
Aquaculture Studies, 25(2), 107-117, AQUAST2219 

http://doi.org/10.4194/AQUAST2219 

    Published by Central Fisheries Research Institute (SUMAE) Trabzon, Türkiye. 
 

 
 

 

  
R E S E A R C H   P A P E R 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Determination of Toxic Effects of Copper in Navicula 
cryptocephala var. veneta by Biomarkers and Bioaccumulation 
Quantification  

Osman Serdar2 , Ayşe Nur Aydın1,* , Abdüllatif Ölçülü2 , Işıl Canan Çiçek Çimen3 , 

Tuba Parlak Ak2 , Taner Derman2 , Ayşegül Pala2 , Nuran Cikcikoğlu Yıldırım4  
 
 
1Central Fisheries Research Institute, Trabzon, Türkiye. 
2Munzur University Faculty of Fisheries, Tunceli,  Türkiye. 

3Faculty of Health Sciences, Tunceli,  Türkiye. 

4Munzur University Biology Department, Tunceli,  Türkiye. 

Article History 
Received 22 November 2024 
Accepted 07 February 2025 
First Online 20 Februrary 2025 
 
 

Corresponding Author 
E-mail: aysenuraydin2016@gmail.com 
 
 

Keywords 
Navicula cryptocephala var. veneta, 
Copper,  
Oxidative stress, 
Biomarker 

Abstract 
 

As a result of the increased use of metals such as copper (Cu), copper pollution in the 
environment is also increasing. In order to investigate the effect of copper mixed into the 
water environment and on aquatic biota, the microalga Navicula cryptocephala var. veneta 
was chosen as a model organism. N. cryptocephala var. veneta it was aimed to determine 
the accumulation and elimination amounts and some biomarker responses. Metal 
accumulation amounts in the organisms used in the study. The amount of metal 
accumulated in relation to the wet weight mass of the samples was determined using 
Atomic Absorption Spectophotometry (AAS) mass spectrometry. In the bioassays 
conducted within the scope of the study, lipid peroxidation (TBARS) and reduced 
glutathione (GSH) levels, superoxide dismutase (SOD) enzyme activity, glutathione 
peroxidase (GSH-Px) enzyme activity and catalase (CAT) enzyme activity were determined 
with an ELISA microplate reader at 24, 48, 72, 96 and 120 hours.  
According to the study data, it was observed that Cu metal accumulated in Navicula 
cryptocephala var. veneta and caused oxidative stress in the organism, affecting the 
organism by causing changes in TBARS, GSH levels and antioxidant enzymes SOD, CAT and 
GPx activities. Additionally, it was observed that different elimination levels occurred in the 
application groups. 

Introduction 
 

The limited availability of fresh water resources in 
many parts of the world and the increasing pollution of 
these resources require studies to remove pollutants 
(Aydın et al., 2022). The discharge of heavy metals by 
metal processing industries is known to have adverse 
effects on the environment. Disposal of wastewater 
containing high levels of Cr, Pb, Cu and other heavy 
metals is a growing concern. The toxicity and health 
hazards associated with heavy metals have been 
established beyond any doubt (Volesky, 2001). For 
example, metal pollution can have many biological 
effects on the structure of freshwater planktonic 
communities. In particular, it can change their density 
and diversity and reduce the growth rate of microalgae 

species, with potentially harmful effects on aquatic 
ecosystems (Gagneten and Paggi, 2009; Gutiérrez et al., 
2010; Gagneten et al., 2012). The effects of heavy metals 
on microalgae growth and metal deposition efficiency 
have been extensively studied, but little information is 
available on the relationships between the two 
processes. 

Releasing excess amounts of heavy metals such as 
Cu in wastewater into the environment poses harm to 
organisms. These ions can cause toxic and harmful 
effects for living organisms in water and water 
consumers (Aksu and Holy, 1990). Copper (Cu) is an 
essential trace metal and micronutrient for cellular 
metabolism in living organisms as it is an essential 
component of metabolic enzymes. Fish require copper 
(Cu) as a micronutrient and obtain it from either water 
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or diet. Copper sulfate is an effective algaecide, but is 
toxic to many fish species at or near the concentration 
necessary for algal control (Farhangi et al., 2022). 
However, it may be extremely toxic to intracellular 
mechanisms at concentrations higher than normal 
levels in aquatic animals. With its widespread use, 
copper is an abundant element that occurs as a natural 
mineral. Copper pollution results from the widespread 
use of fungicides, algaecides, molluscides, insecticides, 
and discharge of waste (Pak 2019). 

Microalgae are a group that is highly sensitive to 
heavy metals, and heavy metal ions directly affect many 
physiological and biochemical processes such as 
photosynthesis, respiration, mineral uptake, as well as 
growth of the organism, reflecting the picture of 
metabolism within the cell. Therefore, the growth of 
microalgae is often used as a barometer to study the 
toxicity of heavy metals (El-Naggar and Sheikh 2014; 
Duque et al. 2019). Navicula cryptocephala is a 
widespread, cosmopolitan benthic diatom of medium 
size (20–40 μm in length) that is well described and 
sampled in standard freshwater diatom floras 
(Poulíčková vd., 2010). To evaluate the responses of 
algae to the toxicity of heavy metals, lethal 
concentration EC50 values can be used effectively, 
although they are generally prioritized for statistical 
accuracy (Mohy El-Din et al., 2020). 

In any organism, adverse environmental conditions 
trigger the formation of Reactive Oxygen Species (ROS), 
which severely damages proteins, lipids and nucleic 
acids. ROS affect both free radicals and non-radical 
(molecular) forms. This suggests that ROSs have a dual 
role (Luis 2015). At low doses, ROS serve as important 
signals in cells. It affects the expression of a number of 
genes and signal transduction pathways and therefore 
serves as key regulators in processes such as growth, 
development, response to biotic and environmental 
stimuli, plant metabolism, programmed cell death. On 
the other hand, environmental stress conditions trigger 
excessive production of ROS, which damages the 
detoxification ability of cells and causes oxidative cell 
injuries (Vanderauwera et al., 2009; Gill and Tuteja 
2010). The cell defense mechanism clears excess 
oxidants and eliminates the harmful effects of ROS. This 
includes enzymatic scavengers such as superoxide 
dismutase (SOD), catalase (CAT), glutathione reductase, 
etc. and non-enzymatic antioxidant molecules such as 
GSH, pigment, polysaccharides, polyphenols, proline, 
carotenoids, flavonoids, etc. (Cirulis et al., 2013). 
Whether ROS will harm, protect, or act as a signaling 
factor depends on the balance between their 
production and their scavenging at the appropriate 
place and at the appropriate time (Gratão et al., 2005). 

