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Abstract  Antifouling based on biocides is the most important method preventing 
biofoulings in modern maritime industries and boating communities. Most antifoul-
ing paints, such as the famous but already banned organotin containing self-polish-
ing coatings, belong to this category. Decades of development of the technology 
has resulted in a variety of biocides, organic matrixes, and paint systems. However, 
with increasing environmental concerns, the most challenging for these coatings 
is preventing fouling settlement effectively and meanwhile fulfilling regulations 
imposed by the International Marine Organization (IMO) to stop environmental 
damages. More and more efforts, including developing nontoxic or green biocides, 
new organic matrixes and advanced embedding and encapsulating technologies, 
and learning from nature, have been addressing the challenge. This chapter seeks to 
combine all these topics: the biocides from toxic to green, the organic matrix and 
paint system, the antifouling effects and the environmental impacts, and to draw a 
developing trend map for biofouling based on biocides.

5.1 � Introduction

Antifouling, preventing the growth of marine organisms including plants and animals 
on submerged surfaces, is essential for the maritime industries and boating communi-
ties worldwide. It is not a new concept. Application of coatings to hulls of boats to 
prevent settling of fouling organisms can be dated back to Ancient Greece [1] and 
even earlier probably when man started to conquer the oceans. The earliest antifou-
lants were used as physical barriers more than chemical toxicants because protecting 
the hull was initially the principal concern. Lead sheathing was used to coat vessels 
in ancient Romans and Greeks. Asphalt and tallow were thought to be coated on 
Columbus’ ships. Tar, grease, sulfur pitch and brimstone containing paints were also 
developed. The majority of them were protecting the hardwood planking against the 
infamous Teredo worm and the isopod crustacean gribble. However, it was found that 
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hull damage was not the only concern, especially when iron vessels were sailed in 
oceans. The application of copper sheathing on iron hulls clarified that it was the tox-
ic metal ions dissolved in seawater that prevented marine biofouling. From then on, 
antifouling paints really started to develop, where toxicants, usually termed biocides, 
such as arsenic, copper oxide, and mercury oxide, were added to resin binders. These 
paints containing biocides proved to be effective and created a new road, biofouling 
based on biocides, in the history of navigation to combat biofouling on ship’s hulls.

A wide range of chemicals have been used as antifouling biocides. Organic tin 
compound, tributyltin (TBT), developed in the late 1950s and early 1960s, was the 
most famous and successful one in the prevention of biofouling. Due to its remark-
able efficiency, application of TBT-based paints, especially the “self-polishing” 
formulations, expanded rapidly. These paints were estimated to cover 70 % of the 
fleet in the world. With no doubt, the benefits obtained from the widespread use 
of TBT-based antifouling paints were remarkable. Unfortunately, we had to pay a 
serious price because of the adverse environmental consequences caused by TBT. It 
has been proved that extremely low concentration of TBT is harmful to marine life. 
For example, it showed that 20 ng/l of TBT caused shell malformations in the oyster 
( Crassostrea gigas) and 1  ng/l resulted in imposex in the dog whelks ( Nucella 
sp.) [2]. TBT accumulation in mammals and negative effects on immunological 
defense in fishes and other species were also reported by the International Maritime 
Organization (IMO). Accordingly, responding to environmental protection, TBT-
based antifouling paints have been forbidden since January 1, 2008. Obviously, 
alternative and effective biocides and relevant antifouling paints/coatings with little 
environmental impact are under urgent need.

Considerable efforts have been made to develop efficient and environmentally 
friendly biocides for antifouling. A variety of organictin-free biocides, including 
metal and metal-based compounds and booster biocides have been investigated. 
Some new substances such as ionic liquids, natural compounds extracted from 
marine organisms, and enzymes have also been employed to find “green” biocides. 
These green biocides may act through nontoxic mechanisms.

Despite the advanced fouling release and non-biocidal strategies, coating with 
paints containing biocides is still the most common practice for antifouling of the 
current maritime industries. Therefore, this chapter seeks to combine all main top-
ics related to antifouling based on biocides: the biocides from toxic to green, the 
antifouling effects, and the environmental impacts. Hence, it includes an introduction 
to the antifouling technology based on biocides, a description of various biocides, 
and antifouling paints containing biocides. The active mechanism, effects, and en-
vironmental risks of these biocides are analyzed, and the antifouling paints con-
taining biocides are described by an analysis of the binder systems, incorporation 
technologies, and leaching process, which constitutes the backbone of the chapter.

5.2 � Antifouling Based on Biocides

Antifouling based on biocides is a most important method that is used to prevent 
biofoulings in modern maritime industries and boating communities. Most anti-
fouling paints belong to this category. Figure 5.1 schematically illustrates a typical 
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antifouling paint containing biocides. As shown in the figure, it includes two main 
parts: the biocides and the binder. The biocides are usually embedded in or linked to 
the binder, the film-forming organic matrix.

In the paint, biocides are the active ingredients that prevent the adhesion, growth, 
and settlement of marine organisms. The effectiveness of a biocide differs with its 
concentration and duration of the exposure. Therefore, the release of the biocides in 
the paint is of top importance. Basically, release of biocides involves the dissolution 
and diffusion, where seawater must get into the paint to dissolve the biocides and 
the dissolved active components must get back to the paint surface again. A highly 
efficient getting in and getting out path is thus critical for biocide-based antifouling. 
This is why self-polishing technology is employed, which can keep the thickness of 
the biocide-depleted layer as thin as possible.

Since the two main parts of biocide-based antifouling are important, detailed 
descriptions of biocides from the already forbidden TBTs to the most recent green 
and nontoxic natural products, and the film-forming matrix are followed.

5.3 � Antifouling Biocides

Biocides are chemicals that can kill all sizes and life stages of organisms. They are 
widely used in medicine, agriculture, forestry, and industry for water treatment, dis-
infectants, and antifouling agents. For example, quaternary ammonium compounds 
are used as algicide in pool and industrial water and chlorine is used as a short-life 
disinfectant in swimming pool. According to the application categories, biocides 
can be broken down into more than 20 types. What we are concerned here is bio-
cides as antifouling agents, especially as marine antifoulants. Among all chemicals 

Fig. 5.1   Schematic illustration of the behavior of an antifouling paint containing biocides exposed 
to seawater
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that have been employed to be marine antifouling biocides throughout the history 
of navigation, TBT has been the most successful one in preventing biofoulings on 
hulls. The widespread use of TBT-based paints had resulted in remarkable econom-
ic benefits. However, the very serious environmental issues and extensive damages 
to shellfish caused by the accumulation of TBT have attracted extensive attention 
from all over the world. Although the organic tin concentration has been found to 
decrease in many marinas and bays after 20 years of regulation and prohibition, the 
adverse effects may still last tens of years. The good lesson from TBT tells people 
that it is quite necessary for the use of biocides in antifouling paints. As a result of 
prohibitions of organotin, copper and organic booster biocides have been used as 
alternative biocides for more than 20 years. Moreover, considerable effort has been 
made recently to develop low toxic and even nontoxic biocides, such as various or-
ganic booster biocides, inorganic nanoparticles, natural products, and ionic liquids. 
They have different properties and thus distinguishing antifouling mechanisms, be-
havior, and environmental effects.

