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Abstract: Marine resources such as marine invertebrates and mangrove plants favor the production
of secondary metabolites that exhibit antifouling properties. These natural-derived compounds
are considered environmentally friendly compared to synthetic compounds with similar activity
and technological applications. The current study was conducted to determine the antifouling
properties of Diadema setosum (DS) and Sonneratia lanceolata (SL) crude extracts and their incorporated
paints, in addition to the identification of the metabolites involved. Both crude extracts were tested
against Pseudomonas aeruginosa via a crystal violet assay, while the incorporated paints with 5% (SL5%
and DS5%) and 10% (SL10% and DS10%) weight per volume (w/v) were tested in an aquarium
and submerged in the seawater at Kemaman and Pulau Redang (Malaysia) for field testing. The
identification of the bioactive compounds from the crude extracts was carried out using Liquid
Chromatography-Mass Spectrometry (LC-MS). The results of the crystal violet assay showed that
both of the crude extracts reduced the biofilm formed by Pseudomonas aeruginosa. The marine
bacteria growths contained in natural seawater were inhibited the most by SL5%, followed by DS5%,
DS10%, and SL10% in the aquarium testing. Based on the photographic observation, all of the
paints incorporated with the crude extracts successfully reduced the settlement of fouling organisms
compared to the blank paint, as lesser macroalgae were found growing on the SL5%, DS5%, and
DS10%. The LC-MS results showed 3-Methyloxiranyl phosphonic acid; (2RS,3SR)-form from the
SL crude extract, while the 8-Decene-1,3,5-triol, 3-Hydroxyundecanoic acid, and 1-O-(6-Deoxy-6-
sulfoglucopyranosyl)glycerol; x-D-form, 3-Hexadecanoyl from the DS crude extract were involved in
the antifouling properties. In conclusion, both crude extracts have the potential to be developed as
antifouling agents.

Keywords: biofouling; marine resources; Diadema setosum; Sonneratia lanceolata; antifouling compounds

1. Introduction

Biofouling is a process in which the accumulation of the undesired amount of marine
organisms consisting of microfoulers (bacteria and protists) and macrofoulers (invertebrates
and algae) is found on any submerged surfaces [1]. Biofouling has become a notable issue
in maritime industries related to ship hulls (increased drag resistance), ship fuel systems
(increment of water content in fuels), fuel and hydraulic systems (occlusion of sieves and
valves), and in marine aquaculture (blockage of net and meshes) [1]. Marine industries
have been spending a huge amount of money to manage and remove marine foulers on
offshore facilities and other marine implements. The presence of marine organisms in
the pipeline has been known to cause harmful effects on the performance of the pumps.
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Fuel consumption amounts to 60% of the operation costs of a ship. However, after six
months, the fuel consumption of a ship without antifouling paint increases by 40% due to
the hull drag caused by high levels of fouling [2]. Antifouling in this situation refers to any
strategic mechanism prohibiting the attachment of marine organisms to the manufactured
surfaces [3]. Hence, coating the ship hull with antifouling paint could be the ultimate
mechanism to minimize the impacts of foulers.

Antifouling paint was developed by incorporating biocides into the paints. For in-
stance, toxic substances, such as copper or organotin compounds, have previously been the
most beneficial method of controlling biofouling problems [4]. Although the biocides used
were active ingredients to prevent biofilm formation, the majority of them were toxic and
harmful to non-targeted organisms [5]. One of the commercial biocides used in antifoul-
ing paints for the past few years was tributyltin (TBT). However, the use of TBT caused
environmental problems as it is detrimental to marine organisms. The marine application
of TBT was banned by the International Maritime Organization and Marine Environment
Protection Committee on 1 January 2008, due to an environmental concern [6]. The for-
mulation of antifouling paints from natural resources is a different, more environmentally
friendly way to address the biofouling issues that have arisen.

The incorporation of crude extracts of marine organisms that contain antifouling
metabolites has been attempted by many researchers. A variety of marine natural products
have been tested and were confirmed to have antifouling [7], antibacterial [8], antibiofilm [9],
and antiprotozoan [10] properties. In addition, many marine organisms, as well as marine
plants, have been reported to embrace the antifouling properties from seaweeds, soft corals,
sponges, sea urchins, and mangrove species [11-13]. In a recent study, we targeted marine
samples that have antifouling properties to minimize the biofouling problem. Diadema
setosum (Leske, 1778) is one among six species of the Diadema genus and one of the widely
distributed species within this genus [14]. D. setosum is a commodity traded in many
countries and has a hard shell with five symmetrical shells inside. The shells of some
D. setosum species are black-pigmented. In addition to hard shells, 95% of the pigment’s
body is dominated by fragile and toxic spines [15]. These spines are used for movement,
defense, the stimulation of food, and certain types contain toxins [15]. The toxins from
D. setosum can potentially be used in alternative antibiotic treatment [15]. Various studies
have shown that D. setosum extracts have biological effects, such as antimicrobial [15,16],
antifouling [12], and antioxidant [17] properties.

