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Abstract 
Antifouling boat paints that contain toxic biocides are commonly used to prevent the growth of 

marine organisms on the hull of boats. However, the release of these biocides into surrounding 

waters can have adverse environmental impacts on non-target species such as salmon, trout, 

and shrimp. 

This review provides a comprehensive analysis of the toxicological impact of commonly used 

biocidal agents on marine wildlife, with a focus on commercial marine species. Biocidal agents 

covered in the review include DCOIT/Sea-Nine 211, Tralopyril/Econea, zinc, and copper-based 

agents. 

This work addresses knowledge gaps by synthesizing the current understanding of long-term 

effects of biocidal exposure, the mechanisms of toxicity, and the comparative toxicity of 

different compounds. Understanding the toxicity and safety of biocidal agents and their impact 
on non-target species is crucial for mitigating their potential environmental impacts and 

developing more effective and less toxic alternatives.
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Introduction 
Antifouling boat paints contain biocides, including organic and metal-based biocides, which 

prevent the growth of organisms such as barnacles, algae, and marine life on boat hulls, 

improving performance and reducing maintenance [1]. The European Chemicals Agency 

estimates the global production of marine antifouling paints to be more than 900 million liters 

yearly. They project a compound annual growth rate of 5.5% [2]. 

The release of these biocides into surrounding waters has raised concerns about environmental 

impacts on marine wildlife, particularly non-target species such as fish, crustaceans, mollusks, 

zooplankton, and other marine invertebrates [3]. The persistence, bioaccumulation, and 

biomagnification of these chemicals can lead to long-term effects on marine ecosystems and 
their inhabitants. Therefore, understanding the toxicity and safety of antifouling paint biocides 

and their impact on non-target species is crucial for mitigating their potential environmental 

impacts [4]. 

There are several types of antifouling agents, including biocidal and non-biocidal options. 

Copper is the most used biocide in paint. Alternatively, biocidal agents, such as 4,5-dichloro-2-
n-octyl-4-isothiazolin-3-one (DCOIT, commercially known as Sea-Nine 211), 4-bromo-2-(4-

chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile (Tralopyril, commercially known as 

Econea), zinc pyrithione (ZnPT), and copper pyrithione (CuPT), are used in antifouling paints to 

kill or deter marine organisms [5]. Non-biocidal agents, on the other hand, work by creating a 
slippery surface that makes it difficult for marine organisms to adhere to the surface of the 

treated structure [6]. 

In general, biocidal agents have the potential to cause toxicological impacts on marine wildlife, 

including reduced growth, mortality, developmental abnormalities, and reproductive toxicity 

[7]. The toxicity of biocidal agents depends on various factors, including the species of the 

organism, the concentration and duration of exposure, and the mode of action of the biocidal 

agent [8]. Copper-based biocides, in particular, are highly toxic to a wide range of aquatic 

organisms and can cause significant damage to marine ecosystems in high concentrations [9]. 

Therefore, it is important to use biocidal agents responsibly and ensure that their use is 

properly regulated to minimize their impact on marine wildlife. 

Non-target species, such as salmon, are important commercial and recreational fish species 

widely distributed in both freshwater and marine environments. Nonetheless, the growing 
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exposure of non-target species to biocidal agents found in antifouling paints, such as copper 

(cuprous oxide, cupric oxide, copper pyrithione) and zinc pyrithione, has been shown through 

studies to have detrimental effects on these species, leading to compromised growth, 

reproduction, survival, altered behavior and physiological processes, reduced growth, increased 

mortality, as well as the potential for bioaccumulation and biomagnification in the food chain 

[10, 11]. These effects can have significant ecological consequences and pose risks to human 

health if contaminated fish are consumed. 

Despite growing concerns about the environmental impacts of antifouling paint biocides on 

marine wildlife, there is a noticeable lack of studies that have investigated the full extent of 

these impacts. Most toxicity studies of biocidal agents have been conducted over short-term 

periods, and there is limited information on the long-term effects of exposure to these 
compounds [12]. Long-term exposure can lead to bioaccumulation and biomagnification of 

these compounds in the food chain, which can have significant ecological impacts [13–16]. 

Although the toxic effects of biocidal agents have been well documented, the underlying 

mechanisms of toxicity are not fully understood. A better understanding of these mechanisms 

could help in the development of more effective and less toxic biocidal agents. Moreover, the 
majority of toxicity studies conducted on biocidal agents have primarily emphasized their 

impacts on target organisms rather than non-target organisms. Additionally, there are very few 

studies that directly compare the toxicity of different compounds, while there is a significant 
body of literature on the toxic effects of individual biocidal agents. Comparative studies could 

provide valuable insights into the mechanisms of toxicity of different compounds and help in 

the development of more effective and less toxic biocidal agents. 

The objective of this review is to provide a comprehensive and up-to-date analysis of the 

current state of knowledge regarding the toxicological impact of most common biocidal agents, 

including DCOIT/Sea-Nine 211, Tralopyril/Econea, zinc, and copper-based agents, on marine 

wildlife, with a focus on valuable species such as salmon. Specifically, this work aims to address 

the existing knowledge gaps by synthesizing the available literature on the long-term effects of 

exposure to biocidal agents, the underlying mechanisms of toxicity, the effects of biocidal 

agents on non-target organisms, and the comparative toxicity of different biocidal compounds. 

By doing so, this review seeks to provide insights into the ecological impacts of biocidal agents 

on marine ecosystems and to identify potential strategies for the development of more 
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effective and less toxic biocidal agents, with a particular emphasis on the protection and 

conservation of valuable species. 



  

Publication 23-04-066 Toxic Effects of Antifouling Agents 
Page 11 November 2023 

Methodology 
The purpose of this literature review is to investigate the potential ecological impacts of 

antifouling boat paints that contain toxic chemicals, known as antifouling paint biocides, on 

marine wildlife, particularly on non-target species. We used the following methodology: 

(1) Selection of review topics: We selected the review topics based on the research 

question, which is to investigate the potential ecological impacts of antifouling boat 

paints on marine wildlife, particularly on non-target species. 

(2) Systematic literature search: We conducted a systematic search in several databases, 

including Web of Science, PubMed, and Google Scholar, using the following keywords: 
antifouling paint, antifouling biocide, marine wildlife, salmon, toxicity, ecological 

impacts, DCOIT/Sea-Nine, Tralopyril/Econea, zinc pyrithione, copper pyrithione, 

persistence, bioaccumulation, and biomagnification. We limited the search to articles 
published after 2019. However, we used earlier publications in some cases. 

(3) Inclusion and exclusion criteria: We screened the articles based on the relevance of 
their content to the research question. We only included articles that focused on the 

ecological impacts of antifouling boat paints on marine wildlife. Articles that did not 

meet these criteria were excluded. 

(4) Quality assessment: We assessed the quality of the articles based on the credibility of 

the source and the methods used in the research. We only included articles that were 

published in peer-reviewed journals and had a high credibility score. 

(5) Data analysis and synthesis: We analyzed and synthesized the articles to identify the 

potential ecological impacts of antifouling boat paints on marine wildlife, particularly on 

non-target species such as salmon. We categorized the findings based on the type of 

impact, such as toxicity, bioaccumulation, and ecological disturbance. 
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Types of Antifouling Agents 
Antifouling agents can be classified into two broad categories: 

(1) Biocidal agents; and 

(2) Non-biocidal agents. 

Biocidal agents are toxic chemicals that kill or inhibit the growth of fouling organisms. These 

agents are divided into two subcategories: organic biocides and inorganic biocides [17]. Organic 

biocides refer to carbon-based compounds that exhibit high toxicity to marine organisms, with 

notable examples including tributyltin (TBT) and organotin compounds like triphenyltin. In 

contrast, inorganic biocides primarily encompass heavy metals such as copper, which possess 

toxic properties affecting various marine organisms [18]. 

Non-biocidal agents are substances that do not kill fouling organisms, but instead prevent them 

from attaching to the surface. These agents can be divided into two subcategories: foul-release 

agents and foul-resistant agents [19]. They work by creating a slippery surface or a hydration 
layer that prevents fouling organisms from attaching. Examples include silicone-based coatings 

and fluoropolymer coatings. 

In our literature review, we have chosen to focus specifically on the biocidal agents that could 

be used as alternatives to copper oxides. These agents include DCOIT/Sea-Nine 211, 

Tralopyril/Econea, zinc pyrithione (ZnPT), and copper pyrithione (CuPT). Other less common 

biocidal agents, such as Irgarol, Diuron, and Dichlofluanid, have been excluded from our review. 

