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Abstract: This study investigates the acute and sub-chronic toxicity of the emerging antibiotic,
sulfamethoxazole (SMX) on the tropical freshwater microalga Chlorella sp. under laboratory condition. An
acute exposure for 96 h and a sub-chronic exposure for 10 days were conducted to explore the adverse
effects, utilizing growth inhibition, pigment content, and cell diameter as endpoints. The calculated half
maximal (50 %) effective concentration (ECso) values for SMX after 24 h and 96 h were estimated to be
0.56 mg/L and 0.41 mg/L, respectively. Sub-chronic exposure unveiled a pronounced inhibitory effect of
SMX on algal growth, with significant and dose-dependent increases in growth inhibition observed. Across
all treatments, exposure to SMX resulted in growth inhibition and a decline in chlorophyll-a (Chl-a)
concentration in the test algae. Notably, at a concentration of 1 mg/L, SMX completely inhibited the growth
of Chlorella sp. and reduced Chl-a content by up to 98 %. High concentrations of SMX (0.5 and 1.0 mg/L)
led to a decrease in cell diameter in the tested algae. This study contributes valuable insights into the acute
and sub-chronic toxic effects of environmentally relevant concentrations of antibiotics on tropical

freshwater microalgae.
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1. INTRODUCTION

Pharmaceuticals have long been used to treat or
prevent infective diseases in human as well as in
animals (Kovalakova et al., 2020). They also have
been used in large amounts in agriculture to protect
plant growth and in livestock and aquaculture
(Carvalho & Santos, 2016). Antibiotics are one of the
pharmaceutical groups that has been used with
increasing trend in the last two decades (Klein et al.,
2024). Consequently, the extensive utilization of
antibiotics has led to an increase in their concentration
in the aquatic environment (Bielen et al., 2017
Maghsodian et al., 2022). Different kinds of antibiotics
have been detected in wastewater treatment plants,
surface water, and various sources of drinking water
(Liu et al., 2018; Zhao et al., 2021; Yang et al., 2021).

The sulfonamide antibiotic sulfamethoxazole
(SMX) is a bacteriostatic broad-spectrum antibiotic

commonly employed against infectious bacteria in
both humans and animals (Duan et al., 2022; Xu et
al.,, 2022). Among sulfonamides, sulfamethazine
(SMZ) and SMX are prevalent in various
environmental sources, including wastewater,
freshwater, groundwater, soil, as well as in drinking
water and milk (Duan et al., 2022), while SMX is
listed in the top six most prescribed antibiotic (Xu et
al., 2022). Sulfonamide antibiotics are the main
pollutant in the surface waters of many countries
throughout the world (Ray et al., 2018; Xu et al.,
2022). It is estimated that over 10 tons of SMX are
discharged annually from the Mekong River Basin
into the seas (Shimizu et al., 2013). The reported
concentration of SMX in certain surface waters in
Vietnam was 1720 ng/L (Shimizu et al., 2013).
Antibiotics have been developed to eliminate
bacteria, protecting both humans and animals (Wang
et al., 2016). However, only a small portion of
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antibiotics undergoes metabolism in humans or
animals, with the majority (70 - 90 %) being excreted
unchanged through feces and urine (Maghsodian et
al., 2022). Subsequently, the presence of antibiotic
residues entering aquatic ecosystems has led to toxic
effects on various groups of aquatic organisms.
Furthermore, the prolonged existence of antibiotics in
the environment can potentially pose negative
impacts on human health, either directly through
water consumption or indirectly through the
consumption of food contaminated with antibiotics
(Wang et al., 2016). SMX has been categorized by the
World Health Organization (WHOQO) as a group 3
carcinogen (WHO, 2018), drawing increased
attention to the associated adverse effects and health
hazards. Prior studies have documented that SMX has
induced toxic effects on various organisms,
encompassing microalgae, crustaceans, amphibians,
bivalves, and fish (Limbu et al., 2018; Zhou et al.,
2018; Serra-Compte et al., 2019; Liu et al., 2020;
Zhao et al., 2021; Xu et al., 2022; Zhang et al., 2023).

