
Original Research Articles 

Study on the 96 h-LC₅₀ of five novel non-oxidizing circulating water            
treatment agents to    Crassostrea gigas   and  Mytilus edulis   
Zhengqiang Miao1†, Aijia Lin2†, Shouxia Zhao1, Zhenglou Zhang3, Ning Gao1, Zheng Tao3, Ziyan He1, Jianming Tang3,
Chun Zhai1, Lianghui Wang2, Yiyun Zhang2 a, Lei Li4b 

1 Shandong Nuclear Power Co., Ltd., Shandong 265100, China, 2 College of Marine and Biological Engineering, Yancheng Institute of Technology, 
Yancheng 224000, China, 3 Shanghai Nuclear Engineering Research & Design Institute Co., Ltd., Shanghai 200233, China, 4 East China Sea Fisheries 
Research Institute, Chinese Academy of Fishery Sciences, Shanghai 200090, China 

Keywords: Non-oxidizing circulating water treatment agent, Marine fouling organism, LC₅₀, Attachment inhibition, Crassostrea gigas, Mytilus edulis 

https://doi.org/10.46989/001c.164075 

Israeli Journal of Aquaculture - Bamidgeh 
Vol. 78, Issue 3, 2026 

This study evaluated the acute toxicity and attachment inhibition effects of five novel 
nonoxidizing circulating water treatment agents on key marine fouling organisms, 
namely Crassostrea gigas eyed larvae and Mytilus edulis spat, aiming to screen ecofriendly 
and efficient antifouling agents for nuclear power cooling systems. A 96 h semistatic 
acute toxicity assay was adopted combined with byssal secretion parameter 
determination, and data were analyzed using probit analysis, independent samples 
t-tests, and ANOVA. The test organisms, C. gigas eyed larvae (shell length ≈ 200 μm, 
actively swimming) and M. edulis spat (shell length 1–2 cm, intact shell, healthy), were 
acclimated under controlled conditions (25 ± 0.5 °C, salinity 20 ± 1, DO ≥ 6 mg/L, 
12L:12D photoperiod). Five agents containing different alkylamine and polyoxyethylene 
ether components were tested at gradient concentrations (0–1.92 mg/L for C. gigas larvae 
and 0–18 mg/L for M. edulis spat), with 50% test solution renewal every 24 h. The 
measured indicators included 96 h LC₅₀, safe concentrations, attachment inhibition rates, 
and M. edulis byssal secretion parameters (number, total length, diameter of byssal 
threads, and shedding frequency). All agents showed significant dose dependent toxicity 
(P < 0.05). For C. gigas larvae, the toxicity was ranked as Agent 4 > Agent 2 > Agent 5 > 
Agent 3 > Agent 1, with 96 h LC₅₀ ranging from 0.13 to 1.00 mg/L, while for M. edulis spat, 
the toxicity was ranked as Agent 3 > Agent 2 > Agent 5 > Agent 1 > Agent 4, with 96 h 
LC₅₀ ranging from 7.65 to 9.74 mg/L. Agent 3 significantly reduced the number, length, 
and diameter of M. edulis byssal threads and increased shedding frequency (P < 0.05) 
through a dual inhibition mechanism by interfering with byssal protein synthesis and 
substrate adhesion. Overall, Agent 3 exhibited balanced antifouling efficacy and 
environmental safety, and is recommended at 15 mg/L for biofouling control in nuclear 
power cooling systems to avoid the toxic byproducts of traditional oxidizing agents. 

1. INTRODUCTION 

Marine fouling organism adhesion is a persistent, globally 
prevalent challenge for coastal industrial facilities, with no
table implications for the safe and stable operation of nu
clear power plant cooling water circulation systems.1 These 
organisms, encompassing mollusks, cnidarians, and other 
taxa, secrete complex adhesive substances composed of 
proteins, polysaccharides, and lipids to attach to the inner 
walls of water intake pipelines.2 Over time, this attachment 

forms dense biological coatings that reduce the effective 
flow cross-sectional area of pipelines and lower heat ex
change efficiency. On-site investigation data from coastal 
nuclear power plants show that the attachment of Cras
sostrea gigas and Mytilus edulis can reduce the cross-sec
tional area of cooling water pipelines by 30–50% and de
crease the heat-exchange efficiency of nuclear power units 
by 15–25%.3 In individual cases, unchecked fouling can 
lead to partial or complete pipeline blockage and trigger 
unplanned shutdowns of nuclear power units, with each 
shutdown causing significant economic losses (data from 
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on-site nuclear power plant statistics). Such incidents re
sult in measurable economic losses and potential opera
tional risks, making fouling control an important require
ment for the nuclear power industry. It should be 
emphasized that C. gigas and M. edulis are ecologically im
portant species in natural coastal ecosystems; this study 
addresses their abnormal colonization on artificial sub
strates of nuclear power cooling systems, rather than ques
tioning their inherent ecological value.4 

Currently, traditional oxidizing antifouling agents, such 
as chlorine-based disinfectants and ozone, are widely used 
for their rapid bactericidal activity and low cost. However, 
these agents tend to react with organic matter in seawater 
to produce toxic byproducts, including trihalomethanes 
and bromate, which pose significant threats to marine eco
logical systems.5 With the increasingly stringent environ
mental protection regulations globally, the application of 
oxidizing antifouling agents has been subject to growing 
restrictions, which creates an urgent demand for the de
velopment of high-efficiency, low-toxicity, and eco-friendly 
non-oxidizing circulating water treatment agents as a sus
tainable alternative.6 