5.3.1 � Metal and Metal-Based Compounds

Various metals and metal-based compounds as antifouling biocides have been used 
for decades. They play important roles in combating biofouling in the whole history 
of navigation. Two representatives of them are tin and copper.

5.3.1.1 � Organotin

In 1950s, Professor Ven der Kerk’s team made important contributions to the study 
of organotin chemistry [3]. Particularly, trialkyltin and its derivatives such as tribu-
tyltin (TBT) and triphenyltin (TPT) were found to have powerful biocidal proper-
ties [4–7]. In the late 1950s, triorganotin compounds were started to be used as 
agricultural fungicides. Their use in antifouling paints in the early 1960s, while its 
blossom started from the invention of organotin self-polishing coatings SPC. Since 
then, organic tin-based paints have been used widely on mariculture structures and 
ocean-going ships throughout the world. It is estimated that organic tin-based paints 
covered 70 % of the world fleet.

Figure 5.2 shows the organotin compounds that are used as industrial antifoul-
ing paint biocides. They are stable, solid at room temperature, and easy to handle. 
Toxicity of organotin compounds has been widely investigated to probe the bio-
cidal mechanisms. Among all the organotin compounds which can be expressed 
by the formula RnSnX4-n, where R is organic group, n = 1–4, and X is inorganic 
substituent, R3SnX has the maximum toxicity to all living species, such as TBT 
chloride and TPT chloride. Evidence also showed that the toxicity of organotin 
to mammals reaches the top when R is ethyl group, and falls with the length of 
alkyl chain. Table 5.1 summarizes the toxic effects of TBT on different organisms 
and the relevant inhibitory concentration. It is found that TBT inhibits microbial 
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processes for all major groups including the growth, primary productivity, respira-
tion, energy-linked reaction, metabolism, photophosphorylation, and ATP synthe-
sis, etc., and that the interactions happened at cellular membranes, chloroplasts, 
and/or mitochondria, etc. These researches explain why organotin compounds like 
TBT and TPT have powerful antifouling activities.

Trialkyltin had been considered as an ideal antifouling agent till early 1980s. 
Figure 5.3 illustrates the typical degradation scheme of TBT in the environment 
by UV, bacteria, or hydrolysis. It can be seen that the degradation of TBT results 
in less toxic di- and mono-organotin derivatives, and finally harmless inorganic 
tin residue. Therefore, organotin compounds were never thought to cause environ-
mental problems. Actually, all these trialkyltin-based biocides have low aqueous 
solubility, only a few ppm mostly. Such trialkyltin biocides getting into seawater 
can be degraded very fast. The persistence in seawater is not a concern at all. How-
ever, the high affinity for particulate matter of TBT resulted in the tendency of TBT 
accumulating in sediment and marine organisms, leading to serious environmental 
issues.

Table 5.1   Toxic effects of TBT compounds on microbial processes [10]

Process affected Organism(s)/organelle(s) Inhibitory concentration (IC) (μM)
Respiration Bacteria 0.04–1.7
Photosynthesis Cyanobacteira ~ 1 (IC50)
Nitrogen fixation Anabaena cylindrica < 1 (IC50)
Primary productivity Microalgae 0.00055–0.0017
Growth Microalgae 0.00017–0.0084
Energy-linked reactions Escherichia coli 0.15– 50 (IC50)
Growth Aureobasidium pullulans 27 (IC50)
Growth/metabolism Fungi 0.28–3.3

Bacteria 0.33–0.16
Photophosphorylation Chloroplasts 0.56–5
TBT tributyltin

Fig. 5.2   Structures of a tributyltin (TBT) (Reprinted with permission from Ref. [1]. Copyright 
2004, Elsevier), b triphenyltin (TPT) (Reprinted with permission from Ref. [8]. Copyright 2001, 
John Wiley and Sons), c TBO and d a repeating unit of a copolymer of tributyltin methacrylate 
(TBTM) and methyl methacrylate (Reprinted with permission from Ref. [9]. Copyright 1969, 
Springer)
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TBT was then described as the most toxic substance ever deliberately intro-
duced into the aquatic environment; the concentrations of TBT as low as 2 ng L−1 
can affect shell calcification in C. gigas and cause the development of imposex in 
N. lapillus [6]. Accumulation of TBT in marine organisms is also thought to be 
a threat to human health. Therefore, in 1982, legislation to ban the use of TBT-
based antifouling paints on vessels < 25 m in length was first issued by the French 
government [6,11], followed by the UK in 1987, then the USA, Australia, Japan, 
and New Zealand. It was reported that the cytotoxic and genotoxic effects of TBT, 
including the induction of stress response proteins and DNA damage, have also 
been observed in sea urchins, bivalve mollusks, and polychaetes [12,13]. The Inter-
national Maritime Organization (IMO) agreed to ban the application of organotin 
antifouling paints on ships by 2003 and completely prohibit the use of TBT by 
2008. Fortunately, the concentration of TBT has been found to decrease in seawater 
environment, sediments, and tissues of molluscs due to the execution of legislation 
prohibiting the use of TBT-based paints on small vessels [2,14,15]. The environ-
mental effects caused by TBT are getting better and better.

Fig. 5.3   The degradation scheme of TBT and TPT compounds. TBT tributyltin, TPT triphenyltin. 
(Reprinted with permission from Ref. [9]. Copyright 1969, Springer)
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5.3.1.2 � Copper and Copper Compounds

Copper has become the most important alternative biocides since organotin com-
pounds were banned. Various copper agents including copper metal, copper alloys, 
cuprous oxide, and copper compounds have been used as principal biocides for 
decades. They are copper plate and flake, copper alloys such as cupronickel 
(90–10), arsenical copper (As = 0.34 %), Cu-Ni-M (M = Cr, Fe, Co, Ti, Zr, Nb, Ta, 
V, P, Ga, In, Ag), inorganic compounds including Cu2O, CuO, Cu2S, and CuS, and 
the mixtures, and some organocopper compounds for example copper pyrithione, 
copper picolinic acid amide, and copper acrylates. Most of them are commercially 
available now [16,17].