Microalgae serve as a primary producer in
aquatic environment, contributing significantly in
nutrient cycling to higher trophic levels (Pham, 2019;
Sathasivam et al., 2019). They have been used as
biological indicator of water quality and
environmental health (Pham et al., 2022). Therefore,
the assessment of aquatic ecosystems' quality relies
on key indicators such as algal diversity and
productivity.

Earlier investigations have indicated that the
cytotoxicity of the majority of antibiotics to
microalgae primarily stems from their interactions
with organelles and biomacromolecules (Xiong et al.,
2019; Xu etal., 2022). To counteract the toxic effects,
algal cells initiate a series of protective responses to
preserve the normal functioning of the cells.
However, under highly toxic conditions, various
detrimental effects may occur, such as abnormal
growth, stimulation of biological macromolecules,
organelle destruction, and alterations in energy
balance. In severe cases, cell death has been observed
in microalga cells (Xu et al., 2022).

Chlorella sp. is a unicellular green microalga
that plays a crucial role in freshwater aquatic
ecosystems. It is commonly found in both fresh and
brackish waters (Borecka et al., 2016; Sathasivam et
al., 2019). Due to its rapid reproduction and
sensitivity to pollutants, Chlorella is widely
employed as a model organism in environmental
toxicology to assess the toxicity levels caused by
hazardous substances. Earlier studies predominantly
concentrated on the toxic effects of SMX on
Chlorella sp. using temperate or sub-tropical isolates
derived from seawater (Zhang et al., 2014; Yu et al.,

2023). Limited information is available on the
biological effects of SMX on tropical freshwater
microalgae, particularly the adverse effects at
environmentally relevant concentrations of SMX.
Thus, this study aims to examine the acute and sub-
chronic toxicity of SMX on the freshwater green
microalgae Chlorella sp. It is valuable to understand
the toxic mechanisms and its potential ecological
implications.

2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals utilized in this study were of
HPLC grade. Specifically, SMX, with a purity of 99.0
%, was procured from Sigma-Aldrich (Louis, MO,
USA). A comprehensive presentation of the
physicochemical properties of SMX is shown in
Table 1. A stock solution of SMX at 200 mg/L was
prepared and stored at 4 °C before the test.

2.2. Algal culture

The green microalgae, Chlorella sp. (Figure 1)
was originally isolated from the Tri An Reservoir in
Dong Nai province, Vietnam. Isolation of Chlorella sp.
was performed on solid agarose plates containing 1.5 %
agar in COMBO medium. Raw water drops were placed
on the plates and spread using a sterile inoculation loop.
After several weeks, the plates with colonies were
examined under a microscope to confirm the presence
of Chlorella sp. colonies. The identified colonies were
then isolated and cultured in freshwater COMBO
medium with a pH of 7.5 (Kilham et al., 1998). The
cultivation of Chlorella sp. was upheld in an incubator
at a temperature of 27 + 1°C, with a light intensity of
approximately 50 pmol photons/m?/s, following a 12-
hour light and 12-hour dark cycle. For subsequent
experiments, the Chlorella sp. stock culture, collected
during the stationary phase, was employed.

2.3. Algae growth inhibition test

In a previous investigation conducted by Zhang
etal. (2021), it was established that the ECs value for
SMX with respect to the green microalga
Raphidocelis subcapitata (R. subcapitata) amounted
to 0.49 mg/L after 96 h of exposure. In the current
study, we delved into the impact of various SMX
concentrations on the algal species. The experiment
involved exposing living cells of Chlorella sp. to
varying concentrations of SMX. In brief, the Chlorella
sp. stock culture, collected at the stationary phase, was
diluted in 100-milliliter Erlenmeyer flasks, each
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Table 1. The physicochemical properties of SMX (Scholar, 2007)