The novel non-oxidizing circulating water treatment 
agent developed represents a promising technical break
through for addressing fouling organism adhesion in nu
clear power cold source systems. Unlike conventional sin
gle-target agents, this new formulation integrates multiple 
functional components, including alkylamines and poly
oxyethylene ethers, designed to target different stages of 
fouling organism attachment and metabolism. However, 
before large-scale engineering applications, comprehensive 
performance evaluations are indispensable. Key parameters 
requiring clarification include its inhibitory efficacy against 
a broad spectrum of common fouling organisms and its 
long-term stability under real-world operating conditions. 
Among the diverse array of marine fouling organisms in

habiting coastal waters of China, C. gigas (Pacific oyster) 
and M. edulis (blue mussel) are recognized as the most 
problematic species for nuclear power cooling systems.7 

On-site investigation data of coastal nuclear power plants 
in this region have confirmed that the massive attachment 
of these two mollusks is the primary cause of pipeline 
blockage and heat exchange efficiency reduction in local 
nuclear power cooling water systems. Both species are 
highly prolific, with their larvae readily entering pipelines 
and forming dense, calcified colonies that significantly ex
acerbate fouling.8 As representatives of mollusks, they 
share a unique adhesion mechanism relying on byssus se
cretion, making them ideal test organisms for comprehen
sively assessing the agent’s practical application value in 
controlling mollusk-related fouling—the core fouling type 
threatening local nuclear power cold source systems.9 

In this study, a systematic, multi-faceted approach was 
adopted to investigate the performance and mechanism of 
five novel non-oxidizing circulating water treatment 
agents, with C. gigas eyed larvae and M. edulis spat—key 
fouling organisms at control-susceptible critical life 
stages—selected as test subjects. The research included de
termining the 96-hour semi-static acute toxicity median 

lethal concentration (LC₅₀) to assess the agents’ toxicity 
thresholds, and compiling Material Safety Data Sheets 
(MSDS) from toxicological test results to provide scientific 
support for environmental risk assessment. The findings 
are expected to deliver critical technical parameters for the 
engineering application of these agents, enrich the theo
retical system for marine fouling organism control, and of
fer practical guidance for fouling management in nuclear 
power plants and other coastal industrial facilities, thereby 
contributing to the sustainable development of the coastal 
industrial sector. 

2. MATERIALS AND METHODS 

2.1. EXPERIMENTAL MATERIALS AND TREATMENTS 

C. gigas eye-spot larvae and M. edulis spat were sourced 
from the same commercial hatchery in Yantai, Shandong 
Province, China. Prior to experiments, both organisms were 
acclimated for 72 h in the Marine and Biological Engineer
ing College of Yancheng Institute of Technology under the 
following controlled conditions: water temperature of 25 ± 
0.5 °C, salinity of 20 ± 1, dissolved oxygen (DO) ≥ 6 mg/
L, and a photoperiod of 12 h light: 12 h dark (12L:12D). 
The 72 h acclimation period was set in accordance with 
GB/T 16882-2022 (Guidelines for marine aquatic biological 
toxicity test) and international standard protocols for bi
valve acute toxicity tests, which is sufficient for test organ
isms to recover from transportation stress and fully adapt 
to laboratory physicochemical conditions. During acclima
tion, they were fed with Chlorella vulgaris at a concentration 
of 5 × 10⁶ cells/mL twice daily at 8:00 and 20:00 (12 h inter
val). Mortality during acclimation was <3% for both species, 
meeting the validity requirement of test guidelines. Dead 
individuals were removed daily, and only healthy and active 
individuals were selected for subsequent toxicity tests to 
eliminate interference from stressed or dead individuals. 
For subsequent experiments, C. gigas eyed larvae (10 days 
after fertilization, shell length ≈ 200 μm) with uniform body 
size and active swimming activity were selected, whereas 
M. edulis juvenile spat (30 days after settlement, shell 
length 1–2 cm) were selected based on good health status 
and intact shell morphology. These two stages represent 
the critical attachment stages of the respective species, the 
most sensitive life stages to antifouling agents, and the key 
control targets in nuclear power cooling systems. Although 
their absolute developmental stages differ, they are func
tionally equivalent (critical attachment stage), ensuring the 
comparability of toxicity and inhibition test results. 
Five novel non-oxidizing circulating water treatment 

agents (Agent 1 to Agent 5) were provided by Shanghai Nu
clear Engineering Research and Design Institute Co., Ltd., 
China. All agents were stored in sealed containers at 20 
± 2℃ to avoid contamination and degradation, and fresh 
stock solutions were freshly prepared with artificial seawa
ter immediately prior to experiments. 
Artificial seawater was formulated using analytical-

grade Red Sea Coral Pro Salt (Model: RS-CPS01) and deion
ized water, aerated continuously for 24 h to remove dis
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solved gases, and adjusted to a pH of 8.3 ± 0.1. Prior to 
experiments, key physicochemical parameters were mea
sured using a multi-parameter water quality analyzer (YSI 
ProPlus, YSI Incorporated, Yellow Springs, OH, USA) and a 
dissolved oxygen meter (HQ40d, Hach Company, Loveland, 
CO, USA): salinity 20 ± 1, DO 6.8 ± 0.2 mg/L, chemical oxy
gen demand (COD) 1.12 ± 0.05 mg/L, nitrate nitrogen 0.158 
± 0.005 mg/L, nitrite nitrogen 0.007 ± 0.001 mg/L, ammo
nia nitrogen 0.023 ± 0.002 mg/L, inorganic nitrogen 0.178 ± 
0.008 mg/L, and reactive phosphate 0.010 ± 0.001 mg/L, all 
conforming to China’s GB 17378-2007 (Marine Monitoring 
Specifications) and GB 3097-1997 (Sea Water Quality Stan
dard). 

