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Sea vessels and artificial sea-based structures like marine oil and gas platforms are severely affected by
biofouling, i.e. the formation of thick deposits of living and dead marine organisms that belong to different
species and range in size from unicellular bacteria to multicellular seaweed and mussels. This is a significant
engineering problem since they essentially alter the geometry of the hull, increasing friction and reducing
the speed of vessels, thus increasing the cost and environmental footprint of transportation. Given the
scale of global transportation reaches several billion tons per year, the socioeconomic consequences of the
reduction in transit speed and increased consumption of fuel continue to drive researchers and engineers
to develop strategies by to combat the processes of marine biofouling. Many types of antifouling paints,
coatings and materials that have been designed and tested, and in some instances used commercially, suf-
fer from a range of shortcomings, from environmental toxicity to limited efficiency and durability. In this
review paper, we present a brief overview of the traditional antifouling materials, and discuss recent
achievements in the design of advanced antifouling materials based on such nanomaterials as graphene,
nanotubes, nanoparticles, and more complex nanostructures. These materials exhibit excellent antifouling
properties and could drive a breakthrough in how we tackle marine biofouling.
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1. Introduction

Enhancing efficiency of the marine traffic is a very important engineering problem that mostly relies on
the advanced materials. Indeed, the marine freight traffic of goods, raw materials and oil amounts to
several billion tons per year. In total, about 80% of world cargo transportation is made by sea transport.
Not surprisingly, all aspects of sea transportation systems are being continuously improved — from new
design of vessels to enhance their hydrodynamics, to greater efficiency of engines, control systems and
other important sub-systems. Among these factors, the hydrodynamics of vessels essentially influences
the cost of transportation by affecting the fuel consumption of a cargo vessel. However, the sea is a
living ecosystem and it actively reacts to the vessel intruding by forming massive deposits of various
live and dead organisms on its surface. Organic molecules deposit first, followed by bacteria and larger
organisms, such as seaweed and mussels (see a more detailed description of the biofouling formation in
the next sub-section); over a relatively short period of time, the cumulative weight and volume of this
deposit can become substantial enough to significantly lower the speed of the vessels'! and lead to
premature deterioration of e.g. heat exchangers, pipelines and other important units due to this addi-
tional lead, ultimately resulting in the reduction of vessel performance.!***! Both cost of transportation
and fuel consumption unavoidably soar. Many research teams are putting significant effort into finding
efficient solutions to combat marine biofouling, yet the issue remains largely unresolved due to the com-
plexities of balancing cost, reliability, efficiency and the impact on the environment.

Various types of antifouling materials and systems were suggested, designed and tested on sea vessels
(we provide a brief overview of the traditional materials and technologies in the following sub-sec-
tion).>-®) Significant progress has been achieved compared with the first approaches based on metal
(copper, lead) plating, yet the sea transportation industry requires much higher efficiency to combat
biofouling as the present-day techniques based mainly on biocidal agents do not ensure the desired level
of protection.[”*] Besides, biocidal systems present a significant danger to the marina flora and fauna,
in particular in the port areas where the cargo traffic is very dense.!”’ Among the most popular biocides
was tributyltin, known as TBT, which was used commercially for several decades, demonstrating ac-
ceptable efficiency, but finally was banned when it was proven that the use of TBT causes significant
decrease in populations of marine organisms,!'%!1:12]

Nanotechnology and nanomaterials can be a promising alternative to the biocidal systems that are cur-
rently dominating the antifouling materials market.!'>!%15! Indeed, nanotechnological approaches are
capable of producing materials and nanoscale metamaterials!'®) that demonstrate advanced characteris-
tics making them highly attractive for the use in different applications including, e.g., various sen-
sors,!! 71891 energy storage,!?%2!] [22-25] and many others.?®?7-28] Importantly,
many nanotechnology-based antifouling solutions are capable of withstanding aggressive environments
typical of e.g. space applications.[* - 32/ Not surprisingly, attempts to use nanomaterials to combat fouling
are both numerous and diverse,!**-**3%! utilizing various types of nanostructures for the antifouling ma-
terials, e.g. nanorods,*® nanoparticles,*”) Nanopillars,!*®! vertical dendrites,*”! Lotus leaf-like struc-
tures'*” and others.

energy conversion devices

In view of the above said, it can be concluded that the marine transportation industry currently does not
possess an efficient, reliable and relatively affordable means to combat biofouling on about 100,000
commercial sea vessels with the gross tonnage over 1 billion tonnes.[*+4:4
briefly discuss how biofilms and then solid fouling deposits form on the immersed surfaces in seawater;
then, we briefly overview the existing biocidal agents and finally, we present examples of the most
important recent innovations in the marine antifouling technology based on nanomaterials and
nanostructures, including graphene and nanotubes.

In our review, we will first
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2. Biofouling: A Serious Engineering Challenge for Marine Industry

How serious is the fouling problem? In fact, due to the fast growth of fouling settlements in seawater,
fouling represents a very serious threat to the vessels and the related industry. Figures 1a,b show the
images of vessels taken at the time of their planned quinquennial inspection at dry-dock. Examination
of these images reveals that the antifouling paint most frequently used as a strategy to reduce organism
attachment loses its protective properties with time. Regions where the wall shear stress was high tended
to display notably greater levels of fouling, suggesting a positive link between increased wall shear stress
and premature deterioration of the antifouling protection, and consequently increased fouling over these
areas.[**] Moreover, as it degrades and is leached out into the environment, the protective paint pollutes
the port areas.

FOULING AT THE SEA: A SERIOUS ENGINEERING CHALLENGE TO MARINE INDUSTRY

EXAMPLES: SEAWEED,
SPONGES, MUSSELS
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Figure 1. Marine fouling. (a,b) Failure of antifouling paints on the surface of a large marine vessel. After 5 years of use, the
paint shows signs of notable deterioration that is not uniform across the body of the vessel. Reprinted with permission
from Mukherjee et al. 2019.4 (c,d) Optical visualisation (5x magnification) of antifouling paint particles observed in sam-
ples of sediment collected around Colén Port, Panama. Reprinted with permission from Batista-Andrade et al. 2018.1*%! (e-g)
Several examples of typical fouling organisms — seaweed (e), sponges (f), mussels (g). Reprinted with permission from Chen
et al. 2021.1%% (h) The European biofouling database is a large scale initiative designed to capture the variation in biofouling
composition and magnitude across geographical sites to inform engineering design and policy. |, South European Atlantic
Shelf; I, Western Mediterranean Sea; Ill, Adriatic Sea; IV, Aegean Sea; V, Levantine Sea; VI, Celtic Seas; VII, North Sea; VIII,
Baltic Sea; IX, White Sea. White squares denote the areas and frequency of sampling. (i) Database downloads vary signifi-
cantly between countries and sectors. Reprinted with permission from Vinagre et al. 2020.*”!
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Figures 1c,d depict AF paint particles found in sediment samples acquired near Port of Colon, Panama,
an important tourist and commercial centre that routinely experiences a high traffic of commercial and
cruise ships and vessels and a large number of vessels undergoing maintenance and repair. Despite of
strict bans imposed on many efficient antifouling agents such as tributyltin (TBT) which has been banned
since 1998, scientists remain deeply concerned about their impact, given the large amount of potentially
dangerous antifouling agents already accumulated in water, sediments and living ecosystems.

Fouling starts rapidly when the pain is lost. Figures 1e-g illustrate several examples of typical fouling
organisms — seaweed (e), sponges (f), mussels (g). The dominant species and their relative abundance is
dependent on the ecosystem, which presents an extra degree of complexity for the design of broad spec-
trum antifouling strategies. Figures 1h,i show the sampling map for the European biofouling database,
as well as the rate with which this information is accessed by different countries and maritime industry
sectors to inform their decision and policy making. The fouling data is analysed with respect to immer-
sion depth (up to 90 m) and time (short term of 10 days to long term of ~40 years). It should be noted
that entries from the North Sea Ecoregion are over-represented when compared to Celtic Sea and White
Sea Ecoregions.!*”!

Why new antifouling materials are needed? Apart from unsatisfactory efficiency if the currently used
antifouling materials, they represent a serious threat to the global ecosystem. Figure 2 shows some ex-
amples of the wide geography of current efforts on mapping the antifouling agents taking from the most
recent publications; the reader can also refer to numerous recent publications to obtain more information
about recent results on mapping the residual antifouling agents worldwide. The sites are marked with
dots on the maps, and the maps show several tens of sites for each sampling location. Apparently, global
collection of antifouling data and measurement of paint-caused pollution means significant costs to the
global economy. Thus, fouling represents a serious threat to the marine industry, and application of
nanomaterials-based antifouling platforms could be a way to the solution of this problem.

3. How the Films Grow in Water

When a surface is immersed in a water body, the process of fouling proceed in several stages, as shown
in Figure 3. As arule, fouling starts from the adsorption of organic molecules, the bacteria attach to the
initial level of sediments, then the microscopic organisms precipitate and attach to the surface under
action of various physical and chemical processes.[***! A steady continuous biofilm is formed.*%>!! In
turn, this biofilm provides nutrition for larger organisms, and unicellular eukaryotic organisms such as
microalgae and diatoms attach and form a thicker layer.!">>¥] Later, attachment of larger multicellular
organisms starts; this process is called macrofouling. Finally, invertebrates such as e.g. mollusks attach
and form sometimes gigantic build-ups capable of causing a significant drop in the ship velocity and
possible collapse of the structure due to a change in geometry and weight of the structure.

Biofouling is affected by various environmental conditions including temperature, availability of nutri-
ent and salinity of water first of all, and then other factors.* Besides, water salinity influences the
composition of biofilms. Temperature directly affects the rate of fouling, with the latter being higher in
warm water.[*>>) Another important factor is the material and texture of the surface and interestingly,
while some organisms prefer hydrophilic surfaces, other prefer hydrophobic surfaces and hence, hydro-
phobicity or hydrophilicity (i.e. the level of surface energy) cannot be used as a critical factor to prevent
marine fouling.!°%>”) Surface topology, i.e. roughness, regularity, shapes of surface hillock etc. also in-
fluences the fouling dynamics.!°® While the large number of factors influencing the fouling makes for a
very complex picture to deconvolute, this also provides many opportunities for controlling and prevent-
ing the fouling via surface topology, energy, chemistry, and synergistic effects.*”) Below we discuss
various aspects of such novel approaches.
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WIDE GEOGRAPHY OF SAMPLING SITES FOR MAPPING THE ANTIFOULING AGENTS
- AWORLD-WIDE EFFORT TO ASSESS DAMAGE TO ECOSYSTEMS
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Figure 2. Threat to the global ecosystem: The geography of sampling sites for the mapping of levels of residual antifouling
agents in ecosystems. (a) Seawater samples from Cassino Beach, Rio Grande, Rio Grande do Sul, Brazil. Reprinted with
permission from Agostini et al. 2021.1°%! (b, c) Map showing sampling sites in Korea, near Busan and Gwanguang. Reprinted
with permission from Lam et al. 2017.*%! (d) Map showing the sample stations (black circles) in the central and eastern
parts of the seto Inland Sea, Japan. Reprinted with permission from Onduka et al. 2020.") (e) Sampling sites along Sdo
Marcos Bay, Brazil. Reprinted with permission from Viana et al. 2020.1? (f) Sampling sites along the Panamanian coastal
areas. Reprinted with permission from Batista-Andrade et al. 2018.1%"! (g) Location of sampling sites in Denmark. The right-
hand side shows the specific sampling sites in Roskilde and Brgndby (red circles). Reprinted with permission from Koning
et al. 2020.1%% (h) Sampling sites along the Vitoria Estuarine System, Brazil. Reprinted with permission from Abreu et al.
2021.1%

4. Current state-of-the art in the antifouling technology

The history of antifouling technologies started shortly after the first vessels appeared in seas.[®! In mod-
ern times, for several decades, tributyltin (TBT) was considered as a state-of-the-art, yet ultlmately it
was banned in 2008 due to its toxicity. To replace it, various biocide agents were developed!®®¢7-68! such
as DCOIT (Sea Nine 211, Dichlorooctylisothiazolinone),'*”! Diuron (1,1-dimethyl, 3-(3’,4’-dichloro-
phenyl) urea), Irgarol 1051 ((2-methythiol-4-tert-butylamino-6-cyclopropylamino-s-triazine),!’” and
metal oxide-based materials.l”!) However, they still represent a danger to sea ecosystems.!”?! Table 1
lists the commonly used antifouling biocides along with their action mechanism, environmental conse-
quences for their use and their estimated half-life in seawater (the latter being a function of broad range
of environmental conditions). It should be mentioned that the antifouling coatings constitute a huge
sector of maritime economy.!”?!
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Figure 3. The process of marine fouling can be broken down into four distinct stages, starting from the formation
of a prime film, then biofilm is formed, followed with the diatom and protozoan attachment and growth, and
finally invertebrates and other macro-organisms. It should be noted that this break down into stages is an over-
simplification of the highly dynamic and complex real life process, and these stages may take place concurrently
or overlap. Reprinted with permission from Tian et al. 2021.17%

Table 1. Commonly used biocides and their action mechanisms. Data from [52,75,76,77].