Properties

Chemical structure

Molecular formula
Molecular mass
Water solubility
logKow

pKa

Sulfamethoxazole (SMX)
|

(0]
O_NHE

HN—I
IC|J
o\
CHa O’N

C10H1:1N303S

253.279
0.61 mg/mL

0.89
1.6;5.7

containing 50 mL of COMBO medium. The
microalgae cells were initiated at a starting
concentration of 4.5 x 10* cells/mL. The SMX stock
solution was then added to achieve concentrations of
0,0.05,0.1,0.2,0.5, and 1.0 mg/L. Each concentration
underwent three replicates, and all treatments were
subsequently incubated under the previously
mentioned culture conditions. To prevent cell settling,
the test flasks were gently shaken once daily.

The cell density of Chlorella sp. was quantified
daily using a Neubauer improved cell counting
chamber. The concentration of SMX led to a 50 %
inhibition of algal growth over 24 hours, and 96 h
(referred to as ECse-24h and ECse-96h) was

calculated based on the SMX concentration and the
algae density. The growth rate (GR) for each time
period was calculated using the following equation:
InCj-IncCi
GR;_j = BrT=rm (1)
where GR;-; represents the growth rate from time i to
time j, with t; being the initial time and t; being the later
time of exposure. C; denotes the cell density at time i,
while C; corresponds to the cell density at time j.
The inhibition rate induced by SMX on
Chlorella sp. was computed as follows:

%IG = X 100 (2)

GRc— GRr
GR¢
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where %IG is the growth inhibition of the Chlorella
sp.; GR is the growth rate (GR) in the control group
and GRy is the growth rate for the exposure.

2.4. Sub-chronic exposure test

The sub-chronic exposure persisted for a
duration of 10 days under the identical exposure
conditions as those mentioned in the acute test
described earlier. During the sub-chronic tests,
assessments of algae density and chlorophyll-a (Chl-a)
content were determined at the end of the experiment.

2.5. Cell diameter determination

To measure cell diameter of Chlorella sp., 0.5
mL of culture were obtained at the end of the
experiment and examined under a microscope at 400x
magnification. The average diameter of 30 randomly
selected cells was measured using an ocular
micrometer.

2.6. Chlorophyll-a determination

To quantify the Chl-a, a known volume of the
culture solution (10 mL) was filtered through
Whatman GF/C filter paper at the end of the
experiment. Subsequently, the Chl-a content was
extracted using 90 % acetone and incubated overnight
in darkness at 4 °C. Following centrifugation, the
supernatant was collected and used to measure the
concentration of Chl-a at wavelengths ranging from
630 to 750 nm using a UV-VIS spectrophotometer
(Harch, model 500). The Chl-a concentration (ug/mL)
was determined and calculated following the method
outlined by APHA (2005).
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Algae growth inhibition (%)
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2.7. Data analyses

The half maximal effective concentration (ECso)
values for SMX on Chlorella sp. at 24 h and 96 h were
determined through linear regression, correlating the
logarithm of SMX concentration (x) with microalga
growth inhibition (y). All data in this study are
presented as mean + SD. To assess statistical
differences between SMX and control treatments, a
one-way analysis of variance (ANOVA) was
conducted, followed by post-hoc Tukey's honestly
significant difference (HSD) test. Prior to analysis, log
transformation was applied to ensure a normalized
distribution of all data. Significance was considered at
P-values < 0.05.

3. RESULTS AND DISCUSSION
3.1. Acute toxic effects

In comparison to the control group, exposure
of SMX to Chlorella sp. induces acute toxic effects
on the growth of the microalgae. The ECso-24h and
ECs0-96h of SMX on the growth inhibition of
Chlorella sp. were 0.56 mg/L and 0.41 mg/L,
respectively.