2.2. EXPERIMENTAL METHODS 

2.2.1. DETERMINATION OF MEDIAN LETHAL 
CONCENTRATION 

A 96 h semi-static acute toxicity assay was performed in a 
light incubator (MGC-3000, Shanghai Yiheng Scientific In
struments Co., Ltd., China) to determine the 96 h-LC₅₀ val
ues of each agent against C. gigas larvae and M. edulis spat. 
Test conditions were consistent across all groups: temper
ature maintained at 25 ± 0.5℃, light intensity of 1200 lx, 
which is consistent with the natural shallow coastal light 
environment (1000–1500 lx) of the test organisms and 
meets the standard requirements for marine bivalve toxic
ity tests, photoperiod of 12L:12D, light intensity of 1200 lx, 
no feeding during the experiment, and 50% test solution re
newal every 24 h using the siphon method: the upper 50% 
of the old test solution was slowly removed without dis
turbing test organisms, followed by addition of an equal 
volume of freshly prepared test solution at the target con
centration. After each renewal, the actual agent concen
tration was recalibrated by high-performance liquid chro
matography (HPLC), with a deviation < 5% from the set 
concentration, ensuring stable exposure concentrations 
throughout the test. Key water quality parameters, includ
ing dissolved oxygen (DO), pH, salinity, and temperature, 
were dynamically monitored at 0, 24, 48, 72, and 96 h in 
all groups. The results showed that DO remained ≥ 6.0 mg/
L, pH at 8.2 ± 0.2, salinity at 20 ± 1, and temperature at 
25 ± 0.5 ℃ throughout the test period, with no significant 
fluctuations observed. These strict monitoring and water 
renewal measures ensured stable water quality and agent 
concentration, eliminating interference from environmen
tal changes on toxicity test results. 
Test solutions were prepared using an analytical balance 

(ME204E, Mettler Toledo International Inc., Zurich, 
Switzerland). For C. gigas eyed larvae, 6 to 10 concentration 
gradients ranging from 0 to 1.92 mg/L were established for 
each agent according to preliminary experiments, with key 
points including 0, 0.06, 0.18, 0.48, 0.96, 1.34, 1.68, and 
1.92 mg/L; each group had 3 replicates with 30 larvae per 
replicate, placed in 500 mL glass beakers containing 300 mL 
test solution. For M. edulis spat, concentration gradients for 
each agent ranged from 0-18 mg/L, with key points includ
ing 0, 6, 9, 12, 14, 16, and 18 mg/L; each group had 3 repli

cates with 30 spat per replicate, placed in 1 L glass beakers 
containing 800 mL test solution. 
The number of dead individuals was recorded at 24, 48, 

72, and 96 h. C. gigas larvae were considered dead when 
no ciliary movement or body contraction was observed un
der an inverted microscope (IX73, Olympus Corporation, 
Tokyo, Japan); M. edulis spat were considered dead if no re
sponse was observed to gentle prodding with forceps and 
gill movement was completely absent. 

2.2.2. DETERMINATION OF MUSSEL BYSSAL THREAD 
SECRETION PARAMETERS 

The optimal agent, selected based on 96 h-LC₅₀ values and 
attachment inhibition rates, was assayed at its effective 
concentration to evaluate its effects on byssal thread se
cretion in M. edulis spat. All operations were performed in 
an ultra-clean workbench (SW-CJ-1FD, Suzhou Antai Air 
Technology Co., Ltd., China). A control group (artificial sea
water without the test agent) and a treatment group (artifi
cial seawater with the optimal agent at an effective concen
tration) were established, with 10 replicates per group and 
1 spat per replicate (housed in 200 mL glass beakers con
taining 150 mL of test solution). 
At 3, 6, 12, and 24 h after exposure, the following pa

rameters were measured: the number of byssal threads 
(counted under a stereomicroscope), the total length of 
byssal threads (measured with a digital vernier caliper, ac
curacy: 0.01 mm), the diameter of byssal threads (measured 
using an inverted microscope equipped with ImageJ 1.8.0 
software; three measurement points were uniformly taken 
at the middle position of each thread, and the average value 
was used as the final diameter to avoid variability from 
base–top thickness differences), and shedding frequency 
(each spat was gently prodded 3 times at the shell edge with 
uniform force and 1 min intervals; shedding frequency was 
recorded as the number of detachments from the substrate 
in the 3 attempts). 

2.3. STATISTICAL ANALYSIS 

All data were expressed as mean ± standard deviation 
(Mean ± SD) and analyzed using IBM SPSS Statistics 27 
software (IBM Corporation, Armonk, NY, USA). The 96 h-
LC₅₀ values and their corresponding 95% confidence in
tervals (CIs) were calculated via probit analysis. Safe con
centration (SC) was calculated in accordance with GB/T 
27622-2011 and OECD 206 guidelines, using the formula: 
SC = 96 h-LC₅₀ × 0.1. The safe concentration represents 
the acute safe concentration for marine aquatic organisms, 
indicating the maximum concentration at which no acute 
toxic effect occurs. These data exhibit normal distribution 
(Shapiro–Wilk test) and homogeneity of variance (Levene’s 
test). Differences in attachment inhibition rates and byssal 
thread secretion parameters were analyzed using indepen
dent-samples t-tests or one-way analysis of variance 
(ANOVA) followed by Tukey’s post-hoc test. Differences 
were considered statistically significant at P < 0.05, and dif
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Table 1. 96 h-LC₅₀ and Safe Concentrations of Five Agents on Eyed Larvae of             C. gigas   

Agent 
No. 

96 h-LC₅₀ 
(mg/L) 

Safe Concentration 
(mg/L) 

95% Confidence 
Interval (mg/L) 

Regression Equation χ² Test Value (p-

value) 

1 1.00 e 0.10 0.00-2.136 Y = -0.1 + 2.82x (r² = 
0.803) 

1.439 

2 0.39 b 0.04 0.12-1.41 Y = 0.81 + 1.96x (r² = 
0.947) 

0.538 

3 0.81 d 0.08 0.34-1.41 Y = 0.33 + 4.62x (r² = 
0.858) 

0.836 

4 0.13 a 0.01 0.00-0.30 Y = 1.53 + 1.73x (r² = 
0.843) 

0.879 

5 0.51 c 0.05 0.04-2.03 Y = 0.32 + 1.42x (r² = 
0.728) 

2.093 

Different lowercase letters in the same column indicate significant inter-agent differences at P < 0.05 

ferent lowercase letters were used to indicate significant in
ter-group differences for 96 h-LC₅₀ values. 

