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ABSTRACT

In this research, the biochemical and genotoxic impacts of three antibiotics, Ciprofloxacin, Levofloxacin and
Amoxicillin were examined on a freshwater microalga, Neochloris conjuncta. Six concentrations (0, 5, 10, 15, 25,
50 and100 pg ml™) were used, and the pure algal cultures were exposed for nine days under laboratory conditions.
MDA, SOD, CAT, ROS%, and Vitamin C were measured as reflective markers of oxidative stress responses;
whereas the Comet Assay was conducted to detect DNA damage. The antibiotics resulted in different oxidative
stress patterns, as shown regarding the results. Among drugs, amoxicillin produced the most intense biochemical
disturbance, including high levels of CAT and SOD activities, which suggest considerable alterations in redox ho-
meostasis. Moderate oxidative stress was provoked by Ciprofloxacin while Levofloxacin showed the less severe
metabolic alterations. The genotoxicity study, however, revealed that DNA fragmentation was the highest in the
case of Levofloxacin at its maximum concentration and subsequently Ciprofloxacin while Amoxicillin induced the
lowest potent damages. Taken together, the results suggested that the antibiotics had different toxic effects on Neo-
chloris conjuncta; among them Amoxicillin imposed the most oxidative stress, and Levofloxacin caused the most
severe DNA injury. These findings also demonstrate the significance of including both biochemical and genetic
endpoints into risk assessments concerning pollution since biochemistry was less sensitive than genotoxicity.

Keywords: Neochloris conjuncta, ciprofloxacin, emerging pollutants, levofloxacin, amoxicillin, DNA damage,

oxidative stress.

INTRODUCTION

Pharmaceutical residues are continuously
being released into freshwater ecosystems and
have indeed become an actual environmental is-
sue on a global scale. These include analgesics,
anti-inflammatories, antibiotics and antidepres-
sants as well as other effective drugs that reach
the environment via household sewage, hospital
effluents, agricultural run-off or when wastewater
treatment is incomplete. Their persistence and
chemical stability enable their retention in sur-
face waters at trace nanograms to biologically
active micrograms per liter concentrations, pre-
senting a potential for chronic exposure and long-
term ecological impacts. Recent studies have
drawn attention to the fact that pharmaceuticals
are now considered as emerging contaminants

because they can interfere with biochemical and
physiological processes of the primary producers
in aquatic environments (Feijao et al., 2020).
Microalgae are the primary trophic level of
freshwater ecosystems and are major players in
global oxygen production, primary productiv-
ity, carbon fixation and nutrient recycling. Their
wide sensitivity range to environmental perturba-
tions makes them powerful bioindicators for water
quality monitoring. Previous examination showed
that pharmaceutical compounds can interfere with
basic physiological processes in the microalga
such as photosynthetic efficiency, production of
chlorophyll, cell morphology and membrane per-
meability. Pharmaceuticals in particular have been
shown to allow to cause photosystem II inhibition
breaking and decrease the growth rates, contribut-
ing an excessive generation of ROS which results
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in oxidative stress causing metabolic unbalance
and cell dysfunction (Hejna et al., 2022).

In addition to physiological damage, it has
been shown that chemical drugs disrupt molecu-
lar signaling circuits and antioxidant pathways.
These disruptions trigger a series of intracellular
stress responses that implicate antioxidant en-
zyme function, redox balance and energy metab-
olism. Protracted exposure has also been linked
to genotoxic effects, i.e., DNA strand breaks and
chromatin instability which reflect the greater
cellular damage induced by persistent oxidative
stress and progressive accumulation of damage
(Chakraborty et al. 2023).

In addition, there is also evidence that the
morphological and pigmentation status of fresh-
water microalgae are affected by class-wise dif-
ferent pharmaceuticals, such effects have been
related to differences in chemical structure, persis-
tence and biological reactivity of pharmaceutical
molecules that in turn establish the level of toxic-
ity as well as the ability of microalgae to induce
protective biochemical responses. The presence of
even very low levels of these pollutants is known
to cause changes in cellular metabolism, suppres-
sion of photosynthesis, and disruption of enzymat-
ic pathways that contribute to the maintenance of
physiological equilibrium (Duarte ef al., 2023).