Biocide T1/2 seawater (days)  Action mechanism Consequences

Irgarol 100 - 250 Inhibitor of PS Il electron transport Fatal effect on marine ecosystem
Diuron 31.4-365 Inhibitor of PS Il electron transport Toxic to algae and bacteria
Chlorothalonil 1.8-8 Mitochondrial electron transport inhibitor Toxic effect on fish

Dichlofluanid 0.12-0.75 Inhibitor of PS Il electron transport Toxic effect (embryo toxicity)

Zn pyrithione <1 Multi-site inhibitor Toxic to aquatic flora and fauna
Cu pyrithione 12.9-96 Multi-site inhibitor High toxicity to marine organisms
DCOIT 0.004 -3 Inhibitor of electron transport High toxicity to marine organisms
(Sea nine)

Tralopyril 0.67 Mitochondrial electron transport inhibitor Toxicity to marine invertebrates
Capsaicin 13 Nervous system and metabolic disruptor Adverse effect on non-target

marine organisms
Nonivamide 8.8 Nervous system and metabolic disruptor Toxic effect on algae

Below we briefly overview several most important biocide systems that are widely used but need re-
placement with more efficient techniques.[”® The classification below is based on the mechanism of
biocide release from the polymer matrix, the latter commonly referred to as the binder. In the next part
of the paper, we overview the novel nanomaterial-based antifouling systems.

Self-polishing copolymer coatings use the effect of controlled seawater penetration into the coating to
trigger biocide release.l””) The hydrophobic matrix prevents water from penetrating into the film, re-
stricting it to the pores created by soluble biocidal particles. As the copolymer matrix is easily hydrolyz-
able in seawater, controlled and slow hydrolysis of the coating takes place, confined to a few nanometer
thick layers from the surface. In time, there is an increase in leached areas with an increase in dissolution
of biocides, making the copolymer matrix brittle and easily erodible by seawater.

The coatings based on insoluble paints use binding agents which contain biocide agents. High level of
biocide incorporation closely packs active molecules, making them come in contact with each other and
resulting in their gradual release (Figure 4a). Leaching of biocides from such coatings leads to the for-
mation of a honeycomb structure, its surface becomes rougher and susceptible to retaining of more of
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seawater pollutants, accumulation of which prevents further release of biocides. Apparently, the service
life of such systems is limited by the amount of biocide in the surficial layer of the paint. To overcome
this problem, soluble coatings were proposed where binders dissolve and release more biocides (Figure
4b). In this type of a coating, the leaching layer is thin, and biocides are directly exposed to water; the
combination of these two factors increase a lifespan of the outer layer. However, these coatings have
poor mechanical strength and limited biocide loading capacity. The binder in the controlled depletion
polymer coating is reinforced with organic rosins which control the hydration and dissolution of the
soluble binder in the slower manner than rosin-based derivatives.!”*!

BIOCIDE ANTIFOULING COATINGS
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Figure 4. Established technologies for marine antifouling. (a) Main reaction of the general chemical structure
of the hydrolyzable polymethacrylic acid copolymer with seawater. (b) Killing mechanism of the biocide anti-
fouling coating prevents bioadhesion through its toxic effects. The matrix is decomposed by the hydrolysis of
the pendant groups of the copolymer chain, thus a part of the fouling organisms are released along with the
matrix.®% Reprinted with permission from Han et al., 2021.18Y (c) Efficacy when enzymes used as part of a pre-
vention and (d) as a detachment strategy. The enzymes analyzed in this investigation have potential as environ-
mentally friendly antifouling agents for marine antifouling. Reprinted with permission from Aykin et al., 2019.[82

Removal of the leached section of the coating exposes a new fresh area of coating for further releases of
biocidal molecules, a process termed self-polishing.l*”) Self-polishing coatings have a polishing rate of
5-20 um per year which has extended the dry docking intervals for vessels for up to 5 years.!®] Besides,
the enzyme-based coatings are being actively investigated as promising antifouling material.*¥ A direct
comparison of the approaches based on organism detachment and attachment prevention has been made
and the results indicate that lysing complex enzyme were the most efficient for the prevention of
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adhesion and for enhancing the detachment.!®?! The results of this comparison are shown in Figure 4cd.
Apparently, the mixtures of enzymes analyzed in this investigation could be used as efficient antifouling
agents of the antifouling coatings. On the other hand, while considered more environmentally benign,
the stability and self-degradation of enzymes remain a challenge.!®*! The catalytic activity and lifespan
of enzymes are known to be affected by variations in seawater temperature (-2 to 30 °C), quantity and
distribution of enzymes in coatings, as well as the choice of coating matrices.

Another large group of antifouling materials are the non-toxic coatings capable of releasing the foulant.
They also feature the nonstick properties,'®**" and the surface wettability is considered the most im-
portant factor in determining coating efficacy. Importantly, substrate having a low value of elastic mod-
ulus shows minimum adhesion.!®®:3%1 The critical force required to remove the fouling showed a positive

relationship with the square root of surface energy, Y., and elastic modulus, E, as P =,/Y_E.

In the late 1970s, UV resistant, easy to clean polytetrafluoroethylene (PTFE) filled fluorinated polyure-
thane coatings were developed,'®” but the damage from barnacle shells would result in the roughened
surface that enabled strong adherence of barnacles and prevented their easy removal.l’! These limita-
tions of fluoropolymers have driven current research towards elastomeric silicon-based coatings.
Poly(methylphenylsiloxane) was combined with cured silicone rubber to enhance its AF. These coatings
feature low surface energy, elastic modulus and glass transition temperature, 7, =-127 °C, which makes
them flexible and allows the polymer to adopt the lowest surface energy configuration.>3! Multiwall
and single wall carbon nanotubes-modified PDMS coatings have shown an increased contact angle, de-
creased roughness and surface energy with improved self-cleaning properties. Photo-reactive silicone
functionalized with spherical single crystal TiO; particles showed superior FR properties compared to
tailored nanocomposites.!”**°! Although hybrid silicone-based FR coatings dominate the present market,
the fouling release property of PDMS is not effective at a low sailing speed and during idle periods, and
have limited efficacy against colonization by diatoms and bacteria. Moreover, they have poor mechani-
cal properties because of low elastic modulus and are thus quite susceptible to damage that can increase
their surface roughness. Also, the biodegradability behavior of PDMS is yet to be thoroughly studied.

Non-fouling coatings influence the protein adhesion and adsorption on a surface.[*® The hydration layer
and the steric repulsion are two main theories which explain the anti-fouling behaviour of these coatings.
There is an unfavourable entropy change when there is protein adsorption on the substrate due to com-
pression of a free end of polymer chains.!””! Thus, there is an entropically driven repulsion for any non-
specific protein absorption.

The poly(ethylene glycol) chain length and grafting density have the significant effect on their protein
repellency. Physical and chemical adsorption, covalent attachment and block or graft polymerization are
used for immobilization of poly(ethylene glycol) chains on surfaces, with the coating properties depend-
ing strongly on the nature of the substrate and the chosen grafting process.!”®! Figure 5a-c illustrates the
poly (ethylene glycol)-utilizing coating.[*”) Lower hydration potential of thinner films and entanglement
and crowding in thicker films seems to be a plausible explanation for this behavior. The self-assembled
monolayer (SAM) of oligo-(ethylene glycol) and PEG was found to inhibit spore settlement, while PEG
allowed settlement but with reduced adhesion strength which can be detached by applying minor hydro-
dynamic force. Despite good protein repellency, PEG undergoes autoxidation and enzymatic cleaving
in presence of oxygen and transition of metal ions which are abundant in seawater. Mechanical robust-
ness of PEG-based coatings is another major limitation. To overcome stability challenge of poly(eth-
ylene glycol)-based coatings, zwitterionic polymers were proposed. The charges can be on the same
monomer (e.g. polybetaines and phosphorylcholines) or on different monomers (e.g. polysulfobetaine
methacrylate).!!%%
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VARIOUS TYPES OF ANTIFOULING COATINGS: A COMPARISON
NON-FOULING COATINGS
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Figure 5. Established technologies for marine antifouling. (a) Proposed model of Ag loaded biopolymer complex. (b,c) Photograph of
the coating panels (b) after 12 months and (c) Control panel without biocide. Reprinted with permission from Punitha et al. 2017.1101]
(d,e) Schematic illustration of the underwater self-cleaning mechanism of the SHRHS: (d) It provides a smooth and highly slippery surface.
The trapped water is retained by the hydrogel surface, leading to attachment difficulty for the organism. It also provides a self-regener-
ation character, where the resident organisms can be carried off with hydrogel peeling. Reprinted with permission.[1021 Peptoid function-
alized PEO and PDMS surfaces. (a,b) Settlement and percentage removal of Ulva linza, and (c,d) initial attachment and percentage re-
moval of Nitkora incerta on peptide and peptoid functionalized polyethylene oxide (PEO) and polydimethylsiloxane (PDMS) surfaces.
Adapted with permission from Patterson et al. 2017.[194] (j-m) Comparative study on the antifouling efficiency of the commercial biocide
antifouling (BAF) and fouling release (FR) coatings. (a-d) Average number of fouling organisms on six different coatings with respect to
(a, b) coating types and (c,d) immersion period. The difference in adherence of marine bacteria and eukaryotes on BAF and FR was
observed, and an understanding of the observed differences will influence future developments of novel antifouling technologies. Re-
printed with permission from Winfield et al. 2018.[103]
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Figure 5d,e shows the antifouling mechanism of hydrogel coatings, where the hydration layer interrupts
the initial adhesion of proteins, and peeling off the top layer along with settled organisms imparts self-
regenerating properties to this coatings. Xue et al. fabricated slippery hydrogel-released hydrous surface
(SHRHS) by blending sodium polyacrylate (PAAS) powder into a silicone resin. The coating showed
lower attachment of microalgae in comparison with the silicone surface due to the formation of a strong
hydration layer and slow hydrolysis that allows for periodic self-regeneration. The short-term stability
due to poor mechanical properties and difficulty in using the coating over large marine structures have
limited further advancements in hydrogel-based coatings.

Another approach involves the use of peptoids (Figure 5f-i). Patterson investigated the effect of a posi-
tion, configuration and a number of arginine residues in arginine-rich oligopeptide SAM on their inter-
action with Ulva spores, with the former found to influence the settlement of spores.!!%%!