Biocidal 
Biocidal agents are compounds that are added to boat paints to prevent the growth of marine 

organisms, such as algae, barnacles, and mussels, on the hulls of boats. In terms of chemistry, 

the active ingredient of Sea-Nine 211 is the biocide 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one 

(DCOIT). Econea, a technical grade of Tralopyril, exhibits a wide range of effectiveness against 

hard fouling marine organisms due to its broad spectrum of activity. On the other hand, ZnPT 

and CuPT are organic compounds that incorporate a metal ion (either zinc or copper) bound to 

a ligand molecule.  
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DCOIT/Sea-Nine 211 
DCOIT/Sea-Nine 211 is an organic compound that belongs to the family of isothiazolone 

compounds. In this publication, we will refer to this biocide as DCOIT, as it is the active 

ingredient of Sea-Nine 211. DCOIT contains a chlorine atom and a n-octyl group attached to a 

heterocyclic ring (see Figure 1A). It works by inhibiting the enzymes involved in the energy 

metabolism of microorganisms. Specifically, it targets the electron transport chain and the 

oxidative phosphorylation process, which are essential for generating adenosine triphosphate 

(ATP), the main source of energy for cells [20]. By disrupting these processes, DCOIT can kill a 

wide range of marine organisms, including bacteria, fungi, algae, and invertebrates. However, it 

can also be toxic to non-target organisms, such as fish and crustaceans, if they are exposed to 

high concentrations of the biocide [21]. Therefore, it is important to examine it in a controlled 

manner and to follow appropriate safety and environmental guidelines. 

DCOIT is generally considered less toxic than some other biocidal agents, such as copper-based 

compounds [22]. However, it can still have toxic effects on aquatic organisms if it is released in 

high concentrations [23]. The toxicity of DCOIT depends on factors such as the concentration, 

duration, and frequency of exposure, as well as the sensitivity of the organism. 

Tralopyril/Econea 
Tralopyril (4-bromo-2-(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile) is a 

biocidal agent commonly used in antifouling paints for marine vessels (see Figure 1B). It is 
commercially known as Econea. In this publication, we will refer to the biocide as Tralopyril. 

The compound was developed as an alternative to toxic organotin compounds and other 

biocides that have been found to have negative environmental impacts [24]. Tralopyril has 

been found to be effective against a wide range of fouling organisms, including barnacles, 

algae, and diatoms, while having lower toxicity to non-target species [25]. 

According to the manufacturer’s description, Tralopyril is claimed to have a relatively short 

hydrolytic half-life of three hours in seawater [7, 25]. However, it is important to approach this 

information with caution, as no specific experimental details are provided to substantiate this 

claim. 

Tralopyril has been approved for use in antifouling paints in some countries, subject to 

restrictions and regulations on its use and release into the environment. However, concerns 
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remain about its potential impacts on non-target organisms and the environment, particularly 

regarding its persistence and potential for bioaccumulation [26]. 

Zinc Pyrithione 
Zinc pyrithione (ZnPT) is a coordination complex of zinc and pyrithione, a commonly used 

biocide in antifouling paints for boats and ships (See Figure 1C). In antifouling paints, ZnPT is 

typically used as a source of zinc ions, which are released slowly over time to provide long-

lasting protection against fouling organisms. The zinc ions act as a biocide by disrupting the 

metabolic processes of the target organisms [3]. The compound is highly effective against a 

range of microorganisms, including bacteria and fungi, and is known for its ability to control the 

growth of fouling organisms on submerged surfaces. ZnPT works by disrupting the cell 

membranes of the target organisms, leading to cell death [27]. 

The compound has been extensively studied for its antimicrobial properties, as well as its 

potential toxicity to non-target organisms and the environment. While ZnPT has been approved 

for use in antifouling paints, there have been concerns about its potential to bioaccumulate and 
its persistence in the marine environment [28]. 

Copper Pyrithione 
Copper pyrithione (CuPT) is an organic compound that consists of a copper ion (Cu2+) bonded to 

a pyrithione ligand (See Figure 1D) [29]. It is commonly used as a biocide in antifouling paints to 
prevent the growth of marine organisms on boat hulls and submerged surfaces. Copper-based 

biocides work by releasing copper ions into the surrounding water, which disrupt the metabolic 

processes of the target organisms and prevent them from attaching to submerged surfaces. 

While copper-based biocides have been effective in reducing fouling and improving the 

performance of boats and ships, there have been concerns about their potential toxicity to non-

target organisms, particularly in coastal and estuarine environments where copper can 

accumulate in sediments and impact benthic communities [29–31]. 
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Figure 1. Chemical structure of (A) DCOIT/Sea-Nine 211, (B) Tralopyril/Econea, (C) zinc 
pyrithione (ZnPT), and (D) copper pyrithione (CuPT). 

Non-Biocidal 
Physical antifouling coatings can be classified into fouling release coatings and fouling resistant 
coatings [18]. Foul-release coatings are designed to facilitate the easy removal of fouling 

organisms from the coated surface. These coatings work by allowing for weak adhesion 

between the foulants and the surface. When fouling organisms come into contact with the 

coated surface, they can still adhere, but the bond is intentionally made weak. As a result, the 
fouling organisms do not firmly attach to the surface, and they can be easily dislodged with the 

application of a limited mechanical force. They are typically made of silicone or fluoropolymer 

materials to prevent fouling attachment. Silicone-based coatings, such as polydimethylsiloxane 

(PDMS), have good desorption ability, while fluoropolymers offer high chemical stability and 

water repellency. 

On the other hand, foul-resistant coatings are designed to prevent the adhesion of proteins, 

algae, and/or bacteria to the coated surface altogether. These coatings create a strongly 

hydrated surface, which forms a physical and free energy barrier that makes it difficult for 

foulants to adhere. The presence of hydrated layer on the surface acts as a repellant, providing 

a barrier that discourages fouling organisms from attaching to the surface. Examples include 

coatings made of polyethylene glycol (PEG), hydrogels, and zwitterionic polymers. PEG coatings 
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reduce cell adhesion and protein adsorption, while hydrogels feature softness and elasticity 

that deter organism attachment. Zwitterionic polymers bind tightly to water and exhibit strong 

resistance to marine bacteria and diatoms. It is important to note that fouling resistance 

coatings may have limited broad-spectrum antifouling efficacy and susceptibility to coverage by 

marine silt. Combining multiple antifouling methods is a promising approach to formulating an 

effective marine antifouling coating [32]. 
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Toxicity and Safety of Antifouling Paint Biocides 
DCOIT/Sea-Nine 211 
Persistence, bioaccumulation, and biomagnification 
Based on the European Chemicals Agency, an antifouling compound is classified as persistent if 

its half-life (DT50) in marine water is more than 60 days [33, 34]. The degradation kinetics of 

DCOIT vary widely in different seawater samples and depend on environmental factors such as 

temperature, sunlight, and pH [35]. As shown in Table 1, the half-life of DCOIT has been 

reported to range from less than 1 to 80 days, depending on various environmental factors 

[36]. 

DCOIT has a moderate potential to bioaccumulate in aquatic organisms. The bioconcentration 
factor (BCF) and the biomagnification factor (BMF) has not extensively studied, but in one 

study, BCF of DCOIT for fish has been reported to be 14 [37]. It was found that bluegill sunfish 

exposed to 1.2 μg/L of radiolabeled DCOIT for 28 days showed bioaccumulation of DCOIT in 

fillet and viscera, with bioconcentration factors ranging from 7 to 200 for fillet and 110 to 1200 
for viscera. However, its relatively high sediment-specific equilibrium sorption constants 

(Kd=253) and sediment independent (related to organic carbon) sorption constant (KOC=4.2) 

suggests that this compound has potential to bioaccumulate in animal tissues [36, 37]. 

The bioaccumulation potential of antifouling compounds is commonly evaluated using the 

theoretical LogKow value as an indicator [38, 39]. It is a measure of the lipophilicity or 
hydrophobicity of a substance, which is a significant factor in its potential for bioaccumulation. 

It is the logarithm of the octanol-water partition coefficient (Kow), which represents the ratio of 

a compound’s concentration in octanol to its concentration in water at equilibrium. Higher 
LogKow values indicate that a substance is more hydrophobic and has a higher potential for 

bioaccumulation. Based on this, a substance with a LogKow of 3 is considered to be moderately 

hydrophobic and values higher than 3 means it is potentially bioaccumulative in seawater. The 

LogKow value has been reported as 3.59 for DCOIT/Sea-Nine 211 [40]. 
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Table 1. Half-life of DCOIT/Sea-Nine 211 at different environmental conditions. 