Mangrove species grow at the edge between the coastal and land area in subtrop-
ical and tropical regions of the world and are highly adapted to various temperatures,
strong coastal winds, extreme tidal waves, salinity fluctuations, coastal water turbulence,
river run-off, and anaerobic soil [18]. Most of these species are used as potential sources
of biologically active chemicals that have commercial biotechnological applications and
pharmaceuticals [19]. A number of mangroves and their associates contain poisonous sub-
stances, which also show biological activities such as antifungal, antibacterial, antifeedant,
and pesticidal properties [20-23]. In addition, mangrove plants have been reported to pos-
sess steroids, triterpenes, saponins, flavonoids, alkaloids, and tannins [20,24,25]. Sonneratia
lanceolata (Lythraceae) is a typical mangrove that is widely distributed from eastern Africa
through Indo-Malaya to north-eastern Australia and some islands in the western Pacific
Ocean [26,27]. However, limited studies have reported the biological effects of S. lanceolata,
particularly in regard to their antifouling properties. Thus, in the current study, an attempt
has been made to evaluate the antifouling activities of crude extracts of D. setosum and
S. lanceolata against selected bacteria, as well as to develop antifouling paints incorporated
with these crude extracts as antifoulant additives.
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2. Materials and Methods
2.1. Samples Collections and Extractions
2.1.1. D. setosum

Samples of D. setosum encoded as ECH1017001 (Figure 1A,B) were collected via scuba
diving at Telok Belanga from the Archipelago of Pulau Bidong, Terengganu, Malaysia,
which is located at 05°36.656" N 103°04.024’ E. The D. setosum species was authenticated by
Dr. Jasnizat Saidin from the Institute of Marine Biotechnology (IMB), Universiti Malaysia
Terengganu (UMT), Malaysia. The D. setosum extraction was carried out according to the
method described previously, with some modifications [12,28]. In the current study, the
D. setosum was rinsed thoroughly with fresh water to detach the remaining surface salt.
The fresh collected D. setosum was cleaned from any debris, chopped, and stored at —80 °C
before lyophilization using a freeze dryer (Labconco, Kansas City, MO, USA). To obtain an
ethanolic crude extract of D. setosum, 1510 g of the D. setosum powder was exhaustively
macerated with 95% ethanol in a ratio of 1:10 (w/v). This procedure was repeated three
times to maximize the extraction. After overnight maceration, the solution was filtered and
evaporated using a vacuum rotary evaporator at 40 °C under reduced pressure to obtain
ethanolic crude extract. This extraction yielded approximately 48.68 g of the dried crude
extract of D. setosum, which was then stored at 4 °C until it use.

[ [HH]HH[IIII[llll|||ll]lllIIIHIIIIlI[Illl[llll|IIllllﬂI|IIIIlIIII|I||IlIIII|II||l|||||IIII|IIII||||||

(D)

Figure 1. Morphology of the marine resources. (A) External structure of D. setosum, (B) Internal structure
of D. setosum, (C) Leaves branches to end with flowers of S. lanceolata, (D) S. lanceolata leaves.

2.1.2. S. lanceolata

Samples of S. lanceolata encoded as MANO0122001 (Figure 1C,D) were collected at an
area in Universiti Malaysia Terengganu, 21030, Kuala Terengganu, Terengganu, Malaysia,
which is located at 05°24/18.7' N 103°05'15.4" E. The mangrove plant species was authen-
ticated by the field botanist, Haji Muhammad Razali Salam from the Faculty of Science
and Marine Environment, Universiti Malaysia Terengganu, Terengganu, Malaysia. The
extraction of the leaves from this mangrove plant was carried out according to the methods
described by Andriani et al. [29] and Azemi et al. [30]. The S. lanceolata leaves were washed
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and allowed to dry at room temperature for three days, then ground into a powder using
an electric grinder. The powdered leaves (1580 g) were soaked in methanol at a ratio of
1:10 (w/v) overnight at room temperature. This procedure was repeated three times to
maximize the extraction. The mixture was then filtered with Whatman No.1 filter paper
(Merck, Darmstadt, Germany), and the filtrate was allowed to evaporate in a vacuum rotary
evaporator (BUCHI, Flawil, Switzerland) set at 40 °C under reduced pressure. After the
solvent was completely removed, the yield achieved was stored at 4 °C until use. In the
current study, the extraction yielded 475.2 g of the paste-like crude extract of S. lanceolata.