In this context, the model freshwater green
alga Neochloris conjuncta stands out as being
highly useful for testing the effect of pharmaceu-
tical pollutants. This species is ecologically sig-
nificant since it has a wide distribution range and
adaptation ability to various environments as
well as its ability to synthesize useful biochemi-
cals, such as pigments and lipids, according to
the source file. Due to its high sensitivity toward
chemical stress and fast physiological reaction,
this model has proved to be especially helpful in
the indication of pollutant induced disturbances
in aquatic environments. However, though im-
portant for ecology and application purpose, the
physiological, biochemical and molecular mech-
anisms employed by N. conjuncta exposed to
pharmaceutical pollutants are still insufficiently
defined (Zheng et al., 2020).

Closing this knowledge gap is crucial, as previ-
ous studies on different algal species have demon-
strated that contamination by pharmaceutical com-
pounds can trigger complex and highly variable
oxidative, metabolic, and genetic responses. These
responses are strongly influenced by the chemi-
cal nature of the compound, exposure duration,

concentration, and the algal species involved. Phar-
maceuticals and personal care products are widely
recognized as emerging aquatic contaminants ca-
pable of inducing oxidative stress, disrupting cel-
lular homeostasis, and causing genotoxic effects in
algae, while antioxidant and metabolic responses
often differ markedly among species and stress
conditions. Consequently, understanding species-
specific biochemical and genetic responses is es-
sential for improving ecological risk assessments
of pharmaceutical pollution in aquatic environ-
ments (Xin et al., 2021; Hejna et al., 2022; Koletti
et al., 2025). In light of these findings and the evi-
dent variability in algal responses to pharmaceuti-
cal contamination, targeted investigations focus-
ing on species-specific biochemical and genetic
endpoints are essential to improve ecological risk
assessment frameworks, The present study aimed
to evaluate the biochemical and genotoxic effects
of three commonly used antibiotics (ciprofloxacin,
levofloxacin, and amoxicillin) on the freshwater
microalga Neochloris conjuncta. Specifically, the
study investigated antibiotic-induced oxidative
stress responses by assessing lipid peroxidation
and antioxidant-related biomarkers (MDA, SOD,
CAT, ROS%, and vitamin C), as well as DNA
damage using the comet assay, in order to compare
the relative toxic potential of the tested antibiotics
and to assess the sensitivity of biochemical and ge-
netic endpoints for ecological risk evaluation.

MATERIALS AND METHODS

Algal isolation and culture conditions

The isolate was purified and microscopically
examined to confirm the absence of contaminants
prior to its use in the experiments.

The microalgal cultures were maintained in
BG-11 medium containing the essential macro-
and micronutrients required for optimal growth.
Cultures were grown at a constant temperature of
25 £ 2 °C under an illumination intensity of 40
pumol photons m 2 s™! provided by cool-white fluo-
rescent lamps, with a 12:12 h light—dark photope-
riod to ensure stable photosynthetic activity and
cellular metabolism throughout the culture period.

Prior to antibiotic exposure, cultures were
standardized based on chlorophyll content, which
was used as a proxy for initial algal biomass to
ensure comparable starting conditions among all
treatments. Chlorophyll was extracted using 80%
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acetone, and absorbance was measured spectro-
photometrically at 663 and 646 nm. Chlorophyll
a, chlorophyll b, and total chlorophyll concentra-
tions were calculated according to the equations
described by Lichtenthaler (1987) as follows:

Chlorophyll a (ug ml™") =12.25 x A663 —
—2.79 x A646 (1)

Chlorophyll b (ug ml™) =21.50 x
x A646 — 5.10 x A663 (2)

Total chlorophyll (a + b, pg ml™") =
=7.15x A663 + 18.71 x A646 3)

Total chlorophyll content was subsequently
used to normalize the initial algal biomass prior
to the exposure experiments.

Antibiotic sources and preparation

Ciprofloxacin, levofloxacin, and amoxicillin
used in this study were purchased from Samarra
Drugs Industry (SDI), Iraq, with pharmaceutical-
grade purity. For each antibiotic, 0.1 g of the
compound was accurately weighed and dissolved
in sterile deionized water to prepare the stock
solutions. From these stock solutions, a series of
working concentrations (0, 5, 10, 15, 25, 50, and
100 pg ml™) was prepared by serial dilution and
used for the exposure experiments.