The aim of this study was to examine the amount 
of accumulation occurring as a result of Cu exposure in 
the microalga N. cryptocephala, the amount of 
elimination occurring at the 120th hour, and the 
oxidative stress response using biomarkers.  
 

Material Method 
 

N. cryptocephala Cultivation and Sample Preparation  
 

Microalgae pure cultures were propagated in the 
laboratory of Munzur University Faculty of Fisheries. 
Pure N. cryptocephala (3.5-4×106 cells/ml) purchased 
from the University of Texas Algal Culture Collection 
(UTEX) was grown in proteose nutrient medium 
(autoclave sterilized) at 24±1°C and 12:12 h light:dark (A 
starter culture was obtained by propagating it in 250 ml 
conical flasks in a growing medium (3200 lux) cycle. In 
this process, the conical flasks were shaken with an 
orbital shaker (Ashraf et al., 2011). The starter culture 
(0th generation) was inoculated by adding commercial 
fertilizer (Gübretaş 20:20:20 (N:P:K)+Trace Element) at a 
rate of 40 mg/L (Ammar, 2016) as a nutrient. N. 
cryptocephala cultures were harvested at the 
logarithmic growth phase (average 1-2×106 cells/ml) 
(Regaldo et al., 2013). 
 
Acute Toxicity of Copper (Cu) Heavy Metal on N. 
cryptocephala 
 

The inhibition occurring in microalgae was 
established based on the counting of living cells. 
Microalgae Inhibition Test was applied for 24, 48 and 72 
hours as recommended in OECD (2011). Sterile glass 
tubes with a volume of 15 ml were used as test media. 
A test setup was created by taking 9 ml of Cu solution at 
different concentrations and 1 ml of microalgae culture, 
making the total volume 10 ml. To detect dead/live 
microalgae cells, 1 ml of microalgae Cu sample taken 
from each test tube at the end of 24, 48 and 72 hours 
was stained with 0.1 ml of trypan blue dye and 
incubated for 10 minutes in a dark environment. At the 
end of the period, the samples were counted under a 
light microscope using a hemocytometer (Neubauer). 
The counts were repeated three times for each sample 
and calculated by obtaining average values (Yoon et al., 
2007; Erdem et al., 2014; Özkaleli and Erdem 2017; 
OECD 2011). 

Compared to the EC50 values of Cu pollutants, 
Group A; Not exposed to any pollutants (control) 
Group B; pollutant 1/8 of the pollutant EC50 value, 
Group C; pollutant at 1/4 of the EC50 value, 
Group D; pollutant is pollutant at 1/2 of the EC50 

value, 
N. cryptocephala was directly exposed to the Cu in 

3 replicates by determining the concentrations. A 1 liter 
sample was taken from the application groups every 24 
hours for 4 days and precipitated by centrifugation. For 
bioaccumulation, ambient water was taken, microalgae 
samples were taken, passed through pure water, 
labeled for pre-treatment and stored at -18ᵒC. After the 
samples taken for biochemical analysis were dried on 
blotting paper, they were placed in eppendorf tubes 
with the help of a spatula, labeled, and stored in a -80ᵒC 
ultra freezer for biochemical analysis. As for the 
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elimination samples, after the 96th hour samples were 
taken, the microalgae in the application medium were 
rapidly precipitated by centrifugation to remove the Cu 
concentration from the medium. After microalgae 
samples were washed with pure water, UV-sterilized 
water was added and they were kept for 24 hours (120th 
hour), and the elimination samples were preserved 
using the same methods (Çiçek Çimen and Serdar, 
2022). 

It was aimed to measure TBARS and GSH levels, 
which are indicators of oxidative stress and antioxidant 
enzymes SOD, CAT and GPx activities. 

 
Biochemical Analysis 

 
In the bioassays conducted within the scope of the 

study, to determine the biochemical responses in the 
samples taken at 24, 48, 72, 96 and 120 hours, 0.5 g of 
sample was weighed and mixed with PBS buffer 
(phosphate-buffered salt solution) (pH 7.4) at a ratio of 
1/10 w/v) was added and homogenized using a 
homogenizer with ice. These homogenized samples 
were centrifuged in a refrigerated centrifuge at 17000 
rpm for 15 minutes, and the resulting supernatants were 
stored in a deep freezer at -86°C until the measurement 
process was completed (Serdar et al., 2024; Aydın and 
Serdar, 2024). With the supernatants obtained, lipid 
peroxidation (TBARS) and reduced glutathione (GSH) 
levels, superoxide dismutase (SOD) enzyme activity, 
glutathione peroxidase (GSH-Px) enzyme activity, 
catalase (CAT) enzyme activity and metallothionein (MT) 
were determined by using ELISA microplate reader.  

 
Cu Metal Deposition Measurement 

 
After N. cryptocephala exposed to Cu in the 

logarithmic growth period at three different sublethal 
concentrations (24, 48, 72, 96 and 120 (elimination) 
hours), a 15 ml portion of each microalgae culture was 
added to 10 per 6000 g for each repetition (Şişman-
Aydın et al., 2013). Algal biomass was filtered using an 
MF-Millipore filter (0.45 micron). The algae were 
washed three times with 10 ml of 0.001 M EDTA 
(Ethylene diamine tetraacetic acid disodium salt 
dihydrate, Sigma Ultra grade, Sigma-Aldrich) solution to 
remove metals adsorbed on the cell walls. After filtering 
the microalgae, the filters were oven dried at 103°C for 
2 h. 

In the digest process; 1 ml pure nitric acid (70% 
HNO3) and 125 µl hydrogen peroxide (H2O2) were added 
to the samples in the tubes with the help of an 
automatic pipette (Esmaeili, 2015). After the amount of 
acid in the teflon tubes was increased to 2 ml and the 
tubes were carefully closed, the samples were burned in 
a microwave oven (180-150°C, 5-15 min) with the 
appropriate protocol. After the dissolution process, the 
samples were allowed to cool, and the teflon tubes were 
washed with ultrapure water and made up to 15 ml. 2 
ml of the samples obtained were transferred to 
eppendorf tubes. Determination of the amount of metal 
bioaccumulation on the surface of algal cells; it was 
calculated by subtracting the intracellular metal 
concentration from the total metal concentration. 