Winfield ef al. made a comparative study on the antifouling efficiency of three commercial biocide an-
tifouling and fouling release coatings. A comparative study of the antifouling efficiency of fouling re-
lease coatings (Intersleek 700, Intersleek 900, and Intersleek 1100) and biocide antifouling coatings
(Intersmooth 7460, Intersmooth 7465, and Intercept 8000) is shown in Figure 5j-m.!'%] The difference
in adherence of marine bacteria and eukaryotes on these coatings was observed, and an understanding
of the observed differences will influence future developments of novel antifouling technologies.

The action of the above overviewed antifouling materials is mostly based on specific chemicals killing
some classes of marine organisms, or physico-chemical properties of the surface, such as its morphology,
repelling the organisms. Despite many years of extensive effort, the performance of antifouling systems
still requires significant improvement. Below we overview the recent achievements in the novel ap-
proaches to marine antifouling, focusing on platforms based on various nanoscale materials.

5. Recent Progress in Graphene-Based Antifouling Technologies

Various other antimicrobial applications are POTENTIAL ANTIMICROBIAL APPLICATIONS
shown in Figure 6.!'°] Along with other an- OF GRAPHENE AND GRAPHENE COMPOSITES

timicrobial applications, graphene and gra-
phene oxide (GO) proved to be very efficient
agents against marine fouling, and very im-
portant is the fact that graphene and GO fea-
ture non-chemical action, thus not causing
poisoning of the ecosystem.
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5.1 Mechanisms of graphene antifouling action: A brief outline

Here we start from a brief outline of the several mechanisms of graphene action and interaction with
living cells, to better understand the antifouling action of various graphene-based antifouling nanocom-
posites. It should be noted that graphene interaction with living cells features quite a large number of
physical and chemical processes, and the complete understanding of this complex phenomena still re-
quires further research efforts. In general, several types of mechanisms are considered, yet the imple-
mentations of these mechanisms depend on the specific architectures, materials, configurations and
many other factors. Importantly, these mechanisms could be synergistically combined, as we show be-
low in some of the examples.

Specifically, the four main types of mechanisms can be formulated, namely:[20®!

1. Membrane stress. Graphene features very high aspect ratio and very high mechanical strength
due to the C-C sp? bonds; this results in very sharp edges damaging cell membranes;

2. Wrapping effect. In its particle form, graphene wraps the cells and thus isolate them from the
ambient, causing their death;

3. Oxidative stress. Graphene produces reactive oxygen species (ROS) damaging the cells;

4. Electron transfer. Graphene is an excellent electron acceptor and it transfers electrons from cell
membranes, impairing the cell activity.

When it comes to nanomaterials and composites built using graphene and its derivatives, the bactericidal

and antifouling activity often stems from both its unique physical and chemical characteristics (Fig-
ure 7a). Mechanical aspects of this activity are related to the ability of graphene sheets to impact damage
to the membrane upon contact with the cell by cutting the membrane with its sharp reactive edge or by
stretching the membrane until the integrity is lost under the weight of the cell.'®”! Where graphene sheets
are not immobilized on the surface, there is a possibility of wrapping of the sheet around the cell, leading
to the entrapment and death of the latter. From the chemical standpoint, the reactive edges and lattice
defects enable graphene to generate reactive oxygen species (ROS). These species result in oxidative
stress and damage of cell DNA and proteins, and interference with processes that are critical to cell
survival. The relative contribution of these factors to overall toxicity of graphene to cells is determined
by such properties of graphene as the size and composition of its flakes, presence of defects and func-
tionalization. In addition to graphene-specific factors, properties of the coating within which graphene
is contained also play an important role.

Examples of such factors include the concentration of graphene particles, their aggregation and disper-
sion, orientation and alignment in space (e.g. vertical alignment maximises cell exposure to reactive
edges, patterns controls surface area available for attachment, etc.). Figure 7b illustrates another pro-
cess, namely the mass loss due to the liquid release in the small unilamellar vesicle and removal of the
lipid fragments in the rat basophilic leukemia (RBL-2H3) cells, thus causing their apoptosis.!'”! Fig-
ure 7c¢ describes the interaction of phase zinc phthalocyanine ZnPc—GO nanocomposites with Esche-
richia coli. Graphene oxide flakes in potato-chip-like a-phase zinc phthalocyanine ZnPc—GO nanocom-
posite demonstrate strong n— © intermolecular interactions, which not only allows them to form stacks
between sheets, but also ensure efficient removal and transfer of electrons away from the surface of the
cells. This is well illustrated by an example of electronegatively surface charged Escherichia coli bacte-
rial cells that adhere strongly to the electron-withdrawing nanorod-like B-phase ZnPc—GO (ZnPc(B)-
GO). The synergistic effects between oxide support layers and graphene are illustrated in Figure 7d.
The synergistic effects of the graphene layer and support layer allowed to reach good permeability and
good antifouling properties for the membrane.
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MECHANISMS OF GRAPHENE ANTIMICROBIAL ACTION: AN OUTLINE
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Figure 7. How graphene-based nanocomposites combat the fouling? (a) Schematics of graphene and carbon
nanotubes action against bacteria. Quite different effects could have place, such as disruption of cell mem-
branes, production of ROS, DNA and protein damage and others. Reprinted from F. Sousa-Cardoso et al. 2022197
under terms and conditions of CC BY license. (b) Schematic diagram illustrating the proposed mechanism for the
interaction between the Escherichia coli cells and graphene oxide incorporated zinc phthalocyanine (ZnPc—-GO).
a-phase nanocomposites demonstrate strong m— nt interactions and an efficient electron transfer. Reprinted
with permission from N. Das et al. 2021.1%%8 (c) Schematics of the graphene nanosheets adhesion on supported
lipid bilayers (SLB) and on a small unilamellar vesicle (SUV) layer (with disrupted small unilamellar vesicles).
Reprinted with permission from L. Liu et al. 2020.12% (d) Synergistic effects between oxide support layers and
graphene. Reprinted with permission from L. Feng et al. 2020.1*%"!

Figure 8 shows two more very important examples of biocidal activity of graphene — via visible light
radiation and electromagnetic radiation which are capable of intensifying the electron transfer between
the cells and the surface of the material.
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MECHANISMS OF GRAPHENE
ANTIMICROBIAL ACTION: AN OUTLINE
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5.2 Topography-Based Graphene and RGO Antifouling Technologies

Indeed, topography of the water-immersed surfaces significantly influences the hydrophobicity and
growth of biofouling,!!!3:!14] with shark skin and lotus leaves known to resist fouling because of their
distinct micro/nano topography. Figure 9a,b illustrates the attachment point theory introduced by Scar-
dinio et al., assuming that the number of attachment points where marine organisms can attach to the
surface directly influences the process of biofouling.!!!>!1% Barnacle settlement was reduced by almost
100% on textured PVC as compared to smooth PVC, with cyprid settlement shown to correlate with the
aspect ratio of the surface features. Surface topography similar to the shark skin, with imbricate boundary
structure and V-grove riblets, demonstrated to be most effective with respect to antifouling behavior, as
shown in Figure 9c. The raised structure of rose petals can provide refuge to foulants against hydrody-
namic shear, and depressed pattern of taro leaf can increase the number of adhesion points promoting
string attachment. The shape of boundary structure had a more pronounced effect on antifouling perfor-
mance than surface hydrophobicity. Topographical features having a single length scale are not likely to
display antifouling activity as organisms creating biofouling come in varied sizes and shapes.
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SURFACE TOPOGRAPHY: HOW THE SHARK SKIN RESISTS TO BIOFOULING
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Figure 9. How nanostructured surface combats the fouling? (a) Schematic of the three possible configurations
of an elastic cylinder in an adhesive contact with a wavy substrate. (b) Variation of the normalized pull-off force
with I/Rr for A/lambda = 0.5. (c) Effect of A/lambda on pull-off force. Reprinted with permission from Fu et al.
2018.1'%! (c) The density of settled cells of N. incerta on different tapered microstructures made of polycar-
bonate (PC). Smooth PCis included as control. Structures indicated with an H are higher than the corresponding
| structures. Reprinted with permission from Xiao et al. 2018.1**¢! (d) Schematic representation of the process of

fabrication of surfaces with uniaxial hierarchically wrinkled surface topologies (UHWST). Reprinted with permis-
sion from Efimenko et al.**”]
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Efimenko et al. fabricated uniaxial and biaxial hierarchically wrinkled surface topography (HWST),
with wrinkles varying from tens of nanometer to the fraction of millimeter arranged in the nested pattern,
which remained free of fouling for 18 months during the field test in seawater (Figure 9d).['!”! Topog-
raphy is also capable of influencing the wettability, imparting the antifouling property similar to that of
hydrophobic fouling release coating and hydrophilic non-fouling coating. Thus, a fine balance between
roughness, attachment points and size range of a microtexture is essential for fabrication of surface to-

pography for superior antifouling performance.!!!8:11%-120]
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Figure 10. Graphene oxide — silicone rubber composite membranes for the combined antifouling effect. (a-c)
Effect of the “harmonic shift” on antifouling activity. (d) Both high elasticity and Young’s modulus. (e) Low
Young’s modulus and high elasticity. (f) A schematic of the action of fracture mechanics with respect to antifoul-
ing. Reprinted from Jin et al. 201988 under the terms and conditions of CC BY license.

In the recent study by Jin et al. the graphene oxide/silicone rubber composite membranes were used to
produce a combined antifouling effect.[®® Interestingly, the authors discovered the influence of the coat-
ing colour, but only under non-static conditions. After considering the dolphin’s skin as a starting point,
the authors fabricated and tested the antifouling performance of the membranes produced on a base of
graphene oxide and silicone rubber, which exhibited tuneable physical and mechanical characteristics
such as free energy and elastic modulus, which are necessary to hinder biofouling. Diatom attachment
characterization carried out under static conditions showed that the colour pattern is not a factor of in-
fluence, unlike the synergetic conjunction of the effects caused by the colours and elastic modulus, which
enhances greatly the antifouling behaviour. Moreover, the results are explained by use of a theoretical
assumption about the “harmonic motion effect” developed by the authors. Based on the diatom attach-
ment research, the content of 0.36 wt. % was found to be optimal for graphene oxide with respect to the
antifouling effect. In addition, it was concluded about the interchangeability of graphene and graphene
oxide to improve the antifouling behaviour of silicone rubber. Various behaviours of graphene oxide/sil-
icone rubber composite membranes are illustrated in Figure 10.
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One more example of a bio-inspired graphene-based antifouling system was the composite made of
graphene-silicone elastomers featured with a tentacle structure (TS-GSE), which was suggested after
considering the antifouling characteristics of corals. This time, three factors, namely high electronega-
tivity, low surface energy, and optimal elastic modulus, were combined to achieve the goal. The surface
layer of modified graphene-silicone elastomers is known as the material that removes bacteria by a phys-
ical effect. Outcomes of the modelling revealed that the elasticity of the material is characterized by an
effect of a harmonic shift at the frequency of 10 Hz exhibited as the deformation under condition of the
fluid flow. This shift urges the elastic surface to be unstable, thus removing the foulants. Both static and
dynamic conditions were applied to verify the effect on the bacteria attachment with respect to the anti-
adhesion behaviour of modified graphene-silicone elastomers, which exhibited high antiadhesion re-
sponse for Gram-positive and Gram-negative bacteria. Figure 11 illustrates the difference in processes
in non-bactericidal and bactericidal antifouling films of graphene-silicone elastomers modified with ten-
tacle structures.