3. RESULTS 

3.1. TOXIC EFFECTS ON EYED LARVAE OF C. GIGAS 

All five novel non-oxidizing circulating water treatment 
agents exhibited a significant dose-response relationship in 
eyed larvae of C. gigas, i.e., larval mortality rate increased 
with increasing agent concentration (P < 0.05). Among 
them, Agent 1 had the highest 96 h-LC₅₀ value of 1.00 mg/L 
(e) and a safe concentration of 0.10 mg/L, showing the op
timal safety for C. gigas larvae; Agent 4 was the most toxic, 
with a 96 h-LC₅₀ of only 0.13 mg/L (a) and a safe concentra
tion as low as 0.01 mg/L; the 96 h-LC₅₀ values of Agents 3, 
2, and 5 were 0.81 mg/L (d), 0.39 mg/L (b), and 0.51 mg/L 
(c), respectively, with corresponding safe concentrations of 
0.08 mg/L, 0.04 mg/L, and 0.05 mg/L (Table 1). The toxic
ity of the tested agents to C. gigas larvae was ranked in de
scending order as follows: Agent 4 (a) > Agent 2 (b) > Agent 
5 (c) > Agent 3 (d) > Agent 1 (e). 

3.2. TOXIC EFFECTS ON SPAT OF M. EDULIS 

3.2.1. 96-HOUR MEDIAN LETHAL CONCENTRATION (96 
H-LC₅₀) 

The five agents showed significant differences in toxicity to 
the spat of M. edulis. Agent 4 had the highest 96 h-LC₅₀ 
value (9.74 mg/L, e) and a safe concentration of 0.97 mg/
L, demonstrating the optimal safety; Agent 3 was the most 
toxic, with a 96 h-LC₅₀ of 7.65 mg/L (a) and a safe concen
tration of 0.77 mg/L; the 96 h-LC₅₀ values of Agents 1, 5, 
and 2 were 9.21 mg/L (d), 8.84 mg/L (c) , and 8.35 mg/L 
(b), respectively, with corresponding safe concentrations of 
0.92 mg/L, 0.88 mg/L, and 0.84 mg/L, respectively (Table 2). 
The toxicity order of the agents to M. edulis spat was: Agent 
3 (a) > Agent 2 (b) > Agent 5 (c) > Agent 1 (d) > Agent 4 (e) 
(different lowercase letters indicate significant differences 
at P < 0.05). 

Represented by Agent 3, the optimal agent exerted sig
nificant effects on the byssal secretion parameters of M. 
edulis spat at effective concentrations (P < 0.05). Compared 
with the control group, the number, total length, and di
ameter of byssal threads of spat in the experimental group 
were significantly reduced from 6 hours onwards, and the 
differences continued to expand with the extension of time; 
the shedding frequency was significantly increased. After 
12 h of exposure, the shedding frequency in the experimen
tal group was significantly higher than in the control group, 
and at 24 h post-exposure, individuals in the experimental 
group failed to reattach to the substrate after shedding, in
dicating a persistent inhibitory effect of Agent 3 on their 
adhesive capacity. 

3.3. COMPREHENSIVE EVALUATION 

Based on the comprehensive analysis of 96 h-LC₅₀, safe 
concentrations, and biological effects, Agent 3 performed 
the best: it exhibited significant toxic effects on both C. 
gigas larvae and M. edulis spat, and effectively inhibited 
the attachment of these two key fouling organisms through 
multiple mechanisms. Notably, the higher toxicity of Agent 
3 to M. edulis spat is a desirable antifouling characteristic 
rather than an adverse effect, as it directly enhances lethal
ity toward the most problematic fouling mollusk in nuclear 
power cooling systems. This target-specific toxicity was 
balanced against its favorable environmental safety profile 
(safe concentration = 0.77 mg/L) and its unique dual-inhibi
tion mechanism, which interferes with byssal protein syn
thesis and substrate adhesion. The screening criteria priori
tized a comprehensive trade-off: strong antifouling efficacy 
(lethality + attachment inhibition) against target fouling 
organisms, moderate environmental safety for non-target 
species, broad-spectrum activity, and absence of toxic 
byproducts. Although Agent 5 exhibited moderate toxicity 
to M. edulis spat (c), it showed high toxicity to C. gigas eyed 
larvae (c), thus lacking broad-spectrum antifouling efficacy. 
In contrast, Agents 1 and 4 presented high environmen
tal safety (e for both test organisms) but exerted limited 
inhibitory effects on the attachment-related physiological 
processes of the two fouling organisms; Agent 2 displayed 
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Table 2. 96 h-LC₅₀ and Safe Concentrations of Five Agents on Spat of            M. edulis   

Agent 
No. 

