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Abstract

Marine fouling is a worldwide problem, which is harmful to the global marine ecological environment and economic benefits. The
traditional antifouling strategy usually uses toxic antifouling agents, which gradually exposes a serious environmental problem. Therefore,
green, long-term, broad-spectrum and eco-friendly antifouling technologies have been the main target of engineers and researchers. In
recent years, many eco-friendly antifouling technologies with broad application prospects have been developed based on the low toxicity
and non-toxicity antifouling agents and materials. In this review, contemporary eco-friendly antifouling technologies and materials are
summarized into bionic antifouling and non-bionic antifouling strategies (2000-2020). Non-bionic antifouling technologies mainly in-
clude protein resistant polymers, antifoulant releasing coatings, foul release coatings, conductive antifouling coatings and photodynamic
antifouling technology. Bionic antifouling technologies mainly include the simulated shark skin, whale skin, dolphin skin, coral tentacles,
lotus leaves and other biology structures. Brief future research directions and challenges are also discussed in the end, and we expect that

this review would boost the development of marine antifouling technologies.

Keywords: biofouling, antifouling technologies, bionic, non-bionic, biofilm

Copyright © The author(s) 2021.

1 Introduction

Biofouling is a fast, dynamic and complex issue in
the shipping industry'". Marine biofouling refers to the
colonization and settlement of fouling organisms (such
as microorganisms, plants, algae, or small animals) on
the surface of underwater substrates, which usually se-
riously affects the normal operation of ships and un-
derwater equipments”> ", The shipping industry is the
main driver of global trade (close to 90%)™. However,
due to the attachment of biofouling, it causes billions of
dollars in damage to the shipping industry annually'.
For example, during the voyage from San Francisco to
Yokohama, the transportation cost of ships with serious
biofouling increased by 77% in 14 days"’. Due to the
increase in the weight and drag of the hull, it is necessary
to increase fuel consumption in order to maintain the
original sailing speed"'”. According to statistics, the
power consumption and fuel consumption of ships se-
riously affected by fouling have increased up to 86% and

11-14

40%, respectively!' ", The latter leads to cost increase

in the shipping industry, which is estimated to be USD 1
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billion per year[8’15]. In addition, the adhesion of fouling
organisms make the surface of the hull rough, which not
only increase navigation resistance and fuel consump-
tion, but also leads to an increase in harmful gas emis-
sions (including NOx, CO,, and SOx)!""'"). Smith et al.
estimate that ship CO, emissions will increase 50% —
250% from 2012 to 2050””. Without further action, the
international shipping sector could account for 17% of
global CO, emissions in 2050 Excessive emissions
of toxic gases cause the loss of approximately EUR 200
billion annually'*.

According to statistics, there are about 4000 kinds
of marine fouling organisms including soft (such as
algae and anemones) and hard (such as barnacles, mus-

6.22.23] They vary greatly

sels) fouling species (Fig. 1)t
with different geographical locations and different en-
vironmental conditions, including salinity, temperature,
nutrition, flow velocity, and solar radiation intensity,

15,24,25
ettt

] When the fouling species of a certain sea area
are attached to the surface of the ship and brought into
the new marine environment, they may grow wildly and

disrupt the ecological balance, which will have a crucial
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Fig. 1 (a) Algae (photo by Zden¢k Machacek on Unsplash), (b) Anemones (photo by NOAA on Unsplash), (c) Barnacles (photo by May

Gauthier on Unsplash), (d) Mussels (Mussels photo is downloaded from the website of Pixabay (https://unsplash.com/))

impact on the global marine ecosystem[26’27].

Biofouling’s growth process can be divided into the
following key steps on the timeline, as shown in
Fig. 2. First, when the substrate is immersed in sea-
water, Organic Carbon Residue (OCR) will immediately
adsorb on the wet substrate surface and form a condi-
tioned film, which only takes a few minutes. The com-
position of these OCRs depend largely on the ions,
glycoproteins, humic acids and fulvic acids available in
the liquid phase™. Secondly, a few hours later, under
the action of electrostatic force and van der Waals force,
bacteria and microorganisms are adsorbed on the condi-

(291 Water flow, Brownian

tioned film to form a biofilm
motion, sedimentation and convective motion promote
the adhesion of bacteria and microorganisms to the
conditioned film"**" Bacteria and microorganisms attach
to the surface through Extracellular Polymeric Sub-
stances (EPS), which consist of polysaccharides, pro-
teins, and nucleic acids. Early biofilm growth is an im-

portant inducer for the attachment of other complex

organisms in the later period. Thirdly, about 7 days later,
some protists, single-celled algae spores and marine
biological larvae attached to the biofilm surface, which
provided nutrition for the formation of large biological
fouling communities. Finally, a month or so, substrate
surface under seawater has formed a more complex
biological fouling communities®' ),

Antifouling technologies have a long history of
development. Humans have been fighting marine foul-
ing for more than 2,000 years!'. Carve et al. first pro-
posed and wrote an article on the impact of biofouling on
ship performance”®. According to literature statistics,
the earliest ancient Greek used asphalt, wax, tar and
other materials to wrap the hull for antifouling treat-
ment®’). In the following centuries, plumbum, copper,
zinc and other metallic materials were also used as an-
tifouling coatings for hulls®®. However, the metal ma-
terial coating is likely to react with seawater, accelerate
shorten  the
period. Therefore, in the present day, the metal material

hull  corrosion and antifouling
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Fig. 2 Schematic diagram of marine biofouling.

antifouling coatings are not considered the most ideal
antifouling method. In recent decades, the researcher
looking for new and effective antifouling materials and
technologies have became the main direction.

Until the 1960s, the most successful of those anti-
fouling materials were based on alkyl tins, most notably
tributyl tin (TBT), which was once considered to be the
permanent solution to the problem of marine biofoul-

[25.39] However, in subsequent studies, TBT was

ing
recognized as an endocrine disruptor to mollusks,
causing the growth of male genitalia in female mussels
(imposex)™*”. More than that, TBT can also cause shell
deformations in oysters, imposex in whelks, and im-
mune response, neurotoxic and genetic effects in other
marine species” . As a result, TBT antifouling coat-
ings were banned worldwide after 2008, following a ban
imposed by the International Maritime Organization
(IMO) in 20014142,

In recent years, laws and regulations on antifouling
material compositions are increasingly strict'™!. The
European Union issued “Biocidal Products Directive”
(BPD) in 2000, which review all biological biocidal
products including antifouling paints. Then, it published
46 kinds of antifouling biocides, and there are only
10 kinds of biocides entering the BPD registration pro-

cedure. But it has not been determined whether the
10 kinds of biocides can be included in the qualify list. In
the meantime, the unqualified biocides will be withdrew
permanently from the European Union market. In addi-
tion to the European Union, Canada, Sweden and other
countries also limited copper release rate on antifouling
coatings to protect the marine environment!*".

In order to protect the ecological environment,
maintain the ships, marine equipments and facilities
normal operation, development of the environmental
protection, broad spectrum, and durable antifouling
technologies have become a worldwide research fo-
cus™™ ). In this review, we focused on the new prin-
ciples and new technologies of environmentally friendly

antifouling.
2 Non-bionic marine antifouling technologies

2.1 Protein resistant polymers

As mentioned above, the formation of biofilms and
the colonization of fouling organisms are closely related
to time. At the beginning of microorganisms adsorption,
they strengthen their connection to the substrate surface
by secreting metabolites, which are mainly proteins'**.
Therefore, fouling organisms accumulation can be pre-

vented by preventing proteins adhere to the surface of
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the substrate.

Polyethylene glycol (PEG) is a amphiphilic poly-
mer that has been extensively used in the biomedical and
marine environment due to its protein resistance!'** %,
The hydrophilic surface of PEG with high surface ener-
gies similar to water (72 mN-m '), therefore, the inter-
facial energy between the surface and water is mini-
mized"*!. This removes any thermodynamic advantage
from the adsorption of biomolecules and makes it dif-
ficult for biofouling to adhere to the substrate!” .
Combined with the anti-protein property of PEG, Ma et
al. used SiO, modified PEG to generate a polymer
coating®”). The protein adsorption test was carried out
by soaking the polymer coating in the mixed protein
suspension. The amount of protein adsorbed on the
surface of the polymer coating was lower than the de-
tection standard, which proved that the modified PEG
polymer coating had good protein resistance. Similarly,
Gan et al. also studied the resistance of PEG to protein
adhesion. They developed N-isopropylacrylamide of
PEG as the copolymer monomer to get nano-particles by
free radical deposition method, and the PEG na-
no-particles can reduce proteins adhere significantly”®.
In the study of protein hydrolysis by PEG, Leng et al.
found that the free PEG chains can directly interact with
protein molecules, which can greatly damage the hy-
dration layer of protein and achieve protein fouling re-
sistance™. Kim et al. used mussel-inspired polydopa-
mine coating and spin-coating-assisted deposition of
PEG catechols®”. Subsequently, the catechols are cros-
slinked by Fe’"-coordination reactions, thereby fixing
PEG to the surface and formed multilayered PEG films
that are highly resistant to marine diatom even after
immersion in seawater for 4 weeks. Calabrese et al.
synthesized non-natural amino acids with either an alkyl
or PEG side chain that are used to build amphiphilic
oligopeptides'®.  When polysty-
rene-block-poly(dimethylsilo-xane-co-vinylmethylsilox
ane) block copolymer backbone, oligopeptides ob-
viously lower contact angles and improved antifouling
performance against Ulva linza (U. linza). These mixed

attached to a

surfaces generally consist of a polymer backbone with a
non-ionic, amphiphilic surfactant attached as a side
chain. The non-polar side chains are typically composed
of alkyl,

fluorinated, or poly(dimethylsiloxane)

(PDMS)-based, while PEG is the most prominent polar

component studied to date!®",

Although the antifouling performance of PEG is
good, it lacks long-term stability and is susceptible to
oxidative and microbial degradation™”. Therefore, re-
cent research has focused on finding alternatives or
changing structures, such as zwitterions. The zwitterio-
nic polymer coatings have been extensively used to anti
biofouling, it can be attributed to the hydration layer
around the zwitterionic moiety'®*!. Saffarimiandoa et al.
developed two polyamide reverse osmosis desalination
membranes coated with zwitterionic sulfobetaine silane
that compounds including 4-(diethyl(3-(trimethoxysilyl)
propyl)ammonia)butane-1-sulfonate (EPBS) and 3- (di-
mehyl(3-(trimethoxysilyl)propyl)Jammonia)propane-1-s
ulfonate (MPPS)!®!. These investigations using five
different marine bacteria isolated from Bosphorus,
Turkey to verify it antifouling performance. According
to the results, zwitterionic sulfobetaine silane coated
membranes showed a strong anti-bacterial effect against
the isolated marine biofouling bacteria and significant
biofilm adhesion resistance. Venault et al. have pre-
sented a novel antifouling pseudo-zwitterionic
poly(vinylidene fluoride) (PVDF) membrane, using the
surface grafting of [2-(Methacryloyloxy) ethyl] trime-
thylammonium chloride(TMA) and 3-sulfopropyl me-
thacrylate potassium salt (SA)Y. The PVDF film were
synthesize by TMA/SA mixed-charge copolymer via
plasma-induced surface copolymerization. Through the
initial molar content, the surface charge of the film can
be well controlled. Mixed-charge covered surface has
non-fouling ability and electrostatic repulsion generated
by charge bias. Hence, surface-modified membranes can
resist protein adhersion and reduce the biofouling caused
by the adsorption of Escherichia coli (E. coli), either
exhibit excellent resistance to biofouling in static con-
ditions. Zwitterions offer a promising alternative to PEG,
but there have drawbacks which make them difficult to
implement. Zwitterion’s monomers can be expensive
and there are notoriously difficult to work in organic
solvents, even interfere or unstable during polymeriza-
tions'*”). Bodkhea et al. have shown that the amphiphilic
and zwitterionic groups on the surface of fouling-release
coatings both can improve the antifouling performance
of the coatings'®”. Therefore, combined with the existing
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research results, the antifouling defects of amphiphilic
polymers and zwitterionic polymers should be optimized
and improved so that they have better antifouling prop-
erties and can be widely used.