Accumulation amounts in the organisms used in 
the study was determined by measuring the amount of 
accumulated metal in relation to the wet weight of the 
samples. Metal concentration analysis was performed 
using AAS mass spectrometry through service. The 
confirmability of AAS was achieved with its standard 
curve. 
 
Statistical Analysis 

 
Cu heavy metal was found in N. cryptocephala var. 

veneta acute toxicity on (Table 1) was calculated by 
probit analysis. In this study, SPSS 24.0 package program 
One-Way Anova (Duncan 0.05) was used to evaluate the 
data of biomarker parameters. 
 

Results 
 

EC50 Values 
 

ED50 (Effective Dose 50) refers to the dose of a drug 
or substance that produces the desired effect in 50% of 
a population or sample under a specific set of 
experimental conditions or in a group of test subjects. 
EC50 values on N. cryptocephala exposed to the active 
ingredient Cu are given in Table 1. 
 
Cu Heavy Metal Bioaccumulation in N. cryptocephala 
 

Cu accumulation amounts occurring in N. 
cryptocephala due to the effect of Cu heavy metal are 
given in Figure 1. 
 

Table 1. EC50 values of Cu heavy metal on N. cryptocephala calculated by probit analysis 

 EC50 mg/l 

Recurrence 1 2,76 
Recurrence 2 2,03 
Recurrence 3 1,17 

Average value 1,99 

Standard deviation 0,80 
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Determination of TBARS Levels of Cu Heavy Metal on 
N. cryptocephala 
 

To determine the TBARS level values of Cu heavy 
metal on N. cryptocephala microalgae, the TBARS level 
was measured by taking samples every 24 hours from 
three different concentration groups created in 
proportion to the EC50 value and one control group 
(Figure 2). TBARS level increased compared to the 
control, but only a statistically significant difference was 
found between the Cu heavy metal exposed group 

samples and the control group samples at the 96th hour 
(p<0.05). In the elimination group, decreases in TBARS 
levels were observed. 
 
The Effect of Cu on GSH Levels in N. cryptocephala  
 

The effect of Cu on GSH level in N. cryptocephala 
microalgae was measured (Figure 3). A statistically 
significant difference was found between the some 
application groups and the control group (p<0.05).  
 

 
Figure 1. Cu heavy metal bioaccumulation amounts in N. cryptocephala (mg/g). 

 

 
Figure 2. TBARS level values of Cu heavy metal on N. Cryptocephala. 
Different letters on the column within the same time shows differences 

 

 
Figure 4. SOD enzyme activity values of Cu heavy metal on N.cryptocephala. There are differences at the p<0.05 level between 
the data shown with different letters on the column within the same time group. Different letters on the column within the 
same application time shows diffferences. 
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Effect of Cu on SOD Enzyme Activity in N. 
cryptocephala  
 

The effect of Cu on SOD enzyme activity in N. 
cryptocephala microalgae was measured (Figure 4). A 
statistically significant difference was found in SOD 
enzyme activity between the application groups and the 
control groups at the 24th and 48th hour (p<0.05). Data 
similar to the control group were obtained in the 
elimination groups. 

 
Effect of Cu on CAT Enzyme Activity in N. cryptocephala 
 

The effect of Cu on CAT enzyme activity in N. 
cryptocephala microalgae was measured (Figure 5). 

Changes in CAT enzyme activity the exposure and 
control groups were not found to be statistically 
significant (p>0.05). 

 
Effect of Cu Heavy Metal on GPx Enzyme Activity of N. 
cryptocephala 

 
The effects of Cu on GPx enzyme activity in N. 

cryptocephala microalgae was measured (Figure 6). The 
increases in GPx enzyme activity in all exposure and 
control group were found to be statistically significant 
(p<0.05). It was determined that there were decreases 
in the elimination group compared to other application 
groups. 
 

 
Figure 4. SOD enzyme activity values of Cu heavy metal on N.cryptocephala. There are differences at the p<0.05 level between 
the data shown with different letters on the column within the same time group. Different letters on the column within the same 
application time shows diffferences 

 

 
Figure 5. CAT enzyme activity values of Cu heavy metal on N. Cryptocephala. There are differences at the p<0.05 level between 
the data shown with different letters on the column within the same time group. 
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Discussion 
 

Interactions between metals such as copper and 
water chemistry can affect metal bioavailability, which 
is an index of the rate and extent to which the metal 
reaches the toxic effect zone and can vary up to 100-fold 
across a range of water chemistries in surface waters 
(Nikjoo et al., 2023). Smaller cells have relatively larger 
surface area and more sites for binding metals than 
larger cells, so the amount of Cu accumulation in small 
cells is generally greater than that in larger cells 
(Khoshmanesh et al., 1997). There are some studies in 
the literature that examine the accumulation and effects 
of pollutants such as Cu on microalgae. The study 
conducted by Yan and Pan 2002, examined the effect 
and accumulation of Cu on the growth of Scenedesmus 
obliquus, Chlorella pyrenoidosa and Closterium lunula, 
and observed that Cu accumulated in algal species. 
Debelius et al., (2009), examined the accumulation 
amounts and effects of Cu and lead on 5 marine 
microalgae. Rugnini et al., (2017), investigated the 
effects of Cu and nickel (Ni) on two green microalgae 
species, Chlorella vulgaris and Desmodesmus sp., and 
stated that microalgae growth decreased with 
increasing metal concentrations and metal 
accumulation occurred. Vojvodić et al., (2020), 
examined the reactions of Chlorella sorokiniana to Cu 
and observed that changes in lipid structures and 
polyphosphate accumulation occurred. Huang et al., 
(2021) examined the combined pollution of Arsenic (As) 
and copper (Cu) in Cyanophyta and Chlorophyta and it 
was stated that the absorption and accumulation 
affected by algae. Li et al., (2021) in their research, 
examined the effect of sulfonamide (SA) and Cu on C. 
vulgaris and stated that C. Vulgaris’s growth was 
inhibited by SAs and Cu. Sun et al., (2020), in their 
research they examined the effects and accumulation 
amounts of Cu, cadmium (Cd) and zinc (Zn) on 

Scenedesmus obliquus. Aydın and Serdar, (2024) 
examined probiotic protection against Cu accumulation 
in their study and stated that probiotics helped to 
reduce the Cu accumulati in D. polymorpha It was 
observed that the amount of elimination occurring at 
the 120th hour (After 96 hours, the water was exposed 
to a habitat compatible with the environment that was 
not exposed to the pollutant for 24 hours) in N. 
cryptocephala due to the Cu effect was reduced 
compared to the control. Environmental levels of copper 
(Cu) and other heavy metals are increasing due to 
human activities. Cu is a trace element vital for the 
development of photosynthetic species. High levels are 
phytotoxic to cells, can significantly inhibit growth and 
also lead to cell death (Yan and Pan, 2002; Sabatini et al., 
2009). Cu stress reduces the growth rate and pigment 
content in microalgae (Sáeza et al., 2015; Machado and 
Soares, 2016), while increasing the ROS produced 
through the interference of Cu ions in the Fenton 
reaction (Okamoto et al., 2001). Increased levels of ROS 
can rapidly attack nucleic acids, proteins, and lipids, 
leading to permanent metabolic dysfunction and cell 
death (Gill and Tuteja, 2010; Pandey et al., 2015). 