96 h-LC₅₀ 
(mg/L) 

Safe Concentration 
(mg/L) 

95% Confidence 
Interval (mg/L) 

Regression Equation χ² Test Value (p-

value) 

1 9.21 d 0.92 6.57-15.56 Y = -4.37 + 4.39x (r² = 
0.898) 

1.068 

2 8.35 b 0.84 6.62-10.31 Y = -8.95 + 9.65x (r² = 
0.808) 

1.307 

3 7.65 a 0.77 5.45-9.16 Y = -9.5 + 10.44x (r² = 
0.741) 

1.373 

4 9.74 e 0.97 5.69-12.31 Y = -7.41 + 7.42x (r² = 
0.811) 

1.002 

5 8.84 c 0.88 4.98-11.27 Y = -8.68 + 9.13x (r² = 
0.853) 

0.693 

Different lowercase letters in the same column indicate significant inter-agent differences at P < 0.05 2. Effects on Byssal Secretion of M. edulis 

moderate toxicity to both organisms (b for both) without 
obvious advantages. 
Considering the actual needs of fouling organism control 

in nuclear power cold-source systems, Agent 3 is recom
mended as the preferred choice for engineering applica
tions, with a suggested dosage of 15 mg/L. This is the initial 
dosing concentration for open circulating water systems, 
which will be diluted to 0.5–1.0 mg/L in actual operation, 
ensuring effective control of major molluscan fouling or
ganisms while maintaining favorable environmental safety. 
This concentration not only ensures the effective control 
of major molluscan fouling organisms, including oysters 
and mussels, but also maintains a favorable environmental 
safety profile, thereby precluding severe ecological risks to 
non-target marine organisms. 

4. DISCUSSION 

4.1. TOXICITY DIFFERENCES OF FIVE AGENTS TO C. 
GIGAS LARVAE 

The acute toxicity test results indicated that all five non-
oxidizing circulating water treatment agents exhibited sig
nificant, dose-dependent lethal effects on C. gigas eye-spot 
larvae, consistent with the toxicological characteristics of 
alkylamine- and polyoxyethylene ether-containing com
pounds reported in previous studies.10 Among them, Agent 
4 showed the highest toxicity (a), whereas Agent 1 exhib
ited the lowest toxicity (e), resulting in an approximate 
8-fold difference in the 96 h-LC₅₀ values between these two 
agents. This difference is closely related to the composition 
and proportion of their active ingredients. Agent 4 contains 
hydrogenated tallow amine polyoxyethylene ether, whose 
hydrogenated hydrophobic chain has a higher membrane 
penetration ability compared to the unsaturated chain in 
tallow amine polyoxyethylene ether, enabling it to more 
easily disrupt the cell membrane structure of oyster larvae 
and induce acute toxicity.11 In contrast, Agent 1 has a lower 
content of N-oleyl-1,3-propanediamine than Agent 3-5, 
and the balanced ratio of its three active components may 
potentially mitigate the mutual synergistic toxicity among 
them.12 

Oyster attachment relies on the secretion of cysteine-
rich protein complexes by the byssal gland, and cysteine di
rectly affects the structural stability and adhesive activity 
of byssal proteins.13 The agents may interfere with the syn
thesis of cysteine in oyster larvae, thereby inhibiting the 
synthesis and secretion of byssal proteins—this is proposed 
as the core mechanism underlying the inhibitory effect of 
the tested agents on the attachment of C. gigas eyed lar
vae. The safety concentration of Agent 1 was the highest 
among the five agents, indicating its potential as an en
vironmentally friendly antifouling candidate. However, its 
attachment-inhibition effect was not the most pronounced 
in subsequent tests, which limits its practical application. 
Agent 3, with a moderate toxicity (d) and a safety concen
tration of 0.08 mg/L, has balanced toxicity and effective
ness, making it a more suitable choice for engineering ap
plications. This is consistent with the principle that ideal 
antifouling agents should have moderate toxicity to target 
organisms while minimizing environmental risks.14 

4.2. TOXICITY AND BYSSAL SECRETION INHIBITION 
EFFECTS ON M. EDULIS SPAT 

Unlike the toxicity order to C. gigas larvae, the toxicity of 
the five agents to M. edulis spat was ranked as Agent 3 (a) 
> Agent 2 (b) > Agent 5 (c) > Agent 1 (d) > Agent 4 (e), with 
Agent 4 showing the lowest toxicity. This species-specific 
variation in toxicity is a reasonable theoretical inference 
based on the published literature and is mainly attributed 
to structural differences in the body surface and detoxifica
tion metabolic systems between the two mollusks. M. edulis 
spat has a thicker shell and more developed hepatopan
creas, which can enhance the metabolism and detoxifica
tion of foreign substances, resulting in higher LC₅₀ values 
compared to C. gigas larvae.15 Additionally, the byssal 
gland of mussels has a more complex structure than that of 
oysters, and the synthesis of byssal proteins involves more 
metabolic pathways, which may also affect the sensitivity 
to the agents.16 

The analysis of byssal secretion parameters showed that 
Agent 3 significantly reduced the number, total length, and 
diameter of byssal threads in M. edulis spat and increased 
shedding frequency, consistent with the reported inhibitory 
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effects of alkylamine compounds on mussel adhesion.17 

Mussel byssal proteins, particularly the key components, 
are rich in 3,4-dihydroxyphenylalanine (DOPA), which is 
essential for the underwater adhesive performance of byssal 
threads.18 The agents may interfere with the synthesis or 
activity of these key byssal proteins, directly weakening the 
adhesive strength of byssal threads. Meanwhile, the core 
component of Agent 3, N-oleyl-1,3-propanediamine, can 
form a hydrophobic protective film on the substrate sur
face, hindering the hydrophilic interaction between byssal 
proteins and the substrate, thus forming a so-called “dual 
inhibition” mechanism, which involves the internal inter
ference of byssal protein synthesis and the external ob
struction of the adhesive interaction between byssal 
threads and the substrate.19 

High concentrations of the agents may damage mussel 
spat cells, but the low mortality rate at effective inhibitory 
concentrations suggests that the agents primarily act on 
adhesion-related processes rather than causing fatal dam
age, which is conducive to reducing environmental risks.20 

