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Functional nanomaterials, synergisms, and
biomimicry for environmentally benign marine
antifouling technology

Avishek Kumar,a Ahmed AL-Jumaili,ab Olha Bazaka,c Elena P. Ivanova, c

Igor Levchenko, d Kateryna Bazakaaef and Mohan V. Jacob *a

Marine biofouling remains one of the key challenges for maritime industries, both for seafaring and

stationary structures. Currently used biocide-based approaches suffer from significant drawbacks,

coming at a significant cost to the environment into which the biocides are released, whereas novel

environmentally friendly approaches are often difficult to translate from lab bench to commercial scale.

In this article, current biocide-based strategies and their adverse environmental effects are briefly

outlined, showing significant gaps that could be addressed through advanced materials engineering.

Current research towards the use of natural antifouling products and strategies based on physio-

chemical properties is then reviewed, focusing on the recent progress and promising novel

developments in the field of environmentally benign marine antifouling technologies based on advanced

nanocomposites, synergistic effects and biomimetic approaches are discussed and their benefits and

potential drawbacks are compared to existing techniques.

1. Introduction

Any surface immersed in an aquatic environment is subject to
colonization by marine organisms. Such uncontrolled coloniza-
tion by micro- and macro-organisms, i.e. biofouling, is seldom
desired since it often adversely affects the ability of the surface
to perform its intended function. Not surprisingly, biofouling
represents a serious problem for marine industry and intense
efforts are currently made to resolve this challenge. Nanomaterials-
based approaches are currently considered among the most
promising anti-fouling techniques. Nanomaterials and func-
tional nano-composites1 feature a large set of unique properties
that warrant their efficient application across various fields and
in challenging operating environments, ranging from energy
harvesting and conversion,2–4 energy storage,5–7 sensing,8–10 bio-
protection,11–13 soil fertilization14 and even space technology.15–17

Importantly, some nanocomposites exhibit self-healing and self-
regenerative properties that make them very suitable for applica-
tion under chemically testing conditions, from tropical saltwater
to other planets18 and outer space.19 In the marine antifouling
technology, the functional nanomaterials are currently under
particular consideration.20–22

The examples of how biofouling leads to an overall dete-
rioration of performance are numerous and significant, span-
ning shipping vessels, heat exchangers, oceanographic sensors
and aquaculture systems.23 For example, an increase in the
roughness of the ship hull due to fouling can cause powering
penalties of up to 86% at cruising speed.24 Furthermore, ship
fouling can result in bio-invasion, a process by which marine
species are transported and unintentionally introduced into a
non-native environment. Biofouling of autonomous environ-
mental monitoring equipment, such as oceanographic sensors
used to measure dissolved oxygen, turbidity, conductivity, pH
and fluorescence of seawater, as well as energy conversion
equipment is another challenge.25–28

Attachment of microorganisms to optical windows in cameras
and optical sensors, and resultant degradation of the properties of
the interface significantly limit their deployment time. Formation
of the biofilm on the surface can also considerably disrupt the
quality of the measurement and the useful operational lifetime of
these sensors. For example, biofouling of proton selective glass
membrane electrodes used for measuring pH inhibits the proper
contact between liquid media and the electrodes.29 In turbidity
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and chlorophyll sensors, the antifouling coating should be trans-
parent to light so as not to interfere with the clarity of the optical
window.30 Hence, there is a significant impetus to develop anti-
fouling techniques that prevent organism settlement without
impeding sensor performance.

A wide range of antifouling (AF) techniques has been devised
to combat the problem of micro- and macro-organism attachment
and biofilm formation. Fig. 1 shows the antifouling strategies
used in the past and at present. In terms of their action
mechanism, these antifouling strategies can be mechanical,
physical or chemical in their nature, or rely on a combination
of these mechanisms. Chemical methods involve the use of a
biocidal agent (or agents) that inhibit or limit the settlement of
foulants using chemically active compounds. Although very
effective against many macro-organisms, these chemicals are
often non-species specific and can, therefore, influence non-
target organisms.31–33 One of the most well-known examples of
this is the use of TBT (tributyltin), a broad spectrum biocide
that has been used extensively since the 1960s to control
marine biofouling. However, after its high toxicity to non-
target marine species became apparent in the 1980s, the use
of TBT was completely banned in 2008.34 Influence of other
antifouling agents on marine flora and fauna is also a potential
problem.35 The self-polishing copolymer (SPC) paints loaded
with booster biocides, e.g. copper and zinc pyrithione are
currently in use. However, Cu and Zn may pose an ecological
risk due to their leaching from SPC into the ambient environ-
ment, which may over time lead to their built up to concentra-
tions that are toxic to marine life. These and other ecological
concerns have led to the use of biocide-based coatings being
subject to stringent legislation, with calls for non-toxic physical
methods to eventually replace biocide-based strategies entirely.36,37

Physical methods rely on the use of a protective antifouling coating
that can either deter the organism from settling on the surface or
enhance the release of the settled organism from the surface
(i.e. fouling release coating). Although more environmentally-
friendly than the biocide-based coatings, the stability and dur-
ability of such coatings in water and their potential effects on the
ambient marine environment remain a matter of concern. Pure
mechanical devices such as wipers and scrapers can be used to
remove the foulants, however, they may not always be well suited
for small-scale devices and can also damage the surface of such
sensitive devices as sensors.38 The wipers and scrapers may need
to be adapted to ensure efficient yet minimally-damaging removal
of foulants from these devices.

In this review, we first outline the importance and the
current state of development of the antifouling technology;
then, we briefly discuss main classical antifouling approaches
that have been explored over the years; and show that even
mature traditional approaches based on chemical agents
still fail to provide efficient protection against fouling for
hundreds of thousand marine vessels; finally, we explore the
most promising, from the authors’ point of view, strategies
based on (i) a wide use of functional nanostructured materials;
(ii) application of synergistic effects; and (iii) utilization of
Nature-inspired biomimetic systems and surfaces.

Comprehensive investigation of the progress in marine
antifouling technology developed thus far concludes that there
is no single innovation available that is completely antifouling
or fouling release.39–43 Fouling in the marine context is a
complex phenomenon which requires solutions that target
concurrently its various processes and components. Thus, the
quest for a single, simple technology that can combat the
complicated process of marine fouling continues.

Fig. 1 Current trends in the development of antifouling coatings. These antifouling strategies can be mechanical, physical or chemical in their nature or
rely on a combination of these mechanisms. From a simple lead cladding used hundreds years ago, the technology of antifouling has evolved to include
nanostructures-based surfaces built on biomimetic and synergistic principles.
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2. Biofouling: a serious threat to
marine industry

At least 4000 fouling organisms have been identified and are
classified on the basis of their size. These organisms can range
from unicellular (e.g. bacteria) to multicellular (e.g. seaweed
and barnacles). Bacteria, algae spores, larvae of invertebrates
and diatoms are considered to be primary fouling micro-
organisms, while barnacles, algae and mussels are common
fouling macro-organisms. Marine biofouling is commonly
defined as an undesirable colonization of any submerged
surface by marine organisms. Typically, over the 5 years after
the protective paint is applied to the surface of the vessels, the
AF properties of these coatings deteriorate significantly, with
the level of paint loss varying significantly across the surface of
the vessel. In addition to AF protection loss for the painted
surfaces, the AF paint particles may accumulate in the sediment,
with high levels of pollution expected near ports and large ship
lines.44 For example, the highest level of particle accumulation
detected in the samples acquired near Port of Colón, Panama
reached 81.6 � 41.8 ng g�1.45

Upon paint loss, the remaining unprotected surfaces of
vessels exposed to sea water can be fouled by a great variety
of organisms, including species of barnacles, tubeworms,
seaweeds, mussels, seaweed, sponges, mussels and diatoms.46

These species vary significantly across geographies, and can
change over time as the environmental conditions change or
new fouling species are introduced. For maritime industry,
biofouling and biofouling management (i.e. cost of time and
cost of e.g. dry docking, foulant removal and re-application
of paints) is associated with significant economic losses. An
increase in surface roughness that takes place as a result of
micro- and macro-fouling positively contribute to frictional
drag, resulting in longer voyage times and greater fuel con-
sumption. For example, a 30% increase in the coefficient of
friction would result in the decrease in the speed of the vessel
from 14 to 12 knots at the same value of the engine power, and
a concomitant increase in voyage duration of B17%.47 Further-
more, increasing the engine power to compensate for the speed
loss would result in a B63% increase in the fuel consumption.
It should be noted that cleaning methods used to remove the
foulants, e.g. abrasive blasting, may also contribute to the
increased roughness of the surface. For example, a study by
Hakim et al. has shown that after ten months of operation, the
fuel consumption of a ship the hull of which was painted with
commercial antifouling paint experienced an increase in fuel
consumption by B20%. Subsequent shot blasting and repainting
was unable to return the fuel consumption to its initial value,
with consumption penalty of 5% still remaining. Over the next
11 months of operation, the ship, now painted with a higher
quality paint, only suffered a fuel consumption increase by 5%,
highlighting the economic importance of appropriate biofouling
prevention strategy for the industry. Notably, the costs of bio-
fouling management, i.e. the costs associated with the applica-
tion, removal, and re-application of hull paints and coatings,
cleaning and resurfacing of hulls, and the cost of time when the

vessel is out of service is still much lower than that associated
with excess fuel consumption. Still, over the life of the vessel,
the cost of management can be considerable. A 2010 study of
the costs of biofouling management on a mid-sized US naval
surface ship Arleigh Burke-class destroyer has shown that cost
to be $56m per year for the entire DDG-51 class, which equates
to B$1b over 15 years.48 These comparative estimates may be
different for other types of vessels, and depend on the specifics
of their operation, e.g. speed, power, speed of the propeller,
displacement, the type of cargo they are caring, fouling and
weather conditions.49

In addition to direct economic costs to the vessel operator,
an increase in CO2 emissions associated with greater fuel usage
increases the environmental footprint of these industries, and
thus contributes to climate change. The latter, and in particular
warming ocean temperatures, has a positive flow on effect on
biofouling, putting positive pressure on fuel consumption.
From the socio-economic perspective, greater fuel consumption
and the need for biofouling management puts significant
pressure on the cost of business operation. In parallel, the
transfer of invasive species threatens the economic well-being
of communities and industries that live off the sea due to the
damage to the local environment. These costs are difficult to
estimate with any degree of accuracy, yet they are likely to
exceed billions of dollars, considering the critical role that
marine industry plays in the global economy by supporting
major parts of the international and inter-continental cargo
traffic, harvesting of wild fish, farming fishery and aquaculture,
petroleum and gas extraction from stationary and floating
platforms, and many others that are based on the tremendous
number of floatation and stationary shelf devices.

For high-traffic areas, biofouling parameters such as species
make-up, thickness and weight are currently monitored with
the help of large biofouling databases. In addition to direct
sampling across European test-beds under the OCEANIC project
across 20 countries and areas, the database also integrates data
from a large collection of peer-reviewed literature and industry
reports, providing further insights into the make-up of biofouling
communities that grow on relevant substrata typically used in
artificial structures, from ships transitioning through European
waters to marine renewable energy structures operating up to
195 km offshore.50 Along with the European Database project,
global efforts to map the distribution of antifouling agent pollu-
tants in shelf zones and port areas of many countries including
but not limited to Brazil, Japan, Denmark, Korea, Panama are also
in progress.51–54 Across the world, the sampling sites for moni-
toring antifouling agents account for many thousands, thus
causing severe economic damage to the national economies due
to the need to serve the equipment, collect and process samples,
etc. However, continuous monitoring is still needed since even
after many years of ban, many antifouling agents can still be
detected in the amounts that present a danger to marine flora and
fauna. With potentially dangerous amounts of residual antifouling
agents still present in the aquatic system and bottom sediments,
further studies on the effect of forbidden antifouling agents on the
marine ecosystem are also in progress.55–57
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Fig. 2 shows some examples of the recent investigation on
the contents of antifouling agents and their effect on marine
ecosystem. Organotin compounds (OTs), also known as stan-
nanes, and tributyltin compounds in particular, were once
extensively used as antifouling agents in marine applications
to limit attachment of sessile organisms to surfaces exposed to
sea water to maintain the efficiency of vessels and stationary
structural surfaces submerged in water. Used for over 40 years

since the sixties and until their total ban in 2008, considerable
levels of tributyltin (TBT) are still being measured in sediment
along areas of high vessel activity, including commercial,
tourist and fishing ports, harbors, shipyards, and marinas.
In part, this is because of considerable half-life of this con-
taminant of over 30 years,59,60 where the degradation dynamics
depends on the chemistry of the water and the composition of
the benthic deposits.