A mechanism describing the physical nature of bacterial removal and the creation of a bacteria-free layer
on the tentacle-modified graphene-silicone elastomers composite material is shown Figure 11a. For
comparison, a coating that combines the physical bacterial repulsion with a chemical action of biocide
released from the surface was also exposed to bacteria under the same conditions (Figure 11b). While
promising in principle, the presence of chemical agents resulted in cell death. When components of
cytoplasm leaked from dead bacteria on the surface, the physical antifouling performance of the layer
was compromised, suggesting a limitation that needs to be addressed. It was suggested that the attach-
ment of organic molecules released from dying cells led to the formation of a so-called ‘conditioning
film’, allowing for subsequent attachment of cells and eventual biofilm formation. As such, the non-
biocidal tentacle-modified graphene-silicone elastomers composite films revealed prolonged antiadhe-
sion effect, while the bactericidal coatings of quaternary ammonium compounds do not fit the antifouling
requirements.

Graphene composites can be also used for the fabrication of elastic graphene — silicone rubber composite
membranes with antifouling properties (Figures 11c-g). These 2D structures possess both the low values
of surface energy and tunable elastic modulus to be used as an antifouling material. The membranes
exhibited much better antifouling effect than the rigid sheets made of polystyrene, when subjecting them
to hydrodynamic tests. At the same time, the use of laser-displacement sensor allowed the research to
reveal the micron-size deformations on the surface, and the assumption about their important role was
verified by implementing a mechanical model. Figure 11c illustrates the setup and methodic of the dis-
placement measurement, and Figure 11d shows the optical photographs of pristine samples before and
after the tests on bacteria attachment in the flowing water. The results of the research confirm this un-
stable surface as suitable to create the antifouling effect. From the study of the bacterial attachment, a
new membrane-shaped material was developed by introducing just 0.36 wt % graphene into the matrix
to fit the antifouling demands. The results of the experiments are illustrated in Figure 11e-g. Figure 11e
illustrates the characterization on the spread sample, when the graphene-silicone rubber composite sam-
ple with 0.36 wt % is settled with low concentration of bacteria, while pristine silicone rubber membrane
without the graphene content reveal the highest population of the bacteria. Similar results were obtained
for the optical density measurements (Figure 11f) and the pull-off force (Figure 11g).
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ANTIFOULING FILMS OF GRAPHENE-SILICONE ELASTOMERS
MODIFIED WITH TENTACLE STRUCTURES

ANTIFOULING GRAPHENE - SILICONE RUBBER COMPOSITE MEMBRANES
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Figure 11. Antifouling films of graphene-silicone elastomers modified with tentacle structures. Schematic of
the effect caused by the non-bactericidal (a) and bactericidal coatings (b). The non-bactericidal film of tentacle-
modified graphene-silicone elastomers composite material can remove bacteria through a physical mechanism.
Reprinted with permission.[*2!! Antifouling elastic graphene — silicone rubber composite membranes. (c) Illus-
tration of the setup and methodic used for the laser-displacement measurement; (d) Optical photographs of
pristine samples before and after the tests on the attachment of bacteria in the flowing water; Histograms that
show the effect of the graphene contents on colony counts (e), ODsoo results after 7 days for four samples (f),
pull-off force of the membranes calculated by engaging the "Griffith’s theory of rupture" (g). Reprinted with
permission.['?2

5.3 Graphene and RGO with polymer matrixes

Combination of graphene and graphene oxide flakes with polymer matrixes allows designing very effi-
cient marine antifouling coatings. In the recently published study, two innovative marine fouling release
surfaces have been described. These two new types of superhydrophobic polydimethylsiloxane (PDMS)
nanocomposite material were loaded with graphene oxide/boehmite nanorods (GO-y-AlIOOH) and re-
duced graphene oxide (RGO) nanofillers (Figure 12a). The antifouling and self-cleaning capabilities of
these materials were altered by controlling the design and distribution of the nanofillers in the PDMS
matrix. The y-AlIOOH nanorods possessed a single crystallinity and were around 200 nm long with mean
diameter of about 10-20 nm. The reduces graphene oxide was made using a hydrothermal process, while
the GO-y-AlIOOH nanocomposite coatings as fouling-release materials were fabricated using a chemical
deposition process.
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ANTIFOULING COATINGS BASED ON GRAPHENE AND RGO IN POLYMER MATRIXES
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Figure 12. Graphene and RGO with polymer matrixes. (a) Fabrication of fouling release and superhydrophobic
coatings on ship hulls using reduced GO and GO-y-AIOOH from GO are prepared, using reduction technique and
single-step ultrasonication processes respectively. (b) Percentages of microbial strains that were able to survive
after being exposed to samples coated with RGO/PDMS material against gramme-negative, gramme-positive,
and fungal strains, respectively while (c) Percentages of microbial strains that were able to survive after coming
into contact with materials coated with PDMS/GO-c-AIOOH material against gramme-negative, gramme-
postive, and fungal strains, respectively. Reprinted with permission from Selim et al. 2022.12%3! (d) An illustration
of the theory behind how ternary composite coated Cu-Ni samples exhibit antibacterial activity (e) Pseudomonas
sp. biofilms' fluorescence intensity and line profile on a sample containing 0.025 weight percent of graphene
oxide and 0.5 g/L of chitosan. Reprinted with permission from Jena et al. 2020./*?%

Chosen microorganisms were used in laboratory tests for 30 days to gauge the coatings antifouling
effectiveness. In comparison to siloxane/RGO coatings, siloxane/GO-y-AIOOH nanorod coatings
demonstrated stronger antibacterial activity against several strains of bacteria. The least biodegradability
percentage (1.6%) was found in the siloxane/GO-y-AIOOH nanorod coatings (3 wt%), and the gramme-
negative and gramme-positive microbial tolerance percentages were 97.94% and 86.42%,
respectively. To corroborate the coatings' antifouling performance for forty-five days in a equatorial
region, a field test in natural saltwater was carried out. The uniformity of the GO-y-AIOOH (3 wt%)

distribution was the most significant superhydrophobic nanostructured antifouling coating (Fig-
ure 12b,c¢).
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Figure 12d shows the hypothesised mechanism for the antibacterial activity provided by Cu-Ni samples
covered with ternary composites. Utilizing a low-cost, industrially scalable electrophoretic deposition
(EPD) technique, a novel ternary composite coating made of graphene oxide, chitosan, and silver on Cu-
Ni Alloy exhibits significantly improved anticorrosive and antibacterial capabilities. The amide bond
between the chitosan and GO made the favorable mechanical interlinking resulting in crack free sturdy
film. Based on the microbiological assesement, the ternary composite exhibits strong antibacterial
action, which has prospective uses in the maritime environment (Figure 12e).

GRAPHENE-ACTIVATED COMPOSITE FOR MARINE BIOFOULING
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Figure 13. Graphene and RGO with polymer matrixes. (a) A schematic illustrating the self-polishing boron acry-
late polymer/guanidine-functionalized graphene composites' potential antifouling mechanism (b) Anti-algae ac-
tivity of the novel antifouling coatings as a function of nanosheet content against P. tricornutum. Reprinted with
permission from Zhang et al. 2021.'>) (c-e) Representative two dimesonal transverse optical coherence
tomography pictures of biofilms produced by Lusitaniella coriacea LEGE 07157 on (c) glass, (d) epoxy resin, and
(e) GNP composite after exposure of 49 days. Blue is used to denote the biofilm architecture void areas (scale
bar = 100 um). (f) Cyanobacterial biofilm volume data were derived from confocal files. The means and + SD are
displayed. Reprinted with permission from Romeu et al. 2022.[%2¢!

Zhang et al. recently published a variety of antifouling hybrid coatings. These coatings were based on
guanidine-modified graphene (GNG) and boron acrylate polymer (BAP) having self-polishing proper-

1251 Compared to graphene oxide, GNG exhibited more surface wrinkling and was

ties (Figure 13a).!
distributed more evenly inside and outside of BAP, leading to tighter binding of inorganic and organic
chemicals at the interface. The hybrid coatings made of BAP and GNG performed exceptionally well
against algae adhesion. In particular, suppression rate of Phaeodactylum tricornutum reached 99.2%
(Figure 13b). Also high bactericidal rates of up to 95 % and 94.2%, were found against Staphylococcus

aureus and Escherichia coli, respectively. This performance is attributed to the self-polishing nature of
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BPA, revealing the guanidine-modified graphene on the exterior. In one respect, the produced guanidine-
modified graphene served as a filler and enhanced the antifouling performance by modifying the coat-
ing's hydrolysis rate. In other respect, the polymer matrix hydrolysis and baring of guanidine-modified
graphene improved the antifouling efficiency. BAP/GNG exhibits promise as an antifouling coating with
potential uses in marine antifouling.

An interesting comparative study of the pristine graphene nanoplatelet (GNP) containing coating was

1261 Compared to the untreated surfaces (glass & epoxy resin), the

recently reported by Romeu et al.l
biofilms formed on the GNP composite had decreased wet weight, thickness, biovolume, and surface
coverage during the maturation stage. Additionally, the GNP composite promoted the growth of a denser
biofilm and deferred the formation of cyanobacterial biofilm. (Figure 13c-e). The monitoring of cyano-
bacterial biofilm activity over time carried out in this study is especially pertinent because the graphene
coating should function as a lasting antifouling material for use in marine environments. (Figure 13f).
Future research will analyse these GNP-based composites through in vitro testing to evaluate their ef-
fectiveness against diverse-genus biofilms, and in-situ to evaluate their impact on the development of
biofilms by other microfoulers or to gauge the potential adverse effects of severe marine conditions on
these nanostructured coatings. Future tests ought to pay attention to tribological standards like the tem-
perature, wear, friction coefficient, and appropriate durability for the application, as well as surface anal-

ysis for extended-period assays.

Figure 14a demonstrates the self-polishing antifouling and anticorrosion a processes of antifouling paint
based on composite of graphene oxide and acrylate changed by propenoic acid. Propenoic acid that
contains carboxyl group was used to functionalized graphene oxide. In situ radical polymerization was
used to create an propenoic acid transformed graphene oxide/acrylate material Because of the molecular
bonding among acrylic resin and AGO, the compatibility and distribution of the acrylic acid-transformed
graphene oxide in materials can be enhanced. These composite materials have both hydrolysis and cor-
rosion resistant characteristics. These materials are lighter and more environmentally benign when com-
pared to the commonly used zinc-laden corrosion resistant coatings. This material, unlike zinc powder,
does not react with seawater when used in an underwater setting to reduce the efficacy of the coating. In
the meantime, this material exhibits self-cleaning antifouling properties in marine environment. Moreo-
ver, it was discovered that AGQO's synergistic processes enhanced the effectiveness of the corrosion re-
sistance and self-cleaning antifouling properties of the material.