2.2. Metabolomic Technique

The dereplication study on the total crude extract of the samples was performed using
HRESI-LCMS and processed with the MZmine 2.40.1 software [31], an in-house macro cou-
pled with the Dictionary of Natural Products (DNP) 2017 and SIMCA P+ 15 (Umetrics AB,
Umed, Sweden). The mass spectral data were processed using the procedure by MacIntyre
et al. [32], which was established in the Natural Products Metabolomics Group Laboratory
at SIPBS, University of Strathclyde, Glasgow, UK, as described previously [32,33].

2.3. Dereplication by Using HRESI-LCMS

The procedure and program for HRESI-LCMS were set up as described below. Each
extract of 1 mg/mL in methanol was analyzed on an Accela HPLC (Thermo Fisher Sci-
entific, Waltham, MA, USA) coupled with a UV detector at 280 and 360 nm and an
Exactive-Orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific, MA, USA).
A methanol blank was also analyzed. The column attached to the HPLC was a HiChrom,
ACE (Berkshire, UK) Cyg, 75 mm x 3.0 mm, 5 pm column. The mobile phase consisted
of micropore water (A) and acetonitrile (B) with 0.1% formic acid for each solvent. The
gradient program started with 10% B and linearly increased to 100% B within 30 min at a
flow rate of 300 uL/min, and remained isocratic for 5 min before linearly decreasing back
to 10% B in 1 min. The column was then re-equilibrated with 10% B for 9 min before the
next injection. The total analysis time for each sample was 45 min. The injection volume
was 10 pL and the tray temperature was maintained at 12 °C. High-resolution mass spec-
trometry was carried out in both the positive and negative ESI ionization switch modes,
with a spray voltage of 4.5 kV and capillary temperature at 320 °C. The mass range was set
between m/z 150-1500 for the ESI-MS range.

The mass spectral data were processed using the procedure by MacIntyre et al. [32],
which was established in the Natural Products Metabolomics Group Laboratory at SIPBS,
as described previously [32,33]. The LC-MS chromatograms and spectra were viewed using
Thermo Xcalibur 2.1 (Thermo Fisher Scientific, MA, USA) or MZmine 2.40.1. The raw data
were initially sliced into negative and positive data sets using the MassConvert software
package from ProteoWizard (3155 Porter Drive, Palo Alto, CA, USA). The sliced data sets
were subsequently exported into MZmine 2.40.1. The spectra were crop-filtered from 4 min
to 40 min. The peaks in the samples and solvent and media blanks (where applicable)
were detected using the chromatogram builder. The mass ion peaks were isolated using a
centroid detector threshold that is greater than the noise level, set at 1.0 x 10* using an MS
level of 1. The chromatogram builder was used with a minimum period set at 0.2 min, and
the minimum height and 1 /z tolerance at 1.0 x 10* and 0.001 m/z or 5.0 ppm, respectively.
Chromatogram deconvolution was then performed to detect the individual peaks. The
local minimum search algorithm (chromatographic threshold: 90%, search minimum in
retention time (Rt) range: 0.4 min, minimum relative height: 5%, minimum absolute
height: 3.0 x 10%, the minimum ratio of peak top/edge: 2, and peak duration range:
0.3-5 min) was applied. Isotopes were also identified using the isotopic peaks grouper
(m/z tolerance: 0.001 m/z or 5.0 ppm, Rt tolerance: 0.2 absolute (min), maximum charge: 2,
and representative isotope: most intense). The Rt normalizer (1/z tolerance: 0.001 m/z or
5.0 ppm, Rt tolerance: 5.0 absolute (min)), and minimum standard intensity: (5.0 x 10%)
were used to reduce the inter-batch variation. The peak lists were all aligned using the
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join aligner parameters set at m/z tolerance: 0.001 m/z or 5.0 ppm, weight for m/z: 20, Rt
tolerance: 5.0 relative (%), and weight for Rt: 20. Missing peaks were detected using the
gap-filling peak finder (intensity tolerance: 1.0%, m/z tolerance: 0.001 m/z or 5.0 ppm, and
Rt tolerance of 0.5 absolute (min). An adduct search was performed for both the negative
and positive modes. For the ESI negative mode, formate adducts were searched for (Rt
tolerance: 0.2 absolute (min), m/z tolerance: 0.001 m/z or 5.0 ppm, max relative adduct peak
height: 30%). A complex search was also performed with the ionization method [M — H]~.
For the ESI-positive mode, the adducts that were searched included Na+H, K+H, NHy, and
ACN+H. A 5.0 absolute (min, and a minimum standard intensity: (5.0 x 10%) were used
to reduce the inter-batch variation. The peak lists were all aligned using the join aligner
parameters set at m/z tolerance: 0.001 m/z or 5.0 ppm, weight for m/z: 20, Rt tolerance: 5.0
relative (%), and weight for Rt: 20. Missing peaks were detected using the gap-filling peak
finder (intensity tolerance: 1.0%, m/z tolerance: 0.001 m/z or 5.0 ppm, and Rt tolerance of
0.5 absolute (min).