2.2 Antifoulant releasing coatings

Although organotin compounds are banned due to
environmental pollution, some antifouling coatings that
contained with low toxic antifouling agents are still be
used. Copper is the most commonly low toxicity element
which used in antifouling agents and usually combined

#4671 The first idea of using

with other organic agents!
copper in the ships was proposed during the King
Christian IV reigned of Denmark in 1618'*], but it only

%1 Over the next few

be used in the keel near the rudder’
centuries, copper has been accompanied with the de-
velopment of ocean shipping business. Copper is one of
the important antifouling materials, but in the early days,
people were not sure about its actual antifouling prin-
ciple®™. Until to the early 19 century, Yebra er al.
found that cupric ion dissolution in seawater can prevent
biofouling attach to substrate when he research the
process of copper corrosion'’®. Since then, copper has
been formally determined to have antifouling ef-
fectl37172

cuprous oxide as the filling material of antifouling

], Antifoulant releasing coating usually used

agents. The antifouling performance of the coating is
greatly affected by the polymer matrix, which refers to
the carrier substrate of the antifouling agents. The re-
lease types of the polymer matrix determines its anti-
fouling efficiency!”">".

At present, polymer matrix release antifouling
agents can be divided into three categories: insoluble
matrix coating, soluble matrix coating and self-polishing
matrix coating. Insoluble matrix coating, also called
contact leaching or continuous contact coating, it cannot
decompose or corrode in the seawater!”). The insoluble
matrix mainly contains epoxy resin, acrylate or chlo-
ro-rubbers!™*. Insoluble matrix coating contains suffi-
cient soluble antifouling agents. When the antifouling
agents particles above the surface coating are dissolved
by seawater, and then the secondary antifouling agents
particles hidden behind the first layer surface those will
keep dissolve and form a continuous antifouling ef-
fect”). But the solubility of antifouling agents and an-

tifouling agents interparticle contact probability will
affect the antifouling effect to some extent. Along with
the surface antifouling agents are dissolved, the
sub-surface layer antifouling particles need to be indi-
rectly released through the interconnecting gap. If the
antifouling agents in the matrix is not uniform or the
density are insufficient that will lead to antifouling
coating effect decline and reduce the service life. In
order to avoid the decrease in antifouling efficiency,
which caused by the antifouling agents insufficient so-
lution in seawater, the soluble matrix coating is born.
Commonly, development of soluble antifouling matrix
coatings need to integrate a large number of rosin (an
extract from water-soluble natural resin of pine or fir) or
its derivatives. Although rosin is high soluble, the plas-
ticizer mixture is needed to make the final soluble anti-
fouling matrix because of its brittle. Antifouling agents
released with soluble matrix and dissolved in water'’*).
In dynamic test, the soluble matrix coatings have shown
good antifouling performance. But in static test, due to
relatively slow dissolution of the coating surface layer
and the insufficient release of the antifouling agents, the
biological sterilization activity decreased. Therefore, the
coating surface is easy to form accumulation of fouling
organisms and reducing the antifouling effect!”).
Self-polishing matrix coating generally composed of
silicon, copper or zinc ester side groups, it can be easily
hydrolyzed in seawater'®”). The matrix’s surface can be
hydrolyzed by water flow to form new surfaces conti-
nuously and release antifouling agents to achieve anti-
fouling effect. Experiment results show that the
self-polishing matrix coatings have similar problem to
the soluble matrix coatings after a while. When the
speed of water flow is insufficient and the coating sur-
faces update slowly, the coating surfaces will absorb
more water and make it thickness accelerated expansion.
Therefore, the mechanical properties and antifouling
effects of the coatings will be affected'”®). The aging and
release rate of antifouling agents under different poly-
mer matrixes are shown in Fig. 31>,

Copper was an effectively and widely used biocide,
but only proved to be effective for a period of up to two

771 Not only that, the widespread use of these

years[
(heavy) metal-based antifouling coatings resulted in

high-level contamination!”. In the past decade, the use
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Fig. 3 The aging and release rate of antifouling agents under different polymer matrixes

of toxic antifouling agents have gradually been restricted,
and the search for alternative toxic agents has been ad-
vanced. Inspired by these natural systems, researchers
have developed new and effective antifouling strategies
that are more ecofriendly than conventional strategies,
such as the natural compounds. Natural compounds can
be extracted from marine microorganisms, bacterias,
aquatic plants and invertebrates, which have a small
impact on the environment and those are considered to
be one of the best alternatives to other traditional toxic

(80851 Bhattarai er al. extracted ethyl acetate

biocides
from 10 kinds of marine bacteria strains in the east of
South Korea sea coast, through spectrophotometer
chemical method. Assays showed that chemical com-
pounds extracted from marine bacterias can effectively
reduce the density of target strains in the culture medium
and the bacteriostatic ability is similar to TBT™. In
addition to bacteria, aquatic plants are often used to
extract natural compounds, such as algae™®"**. Accord-
ing to statistics, from 1965 to 2012, there were as many
as 3,129 kinds of marine natural compounds discovered
from algae. Among which about 1,658 kinds of natural
compounds extracted from the Rhodophyta plants, ac-
counting for 53% of the total and ranking the first. Ap-
proximately 1,213 natural compounds extracted from

Controlled depletion polymer
based coating

v

Time Time

Self-polishing copolymer
based coating

[76]

Ochrophyta plants, account for 39% of the total in the
second place. The Chlorophyta extractive only 258
species, accounts for 8% of the total™*". The antifoul-
ing compounds of the Rhodophyta, Ochrophyta and
Chlorophyta are mostly composed of terpenoids and
halogenated compounds. Asparagopsis armata is ex-
tracted from the algae, that is a kind of small halogenate.
The extractive compounds has antibacterial activity to
the marine biofouling and biomedical fungi, such like
Vibrio, E. coli and Staphylococcus aureus (S. aureus)”".
In the study of the Ochrophyta (Sargassum horneri),
Cho et al. isolated six similar structure from this com-
pounds using Reversed Phase Liquid Chromatography
(RPLC) and High Performance Liquid Chromatography
(HPLC) method”. Afterwards the structures of these
compounds are determined compose of poly pentenyl
chain by the Nuclear Magnetic Resonance (NMR) and
mass spectrometry analysis. The analytical results reveal
those 6 similar compounds have good antifouling activ-
ity to combat the typical marine biofouling such as
mussels, Ulva pertusa, Navicula annexa.

Although the natural compound antifouling agents
showed good antibacterial effect in the test, it is still
limited by many factors in practical application. For
example, (i) the extraction and synthesis of most natural
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compounds require large financial support, and
large-scale mass production is not yet possible. (ii) La-
boratory research data only reflects the antibacterial
properties of a single strain. In the face of complex ma-
rine environments, the bactericidal properties of natural
compounds are still unknown. (iii) Although natural
compounds are extracted from marine organisms, in the
process of commercialization, they still need to further
demonstrate their ingredients and determine unified

standards.

2.3 Foul release coatings

The adhesion of marine organisms has been his-
torically related to the critical surface tension of the
substrate, which was introduced by Zisman®. In the
literature, an empirical relationship between critical
surface tension and the relative amount of bioadhesion
has been established, it is commonly known as the Baier
curve, as shown in Fig. 4a. The key feature of this curve
is that the minimum in the relative adhesion at
20 mN'm ' 30 mN'm ™" does not appear at the lowest
critical surface energy. In fact, when the interface energy
is at the minimum, the relative adhesion is mini-

1359491 The antifouling coatings with low interface

mum
energy are normally called foul release coatings which
are different from traditional antifouling coatings, they
do not need release toxic agents to achieve antifouling
effect, but these coatings minimize the adhesion strength
between the fouling organisms and the substrate, so that
the organisms can be removed by hydrodynamical stress
during navigation or by a simple mechanical clean-
ing™*** Schematic diagram of fouling release from
foul release coatings is shown in Fig. 4b.

Under normal circumstances, when the ship coated
with a foul release coatings and travels at a speed of
10 knots — 20 knots, fouling organisms will automati-
cally fall off’**!. Currently, there are two types of
common antifouling coating materials with low interface
energy, including polysiloxanes and fluoropolymers,
they both exhibit effective functions such as physically
hindering the settled biofouling[mo]. Fluoropolymers are
well-known for their nonpolar nature, which confers a
hydrophobic character to their surfaces and a very low
critical surface tension or interface energy in the range of

10 mN-m ' — 20 mN-m'®**. However, fluoropolymers

also have many unavoidable defects, such as low struc-
tural mobility because of fluorine stiffness that hinders
their rotation along the entire polymer backbone and
fluorine monomers are relatively expensive, it is difficult
to apply fluoropolymers to the hull surface in large areas
from an economic point of view!"). Compared with flu-
oropolymers, polysiloxanes not only have a lower price,
but also have the superior biological, physicochemical,
and mechanical properties, which have been utilized in
various fields ranging from marine to space applica-
tions'". With reference to market evaluations, the share
of silicone products was USD 17.2 billion in 2017 owing

[101-103

to their extraordinary applications I Milne was the

first researcher to suggest that polysiloxanes could be

1% polysiloxanes have

used for antifouling materials!
stable chemical properties and smooth surface. It is not
easy to decompose or corrode in seawater, and these
features can reduce friction resistance during sailing!'*”).
However, in the actual application process, the non-polar
siloxane chains of the polysiloxane antifouling coating
have low bonding strength and poor mechanical prop-
erties, it is easy to tear and detach from the substrate

191 Otherwise, they are

under the action of water flow!
not exhibited significant antifouling effect in static test.
For the above problems, Mirabedini et a/. added TiO; to
adjust the mechanical factors of Silicone Elastic Coating
(SEC), such as tensile strength, elastic modulus and

171, Experiments show that the tensile

wear resistance
strength, elastic modulus, hardness, abrasion resistance
and fatigue strength of the coatings are all increased to
about 15% with the increase of TiO, content. While TiO,
content reached to 10 wt%, its adhesion ability reached a
peak but then gradually decreased. This is because of the
coatings cohesive strength increased with the increasing
of tensile strength and elastic modulus. When the con-
centration of TiO, reaches to saturation point, it is dif-
ficult disperse for TiO, due to the polymerization phe-
nomenon in the coating, which leads coating gradually
declined the adhesion property for the substrate. To im-
prove the antifouling ability, mechanical properties and
self-repairing ability for silicone polymer coatings, Liu
et al. developed PDMS-based of polyurea groups
(PDMS-pUa) which is not only exhibit excellent
artificial
seawater, but also have good adhesion to substrate”””’. The

self-repairing at room temperature or
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Fig. 4 (a) Schematic of Baier curve and (b) schematic diagram of fouling release for the foul release coatings

experimental photos for self-repairing samples are
shown in Fig. 5. In the experiment, researchers mixed
PDMS-pUa with a kind of
ment-friendly antifoulants (4,5-dichloro-2-n-octyl-4-is-

relatively  enviro-
othiazolin-3-one, DCOIT) to form polymeric films, and
immersed the polymeric films in the natural seawater for
marine field tests. After 6 months, due to its low elastic
modulus, low surface energy and continuous release of
antifouling agents, the polymer films exhibited ex-
tremely low fouling adhesion compared with other
samples.

Foul release coatings are regarded as an environ-
mentally friendly antifouling technology. It relies on the
physical properties of low surface energy and low elastic
modulus to achieve antifouling and it does not dissolve
or decompose in seawater. In the current development of
antifouling technologies, it plays an important role.
However, in view of the existing problems, improving
the mechanical properties and antifouling performance
under static conditions of the foul release coatings have
become the key breakthrough directions for future re-
search.