In previous studies, the acute toxic effects of
SMX on several aquatic organisms including
microalgae, crustacean, amphibian and zebrafish
have been investigated (Borecka et al., 2016; Liu et
al., 2020; Xu et al., 2022; Zhang et al., 2023). In
microalgae, Xiong et al. (2019) and Zhang et al.
(2021) reported the ECs0-96 h values of 0.12 mg/L
and 0.49 mg/L for SMX against the green microalgae
Scenedesmus obliquus (S. obliquus) and R.
subcapitata, respectively. In the current investigation,
the ECs0-96h of SMX against the green microalga

0.05 0.1

0.2 0.5 1

SMX concentration (mg/L)

Figure 2. The effects of SMX on the growth inhibition of Chlorella sp.

164



100 H *x

Chlorophyll-a (% of the control)
wn
o

0.05 0.1

0.2 0.5 1

SMX concentration (mg/L)

Figure 3. The average Chl-a concentrations. Asterisks denote the degree of differences between treatments and the
control group (*p<0.05; **p<0.01; ***p<0.001).

Chlorella sp. is determined to be 0.41 mg/L. This
value is slightly higher than the ECs0-96 h for S.
obliquus but slightly lower than that for R.
subcapitata. These findings indicate that the tropical
freshwater Chlorella sp. utilized in this study may
exhibit higher sensitivity to SMX compared to R.
subcapitata but lower sensitivity than S. obliquus.
Future studies need to be conducted to confirm the
sensitivity of various microalgae species originating
from temperate, sub-tropical, and tropical
environments to SMX and other antibiotics.

3.2. Sub-chronic toxic effects

3.2.1 Algae growth inhibition

The sub-chronic toxic effects of SMX on the
growth inhibition of Chlorella sp. was showed in
Figure 2. The results revealed a pronounced inhibitory
effect of SMX on algal growth, with significant and
dose-dependent increases in growth inhibition
observed. Statistically significant differences were
detected at all concentrations of SMX tested.
Specifically, SMX concentrations of 0.05 mg/L, 0.1
mg/L, 0.2 mg/L, 0.5 mg/L, and 1.0 mg/L resulted in
inhibitions of 4.4 %, 19.2 %, 27.4 %, 43.5 %, and 104.2
% of Chlorella sp., respectively. Results showed that
the concentration of 1 mg/L, SMX completely
inhibited the growth of Chlorella sp. (Figure 2).

Previous studies have reported that antibiotics
can adversely affect the growth and reproduction
ofvarious microalgae. These effects may result from
influences on algal cell structure, reduction in
chlorophyll content, induction of oxidative stress, or
the generation of reactive oxygen species (Borecka et
al., 2016; Xiong et al., 2019; Zhang et al., 2021; Xu
et al., 2022). The mechanism by which SMX inhibits

microalgae involves disrupting folic acid metabolism
and the permeability of glutamate channels on cell
walls, which are precursors for protein synthesis
crucial to algae growth and reproduction (Xu et al.,
2022). Additionally, SMX exhibits various toxic
effects, encompassing cytotoxic, mutagenic, and
carcinogenic properties (Zhang et al.,, 2021).
Antibiotics can lead to swift mortality in certain
microalgae, causing a decrease in cell density within
the exposure treatments (Xiong et al., 2019; Xu et al.,
2022). Our findings closely align with prior research,
indicating that SMX demonstrates diverse toxic
effects on the growth and reproduction of microalgae.

3.2.2. Chlorophyll-a concentration

Figure 3 shows the average Chl-a
concentrations of Chlorella sp. treatments following
exposure to varying concentrations of SMX, in
comparison to the control. The results indicated that
SMX triggers a decline in Chl-a concentration across
all treatments, with significant and dose-dependent
increases in the reduction of Chl-a content observed.
Specifically, SMX concentrations of 0.05 mg/L, 0.1
mg/L, 0.2 mg/L, 0.5 mg/L, and 1.0 mg/L resulted in
decreases of 5 %, 12 %, 33 %, 49 %, and 98 % in Chl-
a content, respectively.