For the copper and inorganic copper compounds based hull surface, biocides are 
released from the hull surface and then enter in the water in the form of free cop-
per ions Cu2+ or Cu+. The Cu2+ ion is the main biocidal form, which is more stable 
than Cu+ ion. The Cu+ ion is immediately oxidized to Cu2+ ion or reduced to Cu, 
while the Cu2+ ion forms copper complexes with organic and inorganic ligands. The 
process is thought to be very short. For example, Elisabete Almeida addressed the 
process using the following reactions [18]:

2 2
1 1CuO(s) H 2Cl 2CuCl H O 
2 2

+ − −+ + → +
�

(5.1)

2
2 3CuCl Cl CuCl− − −+ →

�
(5.2)

Actually, copper acrylates (CA) are more widely used in available coatings. It is 
reported that the reaction in contact with seawater can probably be written as [1]

The Cu-acrylate coatings have been reported to maintain performance being active 
for up to 3 years in several early papers.

Along with the growing use of copper-based paints, the problem of the accu-
mulation of copper has gained much more focus in the vicinity of some marinas 
and mooring area. Copper can effectively prevent marine organisms such as tube 
worms, barnacles, and the majority of algal fouling species [16]. However, different 
organisms exhibit different sensitivity to copper and a general decreasing order of 
sensitivity would be: microorganisms > invertebrates > fish > bivalves > macrophytes 
[1,16]. N. Voulvoulis et al. reported that most of the total copper is strongly bound 
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or chelated with organic ligands in coastal waters, considerably reducing the con-
centration of free Cu2+ so that it is nontoxic to most organisms [1]. The most toxic 
form is the free hydrated ion, Cu(H2O)2+ [16]. The current Environmental Quality 
Standard (EQS) for copper in seawater is 5 μg L−1 (expressed as an annual aver-
age) in the UK [16]. In 1999, P. Matthiessen et al. reported that 21.7 % (30/138) of 
sampling locations/year exceeded EOS (5 μg L−1) for copper and in six cases (4.3 % 
(6/138)) the concentrations lay between 10 and 15 μg L−1 [17].

Although copper is the essential element for marine organisms, it will be delete-
rious to marine organisms when the concentrations are high. Therefore, extensive 
efforts have been conducted and several recent papers have reviewed the copper 
biocides on their occurrence, environmental effects and fates [19]. While honestly, 
uncertain environmental impacts are still there in a long run. It is thus important to 
monitor the concentrations of copper and research these marine organisms which 
can decrease the concentration of copper.

5.3.1.3 � Zinc

At present, the approved antifouling agents containing zinc include zincomadine, 
zineb, and ziram. These biocides kill the spores or larvae of marine organisms 
which settle on the substrate surface. Diego Meseguer Yebra reported Kansai paint 
which is derived from the reaction mechanism assumed for an acrylic backbone: ion 
exchange [1]. But it is not realistic, in the process of exchanging of Zn2+ for Na+, the 
pendant group will release as a result of the different ionic charges. A new antifoul-
ing paint based on a zinc acrylate copolymer can satisfy the market demands. The 
copper release rate and erosion rate of this new antifouling paint is established on 
the basis of sailing conditions [20]. Iwao Omae reported that zinc pyrithione which 
has the highest biocidal property and a short half-life (2–17 min when exposed to 
direct sunlight) is mainly used as the organic booster biocide component in Japanese 
tin-free antifouling paints [17]. But at the concentration of zinc pyrithione 0.9 nM 
(0.3 μg L−1), zinc pyrithione is toxic in the early stages of development of the ascid-
ian Ciona intestinalis [21] and 0.5 nM for the larval growth of the sea urchin [22]. 
Zinc pyrithione may be a threat to marine organisms from exposure in the aquatic 
environment. It is necessary to develop new eco-friendly antifouling pigments. 
Combined with natural products, the paint is not only eco-friendly but also antifoul-
ing. Tannins can resist the attack of pathogens and the paint which is less toxic than 
cuprous oxide is synthesized by plants and zinc oxide. Natalia Bellotti et al. studied 
the effective antifouling paints containing zinc “tannate” which can last longer time 
(6 months) without fouling [23].

5.3.2 � Booster Biocides

Booster biocides are one of the most important components in tin-free antifouling 
paints. It is well known that too many marine organisms, ~ 1800 species estimated, 
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have been found to attach to mariculture constructions in seawater, which include 
algae, barnacles, ascidians, shellfishes, and hydrozoa. Following the legislation to 
ban the use of TBT-based antifouling paints on vessels < 25 m in length, copper 
biocides were found ineffective for all these species. Some of the marine organisms 
are tolerant to copper biocides. Therefore, additional biocides, termed as booster 
biocides, were developed to be used in combination with copper. A variety of boost-
er biocide compounds have been developed. Table 5.2 shows some of the booster 
biocides. Among them, some have been commercialized, and some are not.

It can be observed from Table 5.2 that these booster biocides are organic com-
pounds that contain elements of nitrogen, halogen, sulfur, and boron, which include 
heterocylic amines, aromatic halides, carbamates, phenols, arylboron amines, and 
phosphorus compounds. Since they are all organic compounds, they are also named 
as organic booster biocides.

These organic compounds are mainly used as pesticides, herbicides, and fungi-
cides depending on their toxicities. Assays carried out by Kobayashi et al. exhibited 
that zinc pyrithione had the maximum toxicity on sea urchin eggs and embryos, 
then Sea-Nine 211, pyridine triphenyl borate, and copper pyrithione, whose toxicity 

Organic booster biocide Trade name
1. Heterocyclic amines
Zinc complex of 2-mercaptopyridine-1-oxide Zinc pyrithione
2-Methylthio-4-butylamino-6-cyclopropylamine-s-triazine Irgarol 1051
2,3,5,6-Tetrachloro-4-(methylsulfonyl)pyridine TCMSpyridine
(2-Thiocyanomethylthio)benzothiazole TCMTB
(4,5-Dichloro-2-n-octyl-4-isothazolin-3-one) Sea-Nine 211, Kathon 5287
Pyridine triphenylborane complex KH101
5,6-Dihydroxy-3-(2-thienyl)-1,4,2-oxathiazine, 4-oxide
5,7-Dichloro-8-hydroxy-2-methylquinoline
2,5,6-Tribromo-1-methylgramine
(3-Dimethylaminomethyl-2,5,6-tribromo-1-methylindole)
2,3-Dibromo-N-(6-chloro-3-pyridyl)succinimide
Thiazoleureas
3-(3,4-Dichlorophenyl)-5,6-dihydroxy-1,4,2-oxathiozine oxide
2-Trifluoromethyl-3-bromo-4-cyano-5-parachlorophenyl pyrrole
2. Aromatic halides
(2,4,5,6-Tetrachloroisophthalonitrile) Chlorothalonil
3-(3,4-Dichlorophenyl)1,1-dimethylurea Diuron
2,4,6-Trichlorophenylmaleimide
2-Bromo-4′-chloroacetanilide
3. Carbamates
Zinc bis(dimethyl thiocarbamate) Ziram