2.4 Conductive antifouling coating

Marine fouling organisms such as bacteria, poly-
saccharides, and natural organic matter commonly found
in seawater, usually have a negative charges, making
them susceptible to electrostatic repulsion by a negatively

Fouling release
(®)

[79]

Fig. 5 Photo of the self-repairing PDMS-pUa films at the tem-
perature of 25 °C, and for clear observation, the sample of
PDMS-pUa films are dyed in red and green.. (a) The original
sample; (b) the damaged sample; (c) the self-repairing sample; (d)
the self-repairing sample for 48 h.

charged films surface. Conductive antifouling coatings
are an electrochemical antifouling method thought in-
creased electrostatic repulsion between the films and the
foulants which can reduce the fouling adhesion!'.
Conductive antifouling technology does not produce
toxic substances, which is an important environmental
protection antifouling technology.

Conductive antifouling coatings usually use ethyl
carbamate as the matrix copolymer, and add a mixture of
graphite and carbon black as a conductive material. In
electricity experiments it was found that black carbon

formed a continuous conductive network structure in the
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matrix copolymers, which can make the coating fully
realized the electrical contact between the graphite. In
the antifouling experiments, the survival rate of Vibrio
alginolyticus attached to the conductive coating surface

109,110

decreased significantly! 1. Conductive polyaniline

(PAni) is another special conductive antifouling material

which formed by PAni and epoxy resin (or polyurethane).

These coatings were soaked in seawater for 6 months —
9 months, and less than 10% of the coating surface is
attached by fouling organisms. The experiment results
show that conductive PAni has the same antifouling
effect as the cuprous oxide antifouling agents!"'"!. Mos-
tafacei et al. mixed conductive PAni with epoxy resin
and injected nano zinc oxide as additive to synthesize
conductive nanocomposite coatings (PAni-ZnO)!''?.
According to the studies revealed those conductive po-
lymers suchs as PAni and PAni-ZnO nanocomposite can
reduce the settlement of algae and banacles on the sub-
strate. From the assays result, while nano zinc oxide is
added to PAni in an amount of up to 2%, its antifouling
performance has been significantly improved. In addi-
tion, due to the small size of the nanomaterial, it is
wrapped in the coating and not easy to be precipitated by
seawater, which prolongs the service life of the coating.
In the actual marine experiment for up to 9 months, the
surface of PAni-ZnO coatings can not form a arge-scale
accumulation of fouling organisms. Aldissera et al. also
used PAni for conductive antifouling studies!""*. They
mixed the PAni and HCI to get PAni-ES blending po-
lymer, and put 0.1% mol-L™" NH,OH solution in PA-
ni-ES polymer to get PAni-EB blending polymer. The
conductive polymers with different components are
tested by thermogravimetric analysis, salt spray test and
marine solid panel test. The results show that conductive
polymers have a significant antifouling performance
compared to the coating which only containing cuprous
oxide. The conductive polymers antifouling perfor-
mance and efficiency are expected to gradually replace
toxic metals coatings such as cuprous oxide. However,
while the negatively charged domain formation of a
strongly bound rendering the surface antifouling, it also
presents some major drawbacks: (i) these negative
charges facilitate nonspecific adhesion of positively
charged foulants; (ii) due to technical reasons, the cur-
rent conductive antifouling coating technologies are

only suitable for small vessels, and the application for
large vessels still need further research.

2.5 Photodynamic antifouling technology
In the early stage of the formation of marine biofilm,
microbial cells accumulate in the biofilms composed of

water, polysaccharides and EPS!''*. Due to multiple
factors such as different types of organisms, environ-
conditions and nutrient

mental supply, the

three-dimensional structure of biofilms varies great-
1yt''>181 - Commonly antifouling technologies usually
use low toxic or nontoxic antifouling agents to kill mi-
croorganisms and achieve antifouling effect!"'®''®,
However, a single antifouling agent cannot have a good
antifouling effect on every microorganism in the ocean
and it can accumulate in the ecosystem often harm to the
marine environment!"'”" At the same time, long-term use
of antifouling agents may lead to microbial drug resis-
tance, thereby gradually reducing the antifouling per-
formance of the antifouling agents.

Photodynamic antifouling technology combines a
non-toxic dye photosensitizer (PS) and harmless,
low-intensity light to match the PS absorption peak that
generates Reactive Oxygen Species (ROS), leading to
intracellular biological molecules (lipids, proteins, and
nucleic acids) oxidation. In most cases, microbial cell
damage occurs in the cell wall, and the cells are pene-
trated, thereby selectively killing the microbial cells.
Photodynamic antifouling technology can effectively
kill different types of microbial cells in the biofilm by
changing the solubility, photochemical properties and
of the PSM'7. It has
broad-spectrum antifouling properties and will not
U720 Through the study of

marine biofouling, it was found that most of the plankton

photophysical properties

produce drug resistance!

bacteria in the ocean are Gram-negative bacteria, and the
bacteria in the marine sediments are Gram-positive
bacteria. Gram-positive bacteria and Gram-negative
bacteria play an important role in the marine microbial

environment!'2! 1%

I The results of photodynamic expe-
riments show that phthalocyanine can be used as the PS
for Gram-negative bacteria, such as E. coli and Pseu-
domonas aeruginosa (P. aeruginosa). Minnock et al.
found that the photosensitivity of Cationic Pyridinium

Phthalocyanine (CPP) can inactivate Gram-negative
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bacteria and the CPP killing the bacterial cells are
closely related to the illumination time and dye concen-
tration!"**. Bertolonib er al. exposed bacterial cell to a
singlet oxidation with PS substrate and verified the
effects
Gram-positive and Gram-negative bacteria'””. The

bactericidal of singlet oxygen on both
results show that the living cell samples are significantly
reduced for different time periods. Castro et al. added
porphyrin to chitosan to form a novel anti-adhesion
photodynamic film'"**), The material generates singlet
oxygen under visible light irradiation, which can inhibit
cell adhesion and biofilm formation. These results pro-
vid a foundation for the research of killing microorgan-
isms with different PS under harmless visible light ir-
radiation, and these PS are expected to be applied in
antifouling coatings. However, under actual conditions,
only a limited amount of visible light can be received
under the surface of seawater, which has become a major
obstacle to the promotion of this technology.

In addition to visible light, ultraviolet (UV) radia-
tion is also an important choice for photodynamic anti-
fouling. Within the UV spectrum, the UV light wave-
length (100 nm — 280 nm) is the most germicidal as it
breaks the chemical bonds between DNA and RNA po-
(91271281 Qeki et al. used

Bacillus subtilis (B. subtilis) spores as biological sam-

lymers within microorganisms

ples and set up an UV irradiation device in the upstream
of the water, then release a quantitative B. subtilis spores
culture solution though the device. The downstream
water was sampled to determine the sterilization rate of
the UV irradiation device. The results show that survival
rate of B. subtilis spores are significantly reduced!"**"*"",
The application of UV light has been successfully uti-
lized for the prevention of biofouling in seawater sys-
tems, instruments and sensors, and has begun to explore
the application on ships’ hulls"*"!. For example, Mack-
enzie et al. used periodic UV-C illumination has been
shown to inhibit the accumulation of biofouling on
oceanographic sensors'"**. Hunsucker et al. investigated
the efficacy of using UV light to prevent biofouling in
the context of ships’ hull coatings. It was found that 1
min-dayf1 UV light exposure was effective at preventing
hard fouling development for epoxy coatings. Conti-
nuous UV light exposure resulted in no biofouling set-
tlement for copper coatings. Intermittent UV light ex-

posure was effective at preventing biofouling recruit-
ment to both the copper fouling release coatings and the
fouling release coatings. In the above studies, although
they have good antifouling properties, they still need to
be further standardized in terms of power, exposure time,
frequency and dosage of photosensitizer for UV treat-
ment. In addition, the transmission of UV light in sea-
water and the effects of water quality need to be consi-
dered, these factors will affect the amount of UV light
reaching the surface, thereby affecting the antifouling
effect!'*.

UV irradiation can not only directly kill microor-
ganisms, but also modify and treat antifouling coatings
to assist in the development of antifouling technology.
Alves et al. activated the surface of the thermoplastic
polyurethane (TPU) by UV irradiation. After surface
activation, methacrylic acid (MAA) was linked to the
surface of TPU in order to improve its reactivity. The
results show that the cell adhesion can be reduced by
activating MAA through UV irradiation!*. UV na-
no-imprint lithography can copy the moth-eye structure
onto the cured resin to form the moth-eye microstructure.
UV nano-imprint technology has little damage to the
mold, and can form a nano-scale high-density polymer

135

structure with antifouling effect!'*”. The mutual appli-

cation of UV technology has been gradually promoted.

3 Marine antifouling technology based on
biomimetic structure

Bionics (Bionics, Biomimetics, Biomimicry) is
defined in many ways, and there was not a fully unified
understanding until in 1960, an American military
surgeon Jack E. Steele first proposed the concept of
bionics!"**). It is a new cutting-edge science and tech-
nology that brings together many disciplines such as
biology, mathematics and engineering!*”". Bionics is
usually defined as a non-toxic, harmless and environ-
mentally friendly method. In recent years, the bionic
antifouling technologies have been greatly developed
and used in marine industry. Through long-term obser-
vation of marine organisms, it is found that even if the
plants and animals in the ocean are immersed in water
for a long time, the surface is still clean and there is no
fouling attachment, such as lotus leaves, aquatic plants,
sharks, whales and fleshy corals. Most of these marine
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organisms can resist the adhesion of biofouling by se-
creting mucus (including bactericidal substances or re-
ducing drag) or by exhibiting a special structure on the

skin’s surface!"*®

I Inspired by the above, people extract
antifouling substances from the marine organisms to
synthesize natural antifouling agents(for details see in
section 2.2), and mimick the epidermal structure of ma-
rine organisms or plants, such as sharks, whales, dol-
phins, corals, and lotus leaves. Utilizing those proper
properties to make biomimetic antifouling coatings,
which are beneficial to antifouling!'*").
3.1 Biomimetic antifouling technology of animal skin

structure
3.1.1 Biomimetic shark skin for antifouling application

Large marine animals, such as sharks (as shown in
Fig. 6a), whales, dolphins and other non-fouling organ-
isms, their skin surface can secrete a certain viscous
liquid. Mucousm found on shark skin and other marine
animals are believed to act as a lubricant and further
reduce drag with the lower skin friction, hence the shark
skin is regard as hydrophilic!'*”. Meanwhile, the surface
topography for many naturally marine organisms have
emerged as the fouling defense mechanism that are seen
as hydrophobic!'*.

Shark skin is composed of small, curved dentate
domains, which are called dermal denticles or placoid

142,143
scales! 414

, as shown in Fig. 6b. This special skin to-
pography has three-dimensional morphological gradient
changes and has better hydrophobicity compared with
independent variation gradient structure! **'**1. When
sharks swim in the ocean, the zoospore and bacteria are
difficult attached to the microstructure surface that is
smaller than its own size, resulting in a sharp decline in
bacterial adhesion. By imitating shark skin features,
Schumacher et al. changed the aspect ratio (feature
height/feature width) of topographical features in poly
(dimethylsiloxane) elastomer (PDMSe) and showing the

141 The spore density of

topography in Figs. 6¢ and 6d'
Ulva was reduced 42% with each unit increase in aspect
ratio of the shark antifouling topography surface. Simi-
larly for Balanus Amphitrite (B. Amphitrite), the number
of barnacle cyprids settled was reduced 45% with each
unit increase in aspect ratio. Sakamoto et al. performed

an antibacterial test using a polypropylene ester plate

(width 2 pm, depth 0.4 pm) simulating the shallow
groove surface of the shark skin!"*®). The results showed
that the surface of the shark-like skin morphology has a
better anti-bacterial effect on reducing bacterial adhe-
sion. However, numerous studies have shown that real
shark skin is much more complex than the simple
two-dimensional spinal structure. Carman et al. pre-
sented the sharklet AF™ surface which is a mul-
ti-feature topography consisting of 2 um in wide rec-
tangular ribs (4 um, 8 pm, 12 pm, and 16 pm in length)
spaced by 2 um with a height of 3 um made from a
PDMSe!'**!. The sharklet AF™ surface can decrease the
attachment of Ulva linza plankton spores by nearly 86%.
Chen et al. proposed a fast UV curing method that can
transfer and replicate shark skin structure in a large area,

147]
, as

and the replication accuracy reach up to 97%!
shown in Fig. 6e. After experimental verification, the
resistance reduction rate of the coating is improved
about 12%, and the antifouling effect is increased by

nearly 100 times.