Fig. 2 Antifouling agent contamination – is this a serious threat? (a and b) Mean concentration of organotins and new antifouling biocides in water and
sediments from the three Korean Special Management Sea-Areas. Contents of some agents e.g. BMT in water and TBT in sediments are considerable.
Reprinted with permission from Lam et al., 2017.52 (c and d) Immunological parameters of mussels Perna perna after exposure to chlorothalonil. Values
are expressed as the mean � SE. Reprinted with permission from Guerreiro et al., 2017.61 (e) Effects of different concentrations of Sea-Nine on the total
body length of mysids at intermittent (1 week) and constant (1 day) exposures for 4 weeks. Reprinted with permission from Do et al., 2018.62 (f) Effects of
different concentrations of Sea-Nine 211 on enzymatic activities of catalase (CAT) in Perinereis aibuhitensis at 24 h, 96 h, 7 days, and 14 days. Reprinted
with permission from Eom et al., 2019.58
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Fig. 2a and b shows the average concentration of OT
pollutants as well as other types of antifouling biocides in
seawater and sediment obtained from several Korean Special
Management Sea-Areas. As one can see, the levels of some
agents e.g. BMT in water and TBT in sediment remain relatively
high, at concentrations that would be damaging to marine flora
and fauna.

Fig. 2c and d illustrates the effect of the biocide chloro-
thalonil on the immune system of Perna perna mussels. Immuno-
logical parameters of mussels P. perna were evaluated after 96 h of
exposure to chlorothalonil. Cell viability evaluated through MTT
and neutral red assays, respectively; data are representative for 5–6
mussels in each treatment group.61

Fig. 2e depicts the changes in the total body length (mm) of
mysids, the filter-feeding small, shrimp-like crustaceans upon
exposure to 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one, com-
monly known as Sea-Nine, at different concentrations of zero
(used as control), 0.1% DMSO (employed as solvent control),
1 and 100 ng L�1 at intermittent (1 week) and constant (1 day)
exposure over the four week period.

Sea-Nine, also known as DCOIT, is a highly effective anti-
foulant with a wide spectrum of biocidal activity and significant
efficacy against major fouling marine species. Since the ban of
TBT, the use of Sea-Nine and similar booster biocides, such as
dichlofluanid or tolylfluanid, in marine antifouling paints has
become more widespread. As a result, their environmental
stability and toxicity to non-target organisms has become a
subject of increased scrutiny and concern from environmental
agencies, general public and regulatory bodies.62 The results of
the study shown in Fig. 2e confirm that these concerns may not be
misplaced. While at 1 and 100 ng L�1, the concentrations of Sea-
Nine used in this study are not sufficiently high to be lethal to
mysids, examination of the data shows that exposure to higher
levels of Sea-Nine leads to reduced length of the animals.

Similar studies on Perinereis aibuhitensis, a marine poly-
chaete of significant economic value that occupy intertidal
zones, showed that exposure to Sea-Nine 211 for 24 h, 96 h,
7 d, and 14 d had an effect on the enzymatic activities of
catalase (CAT), as depicted in Fig. 2f. When considered jointly,
these studies suggest that even at sub-lethal levels, this anti-
fouling agent has a negative effect on these marine species,
likely via a combination of lipid peroxidation, oxidative stress,
and modulation of the acetylcholine-mediated transduction
of action potentials. Hence, it is essential that the release,
accumulation and biological effects of these biocides continue
to be monitored, with the measurements of polychaete cellular
defenses being one the means of such monitoring.
� Thus, common antifouling agents are often persistent

and potentially dangerous contaminants, as evidenced by the
most recent (2020–2021) studies all around the world; hence,
new paradigms should be explored to satisfy the need for an
environmentally friendly yet effective solution to this economic-
ally significant challenge, since the marine industry plays a
critical role in the world’s economy and food supply.

In order to design an effective strategy to mitigate fouling, it
is important to understand the sequence of events that takes

place when surfaces are exposed to seawater, illustrated in
Fig. 3. First, the formation of a conditioning film by physical
adsorption of bio-secreted organic molecules (also known as
slime) takes place within a few seconds after immersion. The
conditioning film composed of glycoproteins, polysaccharides
and proteins changes the surface properties of the immersed
surface and sets the scene for primary colonization to occur.
Within hours, bacteria being to colonize this conditioning film,
initiating the creation of a biofilm matrix. Subsequent biofilm
formation occurs in several stages that can occur sequentially
or simultaneously.

An initial step in biofilm formation is the transport of
microscopic organism to the surface through the action of
gravity, electrostatic interactions, Brownian motion and cell
motility.63 The second step is the reversible physical attachment
of bacterial cells to the conditioning film via weak forces such van
der Waals forces, electrostatic and hydrophobic interactions.64

Irreversible adhesion of bacteria follows, with the reversible
attachment facilitated by the secretion of extracellular polymeric
substances (EPS) that creates a biofilm matrix capable
of attracting more organisms and particles.65 The fourth stage
comprises maturation and dispersion of biofilms, which expands
the bacterial community. The development and expansion of
biofilms take place via co-adhesion, binary division and mobility
across the surface. In later stages of biofilm maturation, factors
such as the impact of shear stress, reduction in nutrients supply
and anaerobic growth conditions leads to the dissemination of
singular cells or parts of biofilms from the heterogeneous mass.66

The microbial film provides sufficient nutrition for the
colonization of multicellular species, increasing the degree of
microfouling. The colonization by unicellular eukaryotes, such
as diatoms, microalgae, and protozoa occurs within days to
weeks after substrate immersion. Microalgae show adhesion
behavior that is distinct from that of bacteria. Diatoms have
been found to hold to surface through gravity, electrostatic
interaction and van der Waals forces. After coming in contact
with the surface, the cells attach via secretion of EPS. This
attachment is reversible in nature and is known as primary
adhesion.67,68 During secondary stages of adhesion, motile
diatoms use EPS for gliding over the surface for position
adjustment while sessile diatoms remain fixed to a single site
for extended periods of time, forming a stable matrix by
excessive secretion of EPS.

The microfouling prompts the settlement of macroorgan-
isms such as macroalgae, barnacles, bryozoans, molluscs,
tunicates, polychaete and sponges in the process referred to
as macrofouling. Biofilm cueing and physio-chemical cueing
are important denominators for macrofouling settlement.
Dominant species in the biofilm dictate the larval and spore
settlement of macrofouling. Biofilms that show selective attrac-
tion towards certain larvae have been found in macro fouling
species of bryozan,69 barnacles,70 and polychaete,71 to name but
a few. Invertebrate larvae have been found to explore the surface
prior to final settlement. Barnacle cyprids use antennules for
surface exploration, sensory functions and attachment via protei-
naceous glue secretion. A combination of surface topography,

Materials Horizons Review

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

4/
20

24
 1

:1
1:

55
 P

M
. 

View Article Online

https://doi.org/10.1039/d1mh01103k


3206 |  Mater. Horiz., 2021, 8, 3201–3238 This journal is © The Royal Society of Chemistry 2021

light intensity, primary fouling, and water flow influences cyprids
preferred site of settlement.72 However, this specific sequence of
fouling events holds true for only a limited number of organisms.
Biofilm development is antecedent to consequent fouling by macro-
foulants, however is not a necessary condition. Marine micro- and
macroorganism settlement and biofilm formation may occur
simultaneously. Clare et al. showed that the zoospores of algae Ulva
linza could settle on a pristine surface without the presence of a
conditioning biofilm.73 Besides, biofouling is a highly dynamic
process, and the fouling community depends on the nature of the
substrate, geographical location, season and organism-related fac-
tors such as cross-species competition and predation.

Ecological conditions such as water salinity, temperature,
solar radiation and nutrient levels can vary considerably
between different locations, directly affecting biofilm growth
and development. Low salinity region affects the growth rate of
most of the fouling organisms.74 Few species of algae, slime,
and bryozoa prefer low salinity regions. The water temperatures
play a crucial part in the development of fouling on artificial
structures, determining the breeding season and growth rate of
marine organisms. Fouling on artificial structures in tropical
region is much more severe than in cold waters, with reduced
fouling in winter due to the reduction in water temperature and
solar radiation intensity.75

The properties of the substrate also play an important role.
It is generally believed that hydrophobic fouling organism

prefer to colonize hydrophobic surface and hydrophilic ones
prefer to adhere to hydrophilic surfaces. Barnacles have been
found to prefer hydrophilic surfaces whereas bryozoans adhere
strongly to hydrophobic surfaces.76 Furthermore, spores of
green algae Ulva linza have been found to preferentially settle
on the surface with low surface energy, yet their adherence to
high energy surfaces was shown to be weak.77 Besides surface
energy, roughness and porosity of the surface also affect the
initial settlement of fouling organisms. Highly irregular sur-
faces have an increased surface area which increases the
number of adhesion points and region of colonization.78

3. Progress in antifouling technology
in the last decades

Here we briefly outline the major directions and strategies
currently used to address marine fouling with the aim to
demonstrate that new approaches are required to increase the
antifouling efficiency of these and other strategies.

3.1. Biocide-based strategy

The biocide-based strategies were known as far back as the 7th
century BC, when lead and copper sheets were used to control
fouling by ancient Mediterranean civilizations, including Phoeni-
cians and Ancient Greeks (1500–300 BC). Antifouling strategies

Fig. 3 Top panel: Schematic representation of fouling formation as a sequence of four processes – primary film formation, biofilm formation, diatom
and protozoan colonization, and settlement of invertebrate larvae and algal spores. Reprinted with permission from Han et al., 2021.87 Bottom panel:
Probabilistic model of marine biofouling colonization. It is now accepted that surface colonization proceeds via a more dynamic, so-called probabilistic
model in which the absence of a stage does not impede the occurrence. After Clare et al.88
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employing the use of copper, arsenic, and mercury oxide became
prevalent in the late 18th and early 19th century, yet suffered from
a short life span, high cost and inefficient performance.79 A broad
spectrum biocide, tributyltin (TBT) was introduced into commer-
cial AF paints in the late 1950s, and was used extensively in the
mid-1960s to effectively mitigate marine fouling for up to 5 years
when applied onto ship hulls. In the early 1980s, it became
apparent that compounds released from TBT-based self-polishing
copolymer paints disrupt various enzymatic and metabolic func-
tions in organisms, in some instances leading to their death.
Following the phase-out of TBT in 2008, Cu-based biocides have
once again gained prominence, and their minimal toxicity towards
macroalgae was overcome through the use of booster biocides
effective against micro- and macroalgae,80–82 with common exam-
ples including photosynthetic organism-targeting Diuron, Irgarol
1051,83 zinc and copper pyrithinone,84 and dichloro-octyl-
isothiazolin (DCOIT, Sea Nine 211).85 However, their use in AF
paints has an uncertain future as they may also pose an environ-
mental problem.86 Organotin compounds, e.g. TBT derivative
dibutyl tin, are also used in fouling release coatings.