The processed data set was then subjected to molecular formula prediction and peak
identification. The data sets were exported to CSV (comma delimited) to be imported to
the in-house macro workstation. By using the macro, both the negative and positive data
sets were imported for preparation, followed by the removal of all the media blanks and
the samples. The macro combined all of the processed data from the different media and
samples and then prepared for the final data set to be imported to SIMCA P+ 15, followed
by the dereplication step using the AntiMarin and DNP databases. The combined data
set was imported into SIMCA P+ 15 for multivariate analysis. Pareto scaling was applied.
Principle Component Analysis (PCA) and supervised Orthogonal Projections to Latent
Structures Discriminant Analysis (OPLS-DA) were used to compare the metabolic profiles
of the different samples and to evaluate their unique secondary metabolites. The models
were validated by a permutation test. The Y-intercept (Q?Y) on the permutation graph is a
measure to check against overfitting. A clear indication that the model is valid and does
not happen by coincidence is when the Q? values of the permuted Y models are less than
zero on the permutation plot test. Moreover, the difference between Q? and R?Y must be
less than 0.3, indicating the absence of overfitting.

2.4. Preparation of Panels Incorporated with D. setosum and S. lanceolata Crude Extracts

The panels used in this study were painted steel panels received from a local Oil
and Gas company (Bandar Baru Bangi, Selangor, Malaysia). The panels were cut into
square shapes with dimensions of 2.5 cm x 2.5 cm x 0.3 cm (Figure 2A). The paint on the
panels was removed by hand tool cleaning, equipped with a sanding machine following
the SSPC-SP2 standard. The steel panels were polished using rough-grade abrasive paper
fixed to an orbital sander to remove the rust before proceeding with the coating method.
Then, according to the SSPC-SP1 standard, the panels were cleaned using methanol to
remove all detectable oil, grease, dust, or other soluble contaminants [34]. Furthermore, the
cleaning process is required to provide good adhesion between the primer and the metallic
substrate.

Blank paint with no antifouling agent and commercial antifouling paint, known as
reference paint 1 (RF1) and 2 (RF2), received from the industry (provided by a local Oil and
Gas company) were used for this study, which act as the negative and positive controls,
respectively. Blank paint is a mixture of paint consisting of some chemicals, including;:
colophony (CAS number: 8050-09-7), xylene (CAS number: 1330-20-7), zinc oxide (CAS
number: 1314-13-2), ethylbenzene (CAS number: 100-41-4), hydrocarbons (C9, aromatic,
CAS number: 64742-95-6), 1-methoxy-2-propanol (CAS number: 107-98-2), and fatty acids
(CAS number: 91001-64-8). Some of the components included in the reference paints are
similar to the blank paint, but without fatty acids and other ingredients added. In addition,
the other ingredients contained in the reference paints were dicopper oxide (CAS number:
1317-39-1), and zineb (CAS number: 12122-67-7). According to Salama [35], the selected
weights of the crude extracts were diluted with a small amount of solvent to dissolve the
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extracts. Commercial thinners that contained a mixture of xylene (CAS number: 1330-20-7)
and ethylbenzene (CAS number: 100-41-4) were used as a solvent in this experiment to
dilute the extracts and control the viscosity of the paint. The crude extracts of D. setosum (DS)
and S. lanceolata (SL) were incorporated into the blank paint to obtain the final concentration
of mixed paint, which were 5% (DS5% and SL5%) and 10% (DS10% and SL10%) weight per
volume. Then, the mixtures were mixed using a drilling machine to form a homogeneous
antifouling paint. The steel panels contained three replicate panels (n = 3) that were painted
with an air spray compressor (Model ZL-550W x2-50L, Uma, Cheras, Selangor, Malaysia)
and allowed to dry for 2 days between each coating. Three layers of paint were applied,
and the first coating was the commercial anticorrosive primer, with three times coating
to obtain a final dry film thickness of 150 + 5 um followed by the antifouling paint and
commercial antifouling paint with two times coating to obtain 100 & 5 um. The Dry Film
Thickness (DFT) is the thickness of the coating materials measured on the above surfaces.
In this study, the DFT of the steel panels was measured at five different sides for each panel
using a digital coating thickness gauge, PosiTector 6000 (Ogdensburg, NY, USA).

(A) (B) ©

Figure 2. Preparation of panels. (A) Uncoated panel. (B) Panel coated with anticorrosive primer.
(C) Panel coated with anticorrosive primer and antifouling extract (D. setosum or S. lanceolata).