3.1.2 Biomimetic whale skin for antifouling application

In addition to shark skin, pilot whale (Globicephala
melas) skin also demonstrates very clean surface and
free of fouling organism, as shown in Fig. 7al'**'*’]
Under observed by freshly freeze-etched skin samples
and Bouin-fixed samples which are showing in the
Fig. 7b!"**]. Baum er al. discovered that the surface of
pilot whale (Globicephala melas) is composed of na-
nometer-size pores and surrounded by nanoridges,
moreover, the surface average pore size is about 0.2 pm?,
which are lower than the size of most marine microor-

[150

ganisms'". The microorganisms can only attach to the

skin surface for a short time, and the attachment of or-

[150-152] Cao et al

ganisms will fall off under water shear
used a layer-by-layer polyelectrolyte spray method to
prepare the coating surface of simulating whale skin
structure and showing the surface in Fig. 7¢!'**l The
surface structure of this coating could be adjusted by
changing the pH of poly acrylic acid and polyethyleni-
mine polyelectrolytes. Finally, in the laboratory bioas-
says showing that surface has good antifouling effect
and when the maximum number of nanometer-size

pores (about 1 um) is contained in the smallest structure
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Fig. 6 (a)The image of the shark (photo by Gerald Schombs on Unsplash), (b) the Scanning Electron Microscope (SEM) image of a real

shark skin surface"*?

(600 nm), the adhesion of microorganisms to the coating
surface is the lowest. However, taking technology of
freeze-etching resulted in the partition of the skin sur-
face into hydrophilic non-lipidic and hydrophobic lipidic
sectors. These sectors varied in thickness and diameter
(about 1 um — 5 pm and 10 pm —100 pum, respectively),
indicating the presence of a skin-covering fluid"*®. In
subsequent studies, it is found that skin-covering fluid of
the pilot whale (Globicephala melas) skin contains a
variety of hydrolytic enzyme gels'>*'**]. Hydrolytic
enzyme gels on the pilot whale (Globicephala melas)
skin surface displays the properties of a viscoelastic
solid, which withstands the high shear regimes during
swimming and promote the exfoliation of epidermal

138 Baum

cells thus realizing the self-polishing process
et al. studied on the activity of the enzymes in the pilot
whale stratum corneum!'>”. They find a kind of a zy-
mogel formed by aggregate-attached enzymes, which is
chemically crucial in reducing the attachment of fouling
organisms. Combining the physical and chemical prop-
erties of pilot whale skin surface is an important break

through for bionic antifouling strategy.

3.1.3 Biomimetic dolphin skin for antifouling applica-
tion
Unlike the placoid scales micro structure of the shark

1 (c, d) top-down and cross-sectional SEM images of the sharklet AF™ topography produced on the PDMSe!'*, (e)
a biomimetic reproduction of the shark skin coating under an SEMU'"1,

Fig. 7 (a) The image of the pilot whales (photo by NOAA on
Unsplash); (b) pilot whale’s nanoridges and enclosing pores
structure are demonstrated in the SEM!*®, (¢) the structure of
pilot whale skin surface simulated by polyelectrolyte
self-assembly!' >,

skin surface, the surface of the dolphin skin is observed
to appear uniformly flat nanostructures under SEM, and
the flat and smooth nanostructures cannot stably adhere
to the microbial particles. Based on the study of the
antifouling mechanism of dolphins, the dolphin’s sur-
face has low surface tension and high hydrophobici-
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tyl381331561 Dolphin skin is composed of epidermal

layer, dermis and muscle fat layer'>”! (Fig. 8a). The spe-
cial skin structure is considered as a kind of natural
flexible wall, which can effectively reduce the distur-
bance of boundary layer flow and reduce the vibration
amplitude under the impact pressure of water flow!'*®].
The surface of the dolphin skin can secrete more mucus
with the increase of water pressure. This hydrophobic
mucus helps the dolphins to resist bacterial adhesion
with less frictional resistance when swimming at high
speed!"™?.

Although plenty of researches on microtextured
coatings fabricated by biomimicking organism surfaces,
such as sharks, dolphins have been carried out, there is a
practical question worth thinking about that biological
skins is susceptive to environment and can’t be repli-
cated in a large area. Chen et al. choose siloxane mod-
ified acrylic resin coatings with positive and negative
biomimetic textures replicated from different type of

abrasive papers, which combined the contributions of

both the micro/nano-structures and low surface energy
property!'® (Fig. 8b). They studied the effect of dif-
ferent structure of the coating on the antifouling per-
formance for the common microalgae (Nitzschia closte-
rium f. minutissima, Phaeodactylum tricornutum and
Chlorella). The results show that microstructure larger
than algae size is easy to accumulated algae, because it
leaved microbial life’s space to attached, and it does not
reflect good antifouling effect, but when the micro-
structure size is less than the algae size, the surface can
effectively inhibit the adhesion of the algae.

3.1.4 Aantifouling strategies inspired by coral

Most corals are basically kept clean at the conti-
nuous erosion of marine biofouling. Therefore, it is as-
sumed that corals can protect against biofouling through
secreted chemical composition or by physical antifouling
61 Vrolijk e al. characterized the natural

1162
surface performance of gorgonian'"®.

mechanism
antifouling
They collected the liquid on the gorgonian surface in

Abrasive paper
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Fig. 8 (a) The image of the dolphin (dolphin photo is downloaded from the website of Pixabay(https://pixabay.com/)) and (b) the sche-

matic for the creation of textured coatings from the abrasive papert!®”.
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different seasons, and collected the water around the
gorgonia, then compared the bacterial activity with two
kinds of samples. Finally, they found that the gorgonia
mucus could inhibit the excessive growth of bacteria.
Mucus secreted by different species of corals has dif-
ferent inhibitory effects on bacterial activity and pre-
vention of biofouling. Coral mucus can inhibit the

193] To verify the coral mucus

growth of biofilm as well'
can have antifouling effect in practical application. So-
liman et al. extracted seven active material from soft
corals, flat corals, cruciferous corals in the eastern sea-
water of the Alexandria Mediterranean Sea!'®". Then
using rosin, chlorinated rubber and other materials as the
main matrixes to mix with different kinds of concen-
trated extracts and prepared antifouling inert coatings. In
the bioassays, the coatings were immersed in the sea-
water for 185 days, and it does not have large-scale
biofouling adhere to inert coating, which proved the
coral mucus have good antibacterial and antifouling
properties. Wang et al. extracted seven cembrane diter-
penes from soft coral (Sinularia flexibilis) and examined
the antifouling activity of these compounds to the larvae
of the bryozoan (Bugula neritina) and the barnacle
(Balanus albicostatus). The results show that most of the
compounds could inhibit biofilms formation and have
significant antifouling effects'®!. At present, the most
researches on coral antifouling technology is focus on
coral secretory. On the one hand, they analyzed the ef-
fective antifouling components in coral secretions. On
the other hand, they synthesized artificial compounds
with similar components by analyzing effective anti-
fouling components in coral secretions. However, there
are still a few researches on coral’s morphology, me-
chanical properties and surface structure.

Through observing the surface morphology of soft
coral, Tian et al found that the skin elastic modulus of
soft coral is very low and the skin grow with small ten-
tacles (Fig. 9a)!'**'¢
speed ocean that will produce periodic response with

1 When the tentacles under the low

fluctuations at a certain amplitude and frequency, which
is called “harmonic motion” effect. Following the coral
“harmonic motion” principle to achieve antifouling
strategy, a coral tentacle-like antifouling film, silicone
elastomer composite, was prepared by template method,
as exhibited in Fig. 9b. The elastic composite antifouling

film generate the effect of “harmonic motion” through
fluid flow, which make the surface unstable and provide
a basis for inhibiting the adhesion of marine microor-
ganisms, as shown in Figs. 9c and 9d, those manifest the
difference methods between non-bactericidal coatings
and bactericidal coatings. During dynamic and static
bacterial adhesion experiments, the results show that the
coral tentacle-like graphene-silicon elastomers anti-
fouling films have been demonstrated strong antibac-
terial activity against both Gram-negative bacteria (Pa-
racoccus pantotropha) and gram-positive bacteria (B.
subtilis)[w’]'

In general, imitating the surface topogra-
phy/structure of marine organisms have demonstrated
antifouling performance and achieved excellent results,
but there has yet to be a standard topography/structure
configuration capable of reducing the settlement of a
wide range of marine taxa®. Further observation of the
revealed that the

height/depth, width, symmetry, distance between each

topography/structure scales of
other and average roughness are important parameters
that produce polarization effects for different taxa. As far
as the current situation is concerned, it is difficult and
impossible to develop a bionic surface topogra-
phy/structure with the best scale to prevent the settle-
ment of all types of taxa. Nevertheless, exploring the
topography and structure have yet to be continue, and
may have the potential to prevent fouling from a wider
range of marine taxa.

3.2 Biomimetic antifouling technology of plant
structure
3.2.1 Biomimetic lotus leaf surface for antifouling
Lotus leaf have obvious superhydrophobic and
self-cleaning property. These characteristics are derived
from the roughness of the blade surface. The surface of
lotus leaf consists of dense tiny embossed blocks (Fig. 10).
The water droplets can roll off easily to remove dust and
debris, but not penetrating the microstructure and wet-
ting the surface of the lotus leaf. This surface morphol-
ogy minimizes interface energy, thus reducing the ad-
hesion between the surface and biofouling, and achiev-

ing antifouling effect!!6%1¢%168169]

. Inspired by lotus
leaves, Pokroy et al. obtained a new roughnessve surface

by hot-depositing paraffin wax and fluorinated wax on
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Fig. 9 (a) The image of soft coral (Sarcophyton trocheliophorum), (b) the antifouling coating inspired by soft coral'®", (¢, d) illustration of
difference between non-bactericidal coatings and bactericidal coatings!'*®!.

& T =

Fig. 10 (a) The lotus leaf image (photo by Anna Sushok on Unsplash), (b) stratified structure image of hot-deposited wax on copper
surface at a magnification of 1000'"", (c) image of particle hierarchy on the surface of real lotus leaf under SEM!'”*!, (d) biomimetic
artificial lotus leaf particle hierarchy under SEM!'"],
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Table 1 Environmental protection antifouling technologies
Main components .
Category Approach /The bionic category Mechanism Remarks Ref.
Lower interface energy . S . .
. . PEG and zwitterio-  between the surface and PEG is easy to ogldqtlve and microbial degra-
Protein resis- . . dation in seawater.
nic polymer coat- water, resistance to S . [17,49-66]
tant polymers : . . Zwitterionic polymers are unstable in polymer
ings protein adsorption or . .
. matrix and expensive.
cell adhesion.
Antifoulant . LO.W to}.ﬂC or natural May harmful to marine environment. Anti-
. Polymer matrix and antifouling agents re- : . . .
releasing coat- S fouling efficiency decreases during ship stag-  [5,7, 67-92]
. antifouling agents leased from the polymer .
L. ngs . nation.
Non-bionic matrix.
antifouling
technolo- Foul release Polysiloxanes, Low interface energy, Poor mechanical performance and easy to fall  [1,5,34,35,76,
gies coatings fluoropolymers low elastic modulus. form the hull’s bottom. 93-107]
Conductive Polymer matrixand Increased electrostatic . . . .
e 1 . . Currently conductive antifouling coatings only
antifouling conductive mate- repulsion between the [108-113]
. . can use to the small vessels.
coatings rials films and the foulants.
Photodynamic Photosensitizer, C_omblm_ng p ho_tosens1— Photodynamic antifouling technology is cur-
P . tizers, visible light and . .
antifouling harmless light and f . rently only used in laboratories and has few [114-135]
UV to destroy microbial . L.
technology UV. cells practical applications.
Shark skin is composed
Biomimetic Animal of small, curved, dentate ~ Antifouling films mimicking shark skin struc- [140-147]
shark skin. domains, which has ture have well antifouling effect.
better hydrophobicity.
Pilot whale skin is
T comp .osed of nanome- Antifouling films mimicking pilot whale sur-
Biomimetic . ter-size pores, which . . [138,
. Animal h . face have good effect on reducing the micro-
whale skin. makes microorganisms oreanism adhesion 148-155]
hardly attach to the skin g ’
surface.
Dolphin skin’s surface
Y presents a uniform apd Antifouling films mimicking smooth dolphin
Biomimetic Animal flat nanostructure, it skin have good effect on inhibiting algae ad- 138,
. dolphin skin cannot stably attach g ‘ salg 155-160]
Bionic . : hesion.
A microorganism par-
antifouling :
ticles.
technolo-
gles Coral swinging ten-
Biomimetic . tacles make microor- Antifouling film like coral tentacles shown
Animal - . . . [161-167]
coral tentacles ganisms hardly attach to strong antibacterial activity.
its surface.
Lotus leaf surface
composed of dense and
Biomimetic Plant tiny embossed blocks. It~ Mimicking the structure of lotus leaf’s surface  [101,162,16
lotus leaf a has obvious superhy- can reduce protein adhesion. 3, 168-174]
drophobic and
self-cleaning.
. The high-density villi
Flocking an- . . . S . .
ti-fouling Plant ma.ke fouling organisms  The flocking antifouling coatings have obvious [175,176]
technology difficult adhere to the inhibitory effect on invertebrate organisms. ’

coating surface.