Currently, the estimated overall application cost for a biocidal
coating is about $ 15 per m2 per year.89 There are three main
categories of the biocide-based coatings that rely on impregnation
and subsequent leaching out of the active biocide:90 contact
leaching coatings (insoluble matrix paints), soluble matrix paints
and control depletion polymers (CDP), and self–polishing copoly-
mers (SPC).91,92 Contact leaching coatings have a water-insoluble
matrix, which is made of high molecular weight binders such as
vinyl, epoxy and acrylics with sufficient mechanical strength to
incorporate high amounts of biocides. Active molecules are
gradually released from the matrix upon contact with the micro-
organism. A major limitation of these coatings is that the biocide
release decreases with the immersion time and so does the
antifouling effect. The soluble matrix paints and control depletion
polymers (CDP) were developed to increase a lifespan of an
existing antifouling coating. These coatings have binders based
on rosins and their derivatives. The method is based on two
processes that occur simultaneously – once submerged, a binder
is dissolved, and a biocide is released into seawater. The CDP
coating is effective for a period of up to 3 years.89 Self-polishing
copolymer coatings are based on biocide blended acrylic or
methacrylic copolymers that are easily soluble in seawater, with
attached foulants being removed together with the copolymer
matrix. The biocides are bonded to the polymer backbone by,
e.g. ester groups in the case of TBT, and their leaching rate is
regulated through controlling the rate of dissolution of the
copolymer matrix.93 Upon immersion, seawater diffuses into a
coating leading to the dissolution of the biocidal particle. The
thickness of a leached layer reaches a steady value of 10–20 mm
for the lifetime of the coating.66 SPC coatings have a polishing
rate of 5–20 mm per year which has extended the dry docking
intervals for vessels for up to 5 years.94

3.2. Environmentally friendly antifouling coatings

In enzyme-based coatings96,98 enzymes degrade adhesives used by
organisms during settlement or generate other biocidal compounds.

Fig. 4a shows four principal mechanisms of enzymatic AF coatings.
Essential requirements for the enzyme-based coating systems
are: (1) retention of enzymatic activity when mixed with other
coating components; (2) broad-spectrum AF activity; (3) long-
term stability in dry (docking) and wet (submerged in seawater)
conditions; and (4) minimal deterioration in coating performance.96

Enzymes that can decompose adhesives, such as readily available,
biodegradable and nontoxic serine proteases and glycosylases are
widely used in direct enzymatic AF techniques, with demonstrated
reduction of adhesion strength of green algae Ulva linza, diatom
Navicula perminuta and barnacle cyprids. Trypsin, a-chymotrypsin
and dextranase have also been found to be effective in reducing
adhesion strength of organisms to the surface. Because in micro-
fouling, polysaccharide-based bioadhesives are as dominant as
the protein ones, a combination of proteolytic and polysaccharide-
degrading enzymes can broaden the spectrum of direct enzyme-
based techniques.95,96 Sol–gel and covalent immobilization
techniques are the most common methods of incorporating
enzymes in an AF coating.97

Fouling release coatings are non-toxic coatings based on a
dual mode of action: nonstick properties and a fouling release
(FR) behavior. A FR coating provides an ultra-smooth topology,
which minimizes adhesion strength between a surface and a
fouling organism allowing for the fouling to be removed due to
shear hydrodynamic stress during navigation. Silicone and
fluoropolymers are two main hydrophobic polymers used in
the fabrication of the FR coatings,101 due to their hydrophobic
nature and low surface energy.89 Surface energy, elastic modu-
lus and coating thickness are parameters that determine the
degree of fouling and the ease of foulant removal.102–104 Fluoro-
polymer FR coatings feature non-polar chemical moieties, thus
the surface energy of these coatings fall in 10–20 mN m�1 range
and are lower than that of silicones. These polymers form smooth
and non-porous surfaces with good anti-adhesion qualities,
and can be applied as hard, glassy thin layers.105 However, they
could not withstand damage caused by sharp edges of barnacle
shells.106 Subsequently developed perfluoroalkyl polymers
undergo surface reconstruction while immersed in water, and
showed limited antifouling efficacy,22 the latter in part addressed
by the addition of crystalline polymers. A semifluorinated ether
coating on a block copolymer of poly(styrene) and poly(isoprene)
showed best foul release properties and was found to resist
surface rearrangement.107 However, fluoropolymers have high
elastic modulus which hinders the easy release of accumulated
foulants from the surface. Silicon-based FR coatings have the
structural resemblance to ketones (R2CO), and require cross-
linking in order to form a stable coating. These coatings are
characterized by the low elastic modulus and low surface
energy.108,109 Inorganic nanofillers such as SiO2, TiO2, ZrO2,
Fe3O4 and Al2O3 nanoparticles could be added to polydimethyl-
siloxane (PDMS) coatings to enhance their physical, chemical and
mechanical properties.110,111 An increase in hydrophilicity (con-
tact angle of 101) after UV radiation enhanced the self-cleaning
properties of the nanocomposite.

Non-fouling (NF) coatings represent a separate group of
environmentally friendly antifouling coatings. Fouling starts
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Fig. 4 (a) Schematic showing antifouling mechanisms of enzyme-based coatings. Reprinted with permission from Olsen et al.98 (b) Schematic
representation of an amphiphilic polymer coating and phase separation surface (a green hydrophilic polyethylene glycol segment and a blue lipophilic
fluoropolymer segment). Reprinted with permission from Han et al., 2021.92 (c) Various structures of antifouling molecules (linear, branched, block,
dendritic, and crosslinked) can be used to resist nonspecific protein adsorption and cell adhesion, and provide a ‘spacer’ for tethered bioactive molecules
in displaying their genuine functions for cell interaction. Reprinted with permission from Chen et al., 2021.99 (d and e) Peptoid functionalized PEO and
PDMS surfaces. Reproduced with permission from Patterson et al., 2017.100
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with the formation of conditioning films, a process of protein
adhesion and adsorption on a surface. Hydrophilic surfaces
based on PEG, zwitterionic, hydrogel and self-assembled mono-
layers have been designed to target this initial stage of fouling
in both biomedical and marine fields.112,113 The poly(ethylene
glycol) (PEG) has been the most commonly used material due to
its ability to prevent non-specific protein adhesion to a surface
in a biomedical field because of low thrombogenicity.114,115

PEG brush coatings are effective in resisting protein adsorp-
tion, but their excessive swelling compromises their mechan-
ical strength and shortens their lifespan. To overcome this,
attempts were made to fabricated copolymer brushes via
surface-initiated atom-transfer radical polymerization, which
showed most effective AF behavior in the thickness range of
20–40 nm against fouling of all types.116 PEG surface modifica-
tion can be a feasible AF strategy for biomedical devices or
water membranes, but coating on large marine structures
would certainly pose a difficult challenge. The zwitterionic
polymers possessing both negative and positive charges have
also been investigated. The principle of action is the same as
that of hydrophilic PEG based polymers but the hydration is
much stronger because of the ionic salvation. Zwitterionic
polymers have shown resistance to protein and cell adsorption,
demonstrating low spore settlement and a lower degree of
adhesion of marine algae Ulva.117

Amphiphilic coatings are composed of contrasting hydro-
phobic and hydrophilic domains at submicron or nano scales,
amphiphilic polymer surfaces combine the hydrophobic com-
ponents that reduce polar interactions of secreted bioadhesives
with the surface and protein repellency properties of hydro-
philic components, where the superficial chemical heterogene-
ity confuses the approaching fouling organism into evading
settlement. Kinetically and thermodynamically driven phase
segregation of immiscible polymer blends creates the composi-
tional heterogeneity at nanoscale, creating surface features/
nanodomains comparable to dimensions of secreted bioadhe-
sive that present energetically unfavourable hydrophobic/
hydrophilic interaction (Fig. 4b).92 Numerous attempts to func-
tionalize the non-toxic coatings are known, to enhance the
efficiency against the settlement of marine bacteria and other
organisms.118–120 Underwater surface reconstruction of amphi-
philic polymers is another important factor that affects the AF
property of the coating. Krishnan et al. fabricated amphiphilic
block copolymer with fluorinated side chains and tested it
against Ulva and Navicula algal species.121 The amphiphilic
surface showed a high level of removal of both species. Amphi-
philic polymer derived from hydrophobic trifluoroethylamine
(TFEA) modification of alginic acid (AA) and hyaluronic acid
(HA) showed reduced adhesion of bacteria, diatoms, and
barnacle cypris larvae.122 Zoelen et al. studied the effects of
the position and number of fluorinated moieties in an amphi-
philic coating on AF performance against algal species Ulva.
It was found that the position of fluorinated moieties altered
the surface chemistry thus affecting AF behaviour while their
number affected the fouling release properties.123 Seetho et al.
fabricated coatings having both amphiphilic and zwitterionic

properties, which displayed excellent antifouling perfor-
mance against zoospores of Ulva in comparison to commer-
cialized PDMS based coating (Sylgard 184).124 Several examples
of various structures of functionalized AF molecules are shown
in Fig. 4c.

Hydrogels are environmentally benign materials that can
retain a significant amount of water without dissolving. Jiang
et al. fabricated poly(N-isopropyl acrylamide-co-2,3-bis((2,3-
bis(ethylthio)-propyl)thio)propyl methacrylate) hydrogels loaded
with Ag nanoparticles125 that showed antimicrobial resistance
against Escherichia coli and anti-algae performance. Zhang et al.
fabricated anionic poly(acrylic acid/sulfopropyl methacrylate) and
zwitterionic poly(acrylic acid/sulfobetaine methacrylate) tethered
fibrillar hydrogel coatings.126 The coatings exhibited about
90–95% decrease in the attachment of algae Dunaliella tertio-
lecta and Navicula sp. The fabricated coatings were all oleo-
phobic, with oil contact angle greater than 1501. Peptoid and
peptide-based coatings are the peptoid-based protein-resistant
surfaces. Peptoids are synthetic peptidomimetic molecules
with a peptide-like backbone and side chains appended to
nitrogen atoms instead of alpha carbon as in amino acids.
Lack of hydrogen bond donors, strong proton-accepting ability
and water solubility are prerequisite for AF peptoid-based
coatings. Patterson et al. functionalized a PDMS and a poly-
ethylene oxide (PEO) surface with peptides and peptoids,
respectively. The peptoid-functionalized surface showed the
improved removal of U. linza and lower settlement of N. incerta
than the peptide-based surfaces (Fig. 4d and e), likely due to the
lack of hydrogen bond donors in the former coatings.100

Anti-fouling micro-topographical surfaces use a special
topography that has a pronounced effect on roughness and
wettability of the surface and has been shown to influence
bioadhesion.127 The attachment point theory and topography-
induced wettability changes are used to explain the effect of
topography on the antifouling behavior. The attachment point
theory was introduced by Scardinio et al., where the strength of
adhesion of an organism to a surface is related to the number
of available attachment points. Following this argument,
surfaces with micro-topographical features that are smaller
than the dimensions of the marine organism or its parts used
to probe the surface during settling lead to weaker organism-
surface interactions and an antifouling effect.128,129 For example,
Zhang et al. fabricated the textured patterns inspired by taro
leaf, rose petal and shark skin on PDMS and evaluated their
antifouling activity against algae Nitzschia closterium, Phaeo-
dactylum tricornutum and Chlorella.130 Sullivan et al. studied the
effect of five different microtextured PDMS surface on diatom
attachment in static field trials,131 showing that microtexture
features were ineffective against the settlement of diatoms,
due to a combination of different settlement strategies showed
by diatoms and colonization by agglomerates of planktonic
and bacterial cells that rapidly mask the topography.132 The
topographical features also change the surface wettability,
where increased surface roughness of hydrophobic/hydrophilic
surfaces makes these surfaces superhydrophobic/superhydro-
philic.133–135
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3.3. Comparison of ecotoxicity of various biocides

Antifouling technology is transcending from biocide to non-
biocide-based strategies, however, biocidal antifouling coatings
still dominate the current market. Biocides-based methods are
more effective in combatting biofouling than non-biocide
methods.136 The ecotoxicity of 14 commonly used biocides
against common fouling species is shown in Fig. 5. Because
of the adverse effects of biocides, regions like Europe, Oceania
and some Asian countries have introduced strict rules and
regulations on the use of biocides as antifoulants, but regions
like South America have no regulations regarding the use of
antifouling biocides.