2.5. Antibiofilm Assays in the Laboratory
2.5.1. Crystal Violet Assay

An antifouling crystal violet assay was performed according to the method previously
described by Idora et al. [34]. This method was applied to study the antifouling properties of
the crude extracts towards biofilm-producing bacteria Pseudomonas aeruginosa (P. aeruginosa).
Next, 100 pL of each sample with a concentration of 10 mg/mL was loaded into a 96-well
microtiter plate and left enclosed with the lid. After an hour, 100 uL of the bacterial
suspension was inoculated into the well of the sample. The wells loaded only with the
bacterial suspension were assigned as the negative control. The biofilm was allowed to
develop for 24 h while being aerobically incubated at 37 °C. The plate was decanted,
washed, and set to dry prior to 20 min of staining with 200 uL of 1% crystal violet at
room temperature. Then, 200 pL of distilled water was used to rinse out the excess stain,
and this was repeated three times. After 15 min of air-dry, 200 uL of 30% acetic acid as
the solubilizer of the well-bound stain was pipetted and incubated for 10 min at room
temperature. The plate was agitated and measured at ODsg5 using a Multiskan Skyhigh
Microplate Spectrophotometer (Thermo Fisher Scientific, MA, USA). The percentage of the
biofilm reduction was calculated following the methods described by Leroy et al. [36]

2.5.2. Biofilm Formation Test in Aquarium

All of the panels were pendent in an aquarium tank containing 141 L of fresh seawater
and the tank was kept at room temperature with a waves mimicking condition. A total
of 1.41 L of sterile artificial seawater [37] (Table 1) was added to the seawater to provide
the essential nutrients. The panels were retrieved from the aquarium tank after 24 h. The
biofilm attached to the panels (control and antifouling paint) was scraped off using a cotton
swab and suspended in 1 mL of sterile artificial seawater. This suspension was subjected
to serial dilution and was spread on Zobell marine agar (ZMA) plates. Then, the agar
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plates were kept in the incubator at a temperature of 37 °C for the development of bacterial
colonies. Twenty-four hours later, the growing colonies were computed by using a microbial
colony counter (LAPIZ, Medica) [38]. All the panels were prepared with triplicates.

Table 1. Composition of artificial seawater.

Ingredients Quantity (g/L)
NaCl 24.615
KCl1 0.783
Naz SO4 4.105
MgCly(H,0)q 11.06
CaCl,(H,0), 1.558

2.6. Antimacrofouling Activity of Painted Panels in Field Assay

The coated steel panels were immersed in seawater at Kemaman and Pulau Redang. The
panels were deployed on 17 September 2020 for Kemaman and 25 September 2020 for Pulau
Redang (Figure 3A,B, respectively). The experiment was carried out by submerging the panels,
which were attached to a stainless steel frame (Figure 4), for five weeks at both sites and were
deposited 2 m from the bottom of the ocean. The depth of water at Kemaman was 27 m and
17 m for Pulau Redang. The panels were retrieved weekly by diving and brought back to the
laboratory for further analysis. The physical parameters of the surrounding seawater were
recorded using a hand-held multimeter (Aquaread Asia, Singapore).

South China Sea

PERWAJA @@
. STEELSSDN'BHD.

&y
oy

Immersion site
4°15'34.1"N 103°32'18.9"E

(A)

PULAU REDANG

Immersion site
5°35'57.7"N 102°59'21.6"E

(O)South China Sea

Chalok

Setiu

(B)

Figure 3. The sampling sites where the panels were submerged underwater; are (A) Kemaman, and (B)
Pulau Redang. https:/ /www.google.com/maps/@5.3873277,103.0933283,15z, accessed on 6 May 2021.
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Figure 4. Stainless steel frame with coated steel panels for testing.

2.7. Statistical Analysis

The data were expressed as mean =+ standard error of the mean (SEM). Statistical
analysis of the data was performed using the GraphPad Prism software version 8.0 (Graph-
Pad Software, San Diego, CA, USA). Differences between the groups were analyzed using
a one-way analysis of variance (ANOVA) followed by Turkey’s post hoc test. Statistical
significance was defined when the p-value was less than 0.05 (p < 0.05).