various surfaces, such as copper, glass and silicon, as

shown in Fig. 1067

well-oriented crystal layers with clear nano-morphologies
and these new surface morphologies showed superhy-

1. The different waxes formed

A Springer

surface by copying molding method"
leaf shape is constructed on the surface, the adsorption

drophobic properties. Using natural lotus leaf as tem-
plate, Zheng et al. prepared the lotus leaf polyurethane
1721 After the lotus
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of protein on the surface is significantly reduced. Chen
et al. synthesized a flower-like superhydrophobic
FOTS-TiO, particles by solvent thermal synthesis and

U] The surface mor-

self-assembly functionalization
phology of FOTS-TiO, particles is similar to lotus leaf
and showing the photos in Figs. 10c and 10d, which can
be used to prepare super hydrophobic coatings on vari-
ous substrates. From the aspects of waterproofing, me-
chanical durability, self-cleaning and antifouling per-
formance, the study shows that FOTS-TiO, coating has
strong practicability and versatility, and has more prac-
tical application value. Unfortunately, despite this
layered superhydrophobic surface development in many
research labs, it is often plagued by several limitations,
including repellency only toward high surface tension
liquids, low mechanical stability, weak pressure stability,
low transparency and short-term underwater stability[ml].
Breaking the above restrictions will become a major
problem in the future.

In addition to lotus leaves, special structures with
antifouling effects are also found in rice leaves and
butterfly wings. The leaves of rice are long and sinu-
soidal with parallel grooves, which provide anisotropic
flow to the leaves. Besides, the leaves are covered with
nano layers formed by the self-assembly of epidermal
wax, which provide super hydrophobicity and low ad-
hesion ability. Similarly, the special structure of sym-
metrical arrangement on the surface of butterfly wings

174
serves the same purpose!' .,

3.2.2 Flocking antifouling technology

Flocking antifouling technology is used to implant
the smooth fiber nap material into the coating surface
through electrostatic action, and the high-density nap is
accompanied by seawater vibration. The effect is similar
to the thorn of rose, which makes biofouling difficult to
be adhere to the coating surface and to achieve anti-
fouling effect!'”

Flocking antifouling technology was first proposed
by Swedish engineer Kjell and applied for a U.S. pa-
tent!”®!. Phillippi et al. placed flocking plastic sheets of
polyvinyl chloride (PVC) at the U.S. Westport river for

one month!!””

. The experiments show that flocking
plastic sheets have significant inhibitory effects on in-

vertebrates. However, in practical application, due to the

complexity of flocking technology, it is difficult to carry
out the repair work in the later stage and there is still no
standard data conclusion on the relevant parameters of
flocking technology, such as villus length and villus
density. There are still many obstacles in the application
of real sea.

4 Conclusion

This paper reviews the research progress of envi-
ronmentally friendly antifouling technology in the con-
temporary era (2000-2020), mainly divide the contem-
porary antifouling technologies into non-bionic anti-
fouling technologies and bionic antifouling technolo-
gies.

Non-bionic antifouling technologies mainly in-
cludes protein resistant polymers, antifoulant releasing
coatings, foul release coatings, conductive antifouling
coating and photodynamic antifouling technology.
Among them, protein resistant polymers are a preventive
environmental antifouling technology, because those can
hinder the adhesion of proteins and inhibit the devel-
opment of biofouling in the substrate. But in the actual
experiment, the coating in the water will be accumulated
by sea mud and form a layer of thin film after a period of
time, and the coating surface resistance is covered by
marine mud, then antifouling ability lost gradually. The
antifoulant releasing coatings release the low toxic
cuprous oxide agent or non-toxic natural antifouling
agent through the different polymer matrixes, and
gradually spread it in the sea water to achieve antifouling
effect. However, with the passage of time, the polymer
matrix will face the problem of low antifouling effi-
ciency due to the end of antifouling agents release and
insufficient dissolution of the coatings. Not only that,
low toxic antifouling agents still pose a threat to the
marine environment. Natural antifouling agents are seen
to the most ideal by extracting effective antifouling
components of marine microorganisms and aquatic
plants. However, the effective activity of natural anti-
fouling agents have higher requirements for marine
environment, and it still have no broad-spectrum appli-
cability according to the current research status. Dif-
ferent from traditional antifoulant releasing coatings,
foul release coating is no longer through release of an-
tifouling agent for antifouling, and the characteristics of

A Springer



256 Journal of Bionic Engineering (2021) Vol.18 No.2

low interface energy and low elastic modulus make
microorganisms difficult to stay on the surface and
hinder the formation of biological fouling. Foul release
coatings of fluoropolymer are less used due to their high
cost. Polysiloxanes have the same low interface energy
and low elastic modulus characteristics, which make
them become the mainly foul release coating matrixes at
present. However, the polysiloxanes have a weak adhe-
sion to the bottom of the hull, and they are easy to fall off
under the scouring water flow. Besides that, polysilox-
anes mechanical properties are poor too, they will be
easy to tear under the water, so these weaknesses need to
be improved in the further. Up to now, there are few
reports about the practical application of conductive
antifouling technology and photodynamic antifouling
technology. But according to many experiments, these
two methods have excellent antifouling effect, and be-
long to the new antifouling technology of non-toxic,
environmental protection and economic. However, there
are still many problems in practical application. For
example, conductive antifouling technologies are only
limited used to small vessels and the scope of application
of the photodynamic antifouling technology have limi-
tation too. Therefore, they have a great practical signi-
ficance to continue explore and improve the existing
antifouling technologies.

Bionic antifouling technologies mainly include
mimicking animal and plant’s skin structure to produce
antifouling effect. Experimental results show that except
for extracting effective natural antifouling components,
mimicking animals and plant’s skin structure is also an
important part of bionic antifouling. This paper reviews
the four important marine animal of shark, whale, dol-
phin and coral. The structure of the shark skin is ana-
lyzed under an SEM, it is found that the shark’s skin
surface has a placoid scales structure, which has better
hydrophobicity. The whale surface presents a micro
nano-pores structure and it is covered by its own se-
creted mucus, which blocks the attachment of fouling
organisms. Dolphin skin surface is smooth and soft, and
it can reduce the frictional resistance and inhibiting the
adhesion of biofouling. Coral tentacle can produce a
“harmonic motion” effect with wave fluctuations, ef-
fectively reducing the adhesion of biofouling. Various
antifouling coatings are prepared by mimicking the skin

surface structure of four kinds of marine animals, all of
those exhibited good antifouling properties in the expe-
riments. In the biomimetic antifouling technology of
plant structure, taking the lotus leaf as an example, its
surface is composed of dense tiny embossed blocks,
which has super-hydrophobic and self-cleaning features.
But in the face of complex biological communities in the
ocean, a single biomimetic structure is difficult to fight.
Increasing the complexity of the biomimetic structure,
making it suitable for a wider antifouling space, has
become an important choice for bionic antifouling.

In summary, contemporary environmentally
friendly antifouling technologies all exhibit good anti-
fouling performance, but are also accompanied by many
limitations. With the continuous development of the
global economy, the marine industry will also expand
year by year. In future research, environmentally
friendly antifouling technology needs to be optimized by
combining existing technologies and materials to form a
broader spectrum and more valuable antifouling tech-
nology, which will be important for future marine anti-
fouling the role.

Acknowledgment

The authors are grateful for grants received from
the National Natural Science Foundation of China
(Grant No. 51875240), the Jilin Provincial Science and
Technology Development Plan, Young and Middle-Tech
Leading Talent and Team Project (Grant No.
20200301013RQ), the Department of Science and
Technology of Jilin  Province (Grant No.
20190103114JH), Key Laboratory Fund of National
Defense Science
6142005190201).

and Technology (Grant No.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and re-
production in any medium or format, as long as you give
appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made.

The images or other third party material in this ar-
ticle are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Cre-

A Springer



Tian et al.: Antifouling Technology Trends in Marine Environmental Protection 257

ative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the per-
mitted use, you will need to obtain permission directly
from the copyright holder.

licence, visit

To view a copy of this

http://creativecommons.org/licenses/by/4.0/.
References

[1] Selim M S, El-safty S A, Shenashen M A. Progress in bio-
mimetic leverages for marine antifouling using nanocom-
posite coatings. Journal of Materials Chemistry B, 2020,
3701-3732.

[2] Zhang X, Zhang J, YuJ Q, Zhang Y, Cui Z X, Sun Y, Hou B
R. Fabrication of InVO,/AgVOs; heterojunctions with en-
hanced photocatalytic under
visible-light. Applied Catalysis B: Environmental, 2018, 220,
57-66.

[3] Clare A S. Approaches to next-generation marine antifouling
control. Marine Engineering, 2018, 53, 297-298.

[4] Amara I, Miled W, Slama B R, Ladhari N. Antifouling

processes and toxicity effects of antifouling paints on marine

antifouling efficiency

environment. Environmental Toxicology and Pharmacology.
2018, 57, 115-130.

[5] Chambers L D, Stokes K R, Walsh F C, Wood R J K. Modern
approaches to marine antifouling coatings. Surface and
Coatings Technology, 2006, 201, 3642-3652.

[6] Pradhan S, Kumar S, Mohanty S, Nayak S K. Environmen-
tally benign fouling-resistant marine coatings: A review.
Polymer-Plastics Technology and Materials, 2018, 58,
498-518.

[7] Almeida E, Diamantino T C, Sousa O D. Marine paints: The
particular case of antifouling paints. Progress in Organic
Coatings, 2007, 59, 2-20.

[8] Selim M S, Shenashen M A, El-safty S A, Higazy S A, Selim
M M, Isago H, Elmarakbi A. Recent progress in marine
foul-release polymeric nanocomposite coatings. Progress in
Materials Science, 2017, 87, 1-32.

[91 Abbott A, Abel P D, Arnold D W, Milne A. Cost-benefit
analysis of the use of TBT: The case for a treatment approach.
The Science of the Total Environment, 2000, 258, 5-19.

Trentin I, Romairone V, Marcenaro G, Carolis D G. Quick

—
—
(=}

[t

test methods for marine antifouling paints. Progress in Or-
ganic Coatings, 2001, 42, 15-19.

[11] Callow J A, Callow M E. Trends in the development of
environmentally friendly fouling-resistant marine coatings.
Nature Communications, 2011, 2, 210-244.

[12] Beigbeder A, Degee P, Conlan S L, Mutton R J, Clare A S,
Pettitt M E, Callow M E, Callow J A, Dubois P. Preparation
and characterisation of silicone-based coatings filled with
carbon nanotubes and natural sepiolite and their application
as marine fouling-release coatings. Biofouling, 2008, 24,
291-302.

[13] Champ M A. A review of organotin regulatory strategies,
pending actions, related costs and benefits. Science of the
Total Environment, 2000, 258, 21-71.