The pristine graphene nanoplatelets/polydimethylsiloxane (PDMS) with 5 wt% of graphene nanoplate-

1281 Over for 42 days, this novel

lets also demonstrate very good antifouling activity (Figure 14b,c¢).
material was evaluated for its ability to reduce biofilms in controlled hydrodynamic circumstances re-
sembling marine environment. When subjected to the material with 5 wt% of graphene nanoplatelets for
24 h, C. marina produced endogenous reactive oxygen species (ROS), increased metabolic action, and
membrane deterioration, as revealed by flow cytometry. Besides, in comparison to PDMS, C. marina
biofilms produced on this composite reliably displayed reduced cell count and thickness (down to 43%
reductions). When contrasted with PDMS, full-grown biofilms formed on graphene-based materials had
reduced voids (34% reduction) and less biovolume (25% reduction), according to the biofilm morphol-
ogy study. This material demonstrated promising potential as a marine antifouling coating by preventing

the growth of the C. marina biofilm.
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GRAPHENE-ACTIVATED COMPOSITE FOR MARINE BIOFOULING

Acrylic acid modified graphene oxide / acrylate composites

(a) 00000y, Seawater R -
oo, o0 ®, /,,' \\\
. ..b“.. ° .\ .r'. \ o0 ..:./.. /",.. n.o..Na+. il- + HO \\\
Z o §§ e ® .‘..0. o @ III Na* cr CI\| Na* 2 \\\
Leached | jEtichsadie g in Ma i,/ AGO/AR
layer P o= / L) 0~ \ 2 :I l Hydrolysis E

\ ©0000000000e-COONa 4+ <—— ’

Dissolved resin AGO ,"

e Biocide <= AGO eeseee Dissolved resin

--->Electrolyte path Seawater zuzsy Acrylic resin
i Corrosion [Fe —= Fe?* +2e" 0, +2H,0 +4e” —= 40H
reaction 4Fe?* +80H + 0, — 2Fe;0; + 4H0

Pristine graphene nanoplatelets / polydimethylsiloxane composites

R 8 _ - _
FIlC -
2 ax10° - i Ii & 2007
g 2¥10°7 - NN £ 1501
= [&)

g 4x107 1 g 100+
£ 2x107 g 97
@ - @ 0

7 14 21 28 35 42 7 14 21 28 35 42
Incubation time, days Incubation time, days

Figure 14. (a) Implemented mechanisms for anticorrosion and self-polishing antifouling of acrylic acid modified
graphene oxide/acrylate composites-based paint. Reprinted with permission from Li et al. 2022.1*?”) Quantitative
estimation of the amount of C. marina biofilm deposited on polydimethylsiloxane (m) and in a sample containing
5 wt% of graphene nanoplatelets (m), for a total period of 42 days. The plot reports: (b) the density of biofilm
cells [cells/cm?], and (c) the measured biofilm thickness [um]. For convenience, the results report (mean value
+ SD). The statistical significance is represented by the p-values: (Non-Significant: p = 0.05; (*) p <0.05; (**)
p <0.01; (***) p < 0.001). Reprinted from Sousa-Cardoso et al. 2022!*?% under terms and conditions of CC BY
license.

The polyaniline/p-phenylenediamine-functionalized multifunctional graphene oxide coatings were also
recently reported. They show excellent macroscopic antifouling properties in the experiments performed
at typical marine conditions.!'?*"!3% Scheme of synthesis process for the epoxy coatings reinforced with
polyaniline (PANI)/p-phenylenediamine-functionalized graphene oxide (PGO) and the PANI-PGO
nanocomposites is illustrated in Figure 15a. Selected PANI-PGO composites of different mass ratios
were employed, while the sample with 1:1 mass ratio is shown in the figure. In order to deal with PANI-
PGO at 0°C, a polymerization method was utilized with the assistance of ultrasound techniques. The
coatings consisting of films of Epoxy/PANI-PGO (x), for x = (0.05-0.40) g, were brushed onto standard
carbon-steel substrates. Figures 15b,c¢ illustrate the capability of the PANI-PGO nano-composite coat-
ings for their use in developing high quality epoxy paints against corrosive environments.
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GRAPHENE-ACTIVATED COMPOSITES FOR MARINE BIOFOULING

Epoxy-matrix polyaniline/p-phenylenediamine-functionalized graphene oxide
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Figure 15. (a) Scheme of synthesis process for the epoxy coatings reinforced with polyaniline (PANI)/p -phenylenediamine-
functionalized graphene oxide (PGO). (b,c) Performance of an Epoxy/PANI-PGO coating in the presence of a corrosive elec-
trolyte as a function of time: (b) A pure epoxy film is colorless and features a high density of holes on its surface allowing
water molecules to pass through. (c) When the epoxy film contains additional PANI-PGO nanoparticles, the pores reduce
their size considerably thus limiting the passage of water. (d) Optical visualization of macroscopic fouling on the surfaces of
E/PANI-PGO coatings prior to and subsequent to three month-long exposure to an aquarium environment. Reprinted from
Fazli-Shokouhi et al. 2021/*3%) under terms and conditions of CC NC license.
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Figure 16a illustrates the technological process for the preparation of graphene oxide-nano-SiO,/polydime-
thylsiloxane composite coating. A simple technique based on anodic electrophoretic deposition, augmented
with dip coating, on carbon steel was used to produce these highly corrosion resistant and anti-biofouling
composites, also characterized by a long durability. The coated samples showed a reduced density of bacterial
cell and biofilm formation as demonstrated by the authors, based on epifluorescence together with confocal
laser scanning microscopy. The authors conclude that the toxic effect of GO and the poor bio-adhesion on
the PDMS surface, the latter induced by the enhanced surface stiffness produced by the Si—-O-Si network,
can explain the observed excellent antibacterial activity and anti-biofouling properties of the new composite
coating. One can expect that GSP coatings on a CS surface can find very promising applications in real
marine environments since they can provide significant and lasting protection against corrosion in 3.5 wt%
NaCl solutions, together with their remarkable antibiofouling properties.

GRAPHENE-ACTIVATED COMPOSITES FOR MARINE BIOFOULING
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Figure 16. Upper panel: (a) Scheme of the technological process for the preparation of graphene oxide-nano-SiO, / polydi-
methylsiloxane composite coating. (b-c) Schematic illustration of the possible mechanism suggested for surface protection
against corrosion, in the cases: (b) GS coating, (c) polydimethylsiloxane, (d) GO-nano-Si0,/PDMS coating. Bottom
panel: Epifluorescent microscopy shows the formation of Pseudomonas sp. biofilms (AO stained) on the surfaces
of (a) uncoated CS, (b) GS, (c) PDMS, (d) GSP coated samples after 6 h of incubation. Reprinted with permission
from Jena et al. 2021.1*3Y

Figures 16b-d illustrates the suggested mechanism of surface protection in the three cases considered:
GS, PDMS and GSP coatings of carbon steel surfaces. The former exhibited much better resistance to
corrosion and lower galvanic current than in the case of GSP. The PDMS displayed high corrosion re-
sistance only at the initial immersion period, then showing a decreased resistance, followed by a gradu-
ally increased one at later times. This complex variation of corrosion resistance in time can be attributed
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to percolation effects that the electrolyte undergoes via the micro-pores present in the coating. GSP
coating displayed a similar trend in the impedance behavior, its value was however higher than in the
case of PDMS coating, suggesting a better protection performance against corrosion. The bottom panel
of Figure 16 illustrates the formation of Pseudomonas sp. Biofilms.

We should stress here that the corrosion in marine environment is one of the key processes related
to biofouling. Indeed, many antifouling materials feature low-porosity, smooth surfaces (including
self-polishing materials) that significantly inhibit attachment of fouling organisms onto the surface
and prohibit the supply of water and nutritional substances to them. Corrosion creates highly porous
surface that catalyses and significantly promotes the following fouling. Not surprisingly, many pub-
lications (including several those discussed in our review) consider the materials that feature both
antifouling and anti-corrosive properties in the context of biocorrosion. For example, S. Fazli-Sho-
koubhi ef al., describe the material with dual anti-corrosion and anti-fouling performance, the corrosion-
and fouling-mitigating characteristics of commercially-available epoxy coatings were significantly en-
hanced through functionalization with graphene oxide composites.!'*% Z. Liu with coauthors proposed
the dual-functional coatings for corrosion resistance and antifouling applications.[*32] A. Balakrishnan
with coauthors have described the coatings with improved anti-corrosion and anti-biofouling proper-
ties.!”) Y. Li with coauthors proposed the synergistic mechanisms of anticorrosion and antifouling
properties.!'?”! Also, various aspects of the interrelation of corrosion and biofouling have also been con-
sidered in the classical publications. For instance, mild steel and other metals and alloys that are readily
susceptible to corrosion have also been shown to be subject to fouling due to their reactivity with oxygen,
and in return the attachment of the foulant initiates and promotes crevice corrosion at the point of at-
tachment. Of carious strategies to mitigate these two processes, polymer coatings are frequently used to
limit both processes.[**¥ As an example of very recent graphene-based approach to the corrosion preven-
tion, we describe here the graphene oxide-nano-SiO»/polydimethylsiloxane composite coating.

5.4 Graphene and RGO with metal and metal oxides

Graphene and RGO-based marine antifouling coatings could be also activated with various metals and
metal oxides. This direction is also fast developing, and several important results were recently reported.
The question arises of how can one prevent a significant grow of a biofilm on sensors immersed in
seawater (e.g. sensors for monitoring seabed, fish farming and many others). To this end, a series of
nanocomposites of graphene oxide containing silver nanoparticles (GOA) have been developed and used
as coatings of standard sensor materials such as polypropylene. Antifouling tests performed using Halo-
monas Pacifica (H. Pacifica) and different mixtures of commonly spread marine algae have proved the
suitability of GOA as very useful coatings. Indeed, the good antifouling properties of GOA-based com-
posites have been related to the high dispersibility of Ag nanoparticles. These observations might help
the development of antifouling materials for sensors in more general cases, as they show 83% biofilm
inhibition against H. Pacifica and 56% against the used algae mixtures. Figure 17a illustrates the tech-
nological process used to prepare this composite, and Figure 17b shows the assessment of antifouling
activity, with the graphene composites demonstrating significant fouling protection.
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Graphene oxide/silver nanocomposites as antifouling coating
0 ] Q

o AgNO, NaBH,
° (0)) )

"

100 (b) (c) Graphene oxide/Ag nanocomposite
X 0.24 30
§ 80 =0D600 -=SFE g
- Quantification 0.16. =5
£ 60 f antifouling activity | | € ¢
E of antifouling activity c 25 @
3} = 5
% 40/ 3 0.12 a3
<
£ 5 2075
;9; 20 0.08 z
5
O- N~
Control GO GOA10 GOA2 GOA1 GOA0.5 0.04 e 15
== = el = el e el el ) sl ) o) = =
sample Antifouling samples s 825 £E88288¢288383583%5

Figure 17. (a,b) Graphene oxide/silver nanocomposites as antifouling coatings. (a) Simplified representation of the fabri-
cation of graphene oxide (GO)/silver nanoparticles (Ag NPs) nanocomposites (GOA). (b) Biofilm attachment (in %) to quan-
tify the resulting antifouling activity in the cases: Control sample, GO and GOA nanocomposites. The bars report, mean
value + SD, for the three cases. The statistical significance is assumed for p-values: P < 0.05 (Student’s t-test). Reprinted
from Zhang et al. 2021!*3* under terms and conditions of CC BY license. (c) Graphene oxide/Ag nanocomposite. The optical
density due to bacteria and the surface energy (Nm/m) for the coating surfaces in 4 days of immersion in natural sea water
(see the list of sample marking in the original publication). Reprinted with permission from Soleimani et al. 2021.23!

Figure 17¢ presents the results of foiling tests for another reduced graphenes oxide/silver nanocompo-
site. The nano-fillers, graphenes oxide/Ag nanocomposites, bare GO and multi-wall carbon nanotubes
(MWCNTs), were separately introduced into PDMS-based coatings having, respectively 0.01, 0.1, and
0.5%wt. The different sample surfaces were characterized by measuring pseudo-barnacle adhesion
strength and water static contact angles, while the field immersion was evaluated in natural seawater.
Among the three samples, the 0.5 wt% of graphenes oxide/Ag nanocomposites displayed the best results.
A synergistic effect between A. Marina and silver in the structure of graphene-based nanocomposites
allowed for outstanding results of antifouling efficiency for PDMS-based coatings.