Malondialdehit (MDA) is the product of lipid 
peroxidation, and its content can explain oxidation and 
lipid damage under stress (Qian et al., 2012). The 
increase in free radicals causes excessive production of 
MDA (Aydın et al., 2023). It is thought that the increases 
in TBARS levels as a result of the effects of Cu heavy 
metal on N. cryptocephala indicate that free radicals 
increase in cells under stress and this is why the 
increases in TBARS levels occur. There are studies in the 
literature supporting increases in TBARS levels, and our 
results are supported by the literature.. Danouche et al. 
2020, in their study, Cu, Cr, Pb and Cd metals were 
detected in C. vulgaris, C. ellipsoidea, C. sorokiniana, C. 
pyrenoidosa, Scenedesmus dimorphus, S. obliquus, 
Chlamydomonas reinhardtii and Aphanothece sp. they 

 
Figure 6. GPx enzyme activity values of Cu heavy metal on N. cryptocephala. There are differences at the p<0.05 level between 
the data shown with different letters on the column within the same time group. 
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examined the changes in the species and observed 
increases in MDA levels. Gao et al. (2022), in their study, 
they examined the effect of Cu and two types of 
polystyrene nanoplastics on Platymonas helgolandica 
and stated that the MDA content was not significantly 
different from that of the control. Li vd., (2020) in their 
study, examined the effects of 17β-estradiol (E2) and 
Cu(II) on the growth and oxidative responses of S. 
dimorphus and stated that MDA content was 
significantly stimulated as a result. High MDA levels 
were also observed in the marine microalgae Isochrysis 
galbana when exposed to Oxytetracycline and Cu (Wu 
and He ., 2019). Wang et al., (2021) examined the effects 
of microplastic, Cu and Cd on C. vulgaris and stated that 
single and combination pollutants caused cell damage in 
microalgae with an increase in the MDA content. Lu et 
al., (2021) stated that increases in MDA levels occurred 
in C. vulgaris due to the effect of Cr. Mao et al., (2021) 
stated that azithromycin decreased the MDA content in 
the Chlorella pyrenoidosa species. Jin et al., (2020) 
stated that there were increases in MDA levels in I.s 
galbana due to the effect of Cr. Fang et al., (2022) 
examined the effects of carbon nanotubes and copper 
oxide nanoparticles (CuO NPs) on Tetradesmus obliquus 
and noted increases in MDA levels. Xu et al., (2024) 
examined the toxicity of lithium (Li) on Chromochloris 
zofingiensis and stated that Li caused decreases in MDA 
content. Serdar et al., (2024) examined the effect of two 
different forms of aluminum oxide (γ-Al2O3 and α-Al2O3) 
on Gammarus pulex and stated that there were 
increases in TBARS levels. Hamed et al., (2024) examined 
the effects of mercury oxide on Scenedesmus obliquus 
and Nostoc muscorum species and observed that the 
MDA level increased in N. Muscorum and S. obliquus. 
Zhang et al., (2024) stated in their research that there 
were increases in MDA levels in Chromochloris 
zofingiensis due to the effect of cadmium. Cimen et al., 
(2020) stated that Cu caused increases and decreases in 
TBARS levels of Artemia salina. Wang et al., (2020) 
observed that there were increases in the levels of Cu 
and Zn in Oreochromis niloticus and MDA. It was 
observed that there was no significant change in the 
elimination amounts occurring at the 120th hour due to 
the Cu effect in N. cryptocephala compared to the 
control. 

GSH is the most abundant low molecular weight 
thiol-containing compound in living cells. Since its 
reduced form (GSH) is a reducing agent for 
hydroperoxides and free radicals, the defense systems it 
secretes protect cells against oxidative damage (El-
Rashidy et al., 1984; Ergüven et al., 2022). Wang et al., 
(2020) observed that there were decreases in GSH levels 
in C. vulgaris as a result of CuO exposure. Gao et al., 
(2022) examined the effects of Cu and two types of 
polystyrene nanoplastics on Platymonas helgolandica 
and stated that there were increases in GSH levels. Mao 
et al. (2021) stated that azithromycin increased GSH 
content in C. pyrenoidosa. Xu et al., (2024) examined the 
toxicity of Li on C. zofingiensis and stated that Li caused 

increases in GSH content. Serdar et al. (2024), examined 
the effects of γ-Al2O3 and α-Al2O3 in G. pulex and stated 
that there were decreases in GSH levels. Hamed et al., 
(2024) investigated the effects of mercury oxide on S. 
obliquus and N. muscorum species and they observed 
that the GSH level increased in N. muscorum and S. 
obliquus. Zhang et al., (2024) stated that there were 
increases in GSH levels in C. zofingiensis due to the effect 
of cadmium. Cimen et al., (2020) stated that Cu caused 
concentration-dependent increases in the GSH levels of 
A. salina. It has been observed that there are increases 
in the GSH levels of Cu heavy metal on N. cryptocephala 
compared to the control, and these increases are 
thought to depend on the concentration and exposure 
time. Moreover, the results are in line with the studies 
in the literature. It was observed that the elimination 
amounts occurring at the 120th hour in N. cryptocephala 
due to the effect of Cu reached values close to control. 