Table 5.2   Some organic booster biocides [17]  
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Organic booster biocide Trade name
Zinc ethylene bisdithiocarbamate Zineb
Bis(dimethylthiocarbamoyl)disulfide Thiram
3-Iodo-2-propynyl butylcarbamate
Manganese ethylene bisdithiocabamate Maneb
4. Phenols
2,6-Bis(2′,4′-dihydroxybenzyl)-4-methylphenyl
2,2-Bis(3,5-dimethoxy-4-hydroxyphenyl)propane
Acylphloroglucinols: 2,6-diacyl-1,3,5-trihydroxybenzene
5. Arylboron amine complexes
Triphenylboron pyridine complex
Alkyldiphenylboron isoquinoline complexes
Triphenylboron octadecylamine complex
Triphenylboron ethylenediamine complex
6. Other amines
Guanidines: 1,3-dicyclohexyl-2-(3-chlorophenyl)guanidine
Alkylamines: auryldimethylamine
7. Phosphorus compounds
Dialkylphosphonates: phosphoric acid di(2-ethylhexylester)
8. Sulfur compounds
Alkyl haloalkyl disulfides:n-octylchloromethyl disulfide
4,5-Dicyano-1,3-dithiole-2-thione
9. Others
N, N-dimethyl-N′-phenyl(N′-fluorodichloromethyl-thiosulfamide Dichlorofluanid
N-(fluorodichloromethylthio)phthalimide
Diiodomethyl-p-tolysulfone
Enzymes: endopeptidase

Table 5.2  (continued)

is lower than that of tributyltin oxide. The Irgarol 1051 had the lowest toxicity. 
Compared with organotin biocides, these organic booster biocides are generally 
easier to be degraded. However, high concentrations of organic booster biocides 
have already been found in harbors and marinas [17,19].

A representative organic booster biocide is Irgarol (Irgarol 1051, N-tert-butyl-
N′-cyclopropyl-6-methylthio-1,3,5-triazine-2,4-diamine), whose structure is shown 
in Fig. 5.4. Irgarol 1051 is a highly toxic and effective biocide used in antifouling 
coatings to prevent the growth of autotrophic organisms on ship hulls [24], which 
has been widely used over a number of decades.

Compared with other triazines like simazine and atrazine, Irgarol is a more potent 
photosystem II inhibitor of algal photosynthesis. It is highly toxic to macrophytes, 
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periphyton, and phytoplankton. The mechanism can be described as follows: The 
biocide Irgarol inhibits the electron transfer in the photosystem II (PS II); Irgarol 
binds with high affinity to the plastoquinone (Qb) site of PS II, displacing the Qb 
quinone and preventing electron transfer; this results in oxidative stress, including 
photo-oxidation of chlorophyll and cell necrosis [1, 24].

Comparison with other booster biocides, Irgarol 1051 has low water solubility 
and partition coefficient (logKoc) [1]. Compounds with low partition coefficients 
will predominantly exist in the dissolved phase. Irgarol is easily dispersed and 
diluted in the aquatic environment (water solubility 7 mg L−1 [25]) and it tends 
to accumulate in marine organisms. The half-life (DT50) of Irgarol in water is 
between 24 and 200 days [24]. Under anaerobic conditions, the degradation in 
sediments is considerably slower. Under sunlight conditions, the Irgarol 1051 can 
quickly degrade to produce M1 by dealkylation of cyclopropane ring in seawater 
(Fig. 5.4), which remained even after the Irgarol 1051 disappeared from the sys-
tem [17].

Studies have shown that time-weighted average calculations yielded high BCF 
values of up to 10,560 L kg−1 dry weight for M. verticillatum indicating a high poten-
tial for accumulation [24]. Both Irgarol 1051 and its degradation product M1 were 
highly toxic to marine organisms, but in the root elongation inhibition bioassay, M1 
showed a phytotoxicity at least 10 times greater than that of the Irgarol 1051 [17]. It 
has been reported that the Irgarol 1051 is highly toxic to nontarget marine algae, at 
a concentration as low as 50 ng/L [17].

5.3.3 � Inorganic Nanoparticles

Nanotechnology is a new way to figure and prevent disease using atomic scale 
tailoring of materials. Among the most promising nanomaterials with antibacte-
rial properties are metallic nanoparticles, which exhibit increased chemical ac-
tivity due to their large surface to volume ratios and crystallographic surface 
structure [26].

Fig. 5.4   Degradation pathway of Irgarol 1051. (Reprinted with permission from Ref. [17]. 
Copyright 2003, American Chemical Society)
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5.3.3.1 � Nano-Silver

Nano-silver has attracted considerable attention in the field of antibacterial materials 
due to its high efficiency, wide spectrum, and low drug resistance to bacteria. Nano-
silver is widely used in baby bottles, toys, toothbrushes, toothpaste, air purifiers, 
and other products as an antifouling agent. Nano-silver bactericidal mechanism is as 
follows: (i) damages the DNA of bacteria and then results in the increase of the total 
DNA degradation degree in the bacteria; (ii) Ag+ activates oxygen in air or water 
to produce hydroxyl radicals and reactive oxygen ions to inhibit or kill bacteria; 
(iii) damages cell membranes to change the permeability of the cell membrane and 
cause leakage of a large number of necessary substances for metabolism, leading to 
cell death [26, 27].

Jose Ruben Morones and coworkers studied the effect of silver nanoparticles 
in the range of 1–100  nm on gram-negative bacteria using high angle annular 
dark field (HAADF) scanning transmission electron microscopy (STEM) [26]. 
The result shows that the bactericidal properties of the nanoparticles are affected 
by the particle size, since the only nanoparticles that present a direct interaction 
with the bacteria preferentially have a diameter of ~ 1–10  nm. The study of the 
antifouling properties of silver nanoparticles immobilized on thin film composite 
polyamide membrane indicated that hybrid membranes exhibited dramatic anti-
fouling property for Pseudomonas [28]. Jinhua Dai and Merlin L. Bruening pre-
pared catalytic nanoparticles by reduction of Ag+ in multilayered polyelectrolyte 
films which were formed by alternating adsorption of polyethyleneimine–metal 
ion complexes and polyanions [29]. The result showed that the silver nanoparticle-
containing films have excellent antibacterial effect. Simon Silver reported that Ag 
is generally without adverse effects for humans, and argyria (irreversible discolor-
ation of the skin resulting from subepithelial silver deposits) is rare and mostly of 
cosmetic concern [30]. But it is necessary to control the use of silver products, or it 
may result in more bacteria developing resistance.