4.3. COMPREHENSIVE EVALUATION AND ENGINEERING 
APPLICATION PROSPECTS 

The comprehensive evaluation based on LC50, safety con
centration, and biological effects showed that Agent 3 is 
the optimal choice for fouling control. It not only exerts 
significant toxic effects on both C. gigas eyed larvae (d) 
and M. edulis spat (a) but also inhibits their attachment 
through multiple physiological and physical mechanisms, 
which confer a distinct advantage over conventional single-
target antifouling agents.21 Agents 1 and 4, despite their 
high safety, have limited effectiveness in inhibiting adhe
sion, while Agents 2 and 5 lack broad-spectrum activity, 
making them less suitable for large-scale application in nu
clear power plant cooling systems. 
The suggested dosage of 15 mg/L for Agent 3 is based on 

a comprehensive assessment of its effective inhibition con
centration and environmental safety. This 15 mg/L is the 
initial dosing concentration in the make-up water, which 
will be rapidly diluted to an actual effective concentration 
of 0.5–1.0 mg/L in the open circulating water environment. 
This diluted concentration is below the 96 h-LC₅₀ of M. 
edulis spat (7.65 mg/L) and within the safe concentration 
range, thus precluding acute toxic effects on non-target 
marine organisms. This concentration is approximately 
187.5-fold and 19.5-fold higher than the safety concentra
tions of C. gigas eyed larvae and M. edulis spa, respectively, 
ensuring long-term effective antifouling control while pre
cluding acute toxic effects on non-target marine organ
isms.22 Compared with traditional oxidizing antifouling 
agents, Agent 3 does not produce toxic byproducts such 
as trihalomethanes, which is in line with the development 
trend of green antifouling technology.23 

However, this study also has certain limitations. First, 
the present study was conducted under controlled labora
tory conditions, and the actual operating conditions of nu
clear power plant cooling water systems may potentially 
alter the antifouling efficacy of Agent 3.24 Second, the an
tifouling evaluation was only performed on two key mollus

can fouling organisms, and the inhibitory effects of Agent 
3 on other common marine fouling organisms remain to be 
further investigated and verified.25 Future research will fo
cus on conducting targeted acute toxicity and attachment 
inhibition experiments of Agent 3 on typical fouling or
ganisms of different taxa, including cnidarians (Hydroides 
ezoensis), crustaceans (Balanus amphitrite), and macroalgae 
(Ulva pertusa), to systematically verify its broad-spectrum 
antifouling performance. In parallel, standardized field tri
als will be conducted at a coastal nuclear power plant using 
three concentration gradients of Agent 3, with continuous 
monitoring of fouling organism attachment density, 
species composition, and key water quality indicators at 
multiple time points to optimize the dosing concentration 
and application frequency. For long-term environmental 
risk assessment, a suite of non-target marine organisms 
will be selected to conduct chronic toxicity tests, reproduc
tive toxicity tests, and embryo-larval development assays, 
to derive chronic safe concentrations and establish a sys
tematic ecological risk assessment framework for Agent 3 
in marine environments, thereby ensuring the sustainabil
ity of its engineering application. 
In short, Agent 3 exhibits excellent, comprehensive per

formance across toxicity, attachment inhibition, and broad-
spectrum activity, and its mechanism of action is clear. It 
provides a new technical solution for controlling fouling or
ganisms in nuclear power plant cooling water systems. It 
has broad application prospects in coastal industrial facili
ties such as power plants and ports. 

5. CONCLUSION 

This study systematically assessed the acute toxic and at
tachment-inhibiting effects of five novel non-oxidizing cir
culating water treatment agents on C. gigas eyed larvae 
and M. edulis spat using 96 h semi-static acute toxicity as
says and measurements of byssal secretion parameters. All 
agents showed significant dose-dependent lethality with 
distinct species-specific toxicity: Agent 4 (a) was the most 
toxic to C. gigas larvae, while Agent 3 (a) was the most toxic 
to M. edulis spat, a difference attributed to structural and 
detoxification system variations between the two organ
isms. Agent 3 exhibited the optimal overall performance, 
exerting significant toxic effects on both test organisms and 
inhibiting their attachment via a “dual inhibition” mecha
nism, while balancing antifouling efficacy and environmen
tal safety. Thus, Agent 3 is recommended as the preferred 
choice for fouling control in nuclear power cold source sys
tems with a suggested dosage of 15 mg/L, which avoids 
toxic byproducts of traditional oxidizing agents and pro
vides a reliable technical reference for the green and sus
tainable operation of coastal industrial facilities. This study 
enriches the technical framework for marine fouling organ
ism control in nuclear power cold source systems; future 
research should focus on three key aspects: first, conduct 
field trials in actual nuclear power cooling water systems 
to optimize the application parameters (dosage, frequency) 
of Agent 3; second, expand the test scope to typical non-
mollusk fouling organisms including cnidarians (Hydroides 
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ezoensis), crustaceans (Balanus amphitrite), and algae (Ulva 
pertusa) to verify the broad-spectrum antifouling efficacy of 
Agent 3; third, carry out long-term environmental monitor
ing to assess the ecological risks of Agent 3 to non-target 
marine organisms. 

ACKNOWLEDGMENTS 

There are no individuals or funding bodies to be acknowl
edged in this study. 

AUTHORS’ CONTRIBUTION 

Conceptualization: Zhengqiang Miao (Lead). Supervision: 
Zhengqiang Miao (Lead). Writing – original draft: Aijia Lin 
(Lead). Writing – review & editing: Aijia Lin (Equal), Yiyun 
Zhang (Equal). Data curation: Shouxia Zhao (Equal), Ning 
Gao (Equal), Ziyan He (Equal). Validation: Shouxia Zhao 
(Equal), Ziyan He (Equal). Formal Analysis: Zhenglou 
Zhang (Equal), Zheng Tao (Equal), Jianming Tang (Equal). 
Visualization: Zhenglou Zhang (Equal), Zheng Tao (Equal), 
Jianming Tang (Equal), Chun Zhai (Equal). Methodology: 
Lianghui Wang (Lead). Funding acquisition: Lei Li (Lead). 
Resources: Lei Li (Lead). 

COMPETING OF INTEREST – COPE 

No competing interests were disclosed. 