Concerns associated with the impact of the biocide-
containing coatings on the environment is driving current
research towards environmentally benign antifouling solu-
tions. Fouling release and non-fouling coatings based on
wettability, contrasting surface chemistry, and topography
have shown significant antifouling performance but their
low stability, high cost and difficulty in large-scale produc-
tions are current challenges faced by these environmentally
benign coatings. Nanoparticle reinforcement of fouling
release coatings has led to improved stability but leaching of
nanoparticles from such coatings presents other environmen-
tal challenges as toxicity of nanoparticles in aquatic systems is
a major issue.

Textured coating inspired by natural self-cleaning surfaces
such as sharkskin, lotus leaf can be promising future candi-
dates. However, these coatings have been found ineffective
once the surface features get buried under the fouling assem-
blage. Besides, the fouling community is diverse in their size,
shape and mode of survival. The multifunctional coating can be
a better alternative compared to the coatings with a single
mode of action. The multifunctional coating can be designed
by an optimal blend of surface topography, surface chemistry
(hydrophobic, hydrophilic, amphiphilic, and zwitterionic) and
natural antifouling products. Chen et al. fabricated antifouling

coatings using nanotopography combined with capsaicin, a natural
biocide derived from pepper, showing promising results.137,138

4. Nanocomposite-based antifouling
technology

The above outlined techniques were under intensive explora-
tion for several decades, but the efficiency and natural bene-
volence of the present-days antifouling agents and methods is
still under question. A huge resources are still spent to protect
the aquatic systems and monitor the contamination levels,
especially in the near-coastal areas (see Fig. 1 and 2).139 Not
surprisingly, innovative techniques are now under considera-
tion to develop novel, green, and highly efficient methods to
prevent marine fouling.140 In this section, we will briefly
demonstrate the potential of novel techniques for marine
anti-fouling technologies, with the main emphasis on (i) the
application of nanomaterials and nanocomposites for anti-
fouling, (ii) biomimetic-based approaches for designing marine
anti-fouling materials, and (iii) synergistic approaches and
techniques. Also, several novel approaches that may evolve into
useful relevant technologies in the near future will be explored,
Including the application of lasers and ultrasound. The main
aim of this section is to outline the most promising trends in
the development of marine antifouling materials and systems,
with some examples highlighted in Fig. 6–16 below.

4.1. Novel antifouling nanocomposite-based materials

It is not surprising that the nanocomposites are under explora-
tion as marine anti-fouling protection platforms. Attempts have
also been made to e.g. incorporate biocide agents into nano-
structures to ensure their controlled release and higher effi-
ciency of anti-fouling coatings, but they still remain toxic for
the aquatic systems.141,142

Fig. 5 A comparative chart illustrating the ecotoxicity of various biocides on marine fouling species. Reprinted from Martins et al., 2018.33
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Another approach is based on complex hierarchical struc-
tures1 which use nanoparticles as antifouling agents.143,144

Copper cladding was used as an antifouling material from
the ancient times, so the antifouling membranes with copper
oxide nanoparticles were successfully tested.145,146 Complex

membranes147,148 and membranes modified with copper nano-
particles were also tested.149

Fig. 6a illustrates the mechanism of enzymatic antifouling
of a magnetically separable enzyme precipitate nanofiber-based
coating (Mag-EPC). Acylase (AC) was used as an active agent of

Fig. 6 Nanocomposite-based alternatives to potentially toxic antifouling paints. (a) Antifouling strategy based on enzymatic activity of a magnetically
separable enzyme precipitate coating (Mag-EPC). Acylase (AC) serves as the active agent, and carboxylated polyaniline nanofibers (cPANFs) act as the
support onto which the enzyme molecules are attached and stabilized. Reprinted with permission from Lee et al., 2017.150 (b) Silver/silicone/hydrogel-
based nanocomposites with a long-lasting antifouling activity demonstrated during field trials in South China Sea. Reprinted with permission from Tian
et al., 2019.151 (c) Polyethyleneimine (PEI)-capped silver nanoparticles obtained via chemical reduction; (d) a colloid of Ag-PEI in water is a clear yellow
liquid is effective in inhibiting the growth of H. pacifica bacterial biofilm at 10% v/v (e). Bars represent mean � SD, experiments were performed in
triplicate. Reprinted with permission from Yee et al., 2019.152 (f) Chitosan/ZnO nanorod composite films were more effective in preventing B. subtilis and
E. coli fouling onto fiberglass panels under light conditions (30–35 klux) than coatings made of pure chitosan, pure ZnO nanorods, and Zn-based
antifouling paints. (g) A comparison of bioactivity between ZnO and chitosan/ZnO composite films against B. subtilis expressed as CFU ml�1 � standard
deviation after 0 and 24 h of incubation. Composites containing 2% chitosan showed the highest level of activity when compared to other composites.
Reprinted with permission from Al-Belushi et al., 2020.153
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choice, and carboxylated polyaniline nanofibers (cPANFs)
were selected as a platform onto which these active enzyme
molecules were attached and stabilized in order to control the
level of active agent loaded into the composite and to provide
film stability. The attachment and growth of Pseudomonas
aeruginosa on the surfaces of Mag-EPC films was significantly
reduced under both static- and continuous-flow experimental
conditions, with films with high level of enzyme loading
showing a 5-time reduction in biofilm formation when com-
pared to control. As such, Mag-EPC coatings containing acy-
lase and similar enzymes may provide an attractive alternative
to conventional paints by hindering early stages of marine
biofilm formation through enzymatic quorum quenching of
autoinducers.150

Fig. 6b illustrates the application of the hybrid nanocompo-
site films incorporating active silver nanoparticles and silicone
hydrogels. The hydrophilic polymer was employed to enable the
self-assembly of smooth spherical structures with a radius of
2–7 mm. As the fraction of silver nanoparticles was increased,
the spherical structures became increasingly coated with a thin
layer of silicone, resulting in particles that were securely embedded
within these films. The resulting films displayed excellent fouling-
retarding properties against a variety of organisms, including algae,
effectively reducing attachment of Phaeodactylum tricornutum,
Navicula torguatum and Chlorella by B37%, 37% and 52%,
respectively, when compared to control surfaces. Tests in the
South China Sea confirmed the efficacy of thus-fabricated
hybrid coatings under field conditions, confirming their
potential in marine antifouling applications.151

Fig. 6c–e illustrates the application of silver nanoparticles
terminated with polyethyleneimine as fouling-retarding coatings
via photocatalytic activity. The average size of the nanoparticles
was estimated to be around 2.6 � 1.1 nm. When used as a
colloidal suspension, this nanomaterial was effective in elimi-
nating fouling agents from water (Fig. 6c), retarding biofilm
assembly by Halomonas pacifica, a marine bacterial foulant
frequently used as a model organism in similar studies, by
460% under static flow conditions (Fig. 6e).152

Fig. 6f shows the schematics of the proposed pathway of
antifouling activity for composite films containing chitosan154

and ZnO nanorods. When deposited onto the surfaces of
fiberglass panels, these coatings demonstrated stronger effi-
cacy in preventing biofilm formation that pristine chitosan,
pristine films of ZnO nanorods, and even commercially avail-
able paint with Zn as an active agent. These experiments were
conducted using B. subtilis as the model organism under
controlled light conditions of 30–35 klux. The activity was
maximised when chitosan was missed with ZnO at the concen-
tration of 2%. Fig. 6g shows the bacterial retarding ability of
chitosan/ZnO composite when compared to pure ZnO against
B. subtilis, expressed in terms of CFU ml�1 at 0 and 24 h of
incubation. The results strongly suggest that chitosan/ZnO
composite materials may serve as a suitable alternative to
conventional fouling-retarding paints.153,155

Earlier in the article, we have mentioned strategies that rely
on the use of enzymes to prevent organism attachment, growth

and biofilm formation. A related method relies of the use of
materials that can mimic the activity of natural enzymes as an
effective yet more affordable and flexible means to combat
biofilm formation of surfaces. For example, Wang et al. have
developed nano-core–shell structures composed of CeO2@C,
with the material showing activity similar to haloperoxidase
enzyme. This nanomaterial is produced via coprecipitation by
employing carbon spheres as templates. When applied on the
surface of Ti plates as a thin coating, CeO2@C films were able
to retard attachment by model Gram-negative and Gram-
positive bacteria, including marine P. aeruginosa, in bacterial
suspension (Fig. 7a). In addition to strong antibacterial activity,
CeO2@C showed a desirable combination of stability, low
toxicity for the environment and low cost.156

In addition to chemical and enzymatic means, antibacterial
and antifouling effects can be attained by employing surfaces
with specific topographies, such as protrusions with defined
size, aspect ratio, shape and distribution. These can be fabri-
cated using a wide range of methods, from ‘‘top-down’’ laser
ablation and plasma etching to ‘‘bottom-up’’ self-assembly or
chemical vapour deposition. Many of these methods would be
difficult to realise for marine antifouling applications, whereas
there are a number of methods that would be suited to scaling
up. For example, Lee et al. was able to manufacture ZnO
nanopillar arrays on a flexible substrate using a very fast
ultrasound-assisted approach (Fig. 7b). These arrays were able
to directly damage to cells via physical interactions with pillars
as well as retard attachment via electrostatic interaction
between cells and the nanopillar-decorated surfaces.157 The
availability of nanoscale surface features substantially increased
the surface area available for the interactions between cells and
ZnO active surfaces, with films able to achieve antibacterial
efficacy of over 80%.158

Another method that takes inspiration form antifouling
strategies that occur in nature is based on the generation of
biochemically-active reactive oxygen species (ROS). These mole-
cules play an important role in cellular signalling and anti-
microbial defence, and have been used extensively to break
down biofilms and kill biofilm-residing microorganisms.
In marine environments, certain species of seaweed are able
to retard fouling using ROS. Sathe et al. have been able to
reproduce this ROS-based antifouling effect by employing ZnO
films capable of producing ROS during photocatalysis (Fig. 7c
and d). The antifouling properties of surfaces of fishing nets
were significantly enhanced through their decoration with ZnO
films when compared to both unmodified control and, more
importantly, surfaces painted using conventional Cu-based
antifouling paints. Field tests for 30 days under tropical condi-
tions demonstrated a 3-fold reduction in the biofouling on the
ZnO-decorated surfaces when compared to control. Impor-
tantly, genetic studies of the biofilm-forming communities in
the ambient water in the proximity of these active surfaces
showed that these materials were introducing selective pres-
sure to artificially increase the presence of specific foulants or
pathogenic organisms. As such, the development of this and
similar materials show an important step in the direction of
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more environmentally benign antifouling technologies for
aquatic applications.159

It should be noted that the efficacy of a specific strategy and
the potentially negative environmental effects will depend,
among other factors, on the environmental conditions.
For example, Adeleye et al. have studied the temporal degra-
dation of antifouling paints containing Cu as the primary
biologically-active ingredient. The type and quantity of species
released from the paint was influenced by water characteris-
tics, e.g. its salinity, as well as the nature of the base surface

and how the paint was applied, in particularly the time
available for paint drying. In addition to Cu ions, nanoscale
particles of Cu2O were detected in the leachate. Fig. 7e shows
that the leachate was able to retard the growth of Isochrysis
galbana after the latter was exposed to it for 5 days. In this
study, the paint leachates were generated by exposing painted
bars to seawater for 180 days. The amount of leachate and
subsequently its toxicity was found to depend on the time the
paints was allowed to dry prior to the bar being immersed into
the seawater.160

Fig. 7 (a) Fabrication of stable, environmentally friendly core–shell CeO2@C nanostructures with substantial antibacterial efficacy against biofilm
forming marine Pseudomonas aeruginosa. Reprinted with permission from Wang et al., 2021.156 (b) Scheme for the fabrication of antifouling nanopillar
arrays, gold coated nanopillar arrays, and flexible zinc oxide nanopillar arrays using sonochemical process. Reprinted with permission from Lee et al.,
2018.158 (c) Fouling-retarding mechanism for Cu-based paints and (d) for coatings composed of ZnO nanorods. Fields tests under tropical conditions
confirmed a 3-fold reduction in biofilm formation for ZnO coatings when compared to control. Reprinted with permission from Sathe et al., 2017.159