5.3.3.2 � TiO2

It has been proved that TiO2 has excellent bactericidal property against Pseudomonas 
aeruginosa, Escherichia coli, Staphylococcus aureus, Salmonella, Aspergillus, 
and so on. The antibacterial action of TiO2 is performed through photocatalysis 
and its antibacterial property will not decrease with the gradual depletion of the 
antimicrobial agents. Moreover, ultrafine TiO2 is inorganic constituent, nontoxic, 
tasteless, nonirritating, thermally stable and heat resistant, non-flammable. There-
fore, TiO2 has been considered as a promising nontoxic biocide.

Rong-Min Wang and coworkers prepared composite nano-TiO2 with doping Fe3+ 
and Ag, and further modified with 3-methacryloxypropyltrimethoxysilane [31]. 
It was shown that antibacterial activity of multifunctional fluorocarbon coatings 
containing modified composite nano-TiO2 was improved. Fu and coworkers fab-
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ricated nanoparticles of TiO2 and prepared the gold-capped TiO2 nanocomposites 
and vanadium-doped TiO2 nanoparticles which have a size of about 12–18 nm and 
an anatase phase by taking a sol–gel chemistry approach [32]. It was observed that 
these nanoparticles have good antibacterial effect (60–100 % killing efficiency as 
observed) and this may be due to those particles’ small size, large band gap en-
ergy, large surface area, and more active sites for carrying out catalytic reactions 
(Fig. 5.5).

5.3.4 � PEG

From the 1970s, PEG has been widely used to modify particles and surfaces by 
physical adsorption, chemical adsorption, direct covalent attachment, or block 
or graft copolymerization [33]. PEGylation has become a standard modification 
method for biological applications [34]. PEG has steric exclusion, amphilic 
property, and excellent hydrophilic nature which plays a vital role in its non-fouling 
property [34]. Angus Hucknall et al. reported that surface modification with long-

Fig. 5.5   Antibacterial effect on B. megaterium. Left: a Control solution without TiO2 nanopar-
ticles; b 5 mM TiO2 nanoparticle suspension. Right: 4 mM TiO2 nanoparticle suspension, a dark 
control covered with an aluminum foil and b under room light. (Reprinted with permission from 
Ref. [32]. Copyright 2005, American Chemical Society)
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chain PEGs (nominally defined as PEGs with a molecular weight of 2000 Da) can 
significantly reduce protein adsorption (Fig. 5.6) [35].

In addition, the surface density of the PEG can also affect the antifouling prop-
erty [33]. High surface density and long chain length of polyethylene oxide are 
desirable for protein resistance and the surface density has a greater effect than 
chain length on the steric repulsion [36]. Commercial oligo (ethylene glycol) 
grafted to surfaces is exceptionally resistant to protein and cell adhesion by ATRP 
[35]. Electrospun nanofibrous meshes composed of PLGA-SH and 8cPEGa had 
superior antifouling effect on protein and mammalian cell binding in proportion 
to the amount of 8cPEGa in the mesh compared to non-crosslinked meshes [37]. 
Messersmith and coworkers used 3,4-dihydroxyphenylalanine (DOPA) to tether 
PEG to titania (TiO2) substrates and found these m-PEG-DOPA-modified surfaces 
to resist protein adsorption [33]. Maria M. Santore et al. arbitrarily placed isolated 
poly(L-lysine) coils on the silica prior to adsorption of the PLL-PEG [38] and 
the modified surface exhibits excellent antifouling properties. PLL has positively 
charged amine groups, which bind to the negatively charged metal oxide substrate, 
while the hydrophilic, uncharged PEG chains remain free and exposed to the sea-
water and form comb-like structures [33].

Although PEG is the most commonly used substance and has excellent anti-
fouling properties, it is prone to auto-oxidize and form aldehydes and ethers in 
the presence of oxygen, which leads to the surfaces to lose their antifouling ability 
[33]. Compared with PEG, ionic liquid has thermal stability and chemical stability 
and has a wide field of applications as a candidate of nontoxic biocide with good 
prospects.

5.3.5 � Ionic Liquid

Imidazolium, pyridinium, and quaternary ammonium-based ionic liquids have 
standard biocidal activity against gram-positive and gram-negative bacteria, fungi, 
and algae. For example, quaternary ammonium salts possess biocidal activity due 

Fig. 5.6   Model picture for 
the theoretical study by Jeon 
et al. showing a protein of 
infinite size in water with a 
solid substrate having termi-
nally attached PEG chains. 
PEG polyethylene glycol. 
(Reprinted with permission 
from Ref. [33]. Copyright 
2010, John Wiley and Sons)
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to lipophilic interactions with the cell wall of microorganisms. They can diffuse 
through the cell wall, disrupt the cytoplasmic membrane leaking potassium and other 
constituents, and finally cause cell death. We have shown that ionic liquids (ILs; 
Fig. 5.7) consisting of ammonium, imidazolium, etc, are low-melting organic salts 
with low melting point that have been attracting considerable attention in the past 
decade [39–41] and have reported that poly(NM-MIm-PF6) polymer brush coatings 
effectively resist chlorella spores bacterial adhesion at room temperature(Fig. 5.8) 
[42].

Adam Latała and coworkers reported that the toxicity of 1-alkyl-3-methylimid-
azolium ionic liquids (ILs) which consisted of five 1-alkyl-3-methylimidazolium 
chlorides (from -ethyl to -decyl) for evaluating the expected alkyl chain length 
effect, together with 1-butyl-3-methylimidazolium tetrafluoroborate, dicyanamide, 
trifluoromethanesulfonate, methyl sulfate ana-methyl[poly(oxy −1,2-ethanediyl)]
sulfate [43] for investigating the influence of the anion on IL toxicity towards 
various algal species [44]. The study showed that no significant differences were 
observed between alkylimidazolium salts and an alkylpyridinium compound of 
similar lipophilicity but the use of tetrafluoroborate and trifluoromethanesulfonate 
as counteranions in the IL structure gave rise to the most pronounced toxic effects 
in comparison with the other anions tested.