ETHICAL CONDUCT APPROVAL – IACUC 

This study was conducted on Mytilus edulis and Crassostrea 
gigas, which are common aquatic invertebrate mollusks and 

not classified as vertebrates or regulated invertebrates sub
ject to mandatory ethical approval. Therefore, no institu
tional animal ethics approval was required for this research. 
All experimental procedures were strictly followed by the 
ARRIVE Essential 10 checklist developed by the NC3Rs to 
ensure standardized reporting of in vivo experiments. Every 
feasible measure was taken to minimize stress and poten
tial harm to the experimental organisms, including rearing 
in a controlled aquatic environment consistent with their 
natural living conditions (stable temperature, salinity and 
dissolved oxygen), and performing sample collection with 
rapid and gentle operations to reduce physical damage. 
This study fully complied with the provisions of the Con

vention on Biological Diversity (CBD) and the Convention 
on International Trade in Endangered Species of Wild 
Fauna and Flora (CITES). None of the experimental materi
als involved protected or endangered species, and the col
lection and use of mussels and oysters were in line with the 
relevant provisions of the Fishery Law of the People’s Re
public of China. 

INFORMED CONSENT STATEMENT 

All authors and institutions have confirmed this manuscript 
for publication. 

DATA AVAILABILITY STATEMENT 

All are available upon reasonable request. 

Submitted: February 10, 2026 CDT. Accepted: March 15, 2026 
CDT. Published: July 07, 2026 CDT. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-4.0). View this license's legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom

mons.org/licenses/by/4.0/legalcode for more information. 

Study on the 96 h-LC₅₀ of five novel non-oxidizing circulating water treatment agents to Crassostrea gigas and

Israeli Journal of Aquaculture - Bamidgeh 19

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


REFERENCES 

1. Ellison D. Investigation of Pipe Cleaning Methods. 
American Water Works Association; 2003. 

2. Yang H, Xu Z, Xu Z, et al. Mini-review of biofilm 
interactions with surface materials in industrial 
piping system. Membranes. 2023;13(2):125. 
doi:10.3390/membranes13020125 

3. El-khouri RJ, Szamocki R, Sergeeva Y, et al. 
Multifunctional Layer-by-Layer Architectures for 
Biological Applications. In: Functional Polymer Films: 
2 Volume Set. ; 2011:11-71. doi:10.1002/
9783527638482 

4. Horvath A, Rachlew EJA. Nuclear power in the 21st 
century: Challenges and possibilities. Ambio. 
2016;45(Suppl 1):38-49. doi:10.1007/
s13280-015-0732-y 

5. Liu J, Ling L, Hu Q, et al. Effects of operating 
conditions on disinfection by-product formation, 
calculated toxicity, and changes in organic matter 
structures during seawater chlorination. Water 
Research. 2022;220:118631. doi:10.1016/
j.watres.2022.118631 

6. Sauvage J. The stringency of environmental 
regulations and trade in environmental goods. 
Published online 2014. doi:10.1787/5jxrjn7xsnmq-en 

7. Dong Z, Chen Y, Ge H, et al. Response of growth 
and development of the Pacific oyster (Crassostrea 
gigas) to thermal discharge from a nuclear power 
plant. BMC ecology. 2018;18(1):31. doi:10.1186/
s12898-018-0191-y 

8. Sillanpää K. Calcium Transport in the Pacific Oyster, 
Crassostrea gigas. University of Gothenburg; 2019. 

9. Foulon V, Artigaud S, Buscaglia M, et al. 
Proteinaceous secretion of bioadhesive produced 
during crawling and settlement of Crassostrea gigas 
larvae. Scientific Reports. 2018;8(1):15298. 
doi:10.1038/s41598-018-33720-4 

10. Ciji A, Sahu NP, Pal AK, et al. Physiological 
changes in Labeo rohita during nitrite exposure: 
detoxification through dietary vitamin E. Comparative 
Biochemistry and Physiology Part C: Toxicology and 
Pharmacology. 2013;158(2):122-129. doi:10.1016/
j.cbpc.2013.05.009 

11. Bernard D, Braekman JC, Ferrari G, et al. 
Alkylamine derivatives as antifouling agents. 
Published online 2005. 

12. Desta KT, Abd El-Aty AJMR i MC. Triterpenoid 
and Saponin Rich Phytolacca dodecandra L’Herit 
(Endod): A Review on Its Phytochemistry and 
Pharmacological Properties. Mini Reviews in Medicinal 
Chemistry. 2021;21(1):23-34. doi:10.2174/
1389557520666200617110241 

13. Waite JH, Andersen NH, Jewhurst S, et al. Mussel 
adhesion: finding the tricks worth mimicking. The 
journal of adhesion. 2005;81(3-4):297-317. 
doi:10.1080/00218460590944602 

14. Gu Y, Yu L, Mou J, et al. Research strategies to 
develop environmentally friendly marine antifouling 
coatings. Marine Drugs. 2020;18(7):371. doi:10.3390/
md18070371 

15. Canli M, Atli GJE. The relationships between 
heavy metal (Cd, Cr, Cu, Fe, Pb, Zn) levels and the 
size of six Mediterranean fish species. Environmental 
pollution. 2003;121(1):129-136. doi:10.1016/
S0269-7491(02)00194-X 

16. Gosling E, Wilkins NJMEPS. Ecological genetics of 
the mussels Mytilus edulis and M. galloprovincialis on 
Irish coasts. Marine Ecology Progress Series. Published 
online 1981:221-227. doi:10.3354/meps004221 

17. Qin C, Pan Q, Qi Q, et al. In-depth proteomic 
analysis of the byssus from marine mussel Mytilus 
coruscus. Journal of proteomics. 2016;144:87-98. 
doi:10.1016/j.jprot.2016.06.014 