(e) Retardation of proliferation of Isochrysis galbana subsequent to the exposure of the organism to paint leachates for 5 days. Leachates were obtained
by exposing painted bars to natural seawater for 180 days. Reprinted with permission from Adeleye et al.160 (f and g) Fouling resistance parameters against
BSA solution filtration of the Ag3PO4/GO nanocomposites. Reprinted with permission from Barzegar et al., 2020.161
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One more example of successful application of nano-
particles (Ag3PO4/GO nanocomposite) for anti-fouling applica-
tion is illustrated in Fig. 7f. In this study, the antifouling
nanomaterial was applied over polyethersulfone (PES) mixed
matrix membranes, since fouling can significantly reduce the
permeability and hence efficacy of these membranes. The use
of Ag3PO4/GO notable reduced the irreversible fouling ratio by
decreasing BSA adsorption on the surfaces and within the pores
of the membranes. Fig. 7g shows the SEM image of Ag3PO4/GO
nanocomposites.161

Thus, the nanomaterial-based antifouling systems provide
quite an efficient and relatively ecological means of protection,
with the excellent prospects for scaling up to industrial
applications. Among other nanomaterial-based techniques,
we should also discuss approaches that use some combina-
tions of nanomaterials and biocides, such as inorganic nano-
materials loaded with booster biocides,162 beta-cyclodextrin
stabilized silver nanocomposites,163 and capsaicin-induced
nanopillar films. Note that capsaicin has a very long history
in anti-fouling applications, but it is not sufficiently efficient
when used on its own, yet it is a relatively ecologically benign
agent. When loaded into nano-structures, capsaicin can show
significantly improved anti-fouling performance.164 Other tech-
niques for enhancing the nanomaterial-based anti-fouling
systems are also under investigation, such as pre-ozonation
on nanofiltration membranes165 and encapsulation of
environmentally-friendly biocides within nanosystems.166 For
example, polymers fabricated from essential oils and essen-
tial oil derivatives, alone or in combination with antimicro-
bial nanoparticles of ZnO, have been shown to effectively
prevent settlement of a wide range of organisms, including
under aquatic test conditions.167,168 When deposited using
plasma-based methods, these coatings show good stability and
optical transparency, which makes them suitable for application
over optical windows for marine sensing applications.169,170

� Nano-composites and nanomaterial-based anti-fouling
protection systems for marine applications are the important
step towards future highly efficient and environmentally
friendly anti-fouling agents; however, nanomaterial-based
systems are still not sufficiently efficient and at higher doses,
may often represent specific danger to the ecosystem. Despite
the progress in the area of nanomaterials, better solutions are
still needed, and they may be based on the biomimetic and
synergistic systems.

4.2. Novel nanocomposite-based superhydrophobic
antifouling and fouling-release materials

Surface architectures and composites with a combination of
roughness at micro- and nano-scales and favourable chemistry
may display superhydrophobicity.171,172 Fouling resistant or
fouling release coatings based on superhydrophobic coatings
with tailored surface topographies173 are currently a subject of
intense investigation,174,175 including for marine antifouling
applications. Superhydrophobic properties could potentially
block the adsorption of living organisms and hence, prevent
or slow down the formation of fouling on the treated surfaces.

Superhydrophobic properties could potentially block the
adsorption of living organisms and hence, prevent or slow
down the formation of fouling on the treated surfaces
(Fig. 8a). Superhydrophobicity is characterized by the contact
angle (CA) exceeding 1501 and sliding angle less than 101. On a
flat surface, CA of only about 1201 could be produced by
lowering the surface energy via chemical means. To reach above
the 1201 threshold, a sophisticated engineered surface mor-
phology is required to minimize the interface between liquid
and solid body.176 The models that describe the influence of
surface topography on the liquid–solid interface are continuing
to evolve. In practice, however, the Cassie–Baxter (CB) and
Wenzel (W) models are among most commonly used.177–179

Superhydrophobicity is usually described by the Cassie–Baxter
state, where the liquid cannot penetrate into the space that
exists between protruding features of the textured surface (i.e.,
between hillocks on the surface) due to air being trapped in
that space, and as a result, a complex interface of solid–liquid–
vapour is formed where the contact area between the liquid and

Fig. 8 Cassie–Baxter and Wenzel states. (a) Direct influence of the
hydrophobic properties on the resistance to marine fouling. Reproduced
with permission from Zhang et al., 2016.185 (b) Side view of contact
between the water drop and pillars at four different wetting states,
including Cassie–Baxter and Wenzel states, and transition states, in a bulk
liquid. In the case of Cassie–Baxter state, the liquid does not contact
the entire surface and is supported by the air trapped within topographic
irregularities on the surface. In the case of Wenzel state, the liquid contacts
the surface of irregularities. Reproduced with permission from Cho et al.,
2020.180

Review Materials Horizons

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

4/
20

24
 1

:1
1:

55
 P

M
. 

View Article Online

https://doi.org/10.1039/d1mh01103k


This journal is © The Royal Society of Chemistry 2021 Mater. Horiz., 2021, 8, 3201–3238 |  3215

the solid phases are minimised. However, it is possible for the
surface to transition from Cassie–Baxter to Wenzel states. This
may happen e.g. when the water is driven into the surface with
some force, displacing the air bubbles. The transition is
illustrated in (Fig. 8b). Naturally, the static contact angles
are different for these states and are also different from
the angles intrinsic for Cassie–Baxter and Wenzel states.180

In Wenzel state, the liquid penetrates completely into the
hollows between surface irregularities, maximising the con-
tact area between the liquid and the surface.181 Unlike the
slippery Cassie–Baxter surface from which droplets of water
are easily displaced, the high liquid–solid contact area makes
it difficult for the droplet to roll off the surface. Evidently, the
Cassie–Baxter state is preferred for self-cleaning surfaces,
where rolling droplets would physically displace particles
and attached organisms. Self-cleaning surfaces can also be
realised using surfaces in the Wenzel state, by introducing a
water-repelling liquid that would effectively penetrate the
surface protrusions and create a slippery layer from water
would slide off with ease. In both instances, it would be
difficult for the biomolecules (e.g. conditioning molecules
released by cells in the proximity of the surface) and for the
cells to attach to such surfaces. Importantly, the states could
be efficiently controlled by the density, heights, shape and
other geometrical parameters of the surface topography.182–184

This opens the way for application of nano-textured surfaces
in antifouling technology.

Superhydrophobic coatings do not contain chemically dan-
gerous substances and thus could be considered an environ-
mentally friendly technology. However, their fabrication at scale
has always been a challenge.186 Several promising materials
that use nano-fillers in various base materials have recently
been explored. Selim et al. have demonstrated two types of
superhydrophobic antifouling materials with excellent fouling-
release properties (Fig. 9a and b). These materials incorporated
nanofillers made of either graphene oxide or graphene oxide/
boehmite nanorods (GO–g-AlOOH) into polydimethylsiloxane
(PDMS) matrix, with the inherent properties, quantity and dis-
tribution of the filler defining the self-cleaning and antifouling
properties of the resulting composite. The fillers were prepared
using thermochemical techniques that are relatively simple and
amenable to scale up, with hydrothermal and chemical deposi-
tions used to synthesize reduced graphene oxide and GO–c-
AlOOH, respectively.187 The quality of thus-fabricated filler
materials was high, with g-AlOOH nanorods showing single
crystallinity, an average diameter of 10–20 nm, and typical
length of the rod of less than 200 nm. When the fouling-
release efficacy of the composite coatings (at 3 wt% of filler)
was compared to that of pristine PDMS under natural marine
water field conditions for 45 days, the latter was founds to be
more heavily settled by organisms. In contrast, the PDMS/
reduced graphene oxide composite showed a significantly lower
fouling load, whereas PDMS/GO–g-AlOOH surfaces remained
entirely unaffected by fouling. The homogeneity of dispersion
was found to be critical to the impressive superhydrophobic
and antifouling performance of PDMS/GO–g-AlOOH composite,

with uniform reduction in the surface free energy across the
surface of the coating.

Superhydrophobic nanocomposite-based antifouling coatings
could be synthesized without the use of relatively expensive
graphene and graphene oxides, by using e.g. core–shell nano-
fillers as an alternative. For example, nanorod-like TiO2–SiO2

core–shell particles were used to impregnate silicone matrices
to produce superhydrophobic composites capable of fouling
release under marine conditions.188 Here, single crystal {101}
TiO2 nanorods (d = 20 nm) were first hydrothermally synthe-
sized, then sol–gel coated with silica shells with a thickness of
2–5 nm, and then dispersed in a silicone matrix at different
filler concentrations (Fig. 9c). Fig. 9d illustrates the anti-
fouling efficiency of the superhydrophobic composites with
core–shell nanofillers. For this test, barnacles were used as the
model organism that often dominates macrofouling in marine
water. Over 7 days of exposure, cyprids were allowed to settle
on the composite-coated surfaces. The study found the com-
posite coatings to be more effective in retarding cyprid attach-
ment (at 5–55% vs. 70% for the pristine silicone coatings),
with similar levels of viability (at B75%) across all sample
groups. The attachment retarding ability of the silicone/TiO2–
SiO2 composite coating was closely related to the uniformity of
dispersion of the filler material, with filler levels of 0.5 wt%
showing the highest level of attachment prevention due to
improved photocatalytic self-cleaning and fouling release
behavior in the coating.

Silicone/ZnO nanorod composites also were recently
proposed and tested as superhydrophobic antifouling coatings.
ZnO nanorods (d = 30–40 nm, l = 0.5–1 mm) with a single-crystal
(0001) wurtzite structure were incorporated into polydimethyl-
siloxane at a concentration of 0.5 wt%, producing a super-
hydrophobic material with increased surface roughness and
reduced surface free energy that were stable over time. The
stability is an important factor that determines the lifetime and
hence feasibility and financial viability of proposed coatings for
marine applications.189 Fig. 9e illustrates the mechanism of
superhydrophobicity realised in this coating, where the high
density of packing of ZnO nanorods within the top of PDMS
surface layer produces a rough surface that can trap pockets of
air, reducing water–surface contact area following the Cassie–
Baxter model. Optimization of filler concentration and distri-
bution allows for the surface to remain in the ‘‘droplet sliding’’
Cassie–Baxter mode and prevent its transition to ‘‘droplet
sticking’’ Wenzel mode. Optimization of surface topography
also defines the convexity of the liquid/air interface, keeping it
low and maintaining water contact angle values below the
advancing value.190 Fig. 9e shows the differences in the free
energy of the coating surface prior to and subsequent to
prolonged immersion in aqueous media. A significant increase
in the water contact angle could be noticed for the nanofiller
percentage 0.5.

Fig. 10a illustrates the preparation route for the super-
hydrophobic antifouling coating based on PDMS/exfoliated
graphene oxide–Al2O3 nanorod hybrid sheets composites. This
technology involves first anchoring together graphene oxide
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Fig. 9 Nanocomposite-based superhydrophobic antifouling and fouling-release materials. (a) Graphene oxide is chemically reduced, and then
ultrasonicated with g-AlOOH to produce GO–g-AlOOH composite. (b) Degradation and microorganism attachment behavior of PDMS/RGO and
PDMS/GO–g-AlOOH nanocomposites over 30 days of incubation in microorganism-rich medium. Reprinted with permission from Selim et al., 2022.187

(c) PDMS/nanorod-like TiO2–SiO2 core–shell composites retard microorganism attachment through a combination of superhydrophobicity and
photocatalytic performance, the latter attributed to the {101} crystal plane on the TiO2 rod. (d) Attachment and mortality of barnacle cyprids on pristine
and filler-enriched silicone matrix after 7 days of incubation. Reprinted with permission from Selim et al., 2019.188 (e) Antifouling efficacy of PDMS/ZnO
(0.5 wt%) nanorod composites. (f) Water contact angle values of the silicone/ZnO nanorod composite antifouling coatings prior and subsequent to
immersion tests (7 days) and for the dried coating. A significant increase in the water contact angle is evident for the nanofiller percentage of 0.5.
Reprinted with permission from Selim et al., 2019.189

Review Materials Horizons

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

4/
20

24
 1

:1
1:

55
 P

M
. 