Factor t1/2 Environmental condition Reference 

pH 4 6.8 days DO* 0.5 mg/L; no sunlight; sterile buffer; 25°C [35] 

pH 4 9 days (pH 5) sterile buffer [41] 

pH 7 1.2 days DO 0.5 mg/L; no sunlight; sterile buffer; 25°C [35] 

pH 7 > 30 days sterile buffer [41] 

pH 9 3.7 days DO 0.5 mg/L; no sunlight; sterile buffer; 25°C [35] 

pH 9 12 days sterile buffer [41] 

4°C > 64 days DO 0.5 mg/L; no sunlight; sterile seawater [35] 

25°C 27.9 days DO 0.5 mg/L; no sunlight; sterile seawater [35] 

25°C 24.8 days DO 8.1 mg/L; no sunlight; sterile seawater [35] 

40°C 4.5 days DO 0.5 mg/L; no sunlight; sterile seawater [35] 

Photolysis 6.8 days DO 0.5 mg/L; sterile seawater [35] 

Photolysis 13.4 days aqueous solution (pH 7.0) [41] 

Dark 14.4 days DO 0.5 mg/L; sterile seawater [35] 

Dark 79.7 days aqueous solution (pH 7.0) [41] 

Biodegradation > 4 days natural seawater without 
sunlight at 25°C [35] 

Biodegradation 10 days natural seawater without 
sunlight at 30°C [42] 

Biodegradation < 1 day natural seawater [43] 

Biodegradation 1.9 days natural seawater with light at 15°C [44] 

Biodegradation 13.1 days natural seawater under sunlight [45] 

Biodegradation 6.4 days natural river water under sunlight [45] 

Biodegradation 5.5 days natural lake water under sunlight [45] 

* Note: DO stands for dissolved oxygen. 

Toxicity 
DCOIT is known to have toxic effects on marine organisms, including fish, invertebrates, and 

algae. The toxic effects of DCOIT depend on various factors, such as exposure concentration, 

exposure duration, and organism sensitivity. It has been reported that chronic exposure of 

marine medaka to 3.3 μg/L DCOIT leads to oxidative stress in the liver, inhibition of 

neurotransmitters in the brain, and impaired reproductive function [46]. DCOIT also acts as an 
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estrogen mimicker and interferes with the endocrine system of adult medaka. In fish brain, 

DCOIT can competitively bind to Gα proteins and inhibit protein activation by substrates, and 

mitogen-activated protein kinase signaling pathways play an important role in DCOIT toxicity 

[47]. 

In crustaceans, DCOIT has been shown to induce death and inhibit egg production in species 

such as Acartia tonsa, Balanus 19mphitrite, Tigriopus japonicas, Mysidopsis bahia, shrimps, Uca 

pugilator, and Portunus trituberculatus [37, 48, 49]. Specifically, DCOIT induced the death of A. 

tonsa at an LC50 of 57 nmol/L (16.1 μg/L) and inhibited egg production at an EC50 of 72 nmol/L 

(20.3 μg/L) within 48 hours [50]. 

The toxicological effects of antifouling agents on commercial species such as fish and shrimp 
are particularly important due to the potential impact on human health and the economy. Fish 

and shrimp are important sources of protein for human consumption. They are also important 

for the global economy, providing significant revenues through fishing and aquaculture 
industries. 

DCOIT has chronic toxicity to Pacific white shrimp, and studies have shown that exposure to 
30 μg/L of DCOIT significantly reduces the survival and weight gain of shrimp [51]. It also 

induced changes in hepatopancreatic morphology and metabolism, including high anaerobic 

respiration and the accumulation of triglycerides. Exposure to 15 μg/L or 30 μg/L DCOIT led to 
high Na+/K+-ATPase activity and melanin deposition in the gills. Shrimp exposed to 15 μg/L 

DCOIT showed more differentially expressed genes than those in the control, and these genes 

were involved in biological processes such as starch and sucrose metabolism and choline 

metabolism in cancer. The findings suggested that DCOIT can interfere with shrimp metabolism, 
growth, and survival at concentrations as low as 30 μg/L and can induce altered gene 

expression at a concentration of 15 μg/L. 

Another study investigated the adverse effects of three commercial alternative biocides, 

Diuron, Irgarol 1051, and DCOIT/Sea-Nine 211, on non-target pelagic fish (flounder) embryos 

[52]. As shown in Figure 2, the mortality rate was highest in embryos exposed to DCOIT/Sea-

Nine 211, ranging from 18% to 100%. However, there were no significant differences in 

mortality rates between the exposure and control groups for embryos exposed to Irgarol 1051 

and Diuron. 
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Figure 2. Mortality rates of embryonic flounder at 48 hours after exposure to different 
concentrations of Diuron, Irgarol 1051, and DCOIT/Sea-Nine 211. The control group consisted 
of embryonic flounder exposed to dimethyl sulfoxide (DMSO) [52]. Figure permissions by 
Elsevier. 

Additionally, the effects of these biocides on developmental malformation and transcriptional 
changes were analyzed. It was found that all three biocides produced similar developmental 

malformations, such as tail-fin fold defects and dorsal body axis curvature. However, the 

potencies of the biocides differed, with DCOIT/Sea-Nine 211 being the most toxic followed by 
Irgarol 1051 and then Diuron. Consistent with this trend, genes related to heart formation were 

more highly expressed in embryos exposed to DCOIT/Sea-Nine 211, while genes related to fin 

malformation were more highly expressed in embryos exposed to Irgarol 1051. 

A recent study investigated the testicular toxicity of DCOIT/Sea-Nine 211 in the mummichog 

(Fundulus heteroclitus) after a 28-day exposure period [53]. As can be seen in Figure 3, the 
incidence of apoptotic cells was found to be higher in the groups exposed to 1.0 and 3.0 μg/L of 

DCOIT/Sea-Nine 211 compared to the control groups. Also, the results showed a reduction in 

the signal intensity of anti-apoptotic protein Bcl-xL in a dose-dependent manner. 
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Figure 3.  
(A) The figure shows typical examples of apoptotic germ cells (indicated by arrows) in the testis 
of mummichog, Fundulus heteroclitus, from the solvent-only control group (b) and the 1.0-μg/L 
group (c). A semi-adjacent section of b stained with hematoxylin-eosin is shown in (a). The 
control group shows no apoptotic germ cells, while the 1.0-μg/L group has a higher number of 
apoptotic germ cells. The scale bar is 50 μm. Figure permissions by Elsevier. 
(B) The graph shows the incidence of apoptotic germ cells in the testis after exposure to various 
concentrations of DCOIT/Sea-Nine 211. The number of apoptotic germ cells increased in a 
dose-dependent manner, with significant differences between the 1.0- and 3.0-μg/L groups and 
the control group [53]. Figure permissions by Elsevier. 

According to Shade et al., an LC50 value of 14 μg/L was observed after seven days exposure of 

juvenile rainbow trout to DCOIT/Sea-Nine 211, indicating adverse effects on this species [54]. In 

another study, the effects of 2.5 μg/L DCOIT on marine medaka (Oryzias melastigma) were 

investigated over a 28-day exposure period [55]. Results indicated alterations in hepatic 
oxidative stress, neurotransmission, and sex hormone homeostasis in the exposed fish. The 
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toxic effect of DCOIT/Sea-Nine 211 on other commercial species such as Bivalvia, tropical 

oyster, and brown mussel has been also reported (see Table 2) [56–58]. 

Table 2. The toxicological effect of DCOIT on commercial marine species. 

Species Exposure 
time Concentration  Toxicological effect Reference 

Pacific white 
shrimp 28 days 30 μg/L LC50 [51] 

Flounder 48 h 1 to 100 μg/L 18 to 100% of mortality [52] 

Killifish 28 days 0.1 to 3 μg/L 

increased the number of 
apoptotic spermatocytes, a 

reduction in the signal 
intensity of anti-apoptotic 

protein Bcl-xL 

[53] 

Rainbow trout 7 days 0.014 μg/L LC50 [54] 

Medaka 28 days 2.5 μg/L 

alterations in hepatic 
oxidative stress, 

neurotransmission, and sex 
hormone homeostasis 

[55] 

Bivalvia 96 h 130 μg/L decreased the GST, SOD, 
CAT activity [56] 

Tropical oyster 120 h 0.2 to 151 μg/L triggered oxidative stress, 
damage of membrane lipids [57] 

Brown mussel 24 h and 
96 h 10 μg/L reduced the activity of the 

antioxidant defense system [58] 

Note: CAT stands for catalase, GST stands for glutathione-S-transferase, and SOD stands for 

superoxide dismutase. They are all enzymes that play important roles in protecting cells from 

oxidative stress caused by reactive oxygen species (ROS). 