Fig. 5.7   Cations and anions 
that constitute ionic liquids. 
(Reprinted with permission 
from Ref. [39]. Copyright 
2009, Royal Society of 
Chemistry)
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5.3.6 � Zwitterionic

Zwitterionic polymers have strong hydration that is electrostatically induced 
and the surfaces modified with zwitterionic polymers have excellent antifouling 
properties against proteins, cells, and bacteria [34, 45, 46]. Zwitterionic poly-
mers have anionic and cationic terminal groups, such as poly(carboxybetaine), 
poly(sulfobetaine methacrylate), and poly(2-methacryloyloxyethyl phosphor-
ylcholine) [47, 48]. These materials have good chemical stability and low cost 
[49] and zwitterionic materials possess anti-adsorption of nonspecific protein via 
a bound hydration layer from solvation of the charged terminal groups, in addition 
to hydrogen bonding [50].

Poly(carboxybetaine) polymer brush coatings effectively resist nonspecific 
protein adsorption from undiluted blood plasma and serum to an extremely low 
level (< 0.3 ng/cm2) using a surface plasmon resonance (SPR) sensor, and keep the 
antifouling performance and delay biofilm formation for 10 days at room tempera-
ture [45, 51]. Alicia L. Gui et al. found that zwitterionic coatings (phenyl phos-
phorylcholine, 4-(trimethylammonio)-phenyl, 1:1 mixed layers of 4-sulfophenyl 
and 4-(trimethylammonio)-phenyl (mix), 4-sulfophenyl) are as effective as the 
OEG SAMs at resisting the nonspecific adsorption of bovine serum albumin and 
cytochrome c and created low impedance anti-biofouling layers on electrodes [52]. 
Yuwei Liu designed the surface of PDMS by incorporating PDMS with quater-
nary ammonium salts and found that lower degree of quaternization offers more 
freedom for the alkyl groups to extend and penetrate the microbial membranes 
[53]. Yung Chang and coworkers studied the performance and stability of a highly 
stable antifouling surface with well-packed grafted zwitterionic polysulfobetaine, 
zwitterionic sulfobetaine methacrylate (SBMA) [54]. The well-packed polySBMA 
grafted surface performs stable and excellent blood compatibility at human body 
temperature (Fig. 5.9, 5.10).

Fig. 5.8   The structure 
of poly(NM-MIm-PF6). 
(Reprinted with permis-
sion from Ref. [42]. 
Copyright 2012, Royal 
Society of Chemistry)
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5.3.7 � Natural Products as Antifoulants

Marine organisms, such as corals, sponges, sharks, marine plants, and dolphins, 
etc., can prevent the surface of their bodies from antifouling substances without 
causing serious environmental problems [17]. At present, it mainly includes five 
kinds of terpenoids, nitrogen compounds, phenols, steroidal, and other compounds. 
Nobuhiro Fusetani summed up some marine natural products including terpenoids, 
steroids and saponins, fatty acid-related compounds, bromotyrosine derivatives, 
and heterocyclic compounds which prevent larvae to settle and metamorphose [55, 
56]. Antifouling biocides can also be extracted from the land vegetation such as a 
green tea, mango, and euphorbia (Table 5.3 and Fig. 5.11).

Fig. 5.10   Adsorption of plasma proteins on CH3-SAMs, OEG-SAMs, and polySBMA grafted 
surfaces at 37 °C from human blood plasma. A wavelength shift of approximately 1 nm in the SPR 
response is equivalent to 15 ng/cm2 of adsorbed proteins. (Reprinted with permission from Ref. 
[54]. Copyright 2008, American Chemical Society)

  

Fig. 5.9   SEM photographs of platelets adhered onto the surface of a CH3-SAMs, b OEG-SAMs, 
and c polySBMA surface. (Reprinted with permission from Ref. [54]. Copyright 2008, American 
Chemical Society)
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5.3.7.1 � Chitosan

Chitosan consists of β-(1→4)-2-acetamido-D-glucose and β-(1→4)-2-amino-D-
glucose units and is derived from chitin by deacetylation in the presence of alkali 
(Fig. 5.12). Chitosan is an abundant natural biopolymer which is biodegradable, 
biocompatible, biological, and nontoxic. It inhibits microbes and also considered 
as a kind of good material for developing eco-friendly biocides. Chitosan has 
excellent antibacterial function and effectively inhibits the growth and reproduction 
of bacteria and fungi. Bactericidal mechanisms are as follows [57]:

(1)	 The bactericidal mechanism is different between low molecular weight chito-
san and high molecular weight chitosan. Small molecular weight chitosan can 
enter cells and combine negatively charged protein and nucleic acid to affect 

Table 5.3   Marine natural product antifoulants [17]

Bionts Antifoulant Activity
Cnidaria

Leptogorgia virgulata, L. 
setacea

Homarine Growth inhibition

Pseudopterogorgia americana Furanogermacrene Growth inhibition
Renilla reniformis Renillafoulins Settlement inhibition
Leptogorgia virgulata Pukalide Settlement inhibition

Epoxy pukalide
Lobophytum pauciflorum 14-Hydroxycembra 

−1,3,7,11-tetraene
Growth inhibition

15-Hydroxycembra 
−1,3,7,11-tetraene
Porifera

Sponge spp. Terpenoids General antibacterial vari-
able antifungal settlement 
inhibition

Chordata
Eudistoma olivaceum Eudistomins G Settlement inhibition

Thallophyta
Delisea pulchra Halogenated furanones Inhibition of barnacle, algal 

settlement, bacterial growth, 
and germling development

Thallophyta
Delisea pulchra Halogenated furanones Inhibition of barnacle, algal 

settlement, bacterial growth, 
and germling development

Angiospermae
Zostera marina p-(Sulfooxy)cinnamic acid settlement inhibition
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Fig. 5.11   Structures of some natural biocides. (Reprinted with permission from Ref. [17]. 
Copyright 2003, American Chemical Society)
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the normal function of cells and then it triggers cell death. But macromolecule 
chitosan exhibits antifouling property by attaching to the surface of microor-
ganism to form a layer of polymer film to block the transport of nutrients.

(2)	 The reaction of the effective group −NH3+ and lipid–protein complex reaction 
on the membrane leads to protein denaturation and then cell death.

(3)	 When the concentration of chitosan is high enough, it will lead to activate the 
chitinase activity of some microorganisms or express the chitinase too much, as 
a result of cell wall degradation.

JAE-YOUNG JE and coworkers prepared water-soluble chitosan derivatives with 
different degrees of deacetylation by grafting amino functionality onto chitosan at 
the C−6 position. It has been shown that all derivatives showed a higher antimicrobial 
activity than native chitosan and killed bacteria by disrupting the outer membranes 
and inner membranes of bacteria [58]. Rajesha Kumar reported that two differ-
ent compositions of polysulfone in N-methylpyrrolidone (NMP) and chitosan in 
1 % acetic acid were blended to prepare PSf-CS ultrafiltration membranes by the 
diffusion-induced phase separation (DIPS) method and the permeation and anti-
fouling properties of PSf-CS membranes increased with an increase in chitosan 
composition [59].