View Article Online

https://doi.org/10.1039/d1mh01103k


This journal is © The Royal Society of Chemistry 2021 Mater. Horiz., 2021, 8, 3201–3238 |  3217

sheets and alumina nanorods (g-Al2O3, d = 20 nm, l = 150 nm),
and then uniformly coating the resulting nanostructure with
silicone, and subjecting the composite to hydrosilation curing.
Optimization studies confirmed filler concentrations showed a
decrease in the biodegradation and improved antifouling prop-
erties as the filler percentage increased up to 1 wt%, associated
with the decrease in the surface free energy and increased
micro- and nano-scale roughness.191 Fig. 10b shows the results
of the biodegradability tests over one month of exposure,
confirming a desirable combination of cohesion, self-cleaning,
and fouling release. As with previously discussed examples, the

quality of dispersion was shown to be critical to durability and
performance of the composites.

In addition to ZnO and TiO2 nanoparticles, structure and
fouling release properties of a novel superhydrophobic compo-
site for fouling release application based on silicone/b-MnO2

nanorod combination was investigated, with results illustrated
in Fig. 10(c–e). The structure and properties of b-MnO2

nanorods were influenced by the preparation method, and in
turn influenced the self-cleaning and antifouling properties of
the matrix, the latter being also dependent on the concen-
tration and quality of dispersion of the particles in silicone.

Fig. 10 Nanocomposite-based superhydrophobic antifouling and fouling-release materials. (a) Introduction of exfoliated GO–Al2O3 nanorod hybrid
sheets into PDMS matrix followed by hydrosilation curing. (b) Biodegradability and microorganism attachment to pristine and GO–Al2O3-enriched PDMS
matrices during 28 days of incubation in bacteria- and fungi-rich culture media. Reprinted with permission from Selim et al., 2018.191 (c) Hydrothermal
synthesis and subsequent calcination of b-MnO2 nanorods, followed by in situ synthesis of PDMS/b-MnO2 nanorod composite films with high levels of
surface roughness. (d) Biodegradability and (e) bacterial load (cells per ml) in biofilms developed on pristine and b-MnO2 nanorod-enriched
PDMS matrices over one month of incubation in culture media containing representative strains of microorganisms. Reprinted with permission from
Selim et al., 2019.192
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This is because the size (in this study d = 20–30 nm, l = 0.5–1 mm),
and crystallinity (in this study, a [100] single crystal wurtzite
structure) determine surface stability, antimicrobial and cata-
lytic efficacy, and surface free energy o the material. Once
dispersed in the matrix, the addition of fillers resulted in the
concentration-depended increase in the surface roughness,
hydrophobicity and fouling release properties,192 with well-
dispersed composites showing the most promising levels of
improvement in these characteristics. A 90 day-long field test
using natural seawater confirmed sustained fouling release
behaviour of the composite materials, with the greatest level
of fouling prevention reported for the well-dispersed material
sample groups.

4.3. Novel graphene oxide-based antifouling nanomaterials

Materials in the graphene family have been attracting an
unprecedented level of interest from the material science
community, with the interest stemming from an unusual
combination of chemical and physical properties commonly
displayed by these materials. These include, but are not
limited to, biocompatibility, electro-catalytic activity, and
thermal, physical and chemical stability.193 Within the family,
reduced graphene oxide is one of the best studied materials
for the production of superhydrophobic materials,194 based
on such factors as inherent hydrophobicity, outstanding
specific surface area, abrasion and wear resistance, and
superior electrical and thermal conductivity.195 In the area
of antifouling coatings, nanostructures based on graphene
oxide decorated with other one-dimensional particles have
been demonstrated to be an effective filler material for self-
cleaning fouling release silicone composites.196

The application of graphene oxide allows for the fabrication
of very attractive nanocomposites with adjustable elastic
modulus values, capable of efficient antifouling performance.
The diatom attachment results described in a recent work by
Jin et al.197 follow the ‘‘harmonic motion effect’’ theory, where
lighter colors and low Young’s moduli lead to reduced organ-
ism attachment to surfaces under hydrodynamic conditions.
Composite membranes containing 0.36 wt% of graphene oxide
displayed superior ability to retard fouling. The study also
found graphene oxide to be an equally effective additive to
graphene when it comes to improving antifouling performance
of PDMS, yet graphene is often more affordable to produce.
Fig. 10a–e show the importance of dispersion in the production
of high-quality composite materials, with molding and curing
also needed to give the final shape to the product.

Fig. 11f illustrates the results of diatom attachment onto
composite membrane surfaces under static conditions after
8 days of incubation, and Fig. 10g provides comparative results
of similar tests conducted under hydrodynamic conditions over
10 days. As it can be seen from the comparison of these two
images, a sharp drop in the optical density (OD440) for the
graphene oxide content of about 0.36 wt% is observed for the
measurements performed under the hydrodynamic conditions.

Zhang et al. have recently demonstrated that nanocompo-
sites containing the graphene oxide/silver nanoparticles could

provide an effective means of protection of such polymers as
polypropylene from marine fouling. As with previous nano-
composite examples, there was a clear correlation between the
quality of dispersion and the resulting antifouling behavior of
graphene oxide/silver composites.198 The antimicrobial activity
of the graphene oxide/Ag complex is attributed to the syner-
gistic effect of contact killing and chemical stress from the
reactive oxidative species generated by the composite.200 Fig. 11h
illustrates the preparation of graphene oxide/silver nanoparticles
nanocomposites, including two major steps: (1) ultrasonic
bath for 30 min to ensure efficient deagglomeration of Ag
particles, and (2) ice bath for 30 min and stirring at room
temperature for 12 h. For the antifouling protection tests, the
composite coating was dropped cast onto the surface of
materials typically used to house marine sensors. These
coated materials were subsequently immersed into media
containing H. pacifica as well as a mixture of algae species.
The coating showed effective reduction in the biofilm for-
mation of 83% in the case of H. pacifica and of 56% against of
the mixed species algae culture.

Fig. 11i illustrates one more example of the elastic graphene/
silicone rubber composite membrane for antifouling applica-
tions.199 Many of the natural marine surfaces capable of
preventing fouling are unstable under hydrodynamic conditions,
and that micron-scale deformations that form on the surfaces
of elastic materials under these conditions may provide a
mechanical mechanism for removing fouling agents from the
surface more effectively. To confirm this mechanism was at
play, the study compared the attachment of microorganisms
on the surfaces of rigid polystyrene and of flexible graphene–
silicone rubber composite membranes. Where under quasi-
static conditions, the fouling repelling properties were similar
between these two groups of materials, the elastic surfaces
displayed superior performance under hydrodynamic conditions.
This is because under turbulent flow, the elastic surfaces behaves
as a spring and damper-backed system, that is it produces
microflaws due to surface transverse shrinkage in response to
sufficiently high stresses concentrated at the interface during
microorganism settlement under these flow conditions. These
stress-induced flaws is in addition to flaws that naturally occur on
surfaces of both elastic and rigid materials, and contribute to the
detachment of organisms under stronger turbulent flows. This
mechanism can be exploited to design elastic composite coatings
that would facilitate efficient microorganism detachment under
low flow forces. Fig. 11j illustrates the number of colony forming
units attached to the surfaces of pristine and graphene–enriched
silicone composites, with the former showing a much greater
bacterial load.

In this section we have outlined the most recent, within the
last two years, progress and ideas for the nanocomposite-based
antifouling strategies. It should be noted that the marine anti-
fouling protection systems and platforms based on nano-
composites and functional nanomaterials could be considered
as one of the most promising steps towards future highly
efficient and environmentally friendly solutions to marine
antifouling. The literature is rich with examples of different
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types of nanomaterials and nanocomposites successfully
tested for antifouling applications, including nanoparticles,
nanofibers, nanorods, nanosheets, flakes and many others

entrapped within traditional and unusual matrices. The diver-
sity of potentially applicable nanomaterials, shapes and
composites opens a wide door for the future progress in

Fig. 11 Graphene oxide- and graphene-based antifouling materials. (a–e) Multi-step synthesis of silicone membranes containing graphene or graphene
oxide particles: preparation of dispersion containing graphene oxide (a) and silicone (b), their mixing (c), molding in an acrylic mold (d) and curing (e).
(f) Diatom attachment under static (f, OD440 results after 8 days) and hydrodynamic (g, OD440 results after 10 days) conditions. Reprinted from Jin et al.,
2019 under terms of CC BY license.197 (h) Fabrication of graphene oxide/silver nanoparticles nanocomposites. Reprinted from Zhang et al., 2021 under
terms of CC license.198 (i) Organism–surface interactions on the rigid and elastic silicone/graphene membranes in turbulent flow. The contact area
between the microorganism and the elastic surface is sufficiently small to allow its removal from the surface at a low external force (denoted by F2).
(j) Viability of organisms harvested from the surfaces of membranes and expressed in terms of colony forming units. Reprinted with permission from
Jin et al., 2019.199
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nanomaterial-based antifouling technology. At the same time,
the currently developed and aforementioned examples are yet
to reach the level of efficiency for commercial applications.
Furthermore, their potential to affect the environment when
used at industrial scale is yet to be fully explored. Despite the
progress in the area of nanomaterials, better solutions are still
needed, and they may be based on the biomimetic and
synergistic systems described below in Sections 4 and 5.
Importantly, the biomimetic and synergistic approaches also
to a large extent will rely on the advances in nanomaterials
and nanotechnology.

5. Synergistic approaches for novel
antifouling techniques

While novel nanomaterial-based antifouling systems demon-
strate much higher efficiency as compared to the tradi-
tional means, they still represent some risk of environmental
pollution of aquatic systems.201 In tropical aquatic systems,
these adverse effects are usually even more pronounced.202,203

Not surprisingly, novel approaches are being explored to
develop even more efficient and ecologically benign
solutions.204,205

Synergistic effects on a subject (i.e. surfaces, living cells, etc.)
arise when two or more agents used together produce a
combined effect that significantly exceeds a simple sum of
effects of agents when they are used separately. This happens
in the cases when interaction between agents or/and of agents
with the subject (i.e., a substrate surface) produces a new
phenomenon or process that can be initiated and sustained
only in a system when two or more agents are used together.
Synergistic effects have been demonstrated in a large number
of complex systems and processes including low-temperature
plasmas,206 various surface-based processes,207 in catalysis,208,209

at plasma–liquid interfaces,210 at different scales during

nanofabrication,211,212 in nanomedicine213,214 and many other
fields. Not surprisingly, attempts have been made to harness
these valuable phenomena to find synergistically interacting
antifouling agents for marine applications.

One of the successful results was recently presented by
Dupraz et al.215 In their work, the toxicity of the antifouling
compounds diuron, irgarol, zinc pyrithione, copper pyrithione
and copper was tested on the three marine microalgae
Tisochrysis lutea, Skeletonema marinoi and Tetraselmis suecica.
A mixture of ZnPT together with Cu induced a strong synergis-
tic effect on T. suecica while a strong antagonistic effect was
observed on the two other species. The synergy was due to the
transchelation of ZnPT into CuPT in the presence of Cu, CuPT
being 14-fold more toxic than ZnPT for this species. The results
are illustrated in Fig. 12 in the form of isobolograms (more
details about the isobologram analysis could be found in this
comprehensive topical review216). Fig. 12a illustrates the typical
isobologram with the relevant notifications, and Fig. 12b and c
show the isobolograms for T. suecica, demonstrating a strong
synergistic effect that cannot be achieved by a simple combi-
nation of the antifouling agents. Importantly, only T. suecica
has demonstrated a response to this synergistic effect and
hence, the processes that cause synergistic effects are very
complex and depend not only on the chemical agents but also
on the properties of the biological target.