Tralopyril/Econea 
Persistence, bioaccumulation and biomagnification 
The available information on assessing the half-life for Tralopyril is limited. This means that 

there is a lack of comprehensive data or studies specifically focused on determining the exact 

duration of Tralopyril’s half-life in environmental conditions, particularly in the marine 

environment. In this review, we have listed only the information that is currently available. 
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The half-life of Tralopyril as a measure of its persistency at different environmental conditions is 

listed in Table 3. The half-life of Tralopyril at 18 °C in seawater, river water, and E3 medium 

(control medium for toxicity test) has been calculated to be 6.1 hours, 8.1 hours, and 7.4 hours, 

respectively. This chemical compound can decompose quickly in seawater; however, it can also 

quickly accumulate in marine organisms due to its high bioconcentration potential, with the 

value of LogKow equal to 4.69 [26]. 

A parallel trend was observed in a separate investigation conducted by the Danish 

Environmental Protection Agency. This study revealed that Tralopyril can undergo complete 

hydrolysis within 48 hours when exposed to deionized water, with the reaction exhibiting even 

greater rate in seawater. Consequently, the transformation products resulting from this process 

were identified as 3-bromo-5-(4-chlorophenyl)-4-cyano-1H-pyrrole-2-carboxylic acid (BCCPCA). 
However, the researchers also found that BCCPCA demonstrated remarkable stability to 

biodegradation due to its notably high Kow value and extended half-life. This stability raises 

potential concerns over its persistence in the environment, warranting further investigations 
into the long-term ecological impact of this compound. Additional studies may be required to 

evaluate the potential risks associated with the presence of BCCPCA and its effects on 

ecosystems and human health [59]. 

Table 3. Half-life of Tralopyril at different environmental conditions. 

Factor t1/2 Environmental condition Reference 

pH 7.8 6.1 hours seawater, 18 °C [60] 

pH 8.1 8.1 hours river water, 18 °C [60] 

17 °C 7.4 hours artificial seawater [61] 

20 °C 4 hours artificial seawater [61] 

Toxicity 
A recent study aimed to evaluate the toxicological effects of short-term exposure to Tralopyril 

on turbot (Scophthalmus maximus) [62]. Turbot were exposed to Tralopyril at concentrations of 

5 μg/L, 15 μg/L, and 30 μg/L for 7 days. The results showed that Tralopyril induced oxidative 

stress and affected energy metabolism in turbot, as evidenced by a decrease in superoxide 

dismutase activity and an increase in Ca2+ -Mg2+ -ATPase activity in the gills. 

Tralopyril also disrupted the thyroid endocrine system, inducing hyperthyroidism and 

upregulating the expression of hypothalamus–pituitary–thyroid axis-related genes. The 
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integrated biomarker response index showed that 15 μg/L Tralopyril had the greatest effect on 

turbot. 

Additionally, the main reason for induced oxidative stress was that Tralopyril significantly 

inhibited the activity of superoxide dismutase (SOD), leading to an imbalance in intracellular 

reactive oxygen species (ROS) levels and affecting the activity of catalase (CAT). However, 

glutathione (GSH) and malondialdehyde (MDA) content were not significantly affected by 

Tralopyril exposure. 

Another study evaluated the effect of Tralopyril on the locomotor activity of zebrafish larvae 

and its related mechanisms [63]. The study found that Tralopyril significantly reduced 

locomotor activity of zebrafish larvae after 168-hour exposure. It also caused adverse 
modifications in tail muscle tissue, the nervous system, and energy metabolism in larvae. 

Furthermore, the change in metabolites involved in carbohydrate and lipid metabolism 

indicates that Tralopyril may disrupt energy metabolism. The study also found that Tralopyril 
may disrupt the nervous system in zebrafish larvae by causing changes in dopamine (DA), 

acetylcholine (ACh), and acetylcholinesterase (aChE) activity, and the expression of genes 

involved in neurodevelopment. As shown in Figure 4, exposure to Tralopyril at 2.0 μg/L led to 
significantly decreased DA, Ach and aChE activities in zebrafish larvae. 

The effects of Tralopyril exposure on adult pacific oysters were investigated [64]. It was found 
that mantle mucus secretion coverage ratio was increased in a dose-dependent pattern by 

Tralopyril, and the antioxidant defense systems, digestive enzyme, and biomineralization 

capacity in oysters were also affected. Moreover, the mRNA expression levels of 

biomineralization related genes were disrupted by Tralopyril exposure. It was suggested by the 
study that pacific oysters could be severely damaged by Tralopyril exposure, and these findings 

provided new insights for understanding the toxicity of Tralopyril in marine mollusks. The 

toxicological effect of Tralopyril on various marine species are listed in Table 4.
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Figure 4. The effects of exposure to Tralopyril on the levels of (A) dopamine (DA), (B) acetylcholine (ACh), as well as (C) 
acetylcholinesterase (AchE) activity in 168-hour post-fertilization (hpf) larvae [63]. Correction: X-axis label should read “Exposure 
concentration.” Figure permissions by Elsevier.
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Table 4. The toxicological effect of Tralopyril on commercial sea species. 

Species Exposure 
time Concentration  Toxicological effect Reference 

Turbot 7 days 15 μg/L 

oxidative stress, affected 
energy metabolism, and 

disrupted the thyroid 
endocrine system 

[62] 

Zebrafish 168 h 0.5 to 2 μg/L 

inhibition of locomotor 
activity, impairment of tail 

muscle tissue, disruption of 
the nervous system, and 

interference with 
carbohydrate and lipid 

metabolism. 

[63] 

Pacific oyster 6 days Up to 160 μg/L 

increased mantle mucus 
secretion and affected 

oysters' antioxidant defense 
systems, digestive enzyme, 

and biomineralization 
capacity 

[64] 

Pacific oyster 48 h 2409 μg/L LC50 [64] 

Pacific oyster 72 h 1702 μg/L LC50 [64] 

Pacific oyster 96 h 911 μg/L LC50 [64] 

Zinc Pyrithione 
Persistence, bioaccumulation and biomagnification 
The persistency of zinc pyrithione (ZnPT) is influenced by environmental conditions such as 

temperature, pH, and sunlight, as well as its solubility in water. Higher temperatures, extreme 

pH levels, and sunlight can impact its stability and degradation. ZnPT's limited solubility allows it 

to settle on the seafloor or adhere to suspended particles, reducing its availability. 

A study was conducted to examine the degradation of ZnPT and CuPT in seawater [65]. The 

researchers monitored the reduction in toxicity resulting from degradation over a two-day 

period using a bioassay. The bioassay utilized natural assemblages of coastal marine bacteria 
collected from Roskilde Fjord in Denmark. To investigate photodegradation of the compounds, 

bacteria were exposed to sterile ZnPT- and CuPT-dilution that had either been exposed to 

sunlight or darkness. Biodegradation was examined by diluting ZnPT and CuPT in sterile 
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seawater or natural seawater. The photodegradation half-life for ZnPT was estimated to be 8.3 

± 0.9 min, and for CuPT, it was estimated to be 7.1 ± 0.2 min. It was observed that total and 

microbial degradation, in combination with photodegradation, did not further shorten the 

degradation time, suggesting no biodegradation. It was also found that biodegradation without 

the influence of sunlight was negligible over the time-period investigated. 

As shown in Table 5, it is widely agreed upon by all reported findings that the fate and 

distribution of ZnPT in the environment is directly affected by sunlight penetration in seawater 

[27, 66]. When direct sunlight can penetrate a deeper depth in clear water with low turbidity 

and calm conditions, ZnPT can easily undergo photodegradation. However, in moderately 

turbid coastal water, where a depth of 1-2m is sufficient to remove or weaken UV light, ZnPT 

tends to accumulate in seawater or sediment. 

Table 5. Half-life of zinc pyrithione (ZnPT) at different environmental conditions. 