[14] Hakim M L, Nugroho B, Nurrohman M N, Suastika I K,
Utama I K A P. Investigation of fuel consumption on an
operating ship due to biofouling growth and quality of an-
ti-fouling coating. /OP Conference Series: Earth and Envi-
ronmental Science, 2019, 339, 012037.

[15] Yang W J, Neoh K G, Kang E T, Teo L M, Rittschof D.
Polymer brush coatings for combating marine biofouling.
Progress in Polymer Science, 2014, 39, 1017-1042.

[16] Lindholdt A, Olsen S M. Effects of biofouling development
on drag forces of hull coatings for ocean-going ships: A
review. Journal of Coatings Technology & Research, 2015,
12, 415-444.

[17] Banerjee I, Pangule R C, Kane R S. Antifouling coatings:
Recent developments in the design of surfaces that prevent
fouling by proteins, bacteria, and marine organisms. Ad-
vanced Materials, 2011, 23, 690-718.

[18] Penca J. International maritime organization. International
Journal of Marine and Coastal Law, 2009, 24, 713-725.

[19] Silva E R, Ferreira O, Ramalho P A, Azevedo N F, Bayon R,
Igartua A, Bordado J C, Calhorda M J. Eco-friendly
non-biocide-release coatings for marine biofouling preven-
tion. Science of the Total Enviromment, 2019, 650,
2499-2511.

[20] Smith T W P, Jalkanen J P, Anderson B A, Corbett J J, Faber
J, Hanayama S, Keeffe E O, Parker S, Johansson L, Aldous
L. Third IMO Greenhouse Gas Study, London, 2015.

[21] Cames M, Graichen J. Emission Reduction Targets for
International Aviation and Shipping. Directorate General
for Internal Policies Policy Department A: Economic and
Scientific Policy, 2015.

[22] Xue L L, Lu X L, Wei H, Long P, Xu J N, Zheng Y F.
Bio-inspired self-cleaning PAAS hydrogel released coating
for marine antifouling. Journal of Colloid And Interface
Science, 2014, 421, 178—183.

[23] Wahl M. Marine epibiosis. 1. Fouling and antifouling: Some
basic aspects. Marine Ecology Progress Series, 1989, 58,
175-189.

[24] Buskens P, Wouters M, Rentrop C, Vroon Z. A brief review

A Springer



258

Journal of Bionic Engineering (2021) Vol.18 No.2

—
N
W

—_

[26

—_

[27]

[28

—_

[34]

[39]

of environmentally benign antifouling and foul-release
coatings for marine applications. Journal of Coatings
Technology and Research, 2013, 10, 29-36.

Maréchal J P, Hellio C. Challenges for the development of
new non-toxic antifouling solutions. International Journal
of Molecular Sciences, 2009, 10, 4623—4637.

Fitridge I, Dempster T, Guenther J, Nys R D. The impact and
control of biofouling in marine aquaculture: A review. Bio-
Sfouling, 2012, 28, 649-669.

Piola R F, Dafforn K A, Johnston E L. The influence of
antifouling practices on marine invasions. Biofouling, 2009,
25, 633-644.

Clare A S, Rittschof D, Gerhart D J, Maki J S. Molecular
approaches to nontoxic antifouling. Invertebrate Reproduc-
tion and Development, 1992, 22, 67-76.

Chambers L D, Stokes K R, Walsh F C, Wood R J K.
Modern approaches to marine antifouling coatings. Surface
and Coatings Technology, 2006, 201, 3642-3652.

Larsson A I, Jonsson P R, Berntsson K M. Linking larval
supply to recruitment: Flow-mediated control of initial ad-
hesion of barnacle larvae. Ecology, 2004, 85, 2850-2859.
Briand J F. Marine antifouling laboratory bioassays: An
overview of their diversity. Biofouling, 2009, 25, 297-311.
Cao S, Wang J D, Chen H S, Chen D R. Progress of marine
biofouling and antifouling technologies. Chinese Science
Bulletin, 2011, 56, 598—612.

Nurioglu A G, Esteves A C C, De With G. Non-toxic,
non-biocide-release antifouling coatings based on molecular
structure design for marine applications. Journal of Mate-
rials Chemistry B, 2015, 3, 6547-6570.

Lejars M, Margaillan A, Bressy C. Fouling release coatings:
A nontoxic alternative to biocidal antifouling coatings.
Chemical Reviews, 2012, 112, 4347-4390.

Magin C M, Cooper S P, Brennan A B. Non-toxic antifoul-
ing strategies. Materials Today, 2010, 13, 36—44.

Carve M, Scardino A, Shimeta J. Effects of surface texture
and interrelated properties on marine biofouling: A syste-
matic review. Biofouling, 2019, 35, 597-617.

Readman J W. Development, occurrence and regulation of
antifouling paint biocides: Historical review and future
trends. Handbook of Environmental Chemistry, 2006, 5,
1-15.

Holmgqvist A, Eklund B, Elwing H, Ytreberg E, Lagerstr M.
A novel XRF method to measure environmental release of
copper and zinc from antifouling paints. Environmental
Pollution, 2017, 225, 490—496.

Evans SM, Leksono T, McKinnell P D. Tributyltin pollution:

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[51]

A Springer

A diminishing problem following legislation limiting the use
of TBT-based anti-fouling paints. Marine Pollution Bulletin,
1995, 30, 14-21.

Minchin D, Oehlmann J, Duggan C B, Stroben E, Keatinge
M. Marine TBT antifouling contamination in Ireland, fol-
lowing legislation in 1987. Marine Pollution Bulletin, 1995,
30, 633-639.

Champ M. The status of the treaty to ban TBT in marine
antifouling paints and alternatives. Proceedings of the 24th
UJNR (US/Japan) Marine Facilities Panel Meeting, Hawaii,
USA, 2001, 1-7.

Dafforn K A, Lewis J A, Johnston E L. Antifouling strate-
gies: History and regulation, ecological impacts and mitiga-
tion. Marine Pollution Bulletin, 2011, 62, 453—465.

McNeil E M. Antifouling: Regulation of biocides in the UK
before and after Brexit. Marine Policy, 2018, 92, 58—60.
Dahlbick B, Blanck H, Nydén M. The challenge to find new
sustainable antifouling approaches for shipping. Coastal
Marine Science, 2010, 34, 212-215.

Burgess J G, Boyd K G, Armstrong E, Jiang Z, Yan L,
Berggren M, May U, Pisacane T, Granmo A, Adams D R.
The development of a marine natural product-based anti-
fouling paint. Biofouling, 2003, 19, 197-205.

Phillip A T. Modern trends in marine antifouling paints
research. Progress in Organic Coatings, 1973, 2,159-192.
Champ M A. Economic and environmental impacts on ports
and harbors from the convention to ban harmful marine an-
ti-fouling systems. Marine Pollution Bulletin, 2003, 46,
935-940.

Worz A, Berchtold B, Moosmann K, Prucker O, Riihe J.
Protein-resistant polymer surfaces. Journal of Materials
Chemistry, 2012, 22, 19547-19561.

Ma W, Rajabzadeh S, Shaikh A R, Kakihana Y, Sun Y.
Effect of type of poly(ethylene glycol)(PEG) based amphi-
philic copolymer on antifouling properties of copoly-
metr/poly(vinylidene fluoride)(PVDF) blend membranes.
Journal of Membrane Science, 2016, 514, 429-439.

Camo A, Olsen S M, Hvilsted S, Kiil S. Long-term stability
of PEG-based antifouling surfaces in seawater. Journal of
Coatings Technology and Research, 2016, 13, 567-575.
Yeon D K, Ko S, Jeong S, Hong S P, Kang S M, Cho W K.
Oxidation-mediated. zwitterionic polydopamine coatings for
marine antifouling applications. Langmuir, 2019, 35,
1227-1234.

Galli G, Martinelli E. Amphiphilic polymer platforms:
Surface engineering of films for marine antibiofouling.

Macromolecular Rapid Communications, 2017, 38, 8—12.



Tian et al.: Antifouling Technology Trends in Marine Environmental Protection 259

—

—_

—

[53] Leonardi A K, Ober C K. Polymer-based marine antifouling

and fouling release surfaces: Strategies for synthesis and
modification. Annual Review of Chemical and Biomolecular
Engineering, 2019, 10, 241-264.

Isabel J P, Leendert V D V, Rolf V B, Gijsbertus D W,
Esteves A. Hydrophilic self-replenishing coatings with
long-term water stability for anti-fouling applications.
Coatings, 2018, 8, 184-198.

Dalsin J L, Messersmith P B. Bioinspired antifouling po-
lymers. Materials Today, 2005, 8, 38—46.

Krishnan S, Weinman C J, Ober C K. Advances in polymers
for anti-biofouling surfaces. Journal of Materials Chemistry,
2008, 18, 3405-3413.

Ma H W, Li D J, Sheng X, Zhao B, Chilkoti A. Pro-
tein-resistant polymer coatings on silicon oxide by sur-
face-initiated atom transfer radical polymerization. Lang-
muir, 2006, 22, 3751-3756.

Gan D, Lyon L A. Synthesis and protein adsorption resis-
tance of PEG-modified poly (N-isopropylacrylamide)
core/shell  microgels.  Macromolecules, 2002, 35,
9634-9639.

Leng C, Hung HC, Sun S, Wang D Y, Li Y T, Jiang S Y,
Chen Z. Probing the surface hydration of nonfouling zwit-
terionic and PEG materials in contact with proteins. ACS
Applied Materials and Interfaces, 2015, 7, 16881-16888.
Kim S, Gim T, Jeong Y, Ryu J H, Kang S M. Facile con-
struction of robust multilayered PEG films on polydopa-
mine-coated solid substrates for marine antifouling applica-
tions. ACS Applied Materials and Interfaces, 2018, 10,
7626-7631.

Calabrese D R, Wenning B, Finlay J A, Callow M E, Callow
J A, Fischer D, Ober C K. Amphiphilic oligopeptides grafted
to PDMS-based diblock copolymers for use in antifouling
and fouling release coatings. Polymers for Advanced Tech-
nologies, 2015, 7, 829-836.

Kim S, Kwak S, Lee S, Cho W K, Lee J K, Kang S M.
One-step functionalization of zwitterionic
poly[(3-(methacryloylamino)propyl)dimethyl(3-sulfopropyl
Jammonium hydroxide] surfaces by metal-polyphenol
coating. Chemical Communications, 2015, 51, 5340-5342.
Bhattarai HD, Yoo K L, Kyeung H C, Hong K L, Hyun W S.
The study of antagonistic interactions among pelagic bacte-
ria: A promising way to coin environmental friendly anti-
fouling compounds. Hydrobiologia, 2006, 568, 417-423.
Venault A, Wei T C, Chin H L, Yeh C C, Chinnathambi A,
Alharbi S A, Carretier S, Aimar P, Lai J Y, Chang Y. Anti-

fouling pseudo-zwitterionic poly(vinylidene fluoride)

A Springer

—_

—

—_

membranes with efficient mixed-charge surface grafting via
glow dielectric barrier discharge plasma-induced copoly-
merization. Journal of Membrane Science, 2016, 561,
13-25.

Laschewsky A. Structures and synthesis of zwitterionic
polymers. Polymers, 2014, 6, 1544-1601.

Bodkhea R B, Shane J S, Nicholas C, Justin D, Stephanie E
M T, Maureen E C, James A C. Polyurethanes with am-
phiphilic surfaces made using telechelic functional PDMS
having orthogonal acid functional groups. Progress in Or-
ganic Coatings, 2012, 75, 38—48.

Omae 1. General aspects of tin-free antifouling paints.
Chemical Reviews, 2003, 103, 3431-3448.

Wade M R. Festival books as historical literature: The reign
of christian IV of denmark (1596-1648). Seventeenth Cen-
tury, 1992, 7, 1-14.

Schiff K, Diehl D, Valkirs A. Copper emissions from anti-
fouling paint on recreational vessels. Marine Pollution
Bulletin, 2004, 48, 371-377.