5.3.7.2 � Capsaicin

Capsaicin is a spicy vanilla amide alkaloid extracted from peppers. Figure  5.13 
shows the structures of capsaicin and capsaicin analogues. In 1993, Kenneth J. 
Fischer reported that the coating contains capsicum derivatives such as cayenne 
pepper or oleoresin capsicum to repel the organisms that might otherwise attach 
themselves to submerged objects (US5226380). And then, James L. Wattsmixed 
finely divided capsaicin, an oleoresin capsaicin liquid solution, or crystallized cap-
saicin with a suitable corrosion resistant epoxy resin and then mixed with a harden-
ing catalyst to apply to the surface to be treated (US5397385).

Maj-Britt Angarano and coworkers reported that capsaicin (8-methyl-Nvanillyl-
trans-6-nonenamide) exhibited excellent antifouling property against byssal with 
potency values (EC50) in the micromolar range and they were lethal to adult 
specimens of the water flea, Daphnia magna, at concentrations that inhibited 
mussel byssal attachment [60]. Capsaicin and dihydrocapsaicin exhibited excellent 

Fig. 5.12   The structure 
of chitosan
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antifouling performance at lower concentration [61]. Capsaicin effectively inhibited 
the reattachment of zebra mussels and the reattachment of zebra mussels can also 
be prevented by selected antioxidants (butylated hydroxyanisole, tert-butylhydro-
quinone, and tannic acid) [62]. Although marine organisms provide an excellent, 
alternative source of potential antifouling compounds, they generally contain only 
low quantities of the compounds and it is difficult to be widely used.

5.3.7.3 � Enzymes

Enzymes such as protease, amylase, ligninase and cellulose are widely used in 
biofuel production, paper industry, baby food, cleaning preparations, and molec-
ular biology. Enzymes are rapidly biodegraded and are therefore expected to be 
eco-friendly. Some enzymes have better inhibitory activity of chitinase. Efficient 
enzymes are combined with coatings as the primary antifouling mechanism, the 
environment would benefit from nontoxic biocides (Fig. 5.14) [63].

Any enzyme utilized must have at least the following qualities: (1) be robust 
towards the composition of coatings; (2) be nondestructive towards coating mecha-
nisms; (3) have a broad spectrum AF effect, and (4) have stable activity in the 
coating and upon exposure of the coating to seawater. Under these conditions, an 
enzyme-based AF coating can be commercially successful [63]. In order to achieve 
a microbicidal effect, two types of enzymes can be used: reagent-requiring and 
reagentless. The former utilizes reagents from the surrounding solution to produce 
an antimicrobial agent; the latter can directly produce a bactericidal effect, often as 
a result of cell wall degradation [33].

Enzyme is mainly extracted from creature. Xiaojian Zhou and coworkers extracted 
17 flavone and isoflavone derivatives from terrestrial plant and reported that these 

Fig. 5.13   Structures of capsaicin and capsaicin analogues. (Reprinted with permission from Ref. 
[61]. Copyright 2011, Springer)
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flavone and isoflavone derivatives possess antifouling properties against flavone and 
isoflavone derivatives and genistein which is easy to decompose can effectively in-
hibit barnacle fouling [65]. Styloguanidines isolated from the marine sponge Stylo-
tella aurantium inhibit the activity of chitinase (hydrolyze integumental chitin), thus 
inhibit the moulting of cyprid larvae of barnacles which control the molting cycle 
of crustaceans at a concentration of 10  ppm [66]. The first study of butenolide’s 
molecular targets in three representative fouling organisms were reported by zhang’s 
group. The results showed that butenolide inhibited fouling by influencing the pri-
mary metabolism of target organisms [67]. Butenolide can also inhibit the settlement 
of barnacle cypris larvae by sustaining the expression level of stress-associated and 
metabolism-related proteins (vitellogenin), thus arresting the development until a ful-
ly competent stage has been reached [12]. Scott J. Novick et al. combined enzymes 
with other proteins into hydrophobic polymeric coatings and films to generate bio-
logically active materials for biocatalysis, antifouling surfaces, and biorecognition by 
using standard solution coating techniques with poly(methyl methacrylate), polysty-
rene, and poly(vinyl acetate) as polymers and α-chymotrypsin and trypsin as biocata-
lysts [68]. 12-Methyltetradecanoid acid (12-MTA) inhibited the larval settlement of 
the biofouling polychaete H. elegans and its effects on the expression of Ran GTPase 
activating protein and ATP synthase for larval settlement [69].

10β-Formamidokalihinol-A and kalihinol A which were isolated and purified 
from the marine sponge Acanthella cavernosa (Dendy) inhibited the growth of 

Fig. 5.14   Classification and proposed mechanism of enzymatic antifouling. Coating A is based on 
biocidal direct antifouling. Coating B is based on adhesive degrading direct antifouling. Coating C 
is based on indirect antifouling with substrate in the environment. Coating D is based on indirect 
antifouling with the substrates provided from the paint. (Reprinted with permission from Ref. [64]. 
Copyright 2012, American Chemical Society)
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bacteria isolated from the natural environment whereas kalihinol A suppressed 
larval settlement of a major fouling polychaete, Hydroides elegans with an EC50 of 
0.5 μg mL−1 [70]. Figure 5.15 refers to the steps and the estimated time needed to 
develop a novel A/F system based on natural compounds. Although a large number 
of natural products which have excellent antifouling activities have been isolated 
and characterized, only few of these compounds can be commercialized and 
introduced into the market due to the limited information available on their mode 
of action, possible environmental effects, and environmental fate [12]. It is difficult 
to realize the commercialization of natural antifouling products, but it is possible to 
synthesize products with structures similar as natural products.

5.4 � Antifouling Paints Containing Biocides

For most biocides such as CuO and booster biocides, it is difficult to apply them on 
the hull surface directly. Incorporating biocides into organic matrix to form paints 
is the most efficient manner for hull antifouling based on biocides. Nowadays, 
antifouling paints are widely used in ships, yachts, oil platforms, and so on. Anti-
fouling paints should meet these requirements as follow: prevent the settlement of 
marine organisms in the required time; release biocides into seawater continuously 
and steadily; make full use of biocides; effectively resist the impact of seawater; 
eco-friendly and no threat to human; good storage stability.

Fig. 5.15   A possible research management schedule for the development of a novel antifouling 
system based on natural antifouling compounds (with permission of Surfex Limited). (Reprinted 
with permission from Ref. [1]. Copyright 2004, Elsevier)
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In order to meet these requirements, different organic matrixes have been 
employed, including insoluble matrix, soluble matrix, and self-polishing copolymers 
(SPC).

