have the
potential to be used as antifouling agents without being an environmental threat. Additional
antifouling experiments and biofilm inhibition assays with other bacteria known to
participate in the fouling process are currently underway with structures homologous to
DHO, and our findings will be reported in due course.
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Fig. 1.
Marine-based bacterial biofilm modulators.
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Fig. 2.
Anti-biofilm activity of oroidin and DHO at 100 μM. Lanes with either oroidin or DHO
show complete biofilm inhibition as compared to the control lanes. †Average O.D. at 540
nm with blank subtracted.
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Fig. 3.
Painted boards used in mesocosm experiment. NC: no compound, lanes 1 and 2: DHO paint.
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Fig. 4.
PVC board 2 after 1 week in the challenge tank.
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Fig. 5.
PVC board 1 after 3 weeks in the challenge tank.

Melander et al. Page 12

Int Biodeterior Biodegradation. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