Experimental design

The purpose was to compare the biological
and genotoxic effects of the three antibiotics on
Neochloris conjuncta. seven concentrations were
tested for each antibiotic: 0 (control), 5, 10, 15,
25,50and 100 pgml™. 0 pg ml ! was used as non-
treated control group. All experiments are repeat-
ed three times for reliability and reproducibility.

The algal cultures were kept under similar
controlled environmental conditions as stated
above. The exposure was of 9 days and the algae
were in contact with the antibiotic at different
concentrations. Biochemical and genotoxic pa-
rameters were estimated at the end of ninth day
after exposure.

Although pharmaceutical concentrations in
surface waters are often reported in the nanogram
per liter (ng/L) range, several studies have docu-
mented substantially higher concentrations in
contaminated aquatic environments, particularly
near point sources before dilution occurs.

A comprehensive global review by Maghsodian
et al. (2022) reported that antibiotics have been de-
tected in aquatic systems at concentrations ranging
from <1 ng/L up to 100 pg ml™, depending on loca-
tion, compound type, and proximity to contamina-
tion sources. In a field study conducted in surface
waters impacted by runoff from informal settle-
ments, Maraj et al. (2025) detected active pharma-
ceutical ingredients at concentrations reaching ap-
proximately 10-100 pg ml™ prior to downstream
dilution. Similarly, Abdel-Shafy and Mohamed-
Mansour (2013) reported that pharmaceutical com-
pounds in wastewater and receiving waters close to
discharge points commonly occur in the 1-50 pg
ml ™! range, with some compounds approaching or
exceeding ~100 pg ml™ before treatment and dilu-
tion processes reduce their concentrations.

These findings clearly demonstrate that phar-
maceutical pollution can result in locally elevated
concentrations reaching tens to hundreds of micro-
grams per liter, supporting the use of higher expo-
sure concentrations in laboratory toxicity studies
to simulate worst-case contamination scenarios.

Measurement of oxidative stress markers

Superoxide dismutase (SOD) activity

SOD activity was assayed by the pyrogallol
auto-oxidation inhibition method of Marklund
and Marklund (1974). Absorbance was taken at
420 nm and the enzyme activity was expressed as
U/ml extract.

Catalase (CAT) activity

CAT was determined according to Johans-
son and Borg (1988) at 240 nm by monitoring the
breakdown of hydrogen peroxide. Results were
expressed as U/L.

Lipid peroxidation (MDA)

MDA concentration was determined us-
ing TBA method according to Buege and Aust
(1978). The absorbance of the MDA-TBA com-
plex was measured at 532 nm, and values were
noted as mmol MDA/mg protein.

Reactive oxygen species (ROS%)

The ROS content was measured according to
Venkidasamy et al. (2019) spectrophotometric
method. and absorbance determined at 560 nm.
ROS percentage values were given as %.
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Vitamin C (ascorbic acid)

The content of vitamin C was measured by
the colorimetric reduction method with DCPIP
(2,6-dichlorophenol-indophenol). ~ The results
were presented in pg ml™.

DNA damage assessment (comet assay)

DNA damage was assessed by the Comet
Assay (Comet tail length) according to similar
conditions as Singh et al. (1988). Nuclei of al-
gae were imbedded in low—melting point agarose,
lysed and subjected to electrophoresis at 70 V
for 60 min. After neutralizing the staining with
ethidium bromide, cells were observed under a
fluorescence microscope. Histological damage
was divided into Low, Medium, and High ac-
cording to tail length and DNA migration.

Statistical analysis

All data of experiments were analyzed by
SPSS (version 25.0). The measured parameters
were analyzed in response to the type and con-
centration of antibiotic by two-way ANOVA; sig-
nificant differences between treatments were de-
termined using a LSD post-hoc test at p < 0.05.
The data is expressed as mean = SE.