Factor t1/2 Environmental condition Reference 

Dark  > 48 h sterile seawater [27] 

Sunlight 7–8 min sterile seawater [27] 

Dark 8.3 ± 0.9 min artificial seawater [65] 

Sunlight 210 min artificial seawater [65] 

Dark 90 d abiotic artificial seawater [66] 

Dark 4 d biotic natural seawater [66] 

Dark 7-8 h biotic river/pond water [66] 

Sunlight < 2 min abiotic artificial seawater [66] 

Toxicity 
The toxicity effect of zinc pyrithione (ZnPT) on the suspension-cultured fish cell line CHSE-sp 

derived from chinook salmon and juvenile rainbow trout was found to be significant, as 

determined by the in vitro and in vivo toxicity tests [22]. The in vitro acute toxicity test showed 

that zinc pyrithione had a high toxicity level to the fish cells (24-h EC50: 180 μg/L). After 

exposure for 28 days to the highest concentration used (3000 μg/L), it was observed that the 

control compound, surfactant sodium n-dodecyl sulphate, did not reach 50% lethality (28-day 

LC50) for juvenile rainbow trout, while for ZnPT, the LC50 value was found to be 4.6 μg/L. These 

results suggest that zinc pyrithione can pose a potential risk to the survival and health of 

chinook salmon and juvenile rainbow trout. 
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The effects of different concentrations (0, 1, 10, and 50 μg/L) of ZnPT on the blood of the olive 

flounder over a 30-day period was investigated in another study [67]. The results revealed that 

exposure to higher concentrations of ZnPT led to reduced immune function, increased stress, 

and changes in liver enzymes. The fish exposed to 10 and/or 50 μg/L of ZnPT for 20 days 

exhibited a reduction in alternative complement activity and lysozyme activity, as well as a 

decrease in total Ig levels. Furthermore, it caused a decrease in red and white blood cells, as 

well as in total protein and albumin concentrations, as shown in Figure 5. On the other hand, 

higher concentrations of ZnPT induced lipid peroxidation resulted in an increased antioxidant 

response, with intracellular glutathione levels significantly increasing in response to ZnPT 

exposure, as shown in Figure 6. The findings suggest immunotoxicity of ZnPT and changes in 

hematological homeostasis in olive flounder blood. 

In another study, the toxic effects of CuPT and ZnPT on embryonic olive flounder (Paralichthys 

olivaceus) were compared based on developmental morphogenesis and transcriptional 

variation [68]. As shown in Table 6, the survival rates of embryonic flounder were found to be 
≥ 95% in the negative control and DMSO control (0.1% DMSO). A statistically significant 

pyrithione-concentration-dependent pattern was observed in the mortality of embryos, with 

mortality reaching 100% in those exposed to 1000 µg/L CuPT. Although the mortality of 
embryos exposed to 1000 µg/L ZnPT was 75 ± 35%, no concentration-dependent pattern of 

embryo mortality was observed among the three exposure groups. The toxic potency of CuPT 

was greater with respect to developmental malformation and mortality than that of ZnPT. 
Higher expression levels of genes related to tail fin malformation were observed in embryonic 

flounder exposed to CuPT compared to those exposed to ZnPT. 

Moreover, the genes related to muscle and nervous system development also exhibited 

significant changes in differential gene expression profiles using RNA sequencing (cutoff value P 

< 0.05). Additionally, cellular respiration and kidney development were affected in embryos 

exposed to CuPT, as revealed by gene ontology analysis, while the genes associated with cell 

development, nervous system development, and heart development showed significant 

variation in embryonic flounder exposed to ZnPT. The results suggested the common and 

unique developmental toxic effects of CuPT and ZnPT on embryonic flounder through 
transcriptomic analyses. 

The median lethal concentrations (LC50) of CuPT and ZnPT antifoulants were evaluated on red 

sea bream and toy shrimp [69]. The LC50 values, based on actual concentrations, were 9.3 and 
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98.2 μg/L for CuPT and ZnPT, respectively, in red sea bream and 2.5 and 120 μg/L, respectively, 

in toy shrimp. The gill filaments of the experimental fish were severely damaged after exposure, 

indicating fatal hypoxemia as a cause of death. The joint toxicity of the pyrithiones with copper 

(Cu) was also estimated by combining the LC50 values of the pyrithiones and copper. The LC50 

values for copper were 84.4 and 113 μg/L for red sea bream and toy shrimp, respectively. 

The toxicity of ZnPT–Cu mixtures was higher than the additive toxicity of the two compounds 

separately. Even at ZnPT concentrations lower than its LC50 value, the addition of copper caused 

significant mortality (approximately 50%) in both red sea bream and toy shrimp. This suggests 

that copper enhances the toxicity of ZnPT. It is likely that copper facilitates the conversion of 

ZnPT to the more toxic CuPT, which significantly contributes to the increased toxicity observed 

in the presence of copper for both organisms. These findings underscore the importance of 
considering the synergistic toxicological effects when assessing the environmental impact of 

chemical mixtures. The toxic effect of ZnPT was also observed for other non-target species such 

as brine shrimp, prussian carp, mediterranean mussels, bivalvia, eastern mosquitofish, and 
Asian clam, as listed in Table 7 [70–75]. 
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Figure 5. The influence of waterborne zinc pyrithione (ZnPT) exposure at various concentrations 
(0, 1, 10, and 50 μg/L) on biochemical parameters, A) total protein, B) glucose, and C) albumin 
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in the serum of olive flounder P. olivaceus [67]. Figure permissions by Elsevier; modified for 
accessibility. 

 

Figure 6. Impact of zinc pyrithione (ZnPT) exposure at different concentrations (0, 1, 10, and 
50 μg/L) on the antioxidant defense system of olive flounder (P. olivaceus) over 30 days. The 
antioxidant defense system was evaluated by measuring four parameters: A) malondialdehyde 
(MDA); B) glutathione (GSH); C) catalase (CAT); and D) superoxide dismutase (SOD) in the 
fish's serum [67]. Figure permissions by Elsevier; modified for accessibility. 
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Table 6. The effect of zinc pyrithione (ZnPT) and copper pyrithione (CuPT) on survival rates of 
embryonic flounder [68]. 

Exposure 
condition 

Mortality 
(mean ± SD) 

Pericardial 
edema 

(mean ± SD) 

Dorsal 
curvature 

(mean ± SD) 

Caudal finfold 
defect (mean 

± SD) 

Negative Control 5 ± 1 5 ± 6 5 ± 5 26 ± 7 

Control (DMSO) 6 ± 0 15 ± 4 12 ± 2 45 ± 16 

CuPT at 10 µg/L 4 ± 1 14 ± 9 21 ± 13 56 ± 8 

CuPT at 100 µg/L 68 ± 22** 90 ± 14** 88 ± 17** 90 ± 14** 

CuPT at 1000 µg/L 100** All died All died All died 

ZnPT at 10 µg/L 4 ± 3 2 ± 4 4 ± 4 39 ± 12 

ZnPT at 100 µg/L 2 ± 2 26 ± 24 16 ± 13 17 ± 19 

ZnPT at 1000 µg/L 75 ± 35** 100** 100** 100** 

*Cutoff value P < 0.05 
** Cutoff value P < 0.01 
SD is standard deviation. 
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Table 7. The toxicological effect of zinc pyrithione (ZnPT) on commercial sea species. 

Species Exposure 
time Concentration  Toxicological effect Reference 

Chinook salmon 
cell 24 h 180 μg/L EC50 [22] 

Rainbow trout 7 d 8.4 μg/L LC50 [22] 

Rainbow trout 28 d 4.6 μg/L LC50 [22] 

Flounder 30 days 0 to 50 μg/L 

reduced immune function, 
increased stress, and 

changes in liver enzymes, 
decrease in red and white 

blood cells, alterations in the 
antioxidant defense system 

[67] 

Flounder 48 h 512.86 μg/L LC50 [68] 

Red sea bream 96 h 98.2 μg/L LC50 [69] 

Toy shrimp 96 h 120 μg/L LC50 [69] 

Brine shrimp 48 h 1370 μg/L LC50 [70] 

Prussian carp 96 h 163 μg/L LC50 in freshwater [71] 

Prussian carp 96 h 126 μg/L LC50 in water with 1.5 % 
salinity [71] 

Prussian carp 96 h 113 μg/L LC50 in water with 3 % 
salinity [71] 

Zebrafish 96 h 0.073 μM LC50 [72] 

Mediterranean 
mussels 96 h 20 and 40 μg/L Increasing in SOD*, 

decreasing in GSH† [73] 

Bivalvia 7 days 10 μg/L decreasing in GSH and 
MDA‡, hemocytic infiltration [74] 

Asian clam 96 h 2170 μg/L LC50 [75] 

* SOD stands for superoxide dismutase. 
† GSH stands for glutathione. 
‡ MDA stands for malondialdehyde. 