Fig. 13 shows several specific examples of the application
of synergistic effects that can be found in the nanomaterial-
based antifouling systems. The desirable synergistic effects
are particularly pronounced when the antifouling agents are
combined with nanomaterials.217 Deng et al. reported the
results of recent studies on the synergistic antifouling effect
of a hybrid coating embedded with nanocomposite silver/
tannic acid/silica (Ag@TA–SiO2) particles. Schematic diagram
for different nanoparticles is illustrated in Fig. 13a. The ability
of the system to retard fouling was tested on microalgae
N. closterium and Dicrateria zhanjiangensis. The properties

Fig. 12 (a) Illustration of an isobologram. Axes represent the concentration of the two pure substances in mixture A and B, also represented as mixture
ratios 100 : 0% (A) and 0 : 100% (B). The dashed lines represent mixture ratios 75 : 25, 50 : 50 and 25 : 75% (A : B). The straight solid line identified as ‘CA’ is
the CA isobole. The curved solid lines symbolize isoboles illustrating either antagonism (above CA) or synergism (below CA). (b and c) Example of
isobolograms with similar (b) and dissimilar (c) modes of action: isobolograms for T. suecica, demonstrating a strong synergistic effect that cannot be
achieved by a simple combination of the antifouling agents. Reprinted with permission from Dupraz et al., 2018.215
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of the polymeric matrix is so that it is able to effectively
limit the attachment and settlement of the tested species by
weakening the strength of cell adhesion to the polymer
surfaces. In addition to this mechanism, temporal leaching
of Ag@TA–SiO2 nanoparticles from the polymer matrix hin-
ders the ability of the attached cells to photosynthesize, thus
decreasing their chlorophyll activity and reducing their ability
to proliferate. These nanoparticles can also induce oxida-
tive stress in these cells, with ROS damaging the cellular

membrane structure of these organisms.218 Unlike E. coli
and S. aureus, N. closterium and Dicrateria zhanjiangensis are
planktonic rather than biofilm forming, and thus their inter-
actions with the leached nanoparticles are expected to be
different. The particles were more effective against Dicrateria
zhanjiangensis when compared to N. closterium, attributed
to the presence of the cellular wall in the latter organism.219

The level of antimicrobial activity of these nano-structured
surfaces when regarding the attachment of E. coli and

Fig. 13 (a) Schematic diagram for different nanoparticles made of Ag, Ag@TA (silver/tannic acid), and Ag@TA–SiO2 (silver/tannic acid/silica). The loading
of SiO2 microspheres can be selective towards specific sites on the surface of a core–shell Ag@TA template. The raspberry-like Ag@TA–SiO2

nanoparticle structures are then formed. (b) The antibacterial efficiencies of the nano-structured surfaces towards E. coli and S. aureus, as compared
with the bare glass control. Reprinted with permission from Deng et al., 2021.219 (c) Schematics of the synergistic surface and (d) quantification of cells
appearing on asymmetric molecular brush surfaces. Reprinted with permission from Xu et al., 2017.220 (e) Fabrication of self-polishing film from SiO2

nanoparticles decorated with biologically-active quaternary ammonium and fouling-retarding mechanism of this film in seawater. (f) The cell density of
bacteria and diatoms on the surface of the film after being exposed to seawater under field test conditions for 7 days. Reprinted with permission from
Wang et al., 2020.221
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S. aureus were estimated at 46.5% and 52.0%, respectively,
when compared to the attachment of these cells on the
surfaces of unmodified glass.

Xu et al. have reported the preparation and testing of
semifluorinated surfaces that feature synergistic nonfouling/
fouling-release properties.220 When compared to unmodified
surfaces, surfaces coated with this chemically heterogeneous
thin film composed of asymmetric molecular brushes showed
substantially improved antifouling activity, characterized by
reduced adsorption of proteins (a reduction of 45–75%) and
lower attachment of cells (reduced by 70–90%) (Fig. 13c and
d). The antifouling property of the surface was attributed to
the presence of poly(ethyleneglycol) (PEO) side chains, and the
fouling-release characteristic was derived from the low surface
energy of poly(2,2,2-trifluoroethyl methacrylate) side chains.
The molecular symmetry, degree of polymerization and length
of side chains played a role in defining these properties, with
asymmetry, a greater length and degree of polymerization
in PEO associated with greater resistance to attachment of
proteins (a 75% reduction compared to control) and cells (cell
number reduced by 90%).

The synergistic antifouling effect of self-renewable coatings
containing quaternary ammonium-functionalized SiO2 nano-
particles has been described by Wang et al.221 To fabricate
these coatings, SiO2 nanoparticles were first modified with
biologically active quaternary ammonium, then the resulting
QAS-SiO2 particles were immobilized within a self-polishing
polymer matrix. The resulting film offered a favorable combi-
nation of properties, including the ability to self-renew, a
topography with features at nano and micro scales, as well
as bactericidal function. This intricate topography was respon-
sible for the superoleophobic property the surface gained
upon exposure to artificial seawater. The presence of quater-
nary ammonium functionalities on the surface of SiO2 parti-
cles was responsible for greater compatibility with the
polymer matrix, with modified particles having less of an
effect on the self-polishing rate of the polymer. A combination
of cidal and self-renewal functions gave rise to a synergistic
antifouling effect that was demonstrated both under labora-
tory (using Shewanella loihicas model organism) and field
conditions. The quaternary ammonium-modified SiO2 parti-
cles showed some efficacy in preventing the attachment of
diatoms and plantigrades of the Mytilus coruscus mussel.
Schematics of the coating is shown in Fig. 13e, and the
bacterial and diatom density on the surfaces of coatings after
field test for 7 days is shown in Fig. 13f.
� Synergistic effects can significantly boost the efficiency of

nanomaterial-based anti-fouling protection systems for marine
applications. In future, solid consolidated efforts need to be
applied to deeper understand the processes that cause syner-
gistic effects, and to explore a greater number of material
systems to find strongly synergistic systems involving more
than two materials, as these system can potentially demon-
strate a powerful cumulative synergistic effects. Moreover,
biomimetic systems considered below could also give rise to
the synergistic properties.

6. Biomimetic approaches for novel
antifouling techniques

Nature has served as an inspiration for humans in many fields
of research and development, and has already suggested many
a strategy for the design and development of highly efficient,
broad-spectrum antifouling systems that are minimally harm-
ful to the environment.222,223 Currently, three main biomimetic
strategies are considered: (i) application of natural antifoulants,
(ii) designing surface microtopographies, and (iii) application of
synthetic polymers. Fig. 14 shows several characteristic examples
for these strategies, such as papain and capsaicin for the natural
antifoulants, shark skin and lotus leaves surface structures for
surface microtopographies, zwitterion and DOPA-based coatings
for the synthetic polymer-based antifouling platforms.224

As evidence of the growing importance of this technology,
there have been recent reports of significant research efforts
to develop biomimetic anti-fouling surfaces with designed
microtopographies and/or synthetic polymers.225 Examples
include mussel-inspired synthetic polymers,226,227 zwitterionic
coatings,228 photopolymerized biomimetic self-adhesive
surfaces,229 antimicrobial peptides230 and many others. Below
we discuss several recent characteristic examples to outline the
major direction in this family of technologies.

Zhao et al. have fabricated and tested stable biomimetic
coatings on multivalent phosphorylcholine-containing poly-
(methacrylate) copolymers (PMGT) surfaces. These stable coatings
are formed via post-crosslinking in an atmosphere enriched with
moisture and triethylamine (TEA). Under these conditions,

Fig. 14 Three main strategies to utilize the biomimetic approach:
(i) application of natural antifoulants, (ii) designing surface microtopo-
graphies, and (ii) application of synthetic polymers. Reprinted with permis-
sion from Chen et al., 2021.224 Papain and capsaicin as natural antifoulants,
shark skin and lotus leaves as sophisticated surface microtopographies,
zwitterion and DOPA-based coatings as synthetic polymer-based antifouling
platforms are the characteristic specific examples of the three strategies.
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zwitterionic phosphorylcholine functional groups are able to
orient themselves in the direction of the outer surface. This

allows for the control of hydrophilicity, film stability and
antifouling characteristics. Fig. 15(a–d) illustrates one of the

Fig. 15 Upper panel: (a–d) Possible mechanism for PMGT coating formation (incubation step, then PC moieties tended to orient towards the outer
coating layer, and post-crosslinking) and (e) short-term protein adsorption onto different PDMS samples. Significant difference compared with bare
PDMS is apparent. Reprinted with permission from Zhao et al., 2019.231 Mean panel: (f) The structure of slippery liquid-infused porous surfaces (SLIPS)
inspired by the natural plant Nepenthes pitcher, also known as ‘‘monkey cups’’, family Nepenthaceae, and (g) schematic illustration of the process
combining electrodeposition, vapour deposition and oil infusion to realize superhydrophobic and oil-infused surface. Reprinted with permission from
Quyang et al., 2019.232 (i) Statistical results of bacterial coverages on samples made of glass, poly(dimethylsiloxane) based polyurea (PDMS-PUa) and
slippery organogel layer (OG) after immersion in a static culture solution inoculated with Pseudoalteromonas sp. for 7 and 14 days. Drastic drop of
bacterial coverage could be noticed for the slippery organogel surface. Reprinted with permission from Zhang et al., 2019.233 Bottom panel: (j) Schematic
protection mechanism for the smart anticorrosion system on Mg alloys. Reprinted with permission from Jiang et al., 2019.234 (k) Schematic steps of
preparation of the liquid-infused surface based on vertical dendritic Co for achieving superhydrophobicity and lubricant infused surfaces. Reprinted with
permission from Ouyang et al., 2019.235 (l) Slippery liquid-infused porous surfaces fabricated on CuZn: SEM images of the material in different preparation
stages. (1, 2) Cu(OH)2 obtained by oxidizing Cu in a mixed solution containing 0.1 M (NH4)2S2O4 and 2.5 M NaOH, and (3) further modification of Cu(OH)2
in dodecanethiol vapor. The ready materials serve as a barrier to abiotic seawater corrosion. Reprinted with permission from Qui et al., 2019.236
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pathways for PMGT coating formation, and Fig. 15(e) shows the
short-term protein adsorption onto different PDMS samples,
with a significant difference evident when compared with bare
PDMS.231

Ouyang et al. have demonstrated another nature-inspired
approach to mitigate microorganism attachment onto surfaces
of titanium. This approach was inspired by the naturally
antifouling plant Nepenthes pitcher, also known as ‘‘monkey
cups’’, from the family Nepenthaceae. Titanium and titanium
alloys are widely used in applications requiring prolonged
exposure to highly corrosive seawater environment owing to
their stability under these conditions. Yet, both titanium and
its alloys are highly susceptible to fouling, which presents
a significant challenge for the use of this family of metals.
To mitigate this issue, dendritic Ag has been deposited onto the
surface of Ti using electrodeposition technology. Then, den-
dritic Ag was modified with dodecanethiol vapors to obtain a
superhydrophobic surface. The superhydrophobicity arises
from a combination of hydrophobic moieties and the voids in
the dendritic Ag matrix. At the same time, the surface is
superoleophilic, which allows the oil to infuse into the matrix,
driving out the air from it, thus producing a slippery liquid-
infused porous surface (SLIPS). SLIPS-coated Ti was able to
resist fouling by diatoms and green algae, with the number of
attached organisms being 4 orders of magnitude lower when
compared to uncoated Ti after 14 days of immersion. These
results show that introducing SLIPS onto the surface of metals
may provide a useful pathway for mitigating biofouling under
seawater conditions.232 The structure of SLIPS is illustrated in
Fig. 15(f), and schematic illustration of the fabrication process
combining electrodeposition, vapor deposition and oil infusion
to realize superhydrophobic and oil-infused surface is shown in
Fig. 15(g).