Chlorophylls serve as the predominant natural
pigments essential for oxygenic photosynthesis in
microalgae, harnessing solar energy for metabolism
and reproduction (Khoo et al.,, 2023). In green
microalgae, specifically Chlorophyceae, prominently
feature Chl-a as their main pigment, imparting a
green color. In eukaryotic green microalgae,
chlorophylls are situated within the chloroplast (da
Silva & Lombardi, 2020).
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Figure 4. The average cell diameter of Chlorella sp. Asterisks denotes the degree of differences between
treatments and the control group (*p<0.05).

Typically, antibiotics disrupt both cell wall and
chloroplast structures in microalgae, leading to
heightened membrane permeability and reduced
chlorophyll content (Borecka et al., 2016; Xiong et al.,
2019). Antibiotics can exert an influence on the
photosynthetic process of microalgae by suppressing the
functionality of chloroplast ribosomes as well (Xu etal.,
2022). Our findings align with earlier observations
indicating a substantial decrease in Chl-a levels in green
microalgae exposed to SMX (Zhang et al., 2021; Xu et
al., 2022). In addition to these effects on chloroplasts,
exposing microgreen algae to antibiotics has been
observed to increase mitochondrial numbers and
volume within algal cells, inducing stress conditions or
the generation of ROS. Specifically, SMX has been
noted to damage chloroplasts and mitochondria,
triggering substantial ROS production in microgreen
algae, such as S. obliquus (Xu et al., 2022).

3.2.3. Cell diameter

Figure 4 shows the average cell diameters of
the green algal Chlorella sp. following a 10-day
exposure to various concentrations of SMX. In the
control group, the recorded average cell diameter
ranged from 7.9 £ 0.8 um. There was no significant
difference in the cell diameter of Chlorella sp.
observed when exposed to SMX at concentrations of
0.05 mg/L, 0.1 mg/L, and 0.2 mg/L. Nonetheless,
notable differences in algal cell diameters were
observed when exposed to SMX at concentrations of
0.5 mg/L and 1.0 mg/L, resulting in a reduction
ranging from 4.0 % to 4.5 % in cell diameter.

Previous studies have primarily focused on the

acute toxic effects of SMX on microalgae,

specifically examining biological responses or
toxicity at the molecular level (Borecka et al., 2016;
Xiong et al., 2019; Zhang et al., 2021; Xu et al.,
2022), however, little is known about the sub-chronic
toxic effects on cell morphology. The impact of
antibiotics on the shape, size, intracellular structures,
and cell wall of microalgae remains unclear. Our
study revealed that SMX leads to a reduction in the
cell diameter of Chlorella sp. Xu et al. (2022)
documented that exposure to SMX induced gene
expression in the microgreen algae Scenedesmus,
leading to alterations in algal cell ultrastructure.

Xu et al. (2022) highlighted the toxicity
mechanisms of SMX on the microgreen algae
Scenedesmus, involving alterations such as blurring in
the algal cell wall, damage to chloroplast structure, and
variations in the number and volume of mitochondria
within the cell. These changes subsequently led to a
reduction in chlorophyll pigments, induced cell wall
permeability, and inhibited cell growth and
reproduction. It is likely that SMX induces various
adverse effects on the intracellular structure and cell
wall of microgreen algae, consequently resulting in a
decrease in the cell diameter of the tested algae. Further
research is necessary to comprehensively understand
the specific disruptions caused by antibiotics and SMX
on the shape, size, intracellular structures, and cell wall
of various microalgae.

4. CONCLUSIONS
This study examined the toxic effects of SMX

at environmentally relevant concentrations on the
tropical freshwater microalga Chlorella sp. cultivated

166



under laboratory conditions. The results indicated that
SMX induced both acute and sub-chronic toxic
effects on the tested algae. The ECsp-24h and ECso-
96h values for SMX on the freshwater microalga
Chlorella sp. were estimated to be 0.56 mg/L and
0.41 mg/L, respectively. Sub-chronic exposure to
SMX exhibited a pronounced inhibitory effect on
algal growth, showing significance and dose-
dependency. Additionally, all SMX treatments
demonstrated impairment in chlorophyll. Higher
concentrations of SMX also led to a reduction in the
cell diameter of Chlorella sp. This study contributes
valuable information on the acute and sub-chronic
toxicity of environmentally relevant concentrations
of antibiotics on tropical freshwater microalgae.