SOD is one of the most important antioxidant 
enzymes, ubiquitously present in all subcellular 
compartments of aerobic organisms prone to ROS-
mediated oxidative stress (Gill and Tuteja, 2010). It 
provides the first line of defense against the toxic effects 
of ROS by catalyzing the neutralization of 2 superoxide 
radicals by the addition of 2 hydrogen ions to generate 
H2O2 and O2 at a very rapid rate (Gonçalves et al., 2007). 
When N. cryptocephala cells are exposed to low 
concentrations of Cu, they can increase the activity of 
antioxidant enzymes to remove excess free radicals, 
thus preventing or reducing oxidative damage. For this 
reason, it is thought that SOD and CAT activities increase 
in N. cryptocephala. The study results are seen to be 
compatible with literature studies. Hamed et al., (2017) 
observed in their study that C. sorokiniana and S. 
acuminatus increased SOD activities with the effect of 
Cu. Danouche et al., (2020), investigated the effects of 
Cu, Cr, Pb and Cd metals on C. vulgaris, C. ellipsoidea, C. 
sorokiniana, C. pyrenoidosa, S. dimorphus, S. obliquus, C. 
reinhardtii and Aphanothece sp. They examined the 
changes in their species and observed increases in SOD 
activities. Gao et al,. (2022) examined the effects of Cu 
and two types of polystyrene nanoplastics on 
Platymonas helgolandica and stated that there were 
increases in SOD activities. Gallo et al., (2020) examined 
the effects of Cu+2 on D. salina and S. elongatus species 
and stated that there were increases in SOD activities. Li 
et al., (2020) examined the effect of E2 and Cu(II) on the 
growth and oxidative responses of S. dimorphus and 
stated that there was little significant difference in SOD 
activity. Wang et al., (2021) examined the effects of 
microplastic, Cu and Cd on C. vulgaris and stated that 
single and combination pollutants caused cell damage in 
microalgae with an increase in SOD activity. Lu et al., 
(2021) stated that increases in SOD activities occurred in 
C. vulgaris due to the effect of Cr. Mao et al., (2021) 
stated that azithromycin increased SOD activity in the C. 
pyrenoidosa species. Jin et al., (2020) stated that there 
were increases in the activities of I. galbana due to the 
effect of Cr. Fang et al., (2022) examined the effects of 
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MWCNTs and CuO NPs on T. obliquus and stated that 
there were increases in SOD activities. Xu et al., (2024) 
examined the toxicity of Li on C. zofingiensis and stated 
that Li caused increases in SOD activity. Serdar et al., 
(2024) examined the effects of γ-Al2O3 and α-Al2O3 in G. 
pulex and stated that there were increases in SOD 
activities.There were increases in SOD activities in C. 
zofingiensis due to the effect of Cd Zhang et al., (2024). 
It was observed that the elimination amounts occurring 
at the 120th hour in N. cryptocephala due to the Cu effect 
increased compared to the control 

CATs are tetrameric heme-containing enzymes 
with the potential to convert HO directly to HO and O2 
and are indispensable for ROS detoxification during 
stressful conditions (Romero‐Puertas et al., 2006). CAT 
is important in the removal of H2O2 produced in 
peroxisomes by oxidases involved in b-oxidation of fatty 
acids, photorespiration, and purine catabolism. 
Danouche et al., (2020) investigated the effects of Cu, 
Cr, Pb and Cd metals on C. vulgaris, C. ellipsoidea, 
C. sorokiniana, C. pyrenoidosa, S. dimorphus, S. obliquus, 
C. reinhardtii and Aphanothece sp. They examined the 
changes it caused in its species and observed increases 
in CAT activities. Ameri et al., (2020) characterized the 
antioxidant response of aluminum (Al) of Scenedesmus 
sp. and stated that there was a gradual loss in CAT 
activities. Gallo et al., (2020) examined the effects of 
Cu+2 on D. salina and S.s elongatus species and stated 
that there were increases in CAT activities. Li et al., 
(2020) examined the effects of E2 and Cu(II) on the 
growth and oxidative responses of S. dimorphus and 
stated that there were significant increases in CAT 
activity as a result. León-Vaz et al., (2021) examined the 
effects of Cu2+, Cd2+, As (III) and As (V) in the 
C. sorokiniana species and stated that there were 
increases in CAT activity. Lu et al., (2021) stated that 
increases in CAT activities occurred in C. vulgaris due to 
the effect of Cr. Xu et al., (2024) examined the toxicity 
of Li on C. zofingiensis and stated that Li caused 
increases in CAT activity. Serdar et al., (2024) examined 
the effects of γ-Al2O3 and α-Al2O3 in G. pulex and stated 
that there were increases in CAT activities. Zhang et al., 
(2024) stated that there were increases in CAT activities 
in C. zofingiensis due to the effect of Cd. It was observed 
that the elimination amounts occurring at the 120th 
hour in N. cryptocephala due to the effect of Cu reached 
values close to control. The increases in CAT activities in 
existing studies in the literature and the study data 
support each other. 

Inhibition of GPx activity may reflect the failure of 
the antioxidant system in contact with pollutants 
(Ballesteros et al., 2009; Aydin and Serdar, 2024) or may 
be related to the direct effect of superoxide radicals or 
the pollutant on enzyme synthesis (Bainy et al., 1993). 
Many studies in the literature report that GPx activity is 
triggered by pollutants. Aydın and Serdar, (2024) 
observed that Terbium (Tb) caused decreases in GPx 
activities in Pontastacus leptodactylus. Serdar et al., 
(2021) stated that there were decreases in GPx activities 

due to the effect of cadmium (Cd) on G. pulex. Hamed et 
al., (2024) examined the effects of mercury oxide on S. 
obliquus and N. muscorum species, and they observed 
increases in GPx activities in both species. Wang et al., 
(2020) observed that there were decreases in the GPx 
activities of Cu and Zn in Oreochromis niloticus. 
Raeeszadeh et al., (2023) examined the effects of Pb, As, 
Hg and Zn on trout, carp and shrimp and stated that GPx 
was highest in shrimp and lowest in carp. Zaidi et al., 
(2023) study examined the effects of polyethylene 
microplastics (MPs; <0.02 mm) and CuSO4, alone and in 
combination, on the freshwater crayfish P. leptodactylus 
and observed that they caused increases in GPx 
activities in both application cases. Santos et al., (2021) 
stated that the combined effect of microplastic and Cu 
caused changes in GPx activities in Danio rerio. The 
increases in GPx activity due to the effect of Cu heavy 
metal on N. cryptocephala are thought to be related to 
concentration and application time, and it is thought 
that the cell increases GPx activity to defend itself. The 
increases in GPx activities in existing studies in the 
literature and the study data support each other. It was 
observed that there were variable values in the 
elimination amounts occurring at the 120th hour due to 
the Cu effect in N. cryptocephala. 
 