5.4.1 � Insoluble Matrix Paints (Contact Leaching Coatings)

In insoluble matrix paints, the polymer matrix which possesses high mechanical 
performance is insoluble and does not polish or erode after immersion in water [1, 
18]. The matrix resin used in the traditional insoluble antifouling coating mainly 
includes chlorinated rubber, acrylic resin, vinyl chloride and vinyl acetate copolymer, 
and vinyl chloride and vinyl isobutyl ether copolymers [71]. Since the binder is 
not soluble in seawater, as a toxicant agent its contents are released, the seawater 
spreads through the pores and capillaries that are left empty by the latter and goes on 
to dissolve the next toxicant particles [64, 72]. However, the spongy structure left in 
the coating blocks the release of the residual biocides due to the longer and longer 
leaching route. So it is necessary to regularly clean the non-active coating. For these 
reasons, the duration of the coatings obtained with these paints is between 12 and 24 
months, depending on the severity of the exposure conditions [64].

5.4.2 � Soluble Matrix Paints

The characteristic of the soluble matrix paints is that the matrix and the biocide 
are dissolved and released simultaneously. These paints are mainly based on rosins 
and their derivatives which consist generally of about 85–90 % of acidic materials 
(rosin acid) [71]. The biocides are incorporated, such as cuprous oxide, iron or zinc 
oxides, copper acetoarsenite, and previously arsenic and mercury [18]. In contact 
with seawater, the carboxyl groups reacted with sodium and potassium ions, and 
thus gave resonates of high solubility. These paints do not maintain an antifouling 
protection for more than 12–15 months due to the high erosion and release rates 
[64]. The main advantage of soluble matrix paints is that they can be applied on 
smooth bituminous-based primers. But the erosion rate of the paint increases expo-
nentially with increasing vessel speed when the rosin content was above a certain 
value [1].

5.4.3 � Self-Polishing Coatings

The most successful antifouling paint in the entire history of navigation is organotin 
self-polishing coatings, which were invented based on acrylic or methacrylic 
copolymers at late 1960s [18]. Such paints undergo the following mechanism 
when immersed in seawater: They release organic tin and copper oxcide by or-
ganotin ester side chain of the polymer hydrolyzing, and the remaining hydrophilic 
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polymer dissolves through the action of the seawater, then the fresh surface will be 
exposed; by this way, organotin polymer continues to hydrolyse and dissolve so that 
organic tin toxic constantly release to achieve the purpose of long-term antifouling 
(Fig. 5.16) [73]. The advantage of this paint is that it possesses remarkable drag 
reduction effect and antifouling property and the biocides continuously and steadily 
release. For the first time, paints of this type could reach 5 years of excellent AF 
performance [74].

Tin-free controlled depletion paints have been greatly developed after the 
prohibitions that the International Maritime Organization (IMO) agreed to ban 
the application of organotin antifouling paints on ships by 2003. Their working 
mechanisms are similar to those of conventional rosin-based paints and these self-
polishing paints mainly contain cuprous oxide instead of toxic organic tin [18]. 
Most of these paints are based on acrylic polymers which can undergo hydrolysis or 
ion exchange, such as copper acrylic polymer, zinc acrylate polymers, and acrylic 
silicone polymer. Yonehara et al. prepared a new antifouling paint based on a zinc 
acrylate copolymer and found that the polymers became soluble and leached out by 
flow of seawater with the ion exchange reaction proceeds [20]. The advantages of 
these paints are controllable polishing rate and antifouling agent leaking rate, and 
the maximum service life of this type of paints is normally around 3 years [18, 71].

Fig. 5.16   Schematic presentation (a), (Reprinted with permission from Ref. [18]. Copyright 2007, 
Elsevier), and release mechanism of TBT copolymer by hydrolysis (b). (Reprinted with permis-
sion from Ref. [75]. Copyright 2008, John Wiley and Sons)
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5.4.4 � Antifouling Paints with Microencapsuled Biocides

In antifouling paints containing biocides, biocides can be linked to the matrix or 
more often buried in the film-forming organic matrix which is widely used. The 
former, such as the self-polishing paints, the biocides are linked to the matrix 
such as acrylic or methacrylic copolymers. The release rate is different for differ-
ent embedding ways. The release rate of biocides is dependent on many factors 
including the binder, the nature of biocides, and the type of matrix, etc [76, 77]. 
In order to achieve the controllable release, many methods have been developed 
besides the self-polishing and direct embedding. Microcapsulary has been thought 
of as a useful one. Microcapsulary has been widely used in self/healing composites 
[78], diagnostics and control release [79–81], and drug delivery [82], due to the 
biocompatibility and controllable release of encapsulated molecules. For example, 
the polydopamine capsules, the release of the trapped molecules can be regulated 
by controlling pH value [83]. Alginate/chitosan/alginate (ACA) hydrogel micro-
capsules modified with methoxy poly(ethylene glycol; MPEG) was prepared to 
improve protein repellency and biocompatibility [84]. Liu et  al. synthesized Ag 
nanoparticles on nano SiO2 modified with PDA (SiO2/PDA/Ag NPs) which were 
able to damage the membrane and penetrate into the cell effortlessly [85]. Micro-
capsulary promises to provide a facile and robust strategy to form capsules contain-
ing a pH-triggered release mechanism which enhance antifouling effectiveness.

5.5 � Conclusion

Antifouling based on biocides is the most important method used in the modern boat-
ing and marine industry to prevent the adhesion, growth, and settlement of marine 
organisms. Decades of development of the technology has resulted in a variety of 
biocides, organic matrixes, and paint systems. Among them, the most important one 
is the development of biocides, which will be significantly affected by the econo-
my and environmental impacts. Modern antifouling coatings must prevent fouling 
settlement effectively, and fulfill regulations imposed by the International Marine 
Organization (IMO) to stop environmental damage meanwhile [23]. Although many 
toxic biocides such as Cu, Zinc, and Irgarol 1051 are being used nowadays and the 
impacts of some of them on the environments are still uncertain, the unfortunate 
thing is that they may be still used in a very long time before green alternatives 
are invented. However, these regulations have created, during the past decade, the 
necessity of developing new antifouling pigments that are safe for the environ-
ment and humans. More and more efforts on the development of green biocides 
such as ionic liquids and natural products are devoted on new organic matrixes 
and advanced embedding and encapsulating technologies. Green and high-tech has 
become the developing trend for biofouling based on biocides. Learning from the 
nature to develop the most sustainable and environmental friendly antibacterial 
agents to control biofouling is believed to be the promising way.
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