RESULTS

Impacts of antibiotics on oxidative stress
marker of alga Neochloris conjuncta

The data of Table 1 indicate that the alga N.
conjuncta had differentiated responses in oxida-
tive stress to three different antibiotics Ciproflox-
acin, Levofloxacin and Amoxicillin. These differ-
ential oxidative stress responses were evidenced
by specific changes in such biochemical param-
eters as MDA, SOD, CAT, ROS % and Vitamin
C, which are known to be reliable indicators of
oxidative homeostasis in cells and ability of the
organism to cope with stress caused by pharma-
ceuticals currently studied.

Effects of ciprofloxacin

Exposure of Neochloris conjuncta to cip-
rofloxacin resulted in a clear concentration-de-
pendent alteration in oxidative stress parameters
(Table 1). Lipid peroxidation, expressed as MDA

content, showed a gradual increase with rising an-
tibiotic concentration. MDA increased from 0.10
nmol ml ! in the control to 0.12 nmol ml ' at 5 pg
ml™, followed by a further increase to 0.13 nmol
ml™ at 10 and 15 pg ml™. At higher concentra-
tions, MDA reached 0.14 nmol ml™" at 25 pg ml™,
0.15 nmol ml™" at 50 pg ml™', and peaked at 0.16
nmol ml™" at 100 pg ml™', indicating progressive
enhancement of lipid peroxidation.

SOD activity increased markedly in response
to ciprofloxacin exposure. Compared with the
control value of 6.65 U ml™, SOD rose sharply to
20.25 U ml™ at 5 pg ml™* and further increased to
26.96 Uml " at 10 ug ml. Similar elevated levels
were observed at 15 pg ml™ (26.68 U ml™), fol-
lowed by a continued increase at higher concentra-
tions, reaching 32.79 Uml " at 25 ugml™', 31.87 U
ml " at50 pgml ™, and 33.59 Uml " at 100 pg ml ™.

CAT activity exhibited a pronounced con-
centration-dependent increase. CAT rose from
3.93 U ml! in the control to 8.13 U ml™" at 5 ug
ml™!, then increased further to 13.96 U ml! and
14.12 U mI™* at 10 and 15 pg ml™, respectively.
At higher concentrations, CAT activity increased
to 13.86 U ml! at 25 pg ml™* and 27.78 U ml!
at 50 pg ml™', before reaching a maximum value
0f 89.56 U ml ! at 100 pg ml™, reflecting severe
oxidative stress at high exposure levels.

ROS levels also increased with concentration,
rising from 0.09% in the control to 0.12-0.13%
at concentrations between 5 and 50 pug ml™, and
reaching 0.16% at 100 pg ml™". Vitamin C content
initially decreased from 0.45 pg ml™! in the control
t0 0.10 pg ml™ at 5 pg ml™, followed by a gradual
increase to 0.25-0.30 pg ml ™" at 10-25 pg ml™* and
a maximum value of 0.51 ug ml™* at 100 pg ml ™.

Effects of levofloxacin

Levofloxacin exposure induced comparative-
ly milder oxidative alterations. MDA values re-
mained close to control levels, ranging from 0.09
to 0.13 nmol ml! across all tested concentrations,
suggesting limited lipid peroxidation.

SOD activity initially decreased from 6.65 U
ml™ in the control to 5.16 U ml™ at 5 pg ml™,
then increased sharply to 19.93 U ml™" at 10 pg
ml™" and 35.48 U ml™" at 15 pg ml™". At higher
concentrations, SOD reached 40.49 U ml™! at 25
png ml™ and remained relatively stable at 39.85—
40.04 U ml™" at 50 and 100 pg ml™.