Dupraz V, Stachowski H S, Ménard D, Limon G, Akcha F,
Budzinski H, Cedergreen N. Combined effects of antifoul-
ing biocides on the growth of three marine microalgal spe-
cies. Chemosphere, 2018, 209, 801-814.

Townsin R L. The ship hull fouling penalty. Biofouling,
2003, 19, 9-15.

Voulvoulis N, Scrimshaw M D, Lester J N. Alternative
antifouling biocides. Applied Organometallic Chemistry,
1999, 13, 135-143.

Valkirs A O, Seligman P F, Haslbeck E, Caso J S. Mea-
surement of copper release rates from antifouling paint un-
der laboratory and in situ conditions: Implications for load-
ing estimation to marine water bodies. Marine Pollution
Bulletin, 2003, 46, 763-779.

Rascio V J D, Giudice C A, Amo B D. Research and de-
velopment of soluble matrix antifouling paints for ships,
offshore platforms and power stations, A review. Corrosion
Reviews, 1988, 8, 78—154.

Marson F. Anti-fouling paints. I. Theoretical approach to
leaching of soluble pigments from insoluble paint vehicles.
Journal of Applied Chemistry, 2010, 19, 93-99.

Yebra D M, Kiil S, Dam-Johansen K. Antifouling technol-
ogy — Past, present and future steps towards efficient and
environmentally friendly antifouling coatings. Progress in
Organic Coatings, 2004, 50, 75-104.

Xie Q Y, Pan J S, Ma C F, Zhang G Z. Dynamic surface
antifouling: Mechanism and systems. Soft Matter, 2019, 15,
1087-1107.



260 Journal of Bionic Engineering (2021) Vol.18 No.2

[78] Qian P Y, LiZR, Xu Y, Li Y X, Fusetani N. Mini-review:
Marine natural products and their synthetic analogs as anti-
fouling compounds: 2009-2014. Biofouling, 2015, 31,
101-122.

[79] Maan A M C, Hofman A H, Vos W M D, Kamperman M.
Recent developments and practical feasibility of poly-
mer-based antifouling coatings. Advanced Functional Ma-
terials, 2020, 30, 1-30.

[80] Armstrong E, Boyd K G, Pisacane A, Peppiatt C J, Burgess J

G. Marine microbial natural products in antifouling coatings.

Biofouling, 2000, 16, 215-224.
[81] Fusetani N. Antifouling marine natural products. Natural
Product Reports, 2011, 28, 400—410.

[82] Henrikson A A, Pawlik J R. A new antifouling assay method:

Results from field experiments using extracts of four marine
organisms. Journal of Experimental Marine Biology and
Ecology, 1995, 194, 157-165.

[83] Al-Ogily S M, Knight-Jones E W. Antifouling role of anti-
biotics produced by marine algae and bryozoans. Nature,
1977, 265, 728-729.

[84] Qian P Y, Xu Y, Fusetani N. Natural products as antifouling
compounds: Recent progress and future perspectives. Bio-
fouling, 2009, 26, 223-234.

[85] Chen L G, Qian P Y. Review on molecular mechanisms of

antifouling compounds: An update since 2012. Marine

Drugs, 2017, 15, 1660-3397.

Bhattarai H D, Yoo K L, Kyeung H C, Hong K L, Hyun W S.

The study of antagonistic interactions among pelagic bacte-

—
e
[e)

—_

ria: A promising way to coin environmental friendly anti-
fouling compounds. Hydrobiologia, 2006, 568, 417—423.

[87] Plouguerné E, loannou E, Georgantea P. Anti-microfouling
activity of lipidic metabolites from the invasive brown Alga
Sargassum muticum (Yendo) Fensholt. Marine Biotech-
nology, 2010, 12, 52-61.

[88] Paul C, Pohnert G. Production and role of volatile haloge-
nated compounds from marine algae. Natural Product Re-
ports, 2011, 28, 186-195.

[89] Gama B A P D, Plouguerné E, Pereira R C. The antifouling

defence mechanisms of marine macroalgae. Advances in

Botanical Research, 2014, 77, 413-440.

Leal M C, Munro M H G, Blunt ] W, Puga J, Jesus B, Calado

R, Rosa R, Madeira C. Biogeography and biodiscovery

[90

—

hotspots of macroalgal marine natural products. Natural
Product Reports, 2013, 30, 1380—-1390.

[91] Paul N A, Nys R D, Steinberg P D. Chemical defence
against bacteria in the red alga Asparagopsis armata:

Linking structure with function. Marine Ecology Progress

Series, 2006, 306, 87-101.

[92] Cho J Y. Antifouling chromanols isolated from brown alga
Sargassum horneri. Journal of Applied Phycology, 2013, 25,
299-309.

[93] Zisman W A. Relation of the equilibrium contact angle to
liquid and solid constitution. Advances in Chemistry, 1964,
53, 1-51.

[94] Ober C. Fifty years of the baier curve: Progress in under-
standing of antifouling and fouling release coatings. Green
Materials, 2017, 5, 1-3.

[95] Magin C M, Finlay J A, Clay G, Callow M E, Callow J A,
Brennan A B. Antifouling performance of cross-linked hy-
drogels : Refinement of an attachment model. Biomacro-
molecules, 2011, 12, 915-922.

[96] Omae I. Organotin antifouling paints and their alternatives.
Applied Organometallic Chemistry, 2003, 17, 81-105.

[97] Bressy C, Lejars M. Marine fouling: An overview. Journal
of Ocean Technology, 2014, 9, 19-28.

[98] Ayyavoo J, Nguyen T P N, Jun BM, Kim I C, Kwon Y N.
Protection of polymeric membranes with antifouling sur-
facing via surface modifications. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2016, 506,
190-201.

[99] LiuC,Ma CF, Xie Q Y, Zhang G Z. Self-repairing silicone
coatings for marine anti-biofouling. Journal of Materials
Chemistry A, 2017, 5, 15855-15861.

[100] Selim M S, El-Safty S A, El-Sockary M A, Hashem A I,
Elenien O M Abo, EL-Saeed A M, Fatthallah N A. Data on
photo-nanofiller models for self-cleaning foul release coat-
ing of ship hulls. Data in Brief, 2016, 8, 1357-1364.

[101] Kozakiewicz J, Ofat 1, Trzaskowska J. Silicone-containing
aqueous polymer dispersions with hybrid particle structure.
Advances in Colloid and Interface Science, 2015, 223, 1-39.

[102] Truby K, Wood C, Stein J, Cella J, Carpenter J, Kavanagh C,
Swain G, Wiebe D, Lapota D, Meyer A, Holm E, Wendt D,
Smith C, Montemarano J. Evaluation of the performance
enhancement of silicone biofouling-release coatings by oil
incorporation. Biofouling, 2000, 15, 141-150.

[103] Vladkova T. Surface engineering for non-toxic biofouling
control. Journal of the University of Chemical Technology
and Metallurgy, 2007, 42, 239-256.

[104] Milne A. US Patent 4025693, 1977.

[105] Stein J, Truby K, Wood C D, Stein J, Gardner M, Swain G,
Kavanagh C, Kovach B, Schultz M, Wiebe D, Holm E,
Montemarano J, Wendt D, Smith C, Meyer A. Silicone foul
release coatings: Effect of the interaction of oil and coating

functionalities on the magnitude of macrofouling attachment

A Springer



Tian et al.: Antifouling Technology Trends in Marine Environmental Protection 261

strengths. Biofouling, 2003, 19, 71-82.

[106] Yan F H, Zhang X B, Liu F, Li X H, Zhang Z J. Adjusting
the properties of silicone rubber filled with nanosilica by
changing the surface organic groups of nanosilica. Compo-
sites Part B: Engineering, 2015, 75, 47-52.

[107] Mirabedini S M, Mohseni M, PazokiFard S, Esfandeh M.
Effect of TiO, on the mechanical and adhesion properties of
RTYV silicone elastomer coatings. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2008, 317,
80-86.

[108] Ahmed F, Lalia B S, Kochkodan V, Hilal N, Hashaikeh R.
Electrically conductive polymeric membranes for fouling
prevention and detection: A review. Desalination, 2016, 391,
1-15.

[109] Matsunaga T, Nakayama T, Wake H, Takahashi M, Okochi
M, Nakamura N. Prevention of marine biofouling using a
conductive paint electrode. Biotechnology and Bioengi-
neering, 1998, 59, 374-378.

[110] Medalia A 1. Electrical conduction in carbon black compo-
sites. Rubber Chemistry and Technology, 2011, 59,
432-454.

[111] Wang X H, LiJ, ZhangJ Y, SunZ C, Yu L, Jing X B, Wang
F S, SunZ X, Ye Z J. Polyaniline as marine antifouling and
corrosion-prevention agent. Synthetic Metals, 1999, 102,
1377-1380.

[112] Mostafaei A, Nasirpouri F. Preparation and characterization
of a novel conducting nanocomposite blended with epoxy
coating for antifouling and antibacterial applications. Jour-
nal of Coatings Technology and Research, 2013, 10,
679-694.

[113] Fiorini B A, De M K L, Christine B, Claire M, André M,
Arthur F C. Using conducting polymers as active agents for
marine antifouling paints. Materials Research, 2015, 18,
1129-1139.

[114] Sutherland I. The biofilm matrix — An immobilized but
dynamic microbial environment. Trends in Microbiology,
2001, 9, 222-227.

[115] Hall-Stoodley L, Costerton J W, Stoodley P. Bacterial
biofilms: From the natural environment to infectious dis-
eases. Nature Reviews Microbiology, 2004, 2, 95-108.

[116] Ras M, Lefebvre D, Derlon N, Paul E, Girbal-neuhauser E,
Inge U M R. Extracellular polymeric substances diversity of
biofilms grown under contrasted environmental conditions.
Water Research, 2010, 45, 1529-1538.

[117] Yin R, Agrawal T, Khan U, Gupta G K, Rai V, Huang Y Y,
Hamblin M R. Antimicrobial photodynamic inactivation in

nanomedicine: Small light strides against bad bugs. Nano-

medicine, 2015, 10, 2379-2404.

[118] De Freitas L M, Lorenzén E N, Santos-filho N A, Henrique
L, Zago D P, Uliana M P, De Oliveira K T, Cilli E M, Fon-
tana C R. Antimicrobial photodynamic therapy enhanced by
the peptide 1.2. Scientific Reports, 2018, 8, 2045-2322.

[119] MacKenzie A F, Maltby E A, Harper N, Bueley C, Olender
D, Wyeth R C. Periodic ultraviolet-C illumination for ma-
rine sensor antifouling. Biofouling, 2019, 35, 483—493.

[120] Tavares A, Carvalho C M B, Faustino M A, Neves M G P.
M S. Antimicrobial photodynamic therapy : Study of bac-
terial recovery viability and potential development of resis-
tance after treatment. Marine Drugs, 2010, 8, 91-105.

[121] Moriarty D J W, Hayward A C. Ultrastructure of bacteria
and the proportion of Gram-negative bacteria in marine se-
diments. Microbial Ecology, 1982, 8, 1-14.

[122] Jensen P R, Fenical W. The relative abundance and sea-
water requirements of gram-positive bacteria in near-shore
tropical marine samples. Microbial Ecology, 1995, 29,
249-257.

[123] Gontang E A, Fenical W, Jensen P R. Phylogenetic diver-
sity of gram-positive bacteria cultured from marine sedi-
ments. Applied and Environmental Microbiology, 2007, 73,
3272-3282.

[124] Minnock A, Vernon D I, Schofield J, Griffiths J, Parish J H,
Brown S B. Photoinactivation of bacteria. Use of a cationic
water-soluble zinc phthalocyanine to photoinactivate both
gram-negative and gram-positive bacteria. Journal of Pho-
tochemistry and Photobiology B: Biology, 1996, 32,
159-164.

[125] Valduga G, Bertoloni G, Reddi E, Jori G. Effect of extra-
cellularly generated singlet oxygen on Gram-positive and
Gram-negative bacteria. Journal of Photochemistry and
Photobiology B: Biology. 1993, 21, 81-86.