Copper Pyrithione 
Persistence, bioaccumulation and biomagnification 
The environmental fate of CuPT in seawater is an important concern, as it can potentially harm 

marine organisms and ecosystems. The half-life of CuPT in seawater has been investigated 
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under different conditions, including sunlight exposure and absence of sunlight [65, 66]. Under 

sunlight exposure, the half-life of CuPT was found to be 7.1 minutes in both sterile and natural 

seawater [65]. This indicates that the presence of sunlight greatly speeds up the degradation of 

CuPT in seawater. In the absence of sunlight, CuPT has longer half-lives: 37 hours in natural 

seawater, 12.9 days in abiotic artificial seawater, and 4 days in biotic natural seawater (Table 8) 

[65, 66]. Other factors such as the presence of microorganisms or the composition of the 

seawater can also affect the rate of degradation. 

In general, the half-life values of CuPT in seawater suggest that it is a relatively unstable 

compound that can rapidly degrade under certain conditions, particularly in the presence of 

sunlight. However, the longer half-life values observed in the absence of sunlight indicate that 

CuPT may persist in seawater for a significant amount of time under certain conditions, 
potentially leading to environmental accumulation and adverse effects on marine organisms. 

Further research is needed to fully understand the fate and behavior of CuPT in seawater and 

to develop effective strategies to mitigate its environmental impact. 

The accumulation of copper in gill tissues following exposure to CuPT at various concentrations 

was investigated in a recent study using ICP-AAS analysis [76, 77]. The researchers found that 
significant increases in copper concentration were observed in the gill tissues after a 2-hour 

treatment with doses of 16-64 μg/L of CuPT when compared to control groups (Figure 7). 

Results from light microscopy showed the formation of club-shaped lamella, edema, fusion of 
secondary lamella, loss of micro-ridge structures, and epithelial exfoliation (Figure 8). 

Transmission electron microscopy (TEM) analysis also revealed changes in the morphology of 

chloride cells, such as the swollen appearance of mitochondria, internal cristae disruption, and 

lipid membrane disruption (Figure 9). These findings suggest that exposure to CuPT at these 

concentrations can lead to the accumulation of copper in gill tissues, potentially posing a risk to 

aquatic organisms. 

A recent study conducted by Hobbs et al. [78] addresses the accumulation of copper inside 

marinas and its contribution to elevated concentrations of copper in marine waters. Marinas 

have been found to be a significant source of copper, mainly originating from antifouling paints 
used to prevent biofouling of boat hulls. With legislation being developed to regulate copper 

diffusion from antifouling paints in Washington State, USA, this study provides baseline data for 

copper concentrations in five marinas of varying sizes and configurations within Puget Sound, a 
large fjord estuary. 
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Over a year, multiple environmental media samples were collected, revealing that copper 

accumulates at higher concentrations inside marinas than outside, with more enclosed marinas 

accumulating more copper than more open marinas. The authors also employed a power 

analysis to evaluate the suitability of the baseline dataset for measuring future progress 

towards reducing copper levels in Puget Sound from marinas. Overall, this study serves as an 

important baseline for future research in assessing the effectiveness of copper reduction 

legislation in the marine environment. 

Table 8. Half-life of copper pyrithione (CuPT) at different environmental conditions. 

Factor t1/2 Environmental condition Reference 

Sunlight 7.1 min sterile seawater [65] 

Sunlight 7.1 min natural seawater [65] 

Dark 37 h natural seawater [65] 

Dark 12.9 d abiotic artificial seawater [66] 

Dark 4 d biotic natural seawater [66] 

 

Figure 7. Copper (Cu) concentration in the gill tissues of trout that were treated with copper 
pyrithione (CuPT) and control groups. The figure shows that there was a significant increase in 
copper concentration in the gill tissues at CuPT treatment doses of 16 μg/L, 32 μg/L, and 64 
μg/L as compared to controls [76]. Figure courtesy of L.D. Trombetta. 
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Figure 8. Light micrographs of the gill tissues of trout (A) untreated (control) or (B-D) treated 
with copper pyrithione (CuPT) at different concentrations of 16, 32, and 64 μg/L. In the control 
group, primary and secondary lamellae were clearly visible. However, the micrographs for the 
treated tissues demonstrated various abnormal features, including swelling of chloride cells 
(CS), exfoliation of epithelial cells (EX), epithelial swelling (ES), lamellar clubbing (LC), and 
fusion of secondary lamellae (F). These changes were observed at CuPT treatment doses of 
16, 32, and 64 μg/L. The magnification used for the images was 20 times [76]. Figure courtesy 
of L.D. Trombetta. 
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Figure 9. Transmission electron micrographs of trout gill chloride cells under control conditions 
and following treatment with 64 μg/L copper pyrithione (CuPT). In the control group (A-C), the 
chloride cells have a normal ultrastructure, with well-defined cristae and membranes in 
numerous mitochondria within the cytoplasm. However, in the 64 μg/L CuPT-treated group (D-
F), the images reveal swollen mitochondria with loss of internal membrane structure 
(arrowheads), and widespread vacuolization. Moreover, there are signs of lipid accumulation 
(arrow). These findings provide insights into the potential mechanisms underlying the toxic 
effects of CuPT on gill tissues, particularly on chloride cells. Further research is needed to better 
understand these mechanisms and to develop effective strategies for mitigating the potential 
environmental impact of CuPT. The magnification range for the images is 6000-20000 [76]. 
Figure courtesy of L.D. Trombetta. 

Toxicity 
According to in vitro and in vivo toxicity tests, the toxicity effect of CuPT on the suspension-

cultured fish cell line CHSE-sp, derived from chinook salmon and juvenile rainbow trout, was 

significant [22]. The acute toxicity test conducted in vitro indicated that CuPT exhibited a high 
level of toxicity to the fish cells, with a 24-hour EC50 of 100 μg/L. Furthermore, after a 28-day 

exposure to the highest concentration used (3000 μg/L), it was observed that surfactant sodium 

n-dodecyl sulphate (SDS), which was used as the control compound, did not cause more than 
50% lethality (28-day LC50) for juvenile rainbow trout, whereas the LC50 value for CuPT was 

determined to be 1.3 μg/L. Based on these results, it can be concluded that CuPT has the 

potential to pose a risk to the health and survival of chinook salmon and juvenile rainbow trout. 
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Borg et al. conducted a study investigating the toxicological effects of CuPT on juvenile brook 

trout (Salvelinus fontinalis) [76]. The fish were exposed to varying doses of CuPT (2-64 μg/L) for 

two hours, while a control group was also included. The study revealed a significant increase in 

copper levels in the gill tissue of the CuPT-exposed fish compared to the control group. This was 

determined through analysis using inductively coupled plasma atomic absorption 

spectrophotometry (ICP-AAS). 

The researchers also observed morphological changes in the gill tissue of the exposed fish. 

Scanning electron microscopy (SEM) and histological analysis revealed the formation of club-

shaped lamellae, edema, fusion of secondary lamellae, loss of microridge structures, and 

epithelial exfoliation. Transmission electron microscopy (TEM) revealed altered morphology of 

chloride cells, including the swollen appearance of mitochondria with disruption of internal 
cristae and lipid membrane disruption. 

The study also found evidence of oxidative stress in the gill tissue of the exposed fish. 
Thiobarbituric acid reactive substance (TBARS) assays demonstrated increased levels of lipid 

peroxidation products in the gill tissue, while assays for the total antioxidant capacity of gill 

tissue revealed significantly lowered antioxidant levels. These results suggest that CuPT 
exposure at environmentally relevant doses is potentially harmful to juvenile brook trout and 

other aquatic organisms. 

A study conducted by Tai et al. [79] examined the area-specific toxicity of copper on two 

important fisheries species, pacific oyster (Crassostrea gigas) and sea squirt (Halocynthia 

roretzi), using natural seawaters collected from three sites in the coastal area of Miyagi 

Prefecture, Japan. The study found that the effects of copper toxicity were species- and area-

specific, with the 10% effect concentration (EC10) for copper ranging from 12.8-17.0 μg/L for C. 

gigas and 15.0-22.0 μg/L for H. roretzi, while the 50% effect concentration (EC50) ranged from 

20.3-22.6 μg/L for C. gigas and 45.6-47.2 μg/L for H. roretzi.  