Zhang et al. have designed and tested another SLIPS plat-
form that is promising for marine applications. One of the
main advantages of this platform is its increased stability,
which is needed to overcome the ease with which transitional
SLIPS can be damaged under real-life conditions. These
researchers designed a self-healing slippery organogel film,
where silicone oil was infused into poly(dimethylsiloxane)
based polyurea (PDMS-PUa) matrix. This matrix was fabricated
from a,o-aminopropyl terminated poly(dimethylsiloxane) (APT-
PDMS) in combination with isophorone diisocyanate (IPDI).
The chemical composition of this film allowed it to break and
reform hydrogen bonds in urea groups between PDMS-PUa,
resulting in material healing. The lubricant oil was also regen-
erated as the silicone oil was able to move across the PDMS-PUa
matrix to the regeneration site. The organogel layer showed an
excellent combination of a low water sliding angle of o101 and
biofilm-retarding properties under both static and dynamic
environments (Fig. 15(i)).233

A bioinspired coating featuring a self-reparable slippery
surface and an active corrosion inhibition for reliable protec-
tion of Mg alloy has been reported by Jiang et al.234 Here,
plasma electrolytic oxidation was used to modify a AZ91 Mg
alloy, followed by the formation of a layered double hydroxide

film and an infusion of lubricant, producing a biomimetic
surface with desirable nonwetting and self-healing characteristics.
Importantly, thus-produced surfaces were more efficient in
repelling water under immersion conditions when compared
to traditional superhydrophobic surfaces, and as such would
provide greater protection against corrosion. The layer of
double hydroxide serves as a source of molybdate that is
released from the film upon contact with Cl� ions in the water.

Schematic steps of preparation of the biomimetic liquid-
infused superhydrophobic surfaces based on vertical dendritic
Co are shown in Fig. 15k. In this case, a liquid-infused surface
was produced by introducing the silicone oils into the super-
hydrophobic Co dendrite matrix. Such liquid-infused matrices
are able to effectively reduce the attachment of sulfate-reducing
bacteria onto metals, the latter being a precondition step to the
induction of microbiologically mediated corrosion. Fig. 15i
shows several SEM images of the slippery liquid-infused porous
surface fabricated on CuZn. Thus-fabricated materials also
served as a barrier to abiotic seawater corrosion.236

The above-described nanostructured surfaces could be quite
efficient in terms of bactericidal activity. However, because this
effect is intimately linked to the interactions between the cells
and the surface, any accumulation of dead cells or cellular
debris may interfere with its potency against cell attachment
and biofilm formation. This is well demonstrated using the
example of lotus-leaf-inspired hierarchical structured surfaces
with non-fouling or mechanical bactericidal performances.
While the superhydrophobic and cell repelling nature of lotus
leaf and lotus leaf-inspired surfaces is well documented, the
ability of these surfaces to kill cells upon direct via inducing
physical damage to the membrane is a more recent discovery.
These findings have prompted researchers to develop surfaces
that combine nano- and micro-scale feature with perfluorina-
tion for superior synergistic antibiofouling effect that have
recently been reported by Jiang et al.237 When tested against
E. coli, these surfaces were able to repel attachment by more
than 99%, with cells that managed to attach killed via the
membrane rupturing effect. These results are superior to
those that can be attained by surfaces that display solely
superhydrophobicity or mechanical-type contact killing beha-
viour. Furthermore, these novel surfaces have the additional
benefit of improved long-term efficacy with respect to anti-
microbial activity, since it is founded entirely upon a physical
mechanism of cell killing. Fig. 16 illustrates the fabrication
of lotus leaf-like structures via a combination of plasma
etching and a hydrothermal reaction, and SEM images of
thus-produced structures.
� Biomimetic materials and material systems hold a great

promise for the future antifouling technologies. Importantly,
the attempts to combine several approaches into a single
system could be the future trend in the marine antifouling
protection systems. Bioinspired nanotechnology-based materials
are currently under extensive investigation.238–242 However,
the approaches that are not based on the advanced materials
but involving various physical mechanism are also under
exploration, as exampled below.
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7. Physical approaches as medium
technology between nanomaterials
and bioinspired surfaces

As described above, nanomaterial-based techniques for marine
antifouling are quite promising, and they could be made to be
even more efficient when the synergistic and bio-mimetic
effects and structures are involved. Along with these efforts, a
search for the novel technologies exists with the aim to find
approaches not based on some specific materials but utilizing
some simple physical effects. Such technologies (collectively
termed ‘‘physical antifouling’’) promise to be ‘absolutely envir-
onmentally friendly’ since they do not assume emittance of any
chemicals, even relatively benign to the environment. Below we
outline just three examples. These examples are quite different
with respect to their physical nature, involving distinct equip-
ment and physical principles, to present a picture of a wide
search for the environmentally friendly marine anti-fouling
technologies: (i) ultrasonic-based antifouling control, (ii) nano-
second pulsed laser cleaning of marine micro-biofoulings, and
(iii) water jet-based antifouling technology optimised by genetic
neural network.

Decontamination of surfaces using an ultrasound treatment
is an effective means of keeping surfaces free from fouling
under freshwater and seawater conditions,243 with frequencies
in the range of 20–50 kHz demonstrating the best results.

This is because sound waves within this frequency rage can
cause mortality in a range of species, including crustacean and
bivalve larvae.244 This important because the agents affecting
the microbiota can consequently impact on other species that
interact with or depend on this microbiota. For example,
recently, a dependence of growth performance and health
status of European eel on the growth of relevant microbiota was
investigated.245,246 Knobloch et al. showed that an ultrasound
treatment at the frequency range of 20–80 kHz produced by
means of ultrasound transducers was capable of modulating
the growth of microbiota of European sea bass (Dicentrarchus
labrax), a species of fish of commercial significance for
aquaculture over 71 days (see Fig. 17a for the experimental
sequence). Inactive transducers placed in the same position in
the middle of the tank were employed to act as controls. The
primary aim of this study was to investigate the compatibility of
ultrasound-based antifouling strategies for offshore platforms
with objectives of fish farming that may take place within the
same ecosystem (Fig. 17a and b).247

The results presented in Fig. 17b suggest that microbial
communities present in the gut, on the skin surface and in the
seawater show evident impact from the continuous exposure to
ultrasound treatment, with the surface microbiota of farmed
sea bass being most vulnerable to the treatment. While this
study did not report any significant negative effects on the fish
population itself, the impact that the treatment has on the

Fig. 16 Antifouling characteristics of surfaces inspired by lotus leaf surface topography. Upper panel: Plasma etching and hydrothermal etching are two
strategies commonly used to produce lotus leaf-like topographies. Lower panel: SEM visualisation of silicon surfaces patterned with a single micro-scale
((a) and (b)), dual-scale ((c) and (d)), and single nanoscale ((e) and (f)) structures. Reprinted with permission from Jiang et al., 2020.237
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biota of the skin of these animals may render the fish more
susceptible to diseases and increase longer term mortality in
the exposed populations.247

Tian et al. have demonstrated the application of nanosecond
(30 ns) pulsed laser for the removal of natural marine bio-
fouling with the thickness of about 60 mm from the surface of
aluminum alloy. Schematic of the process is shown in Fig. 17c,
and schematic of the laser cleaning scanning path is illustrated

in Fig. 17d.248 The experiment was conducted using lasers of
different fluence ranging from 1.38 to 5.52 J cm�2 to investigate
the effect of the latter on the removal of fouling organisms from
the surfaces of aluminium. The removal was attained via laser-
mediated vaporization and ablation of cells and biofilm mole-
cules. Importantly, the surfaces did not sustain any significant
damage as a result of the treatment, with the surface treated at
a fluence of 5.52 J cm�2 gaining an additional characteristic of

Fig. 17 (a) Experimental design to study the impact of ultrasonic antifouling on the health and growth of farmed European sea bass and its associated
microbial communities, and (b) Gut, skin and ambient seawater microbiota with and without exposure to ultrasound treatment. Reprinted with
permission from Knobloch et al., 2021.247 (c and d) Schematic representation of the laser cleaning scanning path and schematic of the laser cleaning of
natural marine micro-biofoulings from the surface of an Al alloy. (e) Thickness of biofilm that remained on the surface subsequent to cleaning with
different cycle times and laser fluencies. Reprinted with permission from Tian et al., 2020.248 (f) Training of the genetic neural network to maximise the
efflux of a water jet-based biomimetic antifouling strategy based on the combination of the jet parameters and (g) comparison of the predicted water jet
distribution and antifouling values with the respective simulated values. Reprinted with permission from Liu et al., 2020.249
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superhydrophobicity, which is desirable for the long-term pre-
vention of fouling. Fig. 17e shows the dependence of thickness
of the biofilm surface residue on the number of cleaning cycle
and the laser fluences.

One more interesting example is the use of neural networks
to simulate the water jet-based biomimetic antifouling
approach for marine structures. Due to level of complexity
typical of real-life biological systems, the traditional modelling
could be problematic, so Liu et al. utilized the neural networks
to optimize the design of a water jet-based biomimetic anti-
fouling model. Fig. 17f shows the flow chart of the prediction of
efflux effective coverage by the genetic neural network, and
Fig. 17g shows the comparison of the predicted value with the
simulated value.249 This innovative method was first proposed
by Liu et al.250 where it was demonstrated that the efficacy of
the attachment prevention of Phaeodactylum tricornutum could
be effectively improved using this method. By hindering the
early stages of marine biofilm formation, it is possible to
effectively disrupt the entire fouling process. For practical
applications, an outwardly oriented jets can be used to form a
dynamic fouling-retarding later that is both effective and
environmentally benign when compared to traditional chemical
and physical methods of preventing fouling in aquatic systems.
Introducing microbubbles containing plasma-generated highly
reactive species into the water jet may significantly increase the
efficacy of the cleaning treatment, as reactive species have been
demonstrated to act both on the microorganisms as well as onto
the molecules that make up the biofilm structure, leading to its
more effective dispersal.251,252

� Physical approaches hold an intermediate position
between the nanomaterial-based techniques and bioinspired
surfaces and thus, benefit from their best advantages such as
low toxicity due to the absence of chemical reagents, and high
efficiency. It should be noted that the fabrication of surfaces
that use physical approaches of antifouling may involve
chemical reactions (e.g. during the laser or ultraviolet treat-
ment) that can potentially release dangerous chemicals into the
environment. It should also be mentioned that the processes
that underpin the antifouling and killing mechanisms in the
physical marine antifouling protection technologies are quite
complex and currently not fully understood. Further progress
in this area is required to maximise the benefit offered by this
family of antifouling approaches, and importantly, combination
of physical approaches with the sophisticatedly designed func-
tional nanocomposites could be of a particular interest.

8. Future outlook and challenges

We started our review with a brief overview of the multi-century
history of marine antifouling coatings, and this story still
continues and still requires a strong, consolidated effort to
find radical solution to this problem. In the next few years, the
marine antifouling technology market is predicted to reach US
$15 billion, with strong emphasis on novel environmentally
benign antifouling techniques to overcome drawbacks of

current engineered coatings. The general aim of this article
was to show that (i) mature approaches based on various
chemical agents still fail to ensure efficient solutions for
hundreds of thousand marine vessels; (ii) the most promising,
from the authors’ point of view, future strategies should be
based on (Fig. 18):
� Wide use of advanced, functional nanostructured

materials;
� Application of synergistic effects and phenomena; and
� Utilization of nature-inspired biomimetic systems and

surfaces.
Moreover, it is important to stress that while the traditional

methods of preventing fouling are mainly based on the active
chemistry, new strategies (based on nanoscale effects, synergies
and biomimetics) are more physics-oriented in their nature and
hence, they are fundamentally more environmentally friendly
since they rely on strongly localized near-surface effects that do
not release toxic elements into the environment but produce
the anti-biofouling action using the nano- and micro-features
of the surface, and enhance these effects through carefully
designed synergies.
� Combined together, these three strategies promise to

ensure a drastic boost in the efficiency, versatility and environ-
mental innocuousness of future marine anti-biofouling mate-
rial platforms, and realize nontoxic, durable, commercially
viable, environmentally sustainable antifouling coatings that
are urgently required.
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