The micron-scaled graphene flakes were used as supporting and framing material for clusters of Ag
nanoparticles, to produce the material combining anti-microbial and SERS (surface-enhanced Raman
spectroscopy) properties. In Figure 18a, the processes of few graphene (FLG) flakes synthesis and of
hydrothermal reduction of graphene-Ag nano-composite are illustrated. The authors novel design con-
sisted of a 2-step synthesis method of GAg nanocomposites by introducing a bypass to avoid the for-
mation of graphene oxide. As a result, it produces Ag nanoparticles located on graphene sheets via a soft
hydrothermal reduction process. It was found that GAg inhibited Halomonas pacifica, responsible for a
microbe type of biofilm, with just a 1.3 wt.% loading of Ag. While all GAg samples produced significant
biofilm inhibitions, the Ag loading (i.e. 4.9 wt.% Ag) was able to result in 99.6% of biofilm inhibition.
Furthermore, marine microalgae such as Dunaliella tertiolecta and Isochrysis sp. could not proliferate
in the presence of GAg, which inhibited the associated organisms growth by more than 80% after 96 h.
The remarkable marine antifouling properties of GAg were a result of the synergy between biocidal
AgNPs, firmly located on the robust graphene sheets, and the intrinsic flexibility of the latter, allowing
for maximizing the active surface area in contact with specific target organisms. Figure 18b shoes the
results of the antifouling tests.
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Graphene oxide/silver nanocomposites as antifouling coating
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Figure 18. (a) Illustration of the synthesis process (not to scale) in the cases of: few-layer graphene (FLG) flakes,
and graphene-Ag nanocomposite formation induced by a hydrothermal reduction process. (b) Attachment of H.
Pacifica bacteria biofilm after crystal violet analysis aimed at determining the anti-biofilm activity of different
materials, for GAg at 0.1 mg/ml (T indicates the average OD measured at 570 nm). The bars indicate the value,
mean + S.D., for each of the three experiments performed independently. The ‘*’ refers to the statistical signif-
icance of the data corresponding to the p-value: P < 0.05 (Student’s t-test). Reprinted with permission from
Yee et al.!*3%! Copyright Elsevier.

While silver oxide-graphene composites are indeed quite efficient for the marine antifouling coatings
and paints, other metal oxides such as Zn and Cu are also under investigation.*”*3® Figure 19 illustrates
the process of fabrication of the polydimethysiloxane/ZnO—graphene oxide antifouling coating and its
antifouling properties. The ZnO—graphene oxide (ZnO—GO) nanocomposites were synthesized by em-
ploying a facile one-pot reaction. In order to produce PDMS/ZnO-GO nanocomposites (PZGO), a sim-
ple solution mixing method was used to add suitable quantities of ZnO—-GO to the polydimet-hylsilox-
ane-PDMS matrix. The final coating was produced by spinning of PZGO/tetrahydrofuran suspension.
The antifouling tests were performed using two marine microorganisms: the cyanobacterium Synecho-
coccus sp. (Strain PCC 7002) and the diatom Phaeodactylum tricornutum. The sample with mass ratio
of ZnO—-GO to PDMS of 0.2 wt % (PZGO 0.2) showed remarkably good antifouling properties for the
composite containing 8.5% of Synechococcus sp. biofilm coverage, while PZGO 0.1 (mass ratio of
ZnO-GO to PDMS: 0.1 wt%) showed only 2.4% P. tricornutum biofilm coverage. The antifouling prop-
erties of synthesized PZGO nanocomposites can be attributed to their high Ra and hydrophobicity, which
were obtained due to the good dispersion of ZnO—-GO in the PDMS matrix. This study further suggests
that PZGO nanocomposites have a promising potential use in building future sensor’s antifouling coat-

ing, in particular due to their improved durability.
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Polydimethysiloxane/ZnO—graphene oxide antifouling coating
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Figure 19. Polydimethysiloxane/ZnO—-Graphene oxide antifouling coating. Upper panel: (a) One-pot method for the
preparation of ZnO—graphene oxide nanocomposites. (b) PDMS/ZnO—-graphene oxide nanocomposite preparation
followed by spin coating of the surface. Lower panel: Images produced by confocal laser scanning microscopy to show
the adhesion of Synechoccocus sp 7002 on: (c) PZGOO0.2 sample (composite with ZnO—graphene oxide mass ratio to
PDMS of 0.2 wt %), (d) PZGO2 sample (composite with ZnO—graphene oxide mass ratio to PDMS of 2 wt %). (e) Biofilm
coverage (in % adhesion ratio) of Synechoccocus sp 7002. The error bars are displayed as + SD (n = 5), for statistically
significant p-values: *P < 0.05. The slight increase of biofilm coverage for samples with more than 0.2 wt% of ZnO/gra-
phene oxide is due to significant aggregation of ZnO-graphene oxide. Reprinted from Zhang et al. 2022(*37] under
terms and conditions of CC BY license.

In addition to shipping industry, fouling is a significant issue in water decontamination/purification, and
similarly there is a strong demand for materials with antifouling properties. This is because organisms
that exist in water have a tendency to settle on the surfaces of the systems used for purification, including
in pipes and on membranes, thereby creating conditions for reduced flow and bio-corrosion, generating
risks for human health due to biocontamination as well as release of potentially harmful agents from
antifouling surfaces, and increase the cost of using water purification technologies, especially by
developing economies or rural and remote communities. A novel strategy for creation of coatings that
do not release biocides relies on the implementation of polydimethylsiloxane and polyurethane-based
matrices to fabricate ceramic filters for the purpose. According to the experiments on the antimicrobial
activity and biocide release, the population of methicillin-resistant Staphylococcus aureusbacteria on
the filters covered by the polyurethane-based material with the addition of grafted Econea biocide was
decreased to 66 %, and no biocide release was observed after being exposed to water for 45 days. The
surfaces of a polyurethane-based composite also revealed the enhanced suppression with respect to the
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growth of Enterococcus faecalis biofilms at flow conditions, in comparison with the pure polyurethane-
based composite. Thus, the water filters with the coatings can be considered as a suitable substitution to
decrease the biofouling contamination of water, thus reducing the environmental risks.[23

5.5 Testing graphene-based antifouling materials under the field and simulated natural conditions

Graphene and RGO-based marine antifouling coatings are complex material systems that often rely on
a combination of several distinct but synergistic physical and chemical effects to mitigate the attachment
and propagation of marine fouling organisms. Due to the complexity and potential interdependency of
some of these mechanisms, coupled with a complex and dynamic nature of the systems in which the
coatings operate, prediction of long-term antifouling efficiency of the newly developed materials is a
challenge, and deeper understanding of the mechanisms as well as cheap, reliable methods for compre-
hensive predictive modelling of their antifouling efficiency are of critical importance for the rapid de-
velopment of new antifouling materials. At present, the direct tests of the novel antifouling materials are
currently considered as a very important stage of the implementation of such materials. Here we briefly
overview several typical examples of testing graphene-based antifouling materials under the field and
simulated natural conditions, i.e. directly under sea conditions and in sea water.

Figure 20a shows the results of a 45 day field test of polydimethylsiloxane/reduced graphene oxide and
polydimethylsiloxane/graphene oxide/boehmite nanorod nanocomposites. A field trial carried out in sea-
water was developed on a base of screening process to achieve visual estimations of the efficacy of the
coating. The panels used in the test were cleaned and de-rusted prior to coating them with a first epoxy
primer and epoxy-silicone tie layer. The obtained original polydimethylsiloxane nanocomposites were
achieved by utilizing a pigment of ferric oxide and surfactant. The polydimethylsiloxane-based upper
layer formulas were printed on both surfaces and dried for 24 h at ambient air temperature; the thickness
was 150 um. The treated panels were put into the seawater with the salinity of 37%, pH of 7.6-8.3 kept
at the temperature of 23-28 °C.['?3] The results of these direct field tests were used to prove the efficiency
of these novel materials.

The results of the long-term (about a year) in sifu marine fouling tests in a sheltered bay connected to
the south China sea are shown in Figure 20b. The graphene@cuprous oxide (rGO@Cu20) material was
developed and mixed with graphene oxide, copper (II) sulfate, sodium hydroxide and L-ascorbic acid
by use of an in-situ treatment process. The thin layer with a thickness of ~400 um was painted on the
panels by use of a brush. Three panels were engaged for every coating; then the panels were arranged in
seawater at the depths of 0.2 to 2.0 m from a raft in a bay at Xiamen, China, where only a slow water
motion was observed. After the experiment, the panels were extracted from the seawater, washed, and
went for studies. The authors focused on barnacles attached on the panels to estimate the extent of marine
biofouling, as barnacles are considered to be the main macro-fouler that can significantly change the
drag profile of the surface.

Figures 20c,d illustrate the trial of bio-inspired graphene-silicone elastomers of various structures in
simulated marine environment. Very interesting experiments on antifouling tests in dynamic conditions
were recently reported by Bing at al.'?!! The experiments to understand the antifouling properties were
performed by studying the formation of biofilms by P. pantotrophus and B. subtilis. The authors pro-
posed a custom tool to simulate the marine conditions. The coatings were located at the lower part of the
studied region in the tool, and the speed of flow was sustained at 0.2-0.5 ms™'. Figure 20¢ illustrates the
development of biofilm for P. pantotrophus and B. subtilis, respectively. Figure 20d illustrates the pro-
duction of bubbles of gas on the surface of the antibiofouling thin films. These experiments conducted
under dynamic conditions confirmed the efficiency of this novel approach.
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Figure 20. Tests of graphene-based antifouling materials in marine field and simulated marine condi-
tions. (a) The results of field trial of virgin polydimethylsiloxane (A & B), polydimethylsiloxane/reduced graphene
oxide (3 wt%, C & D), and polydimethylsiloxane/graphene oxide/boehmite nanorods (3 wt%, E & F) nanocomposites
before and after immersion in natural seawater water. Test duration was 45 days. Reproduced with permission
from Selim et al.l23! (b) In situ marine fouling tests over a period in a sheltered bay connected to the south China
sea: (1) Bared panels (90 days); (II) Cu,0 paint coated surfaces (0-365 days) and (l11) rGO@Cu,0 paint coated surfaces
(0-365 days). Reproduced under the terms and conditions of the CC BY 4 license.*3¥! (¢,d) Bio-inspired graphene-
silicone elastomers of various structures in simulated marine environment. (c) Incubated with P. panto-
trophus, and (d) The formation of gas-filled bubbles by the coating prevented surface attachment of organisms
during the test. Reproduced with permission from Bing et al.[*?"

Figure 21a shows the results of a field test of the epoxy-polydimethylsiloxane-graphene oxide
antifouling nanomaterial at Chennai Port, Bay of Bengal, Southern India. The epoxy-polydime-
thylsiloxane neat (EPN) nanocomposite was produced by immersing the graphene oxide nano-
material into a matrix of epoxy-hydroxy-terminated-polydimethylsiloxane by use of conventional
in-situ technology.!'*") After the seawater tests, the epoxy-polydimethylsiloxane neat exhibited a
very large number of fouling structures like barnacles, mussels, polychaetes, oysters, tunicates
enveloped by a slime layer. The dominant fouling structure is marked in Figure 21a with ‘C’
label and is identified as a Balanus amphitrite Darwin barnacle, for which the Bay of Bengal,
India, is the main habitat. Marine sponges and algae, which are consumed by the barnacles, that
covered the surfaces after their extraction were also found to have well-developed structures. At
the same time, optimized nanocomposite layers exhibited improved anti-fouling behaviour with
a thin film of slime linkage, as shown on the panel labelled with ‘D’ label. This fact can be
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explained by the fine dispersion of GNs in the composite matrix and strong chemical bonding in
the coating compound thus showing appropriate antifouling characteristics. These field tests pro-
vided comprehensive evidence of the antifouling properties under the realistic conditions of the
Chennai Port, Bay of Bengal, which is the place of a very heavy vessel traffic.