In another study, the effects of CuPT on Litopenaeus vannamei, a widely farmed white shrimp 

species, were investigated in relation to apoptotic cell ratio, production of reactive oxygen 

species (ROS), and gene expression in hemocytes after exposure to different concentrations of 

CuPT (0, 64, and 128 μg/L) over a period of 48 hours [80]. The study found the LC50 value equal 

to 827 μg/L after 48 h exposure as shown in Figure 10. Additionally, the findings demonstrated 

that exposure to CuPT induced ROS production in a concentration-dependent manner, with a 

significant increase observed only in the 128 μg/L groups from 3 to 48 hours (Figure 11). The 
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apoptotic cell ratio was significantly increased at 12 and 24 hours in the 64 μg/L groups and 

from 3 to 48 hours in the 128 μg/L groups. The expression of several genes in hemocytes was 

also affected by CuPT exposure, including up-regulation of Mn-superoxide dismutase (MnSOD) 

at 12 hours in the 64 μg/L groups, glutathione peroxidase at 24 and 48 hours in the 64 μg/L 

groups, caspase-3 at 24 hours in the 64 μg/L and 128 μg/L groups, metallothionein and HSP70 

at 3 hours in the 64 μg/L groups, and MnSOD at 3 hours in the 128 μg/L groups. 

These results indicated that CuPT exposure induces oxidative stress, activates caspase-3, and 

leads to hemocyte apoptosis in L. vannamei. However, the expression of certain genes, such as 

MnSOD, glutathione peroxidase, and metallothionein were up-regulated to provide protective 

mechanisms against CuPT-induced stress. These findings highlight the potential ecological risks 

associated with the use of CuPT in aquaculture, and underscore the importance of continued 
research into alternative, more environmentally friendly antifouling agents. The toxic effect of 

CuPT was also observed for other non-target species such as brine shrimp and guppy fish, as 

listed in Table 9 [70, 81]. 

 

Figure 10. The mean mortality rate of L. vannamei after a 48-hour exposure to various 
concentrations of copper pyrithione (CuPT) [80]. Figure permissions by Elsevier. 
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Figure 11. The results of reactive oxygen species (ROS) production (A) and hemocyte apoptotic 
ratio (B) in L. vannamei in response to varying copper pyrithione (CuPT) exposures [80]. DMSO 
stands for dimethyl sulfoxide. Figure permissions by Elsevier. 
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Table 9. The toxicological effect of copper (Cu) and copper pyrithione (CuPT) on commercial 
sea species. 

Species Exposure 
time Concentration  Toxicological 

effect Reference 

Chinook 
Salmon cell 24 h 100 μg/L CuPT EC50 [22] 

Rainbow 
trout 7 d 7.6 μg/L CuPT LC50 [22] 

Rainbow 
trout 28 d 1.3 μg/L CuPT LC50 [22] 

Brook trout 2 h 2 to 64 μg/L CuPT 

increased oxidative 
stress, increased 

levels of lipid 
peroxidation 

products, lowered 
antioxidant levels 

[76] 

Flounder 48 h 42.65 μg/L CuPT LC50 [68] 

Pacific 
Oyster 24 h 20.3–22.6 μg/L Cu EC50 [79] 

White 
shrimp 48 h 827 μg/L CuPT LC50 [80] 

Brine shrimp 48 h 4580 μg/L CuPT LC50 [70] 

Guppy 96 h 2245 μg/L 2,2′-Dithiobis-pyridine* LC50 [81] 

*2,2′-Dithiobis-pyridine is one of the main degradation products of CuPT.  

Non-Biocidal Antifouling Coatings 
Fouling-release coatings are designed to be non-toxic and do not incorporate harmful biocides. 

Instead, these coatings function by creating a smooth surface that inhibits the attachment of 

fouling organisms like barnacles, mussels, and algae. By preventing their adhesion, fouling-

release coatings help maintain the optimal performance of marine vessels and structures, 

reducing the potential degradation caused by these organisms. 

While fouling-release coatings are generally considered to be more environmentally friendly 

than traditional antifouling coatings, there is still some concern about their potential toxicity. 

Certain fouling-release coatings may contain silicone oils or other additives that have the 

potential to leach into the surrounding water, posing a potential risk to marine life [82]. These 

coatings consist of a silicone resin matrix and may also include unbound silicone oils, such as 
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polydimethylsiloxanes (PDMS), which have the ability to leach out and potentially affect marine 

environments. 

The physicochemical properties of PDMS, such as its low water solubility and high stability, 

make it an attractive ingredient for antifouling/foul-release products. However, its persistence 

and ability to adsorb suspended particulate matter mean that it can settle into sediment and 

potentially inhibit pore water exchange. Furthermore, undissolved silicone oil films or droplets 

can cause physical-mechanical effects that can trap and suffocate organisms at higher 

exposures. Existing toxicological studies have shown that PDMS does not bioaccumulate in 

marine organisms, and the soluble fractions have low toxicity to aquatic and benthic organisms. 

However, these studies have not yet assessed the potential impacts of undissolved silicone oil 

films or droplets, which can have different toxicological effects than the soluble fraction [83, 
84]. 

A study conducted by Feng et al. [85] investigated the effect of fouling-release coatings on 
embryonic development of a sea urchin (Arbacia punctulata) and a fish (Oryzias latipes). The 

study revealed that the commercial fouling-release coatings, which contained undisclosed 

components and were claimed to be non-toxic, hindered the growth of sea urchin embryos. It 
also had significant adverse effects on fish embryos after a one-month immersion of coatings in 

seawater, including decreased hatching success, decreased hatchling survival, and inability to 

inflate the swim bladder. These findings suggest that compounds leaching from silicone 
coatings can impact the development of marine organisms. While fouling-release coatings are 

generally considered to be more environmentally friendly than traditional antifouling coatings, 

this study highlights the importance of understanding the potential impacts of these coatings 

on marine life. 



  

Publication 23-04-066 Toxic Effects of Antifouling Agents 
Page 43 November 2023 

Comparative Studies 
Comparing the toxicity of different biocides used in antifouling paints is crucial for several 

reasons. Firstly, it helps to determine the potential environmental impact of biocides on non-

target marine organisms. This is particularly important, as marine ecosystems are sensitive and 

complex, and even low levels of toxicity can have significant consequences on the food chain 

and biodiversity. Secondly, comparing the toxicity of different biocides can aid in the 

development of safer and more environmentally friendly antifouling paints. By identifying the 

biocides with the lowest toxicity, it is possible to formulate antifouling paints that are less 

harmful to the marine environment. Thirdly, a comparison of biocide toxicity can help in the 

selection of appropriate biocides for specific applications. For instance, a biocide with high 

toxicity may not be suitable for use in a sensitive marine ecosystem, while a less toxic 
alternative may be more appropriate. 

A study conducted by Bao et al. [86] aimed to comprehensively investigate the acute toxicities 
of copper, tributyltin (TBT), and five commonly used biocides, including Irgarol, diuron, zinc 

pyrithione (ZnPT), copper pyrithione (CuPT), and chlorothalonil, on the growth or survival of 12 

marine species. The study found that TBT was highly toxic to both autotrophic and animal 

species, although it was not the most toxic biocide for all test species. 

As shown in Table 10, Irgarol, ZnPT, and CuPT were found to be more toxic than TBT on the 

growth of Chroococcus, Synechococcus sp., Skeletonema costatum, Thalassiosira pseudonana, 
Pyrocystis lunula (except Irgol), Aiptasia sp., Hydroides elegans (larvae), Balanus amphitrite 

(larvae), Elasmopus rapax (juvenile), Tigriopus japonicus (adult), Oryzias melastigma (larvae), 

male Gametophytes, and female Gametophytes, while CuPT was the most toxic to fish larvae. 
Chlorothalonil was less toxic than TBT, ZnPT, and CuPT on the survival of test animal species. 

ZnPT and CuPT showed similar toxicities to autotrophic species, and ZnPT was consistently less 

toxic than CuPT to the test animal species except Aiptasia sp. Irgarol and diuron are highly toxic 

to autotrophic aquatic species but less toxic to crustaceans and fish. Both biocides could cause 

severe impacts on the growth of microalgae and corals in the marine ecosystem at their highest 

detectable concentrations. Continuous monitoring and risk assessment of these biocides in the 

marine environment are necessary. 