3. Results and Discussion
3.1. Dereplication Studies of D. setosum and S. lanceolata Extract

The dereplication study of the extracts of D. setosum and S. lanceolata was performed
using the HREI-LCMS data. Based on the antifouling activity and the amount of the ex-
tracts, further investigation of the metabolites on the extracts of D. setosum and S. lanceolata
was carried out. An OPLS-DA model was used to investigate the variation and diversity of
the various extracts. The unique metabolites at the end of the S-loadings plot in the active
extract of D. setosum were indicated by Rt at 3.20 min ([M + H]* ion peaks at m/z 189.149)
and 5.17 min ([M + HJ* ion peaks at m/z 203.164), indicating antifouling activity, which
gave a match from the database, namely 8-Decene-1,3,5-triol and 3-Hydroxyundecanoic
acid, respectively (Figure 5). Meanwhile, the ion at Rt at 22.0 min (Figure 5) revealed that
this metabolite matched with the molecular formula CpsHy3011S, which was putatively
identified as 1-O-(6-Deoxy-6-sulfoglucopyranosyl)glycerol;, «-D-form, 3-Hexadecanoyl
from sea urchin Anthocidaris crassispina [39], the brown algae Sargassum thunbergii [40,41]
and S. wightii [42] and the red algae Caulacanthus ustulatus [41]. The total ion chromatogram
of the extract D. setosum (Figure 5) showed the distribution of the obtained secondary
metabolites (Supplementary Table S1). A few predicted metabolites from the sea urchin
species matched the database, including at Rt 2.24, 7.72, and 25.57 min (Supplementary
Table S1), which were from the eggs of the sea urchin, Echinocardium cordatum and Strongy-
locentrotus purpuratus, respectively. Meanwhile, the metabolites predicted at Rt 18.33, 28.68,
and 31.96 min (Supplementary Table S1) were identified from Anthocidaris crassispina,
Tripneustes esculentus, and Anthocidaris crassispina.
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Figure 5. Total ion chromatogram (TIC) of the extract of D. setosum (blue and red represent positive
and negative ionization modes, respectively). The dereplication of numbered peaks is shown in
Supplementary Table S1. E0: 1.0 x 10°; E5: 1.0 x 10%; E6: 1.0 x 10°.

The metabolites indicated at Rt 3.30 min (171/z: 189.1489; Figure 6A) and 5.35 min (m/z
203.1648; Figure 6B) are putatively identified as fatty acids that are potent for antifouling
activity [43]. The previous study reported that the fatty acid groups were potent for antifoul-
ing activity, including 1-Hydroxymyristic acid and 9-Z-oleic acid isolated from the marine
bacteria Shewanella oneidensis and 12-Methylmyristic isolated from Streptomyces sp. [44].
Meanwhile, the ion peak contributed to a compound containing sulfur at Rt 21.94 min
(M — H]~ at m/z 555.2846) from the extract of D. setosum that is responsible for antifouling
activity (Figure 6C). A study by Fusetani [45] has reported that the mixture of compounds
1:1 between flouridoside possessing a glucoside ring and isethionic acid containing sul-
fur were potent in a larval settlement inducer, but not as an individual compound [45].
Recently, a study on phenolic acid containing glucoside and sulfur reported that rutin per-
sulfate, 3,6-bis(3-D-glucopyranosyl) xanthone persulfate and gallic acid persulfate showed
potent anti-settlement activity and were non-toxic [46]. Dahms and Dobretsov [1] have
shown that 2-(dodecanoyloxy)ethane- 1-sulfonate with the presence of a sulfonyl group
showed very promising antifouling activity. A study by Petitbois [47] reported that methyl
(Z)-octadec-11-enoate and methyl (5Z,9Z)-hexacosa-5,9-dienoate possessing one and two
unsaturated double bonds, respectively, gave potent antifouling activity.
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Figure 6. Total ion chromatogram of the D. sefosum extract of an ion peak at m/z. (A) 189.1492 [M + H]*
matched the molecular formula C1gHy¢O3, putatively identified as 8-Decene-1,3,5-triol, (B) 203.1648
[M + H]* matched the molecular formula C11H,O3, putatively identified as 3-Hydroxyundecanoic
acid and (C) 556.2841 [M + H]* matched the molecular formula Cp5Hy5011S, putatively identified as
1-O-(6-Deoxy-6-sulfoglucopyranosyl) glycerol; a-D-form, 3-Hexadecanoyl. RT: retention time; EO:
1.0 x 10% E5: 1.0 x 10°; E6: 1.0 x 10%; E7: 1.0 x 107.

An OPLS-DA model was used to investigate the variation and diversity of the S. lance-
olata extract. The total ion chromatogram of the extract S. lanceolata (Figure 7) showed the
distribution of the obtained secondary metabolites (Supplementary Table S2). Previous
studies have reported that metabolites, particularly astragalin, antirrhinoside, and scopine,
demonstrated anti-bacterial properties [48-50]. These metabolites were matches with the as-
tragalin (Cp1Hp9O11), antirrhinoside; 5-Epimer, 6'-O-(4-hydroxy-Z-cinnamoyl)(C4Hp5012),
and scopine (C19H;5NO3) isolated from S. lanceolata at Rt 7.71, 8.66, and 25.37 min (Sup-
plementary Table S2), respectively, via HREI-LCMS. These metabolites might have the
potential to be developed as antifouling agents. The peak ID 2 at Rt 1.31 min (m/z: 217.0630;
Figure 8) gave a match from the database with a molecular formula CoH;504P, putatively
identified as 3-Methyloxiranyl phosphonic acid; (2RS,3SR)-form, Di-2-propenyl ester, also
known as Fosfomycin. This metabolite was also isolated from Streptomyces fradiae [51-53].