Conclusion 
 

With the rapid development of industry, the use of 
metals such as Cu is increasing. In parallel with the 
increasing use, the diffusion of Cu into the environment 
is also increasing. The water environment, which is one 
of the primary systems that make up the environment, 
is the final stop for metals such as Cu and other 
pollutants. 

Research aimed at a more comprehensive 
understanding of the relationships that occur between 
living organisms and their environment (in this case, 
water) in any case provides important information 
about the functioning of the aquatic ecosystem and its 
ability or failure to cope with stress. According to the 
data obtained from this study, the presence of Cu in the 
environment caused Cu accumulation and oxidative 
stress in N. cryptocephala cells; TBARS caused changes 
in GSH levels and SOD, CAT, GPx activities. 

Considering the fact that algae constitute the 
lowest level of the food chain, it can be concluded that 
this situation may also affect the creatures at the upper 
level of the food chain.  
 

Ethical Statement 
 

All authors declare that there is no ethical violation 
in this manuscript. Also, this manuscript does not 
contain data belonging to others. The authors declare 
that they have no conflict of interest. The authors alone 
are responsible for the content and authoring of the 
present paper.  

 



115 

Aquaculture Studies, 25(2), 107-117 AQUAST2219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Funding Information 
 

This study was supported by TUBITAK with project 
number 119Y592. 
 

Author Contribution 
 

All authors involved in the manuscript contributed 
to the article. There is no conflict of interest between 
the authors. 
 

Conflict of Interest 
 

Not applicable.  
 

References 
 
Ameri, M., Baron-Sola, A., Khavari-Nejad, R. A., Soltani, N., 

Najafi, F., Bagheri, A., Hernández, L. E. 2020. Aluminium 
triggers oxidative stress and antioxidant response in the 
microalgae Scenedesmus sp. Journal of plant physiology, 
246, 153114. 

Aydın, A. N. Aydın, R., & Serdar, O. 2022. Determination of 
Letal Concentrations (LC50) of Cyfluthrın, Dimethoate 
Insecticides on Gammarus pulex (L., 1758). Acta 
Aquatica Turcica, 18(3), 384-392. 

Aydın, R., Aydın, A.N., ve Serdar O., 2023. Sucul Ortamlarda 
Kullanılan Biyoindikatör, Biyobelirteç, Serbest Radikal ve 
Antioksidanlar. Tarım, Orman Ve Su Bilimlerinde Güncel 
Yaklaşımlar. 19(343). 

Aydın, A. N. And Serdar, O., 2024. Effect of Probiotic on Copper 
Nanoparticle Accumulation in Dreissena polymorpha. 
Journal of Limnology and Freshwater Fisheries Research 

Aydın, A. N., & Serdar, O. Terbiyumun Pontastacus 
leptodactylus’ ta ki Oksidatif Stres ve Antioksidan 
Yanıtlarının Belirlenmesi. Acta Aquatica Turcica, 20(1), 
23-32. 

Bainy, A.C.D., Arisi, A.C.M., Azzalis, L.A., Simizu, K., Barros, 
S.B.M., Videla, L.A., & Junqueira, V.B.C. 1993. Differential 
effects of short-term lindane administration on 
parameters related to oxidative stress in rat liver and 
erythrocytes. Journal of Biochemical Toxicology, 8(4), 
187-194.  

Ballesteros, M.L., Wunderlin, D.A., & Bistoni, M.A. 2009. 
Oxidative stress responses in different organs of Jenynsia 
multidentata exposed to endosulfan. Ecotoxicology and 
Environmental Safety, 72(1), 199-205. 

Cimen, I. C. C., Danabas, D., & Ates, M. 2020. Comparative 
effects of Cu (60–80 nm) and CuO (40 nm) nanoparticles 
in Artemia salina: Accumulation, elimination and 
oxidative stress. Science of the Total Environment, 717, 
137230. 

Çiçek Çimen, I. C., & Serdar, O. 2022. Effect Of Metallothıoneın 
Levels In Gammarus Pulex Exposed To Copper And 
Copperoxıde Nanopartıcles. Ecological Life Sciences, 
17(2), 59-67.  
https://doi.org/10.12739/NWSA.2022.17.2.5A0166 

Cirulis, J. T., Scott, J. A., & Ross, G. M. 2013. Management of 
oxidative stress by microalgae. Canadian journal of 
physiology and pharmacology, 91(1), 15-21. 

Danouche, M., El Ghachtouli, N., El Baouchi, A., & El Arroussi, 
H. 2020. Heavy metals phycoremediation using tolerant 
green microalgae: Enzymatic and non-enzymatic 

antioxidant systems for the management of oxidative 
stress. Journal of Environmental Chemical Engineering, 
8(5), 104460. 

Debelius, B., Forja, J. M., DelValls, Á., & Lubián, L. M. 2009. 
Toxicity and bioaccumulation of copper and lead in five 
marine microalgae. Ecotoxicology and environmental 
safety, 72(5), 1503-1513. 

Duque, D., Montoya, C., & Botero, L. R. 2019. Cadmium (Cd) 
tolerance evaluation of three strains of microalgae of the 
genus Ankistrodesmus, C. hlorella and Scenedesmus. 
Revista Facultad de Ingeniería Universidad de Antioquia, 
(92), 88-95. 

El-Naggar, A. H., & Sheikh, H. M. 2014. Response of the green 
microalga Chlorella vulgaris to the oxidative stress 
caused by some heavy metals. Life Sci J, 11(10), 1349-
1357. 

El-Rashidy, F. H., Al-Turk, W. A., & Stohs, S. J. 1984. 
Glutathione, glutathione reductase and glutathione S-
transferase activities in erythrocytes and lymphocytes in 
chronic renal disease. Research communications in 
chemical pathology and pharmacology, 44(3), 423-430. 

Ergüven, Ö. G., Serdar, O., Tanyol, M., Çıkıkoğlu Yıldırım, N., 
Yıldırım, N. ve Durmuş, B. 2022. Metomil ile Kirlenmiş 
Toprak Ortamı için Sphingomonas melonis'in Biyolojik 
İyileştirme Kapasitesi: Dreissena polymorpha ile RSM 
Optimizasyonu ve Biyokimyasal Değerlendirme. 
KimyaSeçin, 7 (27), e202202105. 

Fang, R., Gong, J., Cao, W., Chen, Z., Huang, D., Ye, J., & Cai, Z. 
2022. The combined toxicity and mechanism of multi-
walled carbon nanotubes and nano copper oxide toward 
freshwater algae: Tetradesmus obliquus. Journal of 
Environmental Sciences, 112, 376-387. 