Acknowledgements

This research received funding from the
International Foundation for Science (IFS) under grant
number “12-A-6054-2".

REFERENCES

APHA, 2005. Standard methods for the examination of
water and wastewater. 21st Edition, American
Public Health Association/American Water Works
Association/Water ~ Environment  Federation,
Washington DC.

Bielen, A., Simatovi¢, A., Kosi¢-Vuksié, J., Senta, 1.,
Ahel, M., Babi¢, S., Jurina, T., Plaza, J.J.,
Milakovi¢, M. & Udikovi¢-Koli¢, N., 2017.
Negative environmental impacts of antibiotic-
contaminated effluents from pharmaceutical
industries. Water  Research, 126, 79-87,
https://doi.org/10.1016/j.watres.2017.09.019.

Borecka, M., Bialk-Bielinska, A., Halinski, L.P.,
Pazdro, K., Stepnowski, P. & Stolte, S., 2016. The
influence of salinity on the toxicity of selected
sulfonamides and trimethoprim towards the green
algae Chlorella vulgaris. Journal of Hazardous
Materials, 308, 179-186, https://doi.org/10.1016/
j-jhazmat.2016.01.041.

Carvalho, I.T. & Santos, L., 2016. Antibiotics in the
aquatic environments: A review of the European
scenario. Environment International, 94, 736-757,
https://doi.org/10.1016/j.envint.2016.06.025.

Khoo, K.S., Ahmad, I., Chew, K.W., Iwamoto, K.,
Bhatnagar, A. & Show, P.L., 2023. Enhanced
microalgal lipid production for biofuel using
different strategies including genetic modification
of microalgae: A review. Progress in Energy and
Combustion Science, 96, 101071, https://doi.org/
10.1016/j.pecs.2023.101071.

da Silva, J.C. & Lombardi, A.T., 2020. Chlorophylls in
microalgae:  Occurrence, distribution, and
biosynthesis. In: Jacob-Lopes, E., Queiroz, M.,
Zepka, L. (eds) Pigments from Microalgae
Handbook. Springer, Cham.

Duan, W., Cui, H., Jia, X. & Huang, X., 2022.
Occurrence and ecotoxicity of sulfonamides in the
aquatic environment: a review. Science of the Total
Environment, 820, 153178, https://doi.org/
10.1016/j.scitotenv.2022.153178.

Klein, E.Y., Impalli, I., Poleon, S., Denoel, P., Cipriano,
M., Van Boeckel, T.P., Pecetta, S., Bloom, D.E.
& Nandi, A., 2024. Global trends in antibiotic
consumption during 2016-2023 and future
projections through 2030. Proceedings of the
National Academy of Sciences, 121(49),
€2411919121, https://doi.org/10.1073/pnas.
2411919121.

Kilham, S.S., Kreeger, D.A., Lynn, S.G., Goulden, C.E.
& Herrera, L., 1998. COMBO: a defined
freshwater culture medium for algae and
zooplankton.  Hydrobiologia, 377, 147-159,
https://doi.org/10.1023/A:1003231628456.

Kovalakova, P., Cizmas, L., McDonald, T.J., Marsalek,
B., Feng, M. & Sharma, V.K., 2020. Occurrence
and toxicity of antibiotics in the aquatic
environment: a review. Chemosphere, 251, 126351,
https://doi.org/10.1016/j.chemosphere.2020.126351.

Limbu, S.M., Zhou, L., Sun, S.X., Zhang, M.L. & Du,
Z.Y., 2018. Chronic exposure to low environmental
concentrations and legal aquaculture doses of
antibiotics cause systemic adverse effects in Nile
tilapia and provoke differential human health risk.
Environment  International, 115, 205-219,
https://doi.org/10.1016/j.envint.2018.03.034.