J. Mar. Sci. Eng. 2023, 11, 602

12 0of 19

:
8 |
£ 16
* 1
. ' 15 20
s s llle , |
1 N | 10 17 ,
l}w N |18 |8 - il
,' ‘ T | ’ Il 11| -14 \ |I‘I“"|‘ 19 ‘,‘.!'»|‘lt‘l'":l"!; 'Id 1 '-21‘| l “al w
VRN R 13.‘ ' ””‘ A N 1l l""‘w. |
e P sttt U RN, A fl‘v J% P ALS Weadr P STO ) =L0 a =
) ' o l' ' o ‘ Retention fime ‘ o ’ o o =
Figure 7. Total ion chromatogram of the extract of S. lanceolata (red and violet represent positive and
negative ionization modes, respectively). Green and black peaks represent the methanol used in this
analysis that acts as blank. The dereplication of numbered peaks is shown in Supplementary Table S2.
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Figure 8. Total ion chromatogram of the S. lanceolata extract of an ion peak at m/z 217.0630 [M + H]
matched the molecular formula CoH1504P, putatively identified as (3-Methyloxiranyl)phosphonic

acid; (2RS,3SR)-form, Di-2-propenyl ester. E6: 1.0 x 106; E7: 1.0 x 107.
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3.2. Painted Panels with Crude Extract

Table 2 shows the average Dry Film Thickness (DFT) of the panels after coating with
the primer (1st coating) and antifouling paints (2nd coating) measurement. The DFT results
for the anti-corrosive primer and the antifouling paint extract were 151.30 £ 6.40 um and
253.80 £ 7.79 um, respectively (Table 2). It is indicated that the DFT of all these panels was
similar and can be used for this experiment.

Table 2. Average DFT of the panels after coating with primer (1% coating) and painted panels with
crude extracts (2nd coating).

1st Coatin . .
(Panels Coated with Anti-(gforrosive Primer) Dry Film Thickness (11m) Average (um)
Panel 1 156.00
Panel 2 151.00
Panel 3 160.00
Panel 4 148.00
Panel 5 150.00
Panel 6 161.00 151.30 + 6.40
Panel 7 143.00
Panel 8 153.00
Panel 9 149.00
Panel 10 142.00
2nd Coating
(Blank Paint and Painted Panels with Dry Film Thickness (um) Average (um)
Crude Extracts)
Panel 1 262.00
Panel 2 243.00
Panel 3 250.00
Panel 4 257.00
Panel 5 265.00
Panel 6 240.00 253.80 £ 7.79
Panel 7 253.00
Panel 8 257.00
Panel 9 254.00
Panel 10 257.00

3.3. Antibiofilm Assay in the Laboratory
3.3.1. Crystal Violet Assay

The present crude extracts of D. setosum and S. lanceolata were shown to have antifoul-
ing properties, with different levels of effectiveness at different concentrations. This effect
of both the crude extracts was shown by the high percentage inhibition of the P. aeruginosa
biofilm (Figure 9). However, no significant differences were seen between D. setosum and
S. lanceolata at different concentrations. In addition, at the lowest concentration of both
the crude extracts (0.6125 mg/mL), it was shown that the effects of the lowest concentra-
tion have a comparable effect with the highest concentration (10.00 mg/mL) in biofilm
inhibition (no significant difference between the concentrations, p > 0.05). It has been
shown that both the crude extracts were effective at the lowest concentration against the
P. aeruginosa biofilm.
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Figure 9. The percentage of P. aeruginosa biofilm inhibited by D. setosum and S. lanceolata crude extract
with respect to concentration in antifouling assay. Data were presented as mean & SEM (1 = 3).

3.3.2. Biofilm Formation Test in Aquarium

In the current study, the formation of biofilms on the coated panels was tested in
an aquarium setup. The biofilm attachment was determined by measuring the bacterial
counts from the biofilms attached. It was found that the antifouling paint incorporated
with an antifouling agent from the crude extracts reduced the settlement of marine bacteria
compared to the blank paint (negative control).