Farhangi, M., Adineh, H., & Harsij, M. 2022. Protective, 
immunologic, and histopathologic effects of garlic 
extract (Allium sativum) on rainbow trout (Oncorhynchus 
mykiss) exposed to acute toxicity with copper 
(Cu2+). Iranian Journal of Veterinary Science and 
Technology, 14(4), 26-36.  
https://doi.org/10.22067/ijvst.2022.74373.1105 

Hamed, S. M., Selim, S., Klöck, G., & AbdElgawad, H. 2017. 
Sensitivity of two green microalgae to copper stress: 
growth, oxidative and antioxidants analyses. 
Ecotoxicology and environmental safety, 144, 19-25. 

Hamed, S. M., Ali, H. S., Mohamed, M. Y. A., Alammari, B. S., & 
AbdElgawad, H. 2024. Toxicity of mercuric oxide 
nanoparticles on freshwater microalgae: Comprehensive 
analysis on their interactive effects and detoxification 
pathways. Journal of Water Process Engineering, 57, 
104583. 

Huang, Z., Chen, B., Zhang, J., Yang, C., Wang, J., Song, F., & Li, 
S. 2021. Absorption and speciation of arsenic by 
microalgae under arsenic-copper Co-exposure. 
Ecotoxicology and Environmental Safety, 213, 112024. 

Gallo, M., Morse, D., Hollnagel, H. C., & Barros, M. P. 2020. 
Oxidative stress and toxicology of Cu2+ based on surface 
areas in mixed cultures of green alga and cyanobacteria: 
the pivotal role of H2O2. Aquatic Toxicology, 222, 
105450. 

Gao, Z. Y., Wang, S. C., Zhang, Y. X., & Liu, F. F. 2022. Single and 
combined toxicity of polystyrene nanoplastics and 
copper on Platymonas helgolandica var. tsingtaoensis: 
Perspectives from growth inhibition, chlorophyll content 
and oxidative stress. Science of The Total Environment, 
829, 154571. 

Gill, S. S., & Tuteja, N. 2010. Reactive oxygen species and 



116 

Aquaculture Studies, 25(2), 107-117 AQUAST2219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

antioxidant machinery in abiotic stress tolerance in crop 
plants. Plant physiology and biochemistry, 48(12), 909-
930. 

Gratão, P. L., Polle, A., Lea, P. J., & Azevedo, R. A. 2005. Making 
the life of heavy metal-stressed plants a little 
easier. Functional plant biology, 32(6), 481-494. 

Gonçalves, J. F., Becker, A. G., Cargnelutti, D., Tabaldi, L. A., 
Pereira, L. B., Battisti, V., ... & Schetinger, M. R. 2007. 
Cadmium toxicity causes oxidative stress and induces 
response of the antioxidant system in cucumber 
seedlings. Brazilian Journal of Plant Physiology, 19, 223-
232. 

Jin, M., Xiao, X., Qin, L., Geng, W., Gao, Y., Li, L., & Xue, J. 2020. 
Physiological and morphological responses and 
tolerance mechanisms of Isochrysis galbana to Cr (VI) 
stress. Bioresource technology, 302, 122860. 

Khoshmanesh, A., Lawson, F., & Prince, I. G. 1997. Cell surface 
area as a major parameter in the uptake of cadmium by 
unicellular green microalgae. The Chemical Engineering 
Journal and the Biochemical Engineering Journal, 65(1), 
13-19. 

León-Vaz, A., León, R., Giráldez, I., Vega, J. M., & Vigara, J. 
2021. Impact of heavy metals in the microalga Chlorella 
sorokiniana and assessment of its potential use in 
cadmium bioremediation. Aquatic Toxicology, 239, 
105941. 

Li, S., Chu, R., Hu, D., Yin, Z., Mo, F., Hu, T., & Zhu, L. 2020. 
Combined effects of 17β-estradiol and copper on 
growth, biochemical characteristics and pollutant 
removals of freshwater microalgae Scenedesmus 
dimorphus. Science of the Total Environment, 730, 
138597. 

Li, S., Yu, Y., Gao, X., Yin, Z., Bao, J., Li, Z., & Zhu, L. 2021. 
Evaluation of growth and biochemical responses of 
freshwater microalgae Chlorella vulgaris due to 
exposure and uptake of sulfonamides and 
copper. Bioresource Technology, 342, 126064. 

Lu, M. M., Gao, F., Li, C., & Yang, H. L. 2021. Response of 
microalgae Chlorella vulgaris to Cr stress and continuous 
Cr removal in a membrane photobioreactor. 
Chemosphere, 262, 128422. 

Luis A. Del Río, "ROS and RNS in plant physiology: an 
overview." Journal of Experimental Botany 66, no. 10 
(2015): 2827-2837. 

Machado, M. D., & Soares, E. V. 2016. Short‐and Long‐Term 
Exposure to Heavy Metals Induced Oxidative Stress 
Response in Pseudokirchneriella subcapitata. Clean–Soil, 
Air, Water, 44(11), 1578-1583. 

Mao, Y., Yu, Y., Ma, Z., Li, H., Yu, W., Cao, L., & He, Q. 2021. 
Azithromycin induces dual effects on microalgae: Roles 
of photosynthetic damage and oxidative stress. 
Ecotoxicology and Environmental Safety, 222, 112496. 

Mohy El-Din, S. M., & Abdel-Kareem, M. S. 2020. Effects of 
copper and cadmium on the protein profile and DNA 
pattern of marine microalgae Chlorella salina and 
Nannochloropsis salina. Environmental processes, 7, 
189-205. 

Nikjoo, M., Farhangi, M., Patimar, R., Adineh, H., & Alizadeh, 
M. 2023. The protective effect of vitamin C on growth, 
digestive enzymes, immune response, and gill histology 
in Caspian roach (Rutilus rutilus caspicus) under diazinon 
stress. Aquaculture Reports, 32, 101698.  
https://doi.org/10.1016/j.aqrep.2023.101698 

Okamoto, O. K., Pinto, E., Latorre, L. R., Bechara, E. J. H., & 
Colepicolo, P. 2001. Antioxidant modulation in response 

to metal-induced oxidative stress in algal chloroplasts. 
Archives of Environmental Contamination and 
Toxicology, 40, 18-24. 

Qian, H., Li, J., Pan, X., Sun, Z., Ye, C., Jin, G., & Fu, Z. 2012. 
Effects of streptomycin on growth of algae Chlorella 
vulgaris and Microcystis aeruginosa. Environmental 
Toxicology, 27(4), 229-237. 