[126] Castro K A D F, Moura N M M, Fernandes A, Faustino M A
F, Simdes M M Q, Cavaleiro J A S, Nakagaki S, Almeida A,
Cunha A, Silvestre A J D, Freire C S R, Pinto R J B, Neves
M D G P M S. Control of Listeria innocua biofilms by
biocompatible photodynamic antifouling chitosan based
materials. Dyes and Pigments, 2017, 137, 265-276.

[127] Hader D P, Hader M. Effects of solar and artificial u.v.
radiation on motility and pigmentation in the marine Cryp-
tomonas maculata. Environmental and Experimental Botany,
1991, 31, 33-41.

[128] Cadet J, Sage E, Douki T. Ultraviolet radiation-mediated
damage to cellular DNA. Mutation Research — Fundamental
and Molecular Mechanisms of Mutagenesis, 2005, 571,
3-17.

A Springer



262 Journal of Bionic Engineering (2021) Vol.18 No.2

[129] Seki A, Auker B, Fujioka R, Ono P, Takahashi P. Ultra-
violet irradiation for controlling biofouling in OTEC heat
exchangers: A preliminary report. OCEANS '85 — Ocean
Engineering and the Environment, San Diego, CA, USA,
1985, 1273-1278.

[130] Qualls R G, Johnson J D. Bioassay and dose measurement
in ultraviolet disinfecton. Applied and Environmental Mi-
crobiology, 1982, 45, 872-8717.

[131] Salters B, Piola R. UVC light for antifouling. Marine
Technology Society Journal, 2017, 51, 59-70.

[132] Mackenzie A F, Maltby E A, Harper N, Bueley C, Wyeth R
C, Mackenzie A F, Maltby E A, Harper N, Bueley C. Peri-

odic ultraviolet-C illumination for marine sensor antifouling.

Biofouling, 2019, 35, 1-11.

[133] Hunsucker K Z, Braga C, Gardner H, Jongerius M, Hiet-
brink R, Salters B, Swain G. Using ultraviolet light for im-
proved antifouling performance on ship hull coatings. Bio-
Sfouling, 2019, 35, 658—668.

[134] Alves P, Pinto S, Kaiser J P, Bruinink A, Sousa H C D, Gil
M H. Surface grafting of a thermoplastic polyurethane with
methacrylic acid by previous plasma surface activation and
by ultraviolet irradiation to reduce cell adhesion. Colloids
and Surfaces B: Biointerfaces, 2011, 82, 371-377.

[135] Yajima K, Adachi K, Tsukahara Y, Taniguchi J. Fabrication
of antireflection structure with antifouling — Effect surface
by ultraviolet nanoimprint lithography. Microelectronic
Engineering, 2013, 110, 188—-191.

[136] Yang Z J, Xu Z Y. Summary of bionics engineering and its
applications. Proceedings of the Tth International Confe-
rence on Education, Management, Information and Me-
chanical Engineering (EMIM 2017), Paris, France, 2017, 76,
1521-1525.

[137] Anthony T R, Cline H E. Surface rippling induced by sur-
face-tension gradients during laser surface melting and al-
loying. Journal of Applied Physics, 1977, 48, 3888—3894.

[138] Baum C, Meyer W, Stelzer R, Fleischer L G, Siebers D.
Average nanorough skin surface of the pilot whale (Globi-
cephala melas, Delphinidae): Considerations on the
self-cleaning abilities based on nanoroughness. Marine Bi-
ology, 2002, 140, 653-657.

[139] Yu H B, Li R F. Preparation and properties of biomimetic
superhydrophobic composite coating. Surface Engineering,
2014, 32, 1-6.

[140] Bhushan B. Bioinspired rice leaf and butterfly wing surface
structures combining shark skin and lotus effects. Soft
Matter, 2012, 8, 11271-11284.

[141] Kirschner C M, Brennan A B. Bio-inspired antifouling

strategies. Annual Review of Materials Research, 2012, 42,
211-231.

[142] Liu Y H, Li G J. A new method for producing “Lotus Ef-
fect” on a biomimetic shark skin. Journal of Colloid and
Interface Science, 2012, 338, 235-242.

[143] Carman M L, Estes T G, Feinberg A W, Schumacher J F,
Wilkerson W, Wilson L H, Callow M E, Callow ] A,
Brennan A B. Engineered antifouling microtopographies —
Correlating wettability with cell attachment. Biofouling,
2006, 22, 11-21

[144] Schumacher J F, Aldred N, Callow M E, Finlay J A, Callow
J A, Clare A S, Brennan A B. Species-specific engineered
antifouling topographies: Correlations between the settle-
ment of algal zoospores and barnacle cyprids. Biofouling,
2007, 23, 307-317.

[145] Schumacher J F, Carman M L, Estes T G, Feinberg A W,
Wilson L H, Callow M E, Callow J A, Finlay J A, Brennan A
B. Engineered antifouling microtopographies — Effect of
feature size, geometry, and roughness on settlement of
zoospores of the green alga Ulva. Biofouling, 2007, 23,
55-62.

[146] Sakamoto A, Terui Y, Horie C, Fukui T, Masuzawa T,
Sugawara S, Shigeta K, Shigeta T, Igarashi K, Kashiwagi K.
Antibacterial effects of protruding and recessed shark skin
micropatterned surfaces of polyacrylate plate with a shallow
groove. FEMS Microbiology Letters, 2014, 361, 10-16.

[147] Chen H, Zhang X, Ma L, Che D, Zhang D, Sudarshan T S.
Investigation on large-area fabrication of vivid shark skin
with superior surface functions. Applied Surface Science,
2014, 316, 124-131.

[148] Damodaran V B, Murthy N S. Bio-inspired strategies for
designing antifouling biomaterials. Biomaterials Research,
2016, 20, 121-131.

[149] Scardino A J, Nys R D. Mini review: Biomimetic models
and bioinspired surfaces for fouling control. Biofouling,
2011, 27, 73-86.

[150] Baum C, Simon F, Meyer W, Fleischer L G, Siebers D,
Kacza J, Seeger J. Surface properties of the skin of the pilot
whale Globicephala melas. Biofouling, 2003, 19, 181-186.

[151] Chen Z F, Zhao W J, XuJ H, Mo M T, Peng S S, Zeng Z X,
Wu X D, Xue Q J. Designing environmentally benign
modified silica resin coatings with biomimetic textures for
antibiofouling. RSC Advances, 2015, 5, 36874-36881.

[152] Yin XY, Yu B. Antifouling self-cleaning surfaces. In: Zhou
F ed., Antifouling Surfaces and Materials, Berlin, Heidel-
berg, 2015, 1-29.

[153] Cao X Y, Pettitt M E, Wode F, Sancet M P A, FuJ H, Jian J,

A Springer



Tian et al.: Antifouling Technology Trends in Marine Environmental Protection 263

Callow M E, Callow J A, Rosenhahn A, Grunze M. Inte-
raction of zoospores of the green alga ulva with bioinspired
micro — and nanostructured surfaces prepared by polyelec-
trolyte layer-by-layer self-assembly. Advanced Functional
Materials, 2010, 20, 1984—1993.

[154] Baum C, Meyer W, Fleischer L G, Roesnner D, Siebers D.
A covalently cross-linked gel derived from the epidermis of
the pilot whale Glopicephala melas. Biorheology, 2002, 39,
703-717.

[155] Baum C, Meyer C, Roessner D, Siebers D, Fleischer L. A
zymogel enhances the self-cleaning abilities of the skin of
the pilot whale. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology, 2001, 130,
835-847.

[156] Brown W R, Geraci J R, Hicks B D, Aubin D J S, Schroeder
J P. Epidermal cell proliferation in the bottlenose dolphin
(Tursiops truncatus). Canadian Journal of Zoology, 2008,
61, 1587-1590.

[157] Kramer M O. Boundary layer stabilization by distributed
damping. Journal of the American Society for Naval Engi-
neers, 1903, 72, 25-34.

[158] LuJ N, Xu B C, Wei F. The development of cognition and
application of bio-inspired design. International Conference
on Economics and Management, Education, Humanities and
Social Sciences (EMEHSS 2017), 2017, 86, 70-74.

[159] Ralston E, Swain G. Bioinspiration — The solution for bio-
fouling control?. Bioinspiration and Biomimetics, 2009, 4,
015007.

[160] Chen Z F, Zhao W J, Mo M T, Zhou C X, Liu G, Zeng Z X,
Wu X D, Xue Q J. Architecture of modified silica resin
coatings with various micro/nano patterns for fouling resis-
tance: Microstructure and antifouling performance. RSC
Advances, 2015, 5, 97862-97873.

[161] Bandurraga M M, Fenical W. Isolation of the muricins.
Tetrahedron, 2002, 41, 1057-1065.

[162] Vrolijk N H, Targett N M, Baier R E, Meyer A E. Surface
characterisation of two gorgonian coral species: Implica-
tions for a natural antifouling defence. Biofouling, 1989, 2,
39-54.

[163] Golberg K, Pavlov V, Marks R S, Kushmaro A. Cor-
al-associated bacteria, quorum sensing disrupters, and the
regulation of biofouling. Biofouling, 2013, 29, 669—682.

[164] Soliman Y A A, Brahim A M, Moustafa A H, Hamed M A F.

Antifouling evaluation of extracts from Red Sea soft corals

against primary biofilm and biofouling. Asian Pacific

Journal of Tropical Biomedicine, 2017, 7, 991-997.

[165]Wang J, Su P, Gu Q, Li W D, Guo J L, Qiao W, Feng D Q,
Tang S A. Antifouling activity against bryozoan and bar-
nacle by cembrane diterpenes from the soft coral Sinularia
flexibilis. International Biodeterioration and Biodegrada-
tion, 2017, 120, 97-103.

[166] Bing W, Tian LM, Wang Y J, Jin HC, Ren L Q, Dong S Y.
Bio-inspired non-bactericidal coating used for antibiofoul-
ing. Advanced Materials Technologies, 2019, 4, 1-9.

[167] Jin H C, Zhang T, Bing W, Dong S Y, Tian L M. Anti-
fouling performance and mechanism of elastic gra-
phene-silicone rubber composite membranes. Journal of
Materials Chemistry B, 2019, 7, 488-497.

[168] Bai H, Zhang L, Gu D. Applied surface science
micrometer-sized spherulites as building blocks for lotus
leaf-like superhydrophobic coatings. Applied Surface
Science, 2018, 459, 54—62.

[169] Cheng Z J, Zhang D J, Lv T, Lai H, Zhang E S, Kang H J,
Wang Y Z, Liu P C, Liu Y Y, Du Y, Dou S X, Jiang L.
Superhydrophobic shape memory polymer arrays with
switchable isotropic/anisotropic wetting. Advanced Func-
tional Materials, 2018, 28, 1705002.

[170] Pechook S, Pokroy B. Self-assembling, bioinspired wax
crystalline surfaces with time-dependent wettability. Ad-
vanced Functional Materials, 2012, 22, 745-750.

[171] Pechook S, Kornblum N, Pokroy B. Bio-inspired supero-
leophobic fluorinated wax crystalline surfaces. Advanced
Functional Materials, 2013, 36, 4572-4576.

[172] Zheng J, Song W, Huang H, Chen H. Protein adsorption and
cell adhesion on polyurethane/pluronic surface with lotus
leaf-like topography. Colloids and Surfaces B: Biointerfaces,
2010, 77, 234-239.

[173]Chen L W, Guo Z G, Liu W M. Biomimetic mul-

FOTS-TiO,
beyond lotus leaf. ACS Applied Materials and Interfaces,
2016, 8,27188-27198.

[174] Bixler G D, Theiss A, Bhushan B, Lee S C. Journal of

colloid and interface science anti-fouling properties of mi-

ti-functional  superamphiphobic particles

crostructured surfaces bio-inspired by rice leaves and but-
terfly wings. Journal of Colloid and Interface Science, 2014,
419, 114-133.

[175] Phillippi A L. O’Connor N J. Lewis A F, Kim Y K. Surface
flocking as a possible anti-biofoulant. Aquaculture, 2001,
195, 225-238.

[176] Alm K K. US Patent 5618588, 1997.

A Springer