Liu, J.Y., Wei, T.Z., Wu, X., Zhong, H.B., Qiu, W.H. &
Zheng, Y., 2020. Early exposure to environmental
levels of sulfamethoxazole triggers immune and
inflammatory response of healthy zebrafish larvae.
Science of the Total Environment, 703, 134724,
https://doi.org/10.1016/j.scitotenv.2019.134724.

Liu, X,, Lu, S., Guo, W., Xi, B. & Wang, W., 2018.
Antibiotics in the aquatic environments: a review of
lakes, China. Science of the Total Environment,
627, 1195-1208, https://doi.org/10.1016/j.scitotenv.
2018.01.271.

Maghsodian, Z., Sanati, A.M., Mashifana, T,
Sillanpaa, M., Feng, S., Nhat, T. & Ramavandi,
B., 2022. Occurrence and distribution of antibiotics
in the water, dediment, and biota of freshwater and
marine environments: A review. Antibiotics
(Basel), 23, 11(11), 1461, https://doi.org/10.3390/
antibiotics11111461.

Pham, T.L., 2019. Toxicity of silver nanoparticles to
tropical microalgae Scenedesmus  acuminatus,
Chaetoceros gracilis and crustacean Daphnia
lumholtzi. Turkish Journal of Fisheries and Aquatic
Sciences, 19, 1009-1016,  https://doi.org/
10.4194/1303-2712-v19 12 03.

Pham, T.L., Tran, TH.Y. & Tran, T.T., 2022. Factors
affecting the seasonal succession of phytoplankton
functional groups in a tropical floodplain reservoir
in Vietnam. AQUA - Water Infrastructure,
Ecosystems and Society, 1, 71(3), 401-414,
https://doi.org/10.2166/aqua.2022.110.

167



Ray, S.K., Dhakal, D. & Lee, S.W., 2018. Insight into
sulfamethoxazole degradation, mechanism, and
pathways by AgBr-BaMoO4 composite
photocatalyst. Journal of Photochemistry and
Photobiology A: Chemistry, 364, 686-695,
https://doi.org/10.1016/j.jphotochem.2018.07.007.

Sathasivam, R., Radhakrishnan, R., Hashem, A. & Abd
Allah, E.F., 2019. Microalgae metabolites: A rich
source for food and medicine. Saudi Journal of
Biological Sciences, 26(4), 709-722,
https://doi.org/10.1016/j.sjbs.2017.11.003.

Scholar, E., 2007. Sulfamethoxazole. In Enna S.J., &
Bylund D.B. (Eds.), xPharm: The Comprehensive
Pharmacology Reference (pp. 1-5). New York,
Elsevier.

Serra-Compte, A., Alvarez-Munoz, D., Sole, M.,
Caceres, N., Barcelo, D. & Rodriguez-Mozaz, S.,
2019. Comprehensive study of sulfamethoxazole

effects in marine mussels: bioconcentration,
enzymatic activities and metabolomics.
Environmental Research, 173, 12-22,

https://doi.org/10.1016/j.envres.2019.03.021.

Shimizu, A., Takada, H., Koike, T., Takeshita, A., Saha,
M., Rinawati, Nakada, N., Murata, A., Suzuki,
T., Suzuki, S., Chiem, N.H., Tuyen, B.C., Viet,
P.H., Siringan, M.A., Kwan, C., Zakaria, M.P. &
Reungsang, A., 2013. Ubiquitous occurrence of
sulfonamides in tropical Asian waters. Science of
The Total Environment, 452-453, 108-115,
https://doi.org/10.1016/j.scitotenv.2013.02.027.