GRAPHENE-BASED BIOFOULING COMPOSITES: FILED AND SIMULATED ENVIRONMENT TESTS

Field test of epoxy polydimethylsiloxane Desalination of seawater from Sydney Harbour
graphene oxide nanocomposite using anti-fouling graphene-based membranes
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Figure 21. Tests of graphene-based antifouling materials under marine field conditions. (a) Results of the sea field tests
of the epoxy-polydimethylsiloxane neat (EPN) and epoxy-polydimethylsiloxane-graphene oxide antifouling nanomaterial
(EPG-1): (A, B before immersion and (C, D) after immersion for 9 months in shallow seawater to the depth of 5 feet at
Chennai Port, Bay of Bengal, Southern India. Reproduced with permission from Verma et al.!**% (b,c) The field tests (b) and
performance results (c) obtained for the water sampled in Sydney Harbor. (b) Photos of the water collection method and
view of the collection. (c) Performances of the penetrable graphene-based composite in the membrane desalination treat-
ment for 72 h. Suitable resistance to fouling of penetrable graphene films with an intensive flux of water vapour is confirmed
over a long treatment time. Constant, 100% salt rejection rate is achieved. Reproduced with permission from Seo et al.[*4%
(d,e) Field trials of self-polishing boron acrylate polymer (BAP) and guanidine-functionalized graphene (GNG) antifouling
nanocomposites in the Yellow Sea of China. (d) The fronts and backs of the plates of BAP/GNG nanocomposite coatings,
along with the blank plates after two months of immersion in the Yellow Sea of China. (e) Optical density of 680 nm (ODegso)
values for different concentrations of GO and GNG with respect to N. closterium. Reproduced with permission from Zhang
et al.1?)

Desalination of seawater by membrane technology is also a very important problem, in particular
for providing fresh water on sea vessels in emergency. Membrane filters used for seawater desali-
nation also suffer from fouling, and the novel materials for the membranes should be tested directly
in seawater, under the realistic conditions to ensure thrustable results. Figures 21b,c¢ illustrate the
field tests (b) and performance results (c¢) obtained for graphene-based membranes in the water
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sampled in Sydney Harbor. To show practical benefits of the permeable graphene-based membrane
for real desalination environment, the authors conducted water desalination experiment using real
seawater samples (the number of dissolved solids of 34.2 gL."!) that were obtained from the Sydney
Harbour, NSW, Australia. Field trials based on a real unprocessed water collected from the industrial
area ensured the most realistic results.

Another direct field trial has been conducted in the Yellow Sea of China. The self-polishing boron
acrylate polymer (BAP) and guanidine-functionalized graphene (GNG) antifouling nanocomposites
were fabricated based on the GNG nanosheets embedded in BAP. For field treatment in real marine
conditions for two months, the BAP/GNG compound stayed free of slime and fouling structures.!'*!
Figure 21d presents the fronts and backs of the plates of BAP/GNG nanocomposite coatings, along
with the blank plates after two months long immersion in the Yellow Sea of China. Figure 21e
shows the optical density of 680 nm (ODsso) values for different concentrations of GO and GNG
with respect to N. closterium.

6. Future Outlook and Challenges

Next steps. Presently available technologies for combating marine fouling are quite different and often
expensive, but they still do not guarantee the required antifouling efficiency and durability, as it was
outlined in our review. Apparently, further progress is required to ensure the necessary level of antifoul-
ing efficiency and vessel protection for many years, resulting in the significant decrease of operating
expenses and hence, lowering the cost and environmental footprint of cargo transportation.

Here we will briefly outline several directions that could, in our opinion, contribute to the further devel-
opment of the marine antifouling technology. First, the majority of the above discussed coatings were
based on some specific functions yet marine foulants are extremely diverse (see Figures 1, 2) and hence,
multifunctional materials and nanomaterials should be better explored as a multi-modal protection
against the heterogeneous flora and fauna present in different ecosystems.

Next, the world of nanostructures is also quite diverse, with a large number of nanostructures already
identified as having properties that renders them suitable for antifouling applications. Here, it is worth
noting that the antifouling requirements over the surface structure and topology are multi-dimensional;
e.g. the surface irregularities could prevent the formation of fouling and on the other hand, could serve
as attachment points for marine organisms, depending on the shape, density, height and other parameters
of the textured surface.!®!:'*?! This in turn means that more types and shapes of carbonous nanostructures
need to be tested. On the other hand, a large number of nanostructures has been currently tested for
antifouling (see Table 2) yet other types of nanostructures still need to be explored for marine antifouling
technologies.

Figure 22.  Antibacterial Bacterial

carbonous agents from o ; 4 Decontamination _oume..
natural wastes. Cow dung- ) @ € - ¢
derived biochars as anti-
bacterial agents for water
decontaminationis a prom-
ising technology that may
ensure cheap fabrication of
antibacterial pains and
coatings. The biochars
were coated by N-halamine
polymer, then loaded with
chlorine such as CI*. Re- . _ : .
printed with permission Dead bacteria Live bacteria
from Yao et al., 2021.[***
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Table 2. Examples of various nanostructures and materials tested for marine antifouling action.

Composite Material Action Ref.
Graphene oxide/silicone rubber composite  Graphene oxide Harmonic motion effect 88
Graphene oxide/epoxy coatings Graphene Anti-corrosion and anti-fouling 143
oxide/ZnO
Polydimethylsiloxane and metal-organic Graphene oxide Corrosion and fouling protection 144
framework / graphene oxide
Nanocomposite polymer Various Antifouling 145
Membranes, GO, RGO Graphene oxide Antibacterial activity 146
RGO / Epoxy nanocomposite Graphene oxide Antibacterial activity 147
Epoxy coatings / graphene oxide Graphene oxide Antibacterial activity 148
Graphene-silicone elastomer Graphene Removing the fouls 121
Elastic graphene —silicone rubber Graphene Micron-size deformations on 122
composite surface
Reduced GO and GO-y-AIOOH Reduced Superhydrophobic 123
graphene oxide
Graphene oxide in chitosan Graphene oxide Cracking free sturdy films 124
Boron acrylate polymer/guanidine- Graphene Self-polishing 125
functionalized graphene
GNP composite Graphene deferring formation of biofilms 126
Acrylic acid modified graphene oxide Graphene oxide Self-polishing 127
Polydimethylsiloxane / graphene Graphene Membrane deterioration 128
nanoplatelets
Polyaniline/p-phenylenediamine- Graphene oxide Limiting the passage of water 130
functionalized graphene oxide
Graphene oxide-nano- Graphene oxide Enhanced surface stiffness 131
Si02/polydimethylsiloxane composite
Graphene oxide/silver nanocomposites Graphene oxide Dispersibility of Ag nanoparticles
Graphene oxide/Ag nanocomposite Graphene oxide Synergistic effect 135
Few-layer graphene flakes/Ag Graphene Maximizing the active surface 136
area
Polydimethysiloxane/ZnO—Graphene oxide  Graphene oxide High Ra and hydrophobicity 137
Cow dung-derived biochars Biochars Surface chemistry of biochar- 149
graphene composites
TiO,@MXene composite MXene Synergistic effect 151
Laser-induced graphene coatings Graphene Chemical and electrical effects 152
Zinc oxide Nanorods Fouling release 36
Copper oxide Nanoparticles Retardation of proliferation 37
Flexible zinc oxide arrays Nanopillars Damage to cells 38
Cobalt Vertical dendrites Reducing bacteria attachment 39
Silicon Lotus leaf-like Kills cells by membrane rupturing 40
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Natural wastes for the future antifouling agents. Then, the natural product and waste—derived anti-
fouling agents would be very beneficial, since the demand of antifouling coatings is huge and on the
other hand, some natural wastes also represent a large stock of cheap precursors. As an example, the
fabrication of antibacterial agents from cow dung was recently demonstrated.!'*”! (Figure 22). It is found
that graphene deposited on a biochar surface acts as an active site of very high potential, thus increasing
the stability of the composite. Both the geometry, via its porous structure, and the surface chemistry of
biochar-graphene composites regulate the adsorption rate of pollutant molecules, yielding improved ad-
sorption performance.!'*” This promising technology allows for the fabrication of antimicrobial agents
using practically non-expendable source of raw material.

MXenes as a possible antifouling platform. The fabrication of highly-performant 2D membranes rep-
resents a conspicuous challenge, even despite the considerable attention devoted to the development of
composite membranes endowed with 2D lamellar materials such as graphene. In this respect, two di-
mensional MXene materials have attracted a great deal of interest as a novel fabrication method, pos-
sessing in addition unique chemical properties!'>!! (Figure 23). In the latter, the authors show how to
fabricate PES-TiO2@MXene composite membrane by starting from a 2D based material of
TiO2@MXene hybrid. The thus obtained composite membrane shows a large separation performance
and excellent antifouling ability.

WHAT IS AFTER GRAPHENE? MXENE COMPOSITES CAN BE THE NEXT STEP
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Figure 23. (a) Preparation processes of TiO.@MXene materials and composite membranes. (b) Photocatalytic mech-
anism diagram of the TiO,@MXene composite membrane. Reprinted with permission from Huang at al. 2021.151

Laser-induced graphene coatings for antifouling. Manderfield at al. has recently discussed the laser-
induced graphene (LIG) coatings, which are found to inhibit fouling by reducing the ability of biofilm
growth.['>2] A bacteria analysis revealed that initially higher bacteria densities accumulate at the treated
surfaces compared to the reference ones. However, this initial attachment could be reduced by applying
either a negative or a positive electric potential. The latter was found to reduce bacteria attachment to a
larger extent (Figure 24). The effect of such positive potentials was explained in terms several causes
such as chemical and electrical effects, the formation of H>O» and of chlorine, the latter observed to start
at about 1.5 V, and a change in the pH-value. In contrast, for negative potentials, the reduction in bacteria
concentration was attributed to the electrical repulsion between the negative surface charge and negative
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zeta potential at the bacteria. This study manifests the importance of suppressing bacteria during the
early attempted attachments and, as a result, this initial suppression will prevent the biofilm growth over
the long run. As a general conclusion, it appears that LIG coatings of polymer surfaces may find im-

portant applications for reducing fouling on membrane spacers and possibly other type of materials ex-
posed to the ocean.

Importance of modelling and simulation for designing novel antifouling materials. In the view of a
complexity and longevity of marine tests, modelling technology may become an increasingly useful tool
for designing and screening novel advanced antifouling systems. The modern theoretical approaches are
capable to adequately describe the formation and growth of very complex nanomaterials in various pro-
cess environments!°%13%153] including plasma,!'*"! yet modelling of nanostructure interaction with living
cells require more advanced theoretical approaches.!!>”-!>8] Further development of models for the de-
tailed simulation of nanostructure-cell interaction could help advance the marine antifouling materials.

LASER TECHNOLOGY AND ELECTROCHEMICAL ACTIVATION
OF ANTIFOULING GRAPHENE COATINGS
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Figure 24. Laser technology and electrochemical activation of antifouling graphene coatings. (I) Fluorescence coverage
[%] of the different surfaces after dynamic exposure to a Cobetia marina suspension for 1 h. The microscopy (20x objective)
and Sem images of Cobetia marina show exemplary the location of the bacteria on the different surfaces. a) DDT, b) LIG
and c) LIG-S. Error bars are the standard errors (n = 3). The differences between DDT and all LIG modifications was statisti-
cally significant at a level of a = 0.05 (ANOVA with post hoc Tukey test). (II) Fluorescence coverage [%] of the marine bacte-
rium Cobetia marina on the different surfaces. After allowing bacteria to attach for 1 h under dynamic conditions the biofilm
was allowed to grow for further 36 h. Microscopy images (20 x objective) and SEM images of Cobetia marina show their
distribution on the different surfaces (a) DDT, b) PES and c) LIG. Error bars are the standard error (n = 3). Differences be-

tween all surfaces were statistically significant at a level of a = 0.05 (ANOVA with post hoc Tukey test). Reprinted with
permission from Manderfield at al. 2021.1%5%
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Open questions — environmental stability, persistence and potential danger to marine ecosystems.
Finally, two important issues need to be discussed in view of designing novel graphene-based antifouling
materials, namely the stability of antifouling coatings during prolonged exposure to different environ-
mental conditions, and the persistence and potential harmful effects the leached graphene particles may
have on marine ecosystem and the food chain. The potentially negative effects that nanoparticles (NPs)
may have on the health of the environment and human population are diverse, and need to be studied
carefully and thoroughly across the entire spectrum of potential interactions.!'>” This presents a consid-
erable challenge, and may require the design of new continuous risk assessment methodologies specifi-
cally targeting these new classes of nanomaterial contaminants and newly engineered nanomaterials in
order to capture and mitigate all possible deleterious effects on the marine ecosystems. Specifically, the
development of improved extraction methods, new detection tools and more accurate characterization
technologies would be needed.