Pandey, R., Zinta, G., AbdElgawad, H., Ahmad, A., Jain, V., & 
Janssens, I. A. 2015. Physiological and molecular 
alterations in plants exposed to high [CO2] under 
phosphorus stress. Biotechnology Advances, 33(3-4), 
303-316. 

Poulíčková, A., Veselá, J., Neustupa, J., & Škaloud, P. 2010. 
Pseudocryptic diversity versus cosmopolitanism in 
diatoms: a case study on Navicula cryptocephala 
Kütz.(Bacillariophyceae) and morphologically similar 
taxa. Protist, 161(3), 353-369. 

Raeeszadeh, M., Khoei, A. J., Parhizkar, S., Rad, F. T., & Salimi, 
B. 2023. Assessment of some heavy metals and their 
relationship with oxidative stress and immunological 
parameters in aquatic animal species. Biological Trace 
Element Research, 201(9), 4547-4557. 

Romero‐Puertas, M. C., Corpas, F. J., Sandalio, L. M., Leterrier, 
M., Rodríguez‐Serrano, M., Del Río, L. A., & Palma, J. M. 
2006. Glutathione reductase from pea leaves: response 
to abiotic stress and characterization of the peroxisomal 
isozyme. New phytologist, 170(1), 43-52. 

Rugnini, L., Costa, G., Congestri, R., & Bruno, L. 2017. Testing 
of two different strains of green microalgae for Cu and 
Ni removal from aqueous media. Science of The Total 
Environment, 601, 959-967. 

Sabatini, S. E., Juarez, A. B., Eppis, M. R., Bianchi, L., Luquet, C. 
M., & de Molina, M. D. C. R. 2009. Oxidative stress and 
antioxidant defenses in two green microalgae exposed 
to copper. Ecotoxicology and environmental safety, 
72(4), 1200-1206. 

Sáez, C. A., Roncarati, F., Moenne, A., Moody, A. J., & Brown, 
M. T. 2015. Copper-induced intra-specific oxidative 
damage and antioxidant responses in strains of the 
brown alga Ectocarpus siliculosus with different 
pollution histories. Aquatic Toxicology, 159, 81-89. 

Santos, D., Felix, L., Luzio, A., Parra, S., Bellas, J., & Monteiro, 
S. M. 2021. Single and combined acute and subchronic 
toxic effects of microplastics and copper in zebrafish 
(Danio rerio) early life stages. Chemosphere, 277, 
130262. 

Serdar, O., Aydın, R., & Çalta, M. 2021. Farklı Sıcaklık ve Farklı 
Konsantrasyonlarda Kadmiyuma Maruz Bırakılan 
Gammarus pulex'te Bazı Biyokimyasal Parametrelerin 
Değişikliklerinin Belirlenmesi. 

Serdar, O., Aydin, A. N., & Çimen, I. C. Ç. 2024. Determination 
of oxidative stress responses caused by aluminum oxide 
(γ-Al2O3 and α-Al2O3) nanoparticles in Gammarus 
pulex. Chemosphere, 352, 141193. 

Sun, C., Li, W., Xu, Y., Hu, N., Ma, J., Cao, W., & Huang, Q. 2020. 
Effects of carbon nanotubes on the toxicities of copper, 
cadmium and zinc toward the freshwater microalgae 
Scenedesmus obliquus. Aquatic Toxicology, 224, 105504. 

Vanderauwera S, Hoeberichts FA, Van Breusegem F. 2009. 
Hydrogen peroxide-responsive genes in stress 
acclimation and cell death. In: Reactive Oxygen Species 
in Plant Signaling. Springer Berlin Heidelberg, pp 149–
164. https://doi.org/10.1007/978-3-642-00390-5_9 

Vojvodić, S., Stanić, M., Zechmann, B., Dučić, T., Žižić, M., 
Dimitrijević, M., & Spasojević, I. 2020. Mechanisms of 



117 

Aquaculture Studies, 25(2), 107-117 AQUAST2219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

detoxification of high copper concentrations by the 
microalga Chlorella sorokiniana. Biochemical Journal, 
477(19), 3729-3741. 

Yan, H., & Pan, G. 2002. Toxicity and bioaccumulation of 
copper in three green microalgal species. Chemosphere, 
49(5), 471-476. 

Zeidi, A., Sayadi, M. H., Rezaei, M. R., Banaee, M., 
Gholamhosseini, A., Pastorino, P., & Faggio, C. 2023. 
Single and combined effects of CuSO4 and polyethylene 
microplastics on biochemical endpoints and 
physiological impacts on the narrow-clawed crayfish 
Pontastacus leptodactylus. Chemosphere, 345, 140478. 

Zhang, Y., Sun, D., Gao, W., Zhang, X., Ye, W., & Zhang, Z. 2024. 
The metabolic mechanisms of Cd-induced hormesis in 
photosynthetic microalgae, Chromochloris zofingiensis. 
Science of The Total Environment, 912, 168966. 

Xu, Y., Shui, X., Gao, M., Zhang, Y., Zhang, Z., Zhu, Z., & Sun, D. 
2024. Toxicological Effects and Mechanisms of Lithium 
on Growth, Photosynthesis and Antioxidant System in 

the Freshwater Microalga Chromochloris zofingiensis. 
Journal of Hazardous Materials, 133898. 

Wang, L., Huang, X., Sun, W., Too, H. Z., Laserna, A. K. C., & Li, 
S. F. Y. 2020. A global metabolomic insight into the 
oxidative stress and membrane damage of copper oxide 
nanoparticles and microparticles on microalga Chlorella 
vulgaris. Environmental Pollution, 258, 113647. 

Wang, J., Xiao, J., Zhang, J., Chen, H., Li, D., Li, L., & Luo, Y. 2020. 
Effects of dietary Cu and Zn on the accumulation, 
oxidative stress and the expressions of immune-related 
genes in the livers of Nile tilapia (Oreochromis 
niloticus). Fish & Shellfish Immunology, 100, 198-207. 

Wang, Z., Fu, D., Gao, L., Qi, H., Su, Y., & Peng, L. 2021. Aged 
microplastics decrease the bioavailability of coexisting 
heavy metals to microalga Chlorella vulgaris. 
Ecotoxicology and Environmental Safety, 217, 112199. 

Wu, C., & He, C. 2019. Interaction effects of oxytetracycline 
and copper at different ratios on marine microalgae 
Isochrysis galbana. Chemosphere, 225, 775-784. 

 