The number of bacterial cells attached to the panels coated with blank paint, which
acted as the negative control, was found to be 700.1 x 103 CFU/mL, while it was sig-
nificantly reduced to 296.9 x 10® CFU/mL (p < 0.01) on the panels coated with antifoul-
ing paint (DS10%) and 343.6 x 10° CFU/mL (p < 0.01) on the agar plate spread with
the bacterial suspension from the panels coated with SL 10%. Similarly, the number of
bacterial cells attached to the panels coated with the antifouling paints, which are from
the DS5% and SL5%, significantly reduced the biofilm attachment of bacteria, found to
be 183.5 x 10> CFU/mL (p < 0.001) and 111.3 x 103> CFU/mL (p < 0.001), respectively
(Figure 10). In another study, an antifouling coating made by incorporating the crude
extract of Palmyra palm (Borassus flabellifer) into epoxy resin significantly reduced the adhe-
sion of biofilm bacteria in an in vitro experiment and macrofoulers in the field study [54].
Similarly, the current study’s findings showed that antifouling paint incorporated with
the crude extracts of D. setosum and S. lanceolata can inhibit the settlement of bacteria from
adhering to the surfaces in laboratory conditions.
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Figure 10. Bacterial count (CFU/mL) for the tested panels in an aquarium after 24 h of incubation.
Data are presented as mean + SEM (n = 3). **p < 0.01, *** p < 0.001 vs. Control.

3.4. Antimacrofouling Activity of Painted Panels in Field Assay

The crude extracts of D. setosum and S. lanceolata were used with two different concen-
tration:, 10% (DS10% and SL10%), and 5% (DS5% and SL.5%) (w/v) of each crude extract.
All of the coated panels were firmly tied-up on the stainless-steel frame using iron wire and
were immersed in the seawater, about 2 m from the bottom of the ocean for both immersion
sites, which were Kemaman and Pulau Redang. Figure 11 shows that the tested panels for
Kemaman (Figure 11A) and Pulau Redang (Figure 11B) were retrieved and photographed
at different time intervals, respectively. A comparison of the blank panel and antifouling
paint panels in the seawater at Kemaman and Pulau Redang on week five are shown in
Figure 12. It was observed that macroalgae grew heavily on the blank panels. However,
significantly less macroalgae were found growing on the antifouling paint coated with the
SL5%, DS5%, and DS10% panels. The antimacrofouling of the lower concentrations showed
greater antifouling activity compared to the higher concentrations. This could be correlated
with the crystal violet assay and antibiofilm data in aquarium testing in the current study
as the biofilm inhibition showed higher activity when lower concentrations were used. No
attachment of barnacles was found on the antifouling paints incorporated with the crude
extracts. The panels coated with the formulated antifouling paint are comparable to the
standard commercially available paints, which were used as a positive control, as both
antifouling paints and commercial antifouling paint can reduce the attachment of macro-
foulers on the tested panels. Previously, Soliman et al. [11] developed natural antifouling
paint by incorporating crude extracts of soft corals into the base paint for controlling the
growth of biofoulers. Hamdona et al. [55] reported that the crude extracts of marine algae
showed the best antifouling activity against micro- and macro-fouling when submerged in
seawater over 140 days. These results suggest that the panels coated with antifouling paint
incorporated with D. sefosum and S. lanceolata crude extracts were effective in controlling
biofouling formation over a short period in the marine environment.
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(B)

Figure 11. Underwater images of different coated panels in the seawater at Kemaman (A) and Pulau
Redang (B). Panel coated with blank paint (BL); Panel coated with commercial antifouling paint (RF1
and RF2); DS5% and DS10% (w/v): Paint with D. setosum crude extract; SL5% and SL10% (w/v): Paint
with S. lanceolata crude extract.
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Kemaman

References

Figure 12. Underwater images of different coated panels in the seawater for five weeks at Kemaman
and Pulau Redang. BL: Panel coated with blank paint (control); Panel coated with commercial
antifouling paint (RF1 and RF2); DS5% and DS10% (w/v): Paint with D. setosum crude extract; SL5%
and SL10% (w/v): Paint with S. lanceolata crude extract. Yellow circles indicate the attachment of
barnacles on the surface of the blank paint panel.

4. Conclusions

S. lanceolata and D. setosum paint extracts were found to have antifouling properties
against P. aeruginosa. Metabolite profiling from both of these crude extracts was achieved
through a metabolomic technique using a different type of software. The findings from
the current study indicate that bioactive compounds isolated using HRESI-LCMS with
the known compounds of more than 20 compounds from the samples of both D. setosum
and S. lanceolata might have the potential to be developed as an antifouling agent. The
incorporation of these crude extracts into the paint revealed the antifouling activities of the
paints in the laboratory and field testing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jmse11030602/s1, Supplementary Tables S1 and S2 related to the
spectra of the compounds presented in D. setosum and S. lanceolata (HRESI-LCMS).
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