CAT activity increased steadily with concen-
tration, rising from 3.93 U ml™ in the control to
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Table 1. Effect of different concentrations of antibiotics (Ciprofloxacin, Levofloxacin, Amoxicillin) on oxidative
stress indices (MDA, SOD, CAT, ROS%, Vit C) in Neochloris conjuncta alga after 9 days of exposure (Mean + SE)

Antioxidant parameters
Antibiotics concentrations MDA SOD CAT ROS % Vit C
(nmol mi™") (Uml™) (Uml™) ° g ml™
Control 0.10£0.01 6.65+0.44 3.93+0.17 0.09£0.01 0.45+0.03
Fa Fa Ea Da Ca
5 0.12+0.01 20.25+0.73 8.13+0.34 0.12+0.01 0.10+0.01
Eb Eb Da Cb Ec
10 0.13+0.01 26.96+1.42 13.96+0.78 0.13+0.01 0.25+0.02
Dc Db Cc Bc Db
Ciprofioxacin 15 0.13+0.01 26.68+0.78 14.12+0.61 0.12+0.01 0.30+0.02
Da Db Cc Cc Db
25 0.14+0.01 32.79+1.44 13.86+0.70 0.12+0.01 0.30+0.02
Ca Bb Cb Cc Dc
50 0.15+0.01 31.87+1.08 27.78+0.69 0.13+0.01 0.35+0.01
Ba Cb Bc Ba Bb
100 0.16+0.01 33.59+0.84 89.56+3.90 0.16%0.01 0.51£0.01
Aa Ab Ab Aa Aa
Control 0.10£0.01 6.65+0.44 3.93+0.17 0.0940.01 0.45+0.03
Fc Da Ga Da Aa
5 0.09+0.01 5.16+0.30 7.28+0.27 0.13+0.01 0.4+0.01
Eb Ec Eb Bb B
10 0.11£0.01 19.93+1.25 24.25+0.84 0.12+0.01 0.20£0.01
Db Cc E Ca Dc
Levofloxacin 15 0.11+0.01 35.48+1.17 35.89+2.05 0.13+0.01 0.20£0.01
Cc Ba Da Aa Cc
25 0.12+0.01 40.49+1.64 39.94+1.81 0.12+0.01 0.30+0.02
Bb Aa Ba Cb Bb
50 0.12+0.01 39.85+1.76 36.03+0.79 0.13+0.01 0.31+0.02
Ba Aa Ca Dc B
100 0.13+0.01 40.04+1.59 43.88+1.48 0.13+0.01 0.36+0.02
Aa Aa Ac Ba Bb
Control 0.10+0.01 6.65+0.44 3.93+0.17 0.09+0.01 0.45+0.03
Fa Da Fa Da Da
5 0.08+0.01 20.11+0.71 13.79+0.54 0.12+0.01 0.31+0.01
Gc Cb Cc Cb Eb
10 0.12+0.01 39.59+2.03 13.93+0.86 0.12+0.01 0.35£0.01
Ec Ba Cb Cb Ca
Amoxicillin 15 0.1240.01 40.50+1.77 15.75+0.75 0.13+0.01 0.40£0.018
Ac Aa Ec Bb Da
25 0.13+0.01 40.09+1.80 18.10+0.70 0.13+0.01 0.40+0.02
Bb Aa Db Aa B
50 0.13+0.01 39.91+0.61 32.16+1.22 0.13+0.01 0.45+0.03
Cb Aa Bb Bb Aa
100 0.14+0.01 40.49+2.03 161.17+8.61 0.13+0.01 0.45+0.01
Aa Aa Aa B b Aa
LSD 0.00203
Uppercase letters indicate statistically significant differences between the three antibiotics at a given initial concentration,
whereas lowercase letters reflect significant differences among concentration levels within each antibiotic treatment.

7.28 Uml™ at 5 pg ml™, followed by marked in-
creases to 24.25 Uml ™ at 10 pg ml™ and 35.89 U
ml™ at 15 pg ml™*. CAT reached 39.94 U ml ™! at
25 pg ml™" and remained elevated at 36.03—43.88
Uml™ at 50 and 100 pg ml™. ROS levels showed
only slight changes, increasing from 0.09% in the
control to approximately 0.12—-0.13% across all
concentrations. Vitamin C content varied within a
narrow range, from 0.20 to 0.36 pg ml™, indicat-
ing a limited antioxidant response.