Wang, H.X., Wang, N., Wang, B., Zhao, Q., Fang, H.,
Fu, C.W.,, Tang, C.X,, Jiang, F., Zhou, Y., Chen,
Y. & Jiang, Q.W., 2016. Antibiotics in drinking
water in shanghai and their contribution to
antibiotic  exposure  of  school children.
Environmental Science & Technology, 50(5), 2692-
2699, https://doi.org/10.1021/acs.est.5b05749.

WHO, 2018. Agents Classified by the IARC Monographs,
Volumes 1-120.

Xiong, J.-Q., Kim, S.-J., Kurade, M.B., Govindwar, S.,
Abou-Shanab, R.A.l,, Kim, J.-R., Roh, H.-S.,
Khan, M.A. & Jeon, B.-H., 2019. Combined
effects of sulfamethazine and sulfamethoxazole on a
freshwater microalga, Scenedesmus obliquus:
toxicity, biodegradation, and metabolic fate.
Journal of Hazardous Materials, 370, 138-146,
https://doi.org/10.1016/j.jhazmat.2018.07.049.

Xu, D., Xie, Y. & Li, J., 2022. Toxic effects and molecular

Received: 12.11.2024
Revised: 19.12.205
Accepted: 21.01.2025
Published: 22.01.2025

mechanisms of sulfamethoxazole on Scenedesmus
obliguus. Ecotoxicology and Environmental Safety,
232, 113258, https://doi.org/10.1016/j.ecoenv.
2022.113258.

Yang, Q., Gao, Y., Ke, J., Show, P.L., Ge, Y., Liu, Y.,
Guo, R. & Chen, J., 2021. Antibiotics: an overview
on the environmental occurrence, toxicity,
degradation, and removal methods. Bioengineered,
12(1), 7376-7416, https://doi.org/10.1080/
21655979.2021.1974657.

Yu, C,, Li, C., Zhang, Y., Du, X., Wang, J.-H., Chi, Z.-
Y. & Zhang, Q., 2023. Effects of environment-
relevant concentrations of antibiotics on seawater
Chlorella sp. biofilm in artificial mariculture
effluent.  Algal  Research, 70, 103008,
https://doi.org/10.1016/j.algal.2023.103008.

Zhang, W., Xiong, B., Sun, W.F., An, S., Lin, K.F., Guo,
M.J. & Cui, X.H., 2014. Acute and chronic toxic
effects of bisphenol A on Chlorella pyrenoidosa and
Scenedesmus obliquus. Environmental Toxicology,
29(6), 714-22, https://doi.org/10.1002/tox.21806.

Zhang, Y., He, D., Chang, F., Dang, C. & Fu, J., 2021.
Combined effects of sulfamethoxazole and
erythromycin  on a freshwater microalga,
Raphidocelis subcapitata: Toxicity and oxidative
stress. Antibiotics, 10(5), 576, https://doi.org/
10.3390/antibiotics10050576.

Zhang, Y., Xiu, W., Yan, M., Guo, X., Ni, Z., Gu, J.,
Tang, T. & Liu, F., 2023. Adverse effects of
sulfamethoxazole on locomotor behavior and lipid
metabolism by inhibiting acetylcholinesterase and
lipase in Daphnia magna. Science of The Total
Environment, 892, 164631, https://doi.org/10.1016/
j.scitotenv.2023.164631.

Zhao, H.J., Wang, Y., Guo, M.H., Liu, Y.C., Yu, H.X.
& Xing, M.W., 2021. Environmentally relevant
concentration of cypermethrin or/and
sulfamethoxazole induce neurotoxicity of grass
carp: involvement of blood-brain barrier, oxidative
stress and apoptosis. Science of the Total
Environment, 762, 143054, https://doi.org/10.1016/
j.scitotenv.2020.143054.

Zhou, L., Limbu, S.M., Shen, M.L., Zhai, W.Y., Qiao, F.,
He, AY. Du, ZY. & Zhang, M.L., 2018.
Environmental concentrations of antibiotics impair
zebrafish gut health. Environmental Pollution, 235,
245-254, https://doi.org/10.1016/j.envpol.2017.12.073.

168