18. Lee H, Dellatore SM, Miller WM, et al. Mussel-
inspired surface chemistry for multifunctional 
coatings. Science. 2007;318(5849):426-430. 
doi:10.1126/science.1147241 

19. Meng LY, Park SJJc. Superhydrophobic carbon-
based materials: a review of synthesis, structure, and 
applications. Carbon letters. 2014;15(2):89-104. 
doi:10.5714/CL.2014.15.2.089 

20. Reda RM, El-Murr A, Abdel-Basset NA, et al. 
Implications of ammonia stress for the pathogenicity 
of Shewanella spp. in Oreochromis niloticus: effects 
on hematological, biochemical, immunological, and 
histopathological parameters. BMC Veterinary 
Research. 2024;20(1):324. doi:10.1186/
s12917-024-04175-9 

21. Zhang Y, Liang X, He S, et al. Effects of long-term 
low-concentration nitrite exposure and detoxification 
on growth performance, antioxidant capacities, and 
immune responses in Chinese perch (Siniperca 
chuatsi). Aquaculture. 2021;533:736123. doi:10.1016/
j.aquaculture.2021.737 

Study on the 96 h-LC₅₀ of five novel non-oxidizing circulating water treatment agents to Crassostrea gigas and

Israeli Journal of Aquaculture - Bamidgeh 20

https://doi.org/10.3390/membranes13020125
https://doi.org/10.1002/9783527638482
https://doi.org/10.1002/9783527638482
https://doi.org/10.1007/s13280-015-0732-y
https://doi.org/10.1007/s13280-015-0732-y
https://doi.org/10.1016/j.watres.2022.118631
https://doi.org/10.1016/j.watres.2022.118631
https://doi.org/10.1787/5jxrjn7xsnmq-en
https://doi.org/10.1186/s12898-018-0191-y
https://doi.org/10.1186/s12898-018-0191-y
https://doi.org/10.1038/s41598-018-33720-4
https://doi.org/10.1016/j.cbpc.2013.05.009
https://doi.org/10.1016/j.cbpc.2013.05.009
https://doi.org/10.2174/1389557520666200617110241
https://doi.org/10.2174/1389557520666200617110241
https://doi.org/10.1080/00218460590944602
https://doi.org/10.3390/md18070371
https://doi.org/10.3390/md18070371
https://doi.org/10.1016/S0269-7491(02)00194-X
https://doi.org/10.1016/S0269-7491(02)00194-X
https://doi.org/10.3354/meps004221
https://doi.org/10.1016/j.jprot.2016.06.014
https://doi.org/10.1126/science.1147241
https://doi.org/10.5714/CL.2014.15.2.089
https://doi.org/10.1186/s12917-024-04175-9
https://doi.org/10.1186/s12917-024-04175-9
https://doi.org/10.1016/j.aquaculture.2021.737
https://doi.org/10.1016/j.aquaculture.2021.737


22. Kir M, Sunar MCJJ. Acute toxicity of ammonia and 
nitrite to sea bream, Sparus aurata (Linnaeus, 1758), 
in relation to salinity. Journal of the World 
Aquaculture Societ. 2018;49(3):516-522. doi:10.1111/
jwas.12448 

23. Molayemraftar T, Peyghan R, Jalali MR, et al. 
Single and combined effects of ammonia and nitrite 
on common carp, Cyprinus carpio: Toxicity, 
hematological parameters, antioxidant defenses, 
acetylcholinesterase, and acid phosphatase activities. 
Aquaculture. 2022;548:737676. doi:10.1016/
j.aquaculture.2021.737676 

24. Shen C, Cao S, Mohsen M, et al. Effects of chronic 
nitrite exposure on hematological parameters, 
oxidative stress and apoptosis in spotted seabass 
(Lateolabrax maculatus) reared at high temperature. 
Aquaculture Reports. 2024;35:102022. doi:10.1016/
j.aqrep.2024.102022 

25. Zhang L, Xiong DM, Li B, et al. Toxicity of 
ammonia and nitrite to yellow catfish (Pelteobagrus 
fulvidraco). Journal of Applied Ichthyology. 
2012;28(1):82-86. doi:10.1111/
j.1439-0426.2011.01720 

Study on the 96 h-LC₅₀ of five novel non-oxidizing circulating water treatment agents to Crassostrea gigas and

Israeli Journal of Aquaculture - Bamidgeh 21

https://doi.org/10.1111/jwas.12448
https://doi.org/10.1111/jwas.12448
https://doi.org/10.1016/j.aquaculture.2021.737676
https://doi.org/10.1016/j.aquaculture.2021.737676
https://doi.org/10.1016/j.aqrep.2024.102022
https://doi.org/10.1016/j.aqrep.2024.102022
https://doi.org/10.1111/j.1439-0426.2011.01720
https://doi.org/10.1111/j.1439-0426.2011.01720

	Study on the 96 h-LC₅₀ of five novel non-oxidizing circulating water treatment agents to Crassostrea gigas and Mytilus edulis
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Materials and Treatments
	2.2. Experimental Methods
	2.2.1. Determination of Median Lethal Concentration
	2.2.2. Determination of Mussel Byssal Thread Secretion Parameters

	2.3. Statistical Analysis

	3. Results
	3.1. Toxic Effects on Eyed Larvae of C. gigas
	3.2. Toxic Effects on Spat of M. edulis
	3.2.1. 96-Hour Median Lethal Concentration (96 h-LC₅₀)

	3.3. Comprehensive Evaluation

	4. Discussion
	4.1. Toxicity Differences of Five Agents to C. gigas Larvae
	4.2. Toxicity and Byssal Secretion Inhibition Effects on M. edulis Spat
	4.3. Comprehensive Evaluation and Engineering Application Prospects

	5. Conclusion
	Acknowledgments
	Authors’ Contribution
	Competing of Interest – COPE
	Ethical Conduct Approval – IACUC
	Informed Consent Statement
	Data Availability Statement

	References


