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Marine biofouling is a global problem that is detrimental to
both moving ships and static underwater devices. Marine mi-
croorganisms tend to attach to any unprotected surface and
grow into biofilm, which can be hardly removed even under
high shear flow condition [1]. With the long-term accumula-
tion of marine organisms, ships suffer significantly from the
increase on the net weight as well as the drag when cruis-
ing. Increased drag causes fuel power penalties of up to
86% at cruising speed; it is notable even a very thin layer
of diatom slime would result in 10%‒16% penalty [2]. Bil-
lions of dollars have been spent globally each year to remove
biofouling on ship hulls and marine devices [1]. In addi-
tion, increased fuel consumption brings up concerns on the
emission of greenhouse gas. Therefore, preventing the bio-
fouling is beneficial in both economic and environmental
aspects.
As early as the 1990s, the first generation of anti-fouling

coating started to be extensively applied in the marine indus-
try [3]. The paints actively released a broad-spectrum bio-
cide, tributyltin (TBT) that killed most of the potential foul-
ing organisms. Soon it was realized that the long-term re-
lease of toxic TBT would cause severe damage to aquatic
life, which was responsible for more than 70% of oxygen
production on earth. In 2008, the TBT was banned globally
by the international convention. Both ZnPT and CuPT have
been used to replace TBT, however, there was toxicity con-
cern that they still endangered the life circles in the sea world
[1]. Consequently, researchers and companies turned to en-
vironment-friendly solutions to the biofouling issue.
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To limit the environmental impact of biocides, the non-re-
leased biocide-containing coating was developed to kill or
degrade biofouling in-situ when the microorganisms were at-
tached on the coating. Cationic polymer coating was known
for its bactericidal activity by disrupting the bacteria cellular
membranes [4]. Nevertheless, such beneficial effect won’t
last after the bactericidal capability was saturated with an
excess amount of microbes. Then biofilm formation would
prevail. In addition to biocides, natural enzymes that could
degrade or disrupt the biofilm matrix were also incorporated
into the marine antifouling coatings [5]. These coatings were
found to effectively resist the fouling from specific marine
species when corresponding enzyme was incorporated [5].
This technology was thus limited since it was tough to find a
broad-spectrum enzyme that was able to degrade biofilms of
all marine species. As an additional challenge, the enzyme’s
stability was difficult to maintain when it was incorporated
into the coating.
Rather than to kill the marine organisms, environmentally

friendly anti-fouling coatings were designed either to resist
the adhesion of biofouling or to make the removal of bio-
fouling easier. Both fouling resist and fouling release strate-
gies are expected to obtain the final marine surface clean and
free of biofouling. In recent years, fouling release coatings
were developed based on several mechanisms. Stimuli-re-
sponsive fouling release coatings utilized functional poly-
mers or nanoparticles that were able to alter their chemical
or physical properties in response to changes in environmen-
tal pH, temperature, salinity or UV intensity, which resulted
in a change of surface property and the release of the adhered
biofoulings [3]. Applying these coatings to ship hulls, how-
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ever, may be restricted by the realistically of stimuli changes
and effectiveness of fouling release at practical ship cruising
conditions. Super-hydrophobic fouling release coatings were
studied intensely and had been adopted by ship hulls [6]. Bio-
fouling that attached to super-hydrophobic surfaces would be
easily removed due to their low surface tension. On fast mov-
ing ships (cruising at 15 knots or above), the loosely-bound
biofouling would be wiped off by the shear stress [2]. This
property was also called self-cleaning ability. The super-hy-
drophobic coatings, however, were not suitable for ships that
stay for a long period of time or static underwater marine de-
vices.
Compared with fouling release mechanism, fouling resist

coatings relied more on the resisting function and perfor-
mance. Recent studies focused on hydrophilic polymer
coatings which attracted a dense layer of water on the sur-
faces with low polymer-water interfacial energies. When
biofouling approached the coating surface, strong hydration
increased the entropy penalty which made the surface water
molecules difficult to be replaced by biofouling components.
This is the mechanism for the hydrophilic coatings to resist
the adhesion of marine biofouling [7]. Polyethylene glycol
(PEG) is a water-soluble polymer, and polymers based
on PEG had been intensely studied as fouling-resist coat-
ing materials. Despite their effectiveness to resist fouling
from various types of marine microorganisms [8], these
PEG-based materials brought up the concerns for long-term
functioning, since they were subjective to degradation in the
marine environment where abundant oxygen and transition
metal ions were presented. Natural hydrophilic polymers,
including polysaccharides alginic acid (AA), hyaluronic
acid (HA) and pectic acid (PA), were potential candidates
as fouling-resist coatings. These natural polymer coatings
were found to effectively resist the protein binding, and
hematopoietic cell adhesion [9]. However, their resisting
capability was not pronounced to most marine organisms.
It has been shown that in presence of divalent ions, such
as calcium and magnesium, in the marine environment,
the polysaccharides tended to be crosslinked and lost their
fouling-resisting function [10].
Zwitterionic polymers emerged in recent years as a novel

platform to build fouling-resist coating layers for both med-
ical devices and marine coating applications. With an equal
amount of positive and negative charges on each repeating
unit, the zwitterionic polymer is super-hydrophilic and pro-
vides the strongest hydration among hydrophilic polymers
[7]. Protein absorption study using Surface Plasma Reso-
nance (SPR) sensor revealed that zwitterionic polymer coat-
ing was able to reduce non-specific protein binding to as low
as 0.3 ng/cm2, which is the detection limit of the sensor. In
addition, glass substrates grafted with zwitterionic polymers
were able to greatly reduce the adhesion of ULVA zoospore
and diatom [11]. Tracking cyprid behavior on zwitterionic

surfaces indicated that the marine organism disliked settling
on the super-hydrophilic surface [12]. Despite the advantages
of resisting biofouling, nearly all hydrophilic coatings suf-
fered from the instability in an aqueous environment. The
hydrophilic polymers tended to dissolve in water rather than
staying on the hydrophobic substrates, exposing the unpro-
tected substrates to the marine fouling organisms, particularly
at severe shear flow conditions [13].
Besides chemically modifying a surface with a coating, the

surface property can also be physically altered by creatingmi-
cropatterns. Inspired by the marine creatures such as sharks
and whales, researchers fabricated micropatterns to mimic
the surface topography of their skins and found a reduced
biofouling with the new surfaces compared with unmodified
substrates [6]. Bio-inspired topography technology requires
further study to elucidate whether the pattern alone will be
sufficient to achieve the desired antifouling performance. It
is reasonable to expect that the topography technology com-
bined with fouling-resist or fouling-release coating materials
will further enhance the antifouling function.
In summary, we presented the current approaches to devel-

oping environmentally friendly marine anti-fouling coatings
and discussed the pros and cons of each of the strategies. For
ship hulls and marine devices, the fabrication of effective and
durable fouling-resist coatings is highly promising tomeet the
practical antifouling needs. This challenging task requires fu-
ture innovative approaches to resolve the long-term reliabil-
ity issue and mechanical vulnerability of hydrophilic poly-
mer coatings. Bio-inspired topography may also be incor-
porated into the hydrophilic coatings to further increase the
fouling-resist capability.
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