Recent attempts to quantify GO toxicity cannot be seen as conclusive and future studies on the effects
associated to its release in the marine environment need to be considered.!'®” The new assessment should
elucidate the way in which physical and molecular aspects of nanoparticle toxicity depend on the pro-
duction methods and their surface functionalization. Some steps forward have been already made to
evaluate graphene toxicity on marine shrimp and fish by varying nanoparticle size and concentration
also in the presence of other pollutants.['°"-1¢2] As a result of these studies, possible mitigation effects have
been suggested. [163 - 18]

It is known that exposure to small concentrations of GO (in the range 1-100 pg/L) can cause impaired
zebrafish development due to several processes, such as critical modification of its DNA, protein car-
bonylation and excessive generation of superoxide radicals, the latter being a strongly reactive oxygen
species (ROS).I" Poor development of zebrafish embryos and larvae due to the toxicity of GO has been
also demonstrated,'** suggesting that one of the main determinants of toxicity is exposure concentra-
tion, in addition to the known lateral size effects. Indeed, three different experiments performed at high
GO concentration (100 mg/L), each consisting of predetermined GO sizes, i.e. S=(50—200) nm, S<500
nm, and S>500 nm, clearly revealed the occurrence of morphological, physiological, biochemical, and
behavioural changes in zebrafish bodies, which were attributed to oxidative stress and expected to pro-
mote apoptosis.

Direct toxicity risks of GO on marine organisms have been studied on Artemia salina,'%! while its

indirect toxicity, due to its remarkable adsorption capacity, was quantified in the presence of other
aquatic pollutants, such as Phe and Cd**. The study demonstrated that exposure of 4. salina to GO alone
required a significantly high concentration of 500 mg/L to be lethal. In contrast, when combined with
Cd*" or Phe, even at lower concentrations, GO facilitated bioaccumulation of toxicants, resulting in
stronger toxicological effects on zooplankton.

In another recent study, the authors discussed the potential role that GO may play as a carrier of organic
pollutants toward the aquatic organisms.!'%®! It was found that typical environmental concentrations of
GO and reduced graphene oxide/polyvinylpyrrolidone (rGO/PVP) did not produce any significant effect
on the development of zebrafish embryo (EC50 > 10 mg/L), even in the presence of polycyclic aromatic
hydrocarbons (PAHs). Sub-lethal toxicity effects in adult zebrafish were observed from catalase activity
in zebrafish gills, without appearance of histopathological alterations in the gill tissue.

Further studies were focused on side effects arising from the interactions of GO with classical pollutants
in aquatic environments.!'®”! Ecotoxicological effects of GO, cadmium, zinc and their co-exposures, on
Palaemon pandaliformis shrimp were evaluated by means of acute toxicity and routine metabolism tests,
the latter represented by oxygen consumption and ammonia excretion. It was found that after 96 h of
exposure, GO did not show any acute eco-toxicity for concentrations up to about 5.0 mg/L. However,
the co-exposure to GO/Cd or GO/Zn did increase the toxicity of both Cd and Zn.
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The main causes of toxicity relate to the ability of nanomaterials to penetrate cell membranes and not be
expelled through conventional defense mechanisms, and include such factors as agglomeration, long-
term persistence, and toxic effects that were recently reviewed by Malhotra et al.['®"] This work describes
the types of toxic effects graphene and GO produced on aquatic invertebrates and fish (cell line and
organisms), with the goal of pointing out our current understanding, and knowledge gaps, of graphene
and GO toxicity. While extensive, the data, however, is limited by several information gaps, and further
efforts are needed to develop fully comprehensive toxicity criteria guidelines. An additional difficulty
emerges from the vast diversity in size, shape, surface modification, synthesis techniques used to fabri-
cate nanomaterials, and an equally diversity of model organisms and their combinations that could be
considered, which do not allow to compare toxicological effects of graphene and GO among different
studies. Therefore, it is important to understand the toxicity caused by graphene nanomaterials on aquatic
organisms before one can move on to the possible practical applications of these new promising gra-
phene-based nanomaterials.

As a counterbalance, some mitigation effects have been also reported. In one example, the authors con-
sider Humic Acid to mitigate GO toxicity, by preparing the mix in a range of concentrations, [GO] = (0-
100) mg/L, [HA] = (0-100) mg/L.['%] They demonstrate that HA is able to diminish the damage to both
mitochondria and cell morphology, and reduce oxidative stress on embryos, produced by GO.

It should be stressed here that the potential impact of graphene and its derivatives on the marine envi-
ronment is closely linked to the degradation and release of this material from the surface. Unlike other
nanoparticles, the strong adherence to surfaces and durability of graphene may to some extent mitigate
its negative effects as it is less likely to leach out and disperse in the environment. Yet, the durability of
the material also means that it may persist for extended periods, unless a clear biodegradation pathway
is suggested.

On the other hand it should be noted that while graphene based antifouling materials may represent a
possible danger to marine ecosystems, there are no ideal solutions, and while potential negative features
of novel material platforms should be actively studied and mitigated, they should not hinder the progress
and interest in this promising family of materials. Further studies are necessary to enhance the antifoul-
ing action together with improving material stability, adhesion of the graphene-based agents in the ma-
trix, and possibly searching for some self-destroying mechanisms and other ways to mitigate the adverse
effects of graphene on living ecosystem. At this stage, the studies on graphene-based antifouling mate-
rials are in progress as follows from the recent publications cited in this review. The following further
specific steps could be suggested:

1. Design and test novel techniques to significantly decrease the rate of nanomaterials release
to the water by enhancing their stability and adhesion in the matrix;

2. Enhance the general stability of the graphene-based antifouling materials;

3. Study in greater detail the effects of graphene-based nanomaterials on various types of
living marine environments, and

4. Design efficient, environmentally benign methods for timely removal and restoration of
graphene-based antifouling materials on vessels.

Also, further studies on the long-term effect of graphene-based nanomaterials should be con-
ducted.

Table 3 summarizes some recent (from 2020 onwards) studies focused on graphene-based anti-
fouling coatings in marine environments.
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Table 3. Recent (from 2020 onwards) studies focused on graphene-based antifouling coatings in marine envi-

ronments. Adapted from F. Sousa-Cardoso et al. 20221°” under the terms and conditions of CC BY license.

Coating Material Organism Experimental Setup Main Conclusions Ref.
Matrix
Escherichia coli In vitro study: Luria—
scherichia coll Bertani medium 37 °C, | The coatings showed excellent
Staphylococcus aureus 12 h antibacterial properties (up to
Guanidine- Phaeodactylum tricornutum . 95% reduction) and diatom
. . Boron acrylate . . . . In vitro study: F/2 me- . .
functionalized Nitzschia Closterium f. minu- . R antiadhesion rates (up to 99%). | 125
polymer . dium 21 °C, 14 days . .
graphene tissima ) The field trial revealed no foul-
Halamphora sp. In situ study: Natural | ing adhesion or surface deterio-
. . ter (Yell E i
Marine micro- and macrofoulers | S o er (Yellow Sea ration
China), 2 months
Compared with negative con-
trol surfaces, laser-induced gra-
In vitro study: Dynamic Rh?he coatlngs showed greater
Laser-induced | Poly(ether)sul- assay (65 rpm), Artifi- initial bacterial attachment (1
Cobetia marina . ! h) but up to 80% less bacterial | 152
graphene fone cial seawater, 1 and 36 »
h coverage after 36 h. Initial at-
tachment rates were reduced
by the application of negative
or positive potential
Escherichia coli In vitro study: Shaking | The coating containing s.ilver
flask method, Saline so-| ~ nanoparticles showed im-
Graphene ox- lution (0.9 wt%), 37°C, proveq antl.bac.terlal (60%
ide-silver nano-| PDMS-silica 24h gre.ater |nact|vat|oon rate) and 132
particles Phaeodactylum tricornutum antialgal (up to 17% reduction
Navicula t ‘ ) | insurface coverage) properties,
avicuia torguatum In vitro study: Artificial | iy comparison to pristine gra-
Chlorella sp. seawater, 24 h phene oxide.
. . GO sh d almost no AF -
I vitro study: Static as- e?tisesogg /i‘ilr\]/’]eorsner\]rtljoconrirpoop
_ Halomonas pacifica say, Marine broth ) ) §
.GraPhene oX pacif v . ! sites showed more than 80% of
ide-silver nano- | Polypropylene 26°C, 24 h biofilm 134
articles ; ; In vitro study: Ad
P Marine microalgae ni r.o study: Adam inhibition, as well as no visible
medium a, 1 week . .
fouling by microalgae.
The coated surfaces showed up
to a 4-Log reduction in total via-
Graphene ox- Pseudomonas sp. In vitro studv: Nutrient ble cells. Analysis of biofilm ar-
ide/silica nano- PDMS Bacillus sp. broth\;z h chitecture confirmed a signifi- | 169
particles Freshwater bacterial culture cant reduction of biomass and
biofilm thickness on coated sur-
faces.
In situ study (0.2-2.0 m
below the surface) Bare panels showed an abun-
Graphene Natural sgawater dant growth of marine organ-
oxide/cuprous . . : . (South China Sea) isms within 90 days, while
. Acrylic resin Marine micro and macrofoulers 138
oxide nanopar- Weak water currents coated surfaces were hardly
ticles (less fouled by marine organisms af-
than 2 mxs-1 ter 365 days.
90 and 365 days
Acrylic acid- In situ study: Natural | Composite-based paint showed
modified gra- Acrylic resin Marine micro and macrofoulers | seawater (Zhoushan great self-polishing AF perfor- | 127
phene oxide Sea, China), 6 months mance in natural seawater.
Polyanili - . . . . . . The anti i d AF -
ovan |ne/f7 Organisms in a simulated marine | In vitro study: Simu- (.? anticorrosion ‘an‘ prop
phenylenedia- . . . . erties of commercialized epoxy
. . . environment (e.g., guppy fish, lated marine environ- . .
mine-function- Epoxy resin L . R coatings were improved by the | 130
. spirulina algae, and dwarf hair ment 25-27 °C, 3 " . :
alized graphene addition of the functionalized
. grass) months . .
oxide graphene oxide composite.
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Reduced gra- Kocuria rhizophila aces for Gram-positive. Gram-
phene oxide PDMS Pseudomonas fluorescens In vitro study: Nutrient- nge ative. and fFLn L of ’86 4%
Pseudomonas Aeruginosa infused medium gative, & S
N 97.9%, and 85.9%, respectively)
25°C, 28 days . . . 123
Graphene ox- in comparison with bare PDMS
ide/boehmite PDMS Candida albicans and reduced graphene ox-
nanorods Aspergillus brasiliensis In situ study: Natural ide/PDMS. The higher self-
Marine micro- and macrofoulers | seawater 23-28 °C, cleaning and FR performance of
45 days the boehmite nanorod compo-
site coating was confirmed by
the field trial.

In laboratory assays, boehmite
nanorod composite coating
showed higher antimicrobial

Staphylococcus aureus activity (endurability percent-
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