Okamura et al. [22] conducted a comparative study to assess the toxicity of potential marine 

antifouling compounds as alternatives to organotin compounds. They used fish cell lines from 
chinook salmon embryos and juvenile rainbow trout for their evaluations. The compounds 
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examined were CuPT, Diuron, Irgarol 1051, DCOIT/Sea-Nine 211, and ZnPT, tested in vitro using 

Alamar Blue™ dye and correlated with in vivo LC50 values in rainbow trout. The study confirmed 

that fish cell lines are effective for rapid toxicity screening. Toxicity rankings, from highest to 

lowest, were CuPT > ZnPT > DCOIT/Sea-Nine 211 > Diuron > Irgarol 1051. Surprisingly, Diuron 

and Irgarol 1051 were the least toxic, suggesting their potential as safer alternatives, while 

pyrithiones showed the highest toxicity. This study serves as a valuable reference, potentially 

being the sole comprehensive investigation covering a wide spectrum of biocides in marine 

antifouling research. Further investigation is crucial before considering pyrithiones as 

replacements for organotin compounds in marine antifouling paints. 

Researchers compared the toxicity of CuPT and ZnPT on embryonic olive flounder (Paralichthys 

olivaceus). CuPT was found to be more toxic than ZnPT. This was evident in both developmental 
effects (malformation and mortality) and gene expression profiles. The study also highlighted 

differences in the specific pathways affected by each compound, with CuPT impacting cellular 

respiration and kidney development. ZnPT affected cell development, nervous system 
development, and heart development [68]. 
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Table 10. The toxicological effect of different antifouling biocides on commercial sea species. 

Species Endpoint  DCOIT 
(μg/L)  

Tralopyril/ 
Econea 
(μg/L) 

ZnPT 
(μg/L) 

CuPT 
(μg/L) 

TBT 
(μg/L) 

Irgarol 
(μg/L) Reference 

Chinook 
Salmon cell 24 h EC50 2600 NA 180 100 NA NA [22] 

Rainbow trout 7 d LC50 14 NA 8.4 7.6 NA NA [22] 

Rainbow trout 28 d LC50 14 NA 4.6 1.3 NA NA [22] 

Chroococcus 
minor 7 d EC50  NA NA 51  50 100 5.7 [86] 

Synechococcus 
sp. 96 h EC50 NA NA 22 22 50 23 [86] 

Skeletonema 
costatum 96 h EC50 NA NA 1.7 1.8 290 1.1 [86] 

Thalassiosira 
pseudonana 96 h EC50 NA NA 0.51 0.70 770 1.4 [86] 

Pyrocystis 
lunula 24 h EC50 NA NA 44 23 140 220 [86] 

Aiptasia sp. 96 h EC50 NA NA 410 2000 NA 9.4 [86] 

Hydroides 
elegans 
(larvae) 

48 h LC50 NA NA 7.6 5.7 100 NA [86] 

Balanus 
amphitrite 
(larvae) 

24 h EC50 NA NA 210 63 NA 34 [86] 

Elasmopus 
rapax (juvenile) 96 h LC50 NA NA 29 11 77 9.4 [86] 

Tigriopus 
japonicus 

(adult) 
96 h LC50 NA NA 170 30 580 18 [86] 

Oryzias 
melastigma 

(larvae) 
96 h LC50 NA NA 43 8.2 7300 25 [86] 

Male 
Gametophytes 48 h EC50 1015 NA NA >400 NA 96 [87] 

Female 
Gametophytes 48 h EC50 890 NA NA >400 NA 172 [87] 
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Conclusion 
Antifouling coatings are essential for preventing the attachment of fouling organisms to marine 

structures and vessels, minimizing degradation and maintaining optimal performance. 

However, it is crucial to understand the potential toxicity and ecological risks associated with 

these compounds. 

DCOIT/Sea-Nine 211 presents significant environmental and toxicological concerns. It can 

bioaccumulate in aquatic organisms and has been found to induce adverse effects on marine 

life, including oxidative stress, reproductive impairments, and interference with the endocrine 

system. The vulnerability of commercial species highlights potential risks to human health and 

the economy. Further research and regulation are necessary to mitigate the environmental 
impact of DCOIT and other antifouling compounds. Urgent action is needed to adopt 

sustainable and eco-friendly alternatives in antifouling practices to protect marine ecosystems 

and human well-being. 

Tralopyril/Econea exhibits a relatively short half-life in seawater and river water, suggesting 

rapid decomposition in these environments. However, the transformation products resulting 
from the hydrolysis procedure, specifically identified as 3-bromo-5-(4-chlorophenyl)-4-cyano-

1H-pyrrole-2-carboxylic acid (BCCPCA), exhibited exceptional resistance to biodegradation, due 

to its notably high Kow value and extended half-life. This inherent stability raises significant 

concerns over the potential persistence of BCCPCA in the environment. Studies have 
demonstrated various toxicological effects of Tralopyril on marine species, including oxidative 

stress, disruption of energy metabolism, thyroid endocrine system interference, locomotor 

activity reduction, tissue structure modifications, and gene expression alterations. 

These findings highlight the potential ecological risks associated with Tralopyril in marine 

environments. Further research is needed to understand its persistence, bioaccumulation, and 
long-term effects, and comprehensive monitoring and regulatory measures should be 

implemented to mitigate Tralopyril's potential adverse impacts and protect marine ecosystems. 

Zinc pyrithione (ZnPT) is commonly used as a biocide in antifouling paints. Its persistence in the 

environment is influenced by factors such as temperature, pH, sunlight, and water solubility. 

ZnPT tends to settle on the seafloor or adhere to suspended particles, limiting its availability in 

the water column. Studies have revealed significant toxicity of ZnPT to fish cells, potentially 
impacting the survival and health of fish species. Comparative assessments have also 
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highlighted the toxic effects of ZnPT on various non-target species, emphasizing the need for 

understanding its long-term effects and ecological consequences in marine environments. 

Copper pyrithione (CuPT) has been found to exhibit high toxicity, including developmental 

malformation and mortality, in various marine species. Comparative studies have indicated that 

CuPT may be more toxic than other compounds, including ZnPT, in terms of specific effects on 

fish larvae and gene expression related to different developmental processes. 

Fouling-release coatings, which create a smooth surface to inhibit fouling organism attachment, 

are generally considered more environmentally friendly than traditional antifouling coatings. 

Nonetheless, concerns remain regarding the potential toxicity of certain fouling-release 

coatings containing additives like silicone oils. The leaching of silicone oils, including 
undissolved films or droplets, can have physical-mechanical effects on organisms, leading to 

entrapment and suffocation. Further research is necessary to assess the specific toxicological 

effects of these undissolved silicone oil components. 

In conclusion, assessing the environmental impact and toxicity of antifouling coatings and their 

constituent compounds, including DCOIT, Tralopyril, ZnPT, and CuPT, is crucial. The 
development of safer and more sustainable alternatives with lower toxicity is essential to 

minimize adverse effects on marine ecosystems. Continued research, comprehensive 

toxicological assessments, and continuous monitoring are necessary to mitigate the potential 
ecological risks associated with the use of these compounds in antifouling coatings. 
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Appendix A. Acronyms and Abbreviations 
Table 11. Acronyms, abbreviations, and their meanings. 

Term Meaning 

ACh acetylcholine 
AChE acetylcholinesterase 
ATP adenosine triphosphate 
BCCPCA 3-bromo-5-(4-chlorophenyl)-4-cyano-1H-

pyrrole-2-carboxylic acid 
BCF bioconcentration factor  
BMF biomagnification factor 
Cu copper 
CuPT copper pyrithione 
CAT catalase 
DA dopamine 
DCOIT 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one, 

known commercially as Sea-Nine 211 
DMSO dimethyl sulfoxide 
DO dissolved oxygen 
Econea 4-bromo-2-(4-chlorophenyl)-5-

(trifluoromethyl)-1H-pyrrole-3-carbonitrile 
e.g. for example 
et al.  and others 
GSH glutathione 
GST glutathione-S-transferase 
HE hematoxylin-eosin 
hpf hour post-fertilization  
ICP-AAS inductively coupled plasma atomic 

absorption spectrophotometry 
KH101 pyridine triphenyl borane 
LC Median lethal concentration 
MDA malondialdehyde 
MnSOD Mn-superoxide dismutase 
PEG polyethylene glycol 
PDMS polydimethylsiloxane 
ROS reactive oxygen species 
Sea-Nine 211 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one 

(DCOIT) 
SD Standard deviation 
SDS surfactant sodium n-dodecyl sulphate  
SEM scanning electron microscopy 
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Term Meaning 

SOD superoxide dismutase 
TBARS thiobarbituric acid reactive substance 

TBT tributyltin 
TEM transmission electron microscopy 
Tralopyril  4-bromo-2-(4-chlorophenyl)-5-

(trifluoromethyl)-1H-pyrrole-3-carbonitrile, 
known commercially as Econea 

ZnPT zinc pyrithione 
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