Effects of amoxicillin

Amoxicillin elicited the strongest oxidative
response among the tested antibiotics. MDA val-
ues increased from 0.10 nmol ml™ in the con-
trol to 0.08 nmol ml™" at 5 pg ml™, followed by
a steady rise to 0.12 nmol ml™" at 10 and 15 pg
ml™, 0.13 nmol ml! at 25 and 50 pug ml™?, and
0.14 nmol mlI™* at 100 pg ml™. SOD activity in-
creased sharply from 6.65 U ml™ in the control to
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20.11 U ml™ at 5 pg ml™* and further to 39.59 U
ml ™" at 10 pg ml™'. High SOD activity persisted at
40.50 Uml ™" at 15 pg ml™* and remained elevated
at 39.91-40.49 U ml™" at higher concentrations.

CAT activity showed the most dramatic in-
crease. CAT rose from 3.93 U ml™ in the control
to 13.79-15.75 U ml™! at concentrations between
5 and 15 pg ml™', increased further to 18.10 U
ml™ at 25 pg ml™" and 32.16 U ml™" at 50 pg
ml™', and reached an exceptionally high value of
161.17 U ml™" at 100 pg ml™, indicating severe
disruption of redox homeostasis.

ROS levels showed a modest increase from
0.09-0.12% to 0.13% across all concentrations.
Vitamin C values ranged between 0.31 and 0.45
pg ml™, with no pronounced concentration-de-
pendent increase.

Collectively, the results demonstrate that the
magnitude of antibiotic-induced oxidative stress
in Neochloris conjuncta followed the order:

Amoxicillin > Ciprofloxacin > Levofloxacin,
With amoxicillin producing the most severe oxi-
dative imbalance, ciprofloxacin inducing a mod-
erate but clear response, and levofloxacin exhibit-
ing the weakest oxidative effects.

Assessment of antibiotic-induced DNA
damage in Neochloris conjuncta using the
comet assay

The results of Comet assay (Table 2) sug-
gest that DNA integrity was altered (increased
levels) in N. conjuncta on exposure to the tested
antibiotics with increasing concentration, Cip-
rofloxacin, Levofloxacin and Amoxicillin. DNA
strand breakage was classified in 3 categories:
Low damage, Medium damage and High dam-
age which reflected the increasing degree of DNA
fragmentation and genomic instability.

Effect of ciprofloxacin

Exposure of Neochloris conjuncta to cipro-
floxacin resulted in a clear concentration-depen-
dent alteration in DNA integrity, as assessed by
the comet assay (Table 2). At control conditions
and low concentrations (5, 10, and 15 pg ml™),
cells were entirely classified within the low-dam-
age category, with values remaining at 100%, in-
dicating preserved DNA integrity.

At higher concentrations, a progressive de-
cline in the proportion of low-damage cells
was observed. Low-damage values decreased

to 95.87% at 25 pg ml™, 92.31% at 50 pg ml™,
and further to 91.61% at 100 pg ml™, reflecting a
gradual shift toward DNA damage.

Moderate DNA damage was absent at concen-
trations up to 15 pg ml™, but became evident at
higher doses. Moderate-damage values reached
4.13% at 25 ng ml™, increased to 4.81% at 50 pg
ml ™, and slightly declined to 3.93% at 100 pg ml™.

High DNA damage was detected only at the
two highest concentrations, appearing at 2.88%
at 50 ug ml™" and increasing to 4.46% at 100 pg
ml™. These findings indicate that ciprofloxacin
induces measurable DNA strand damage in N.
conjuncta at elevated concentrations, with dam-
age severity increasing as exposure levels rise.

Effect of levofloxacin

Levofloxacin exposure produced a more pro-
nounced genotoxic response compared with cipro-
floxacin. At control conditions and concentrations
up to 10 pg ml™, all cells remained within the low-
damage category, with values maintained at 100%.

Beginning at 15 pg ml™!, a marked decline
in low-damage cells was observed, decreasing to
97.00%, followed by further reductions to 95.85%
at 25 pg ml! and 95.00% at 50 pg ml'. The
most substantial decline occurred at the highest
concentration, where low-damage cells dropped
sharply to 82.41% at 100 png ml™'. Moderate DNA
damage emerged at 15 pg ml™, with a value of
3.00%, and increased progressively with concen-
tration, reaching 4.15% at 25 pg ml™, 5.00% at
50 ug ml™', and peaking at 12.49% at 100 pg ml™".

High DNA damage was absent at concentra-
tions up to 50 pg ml™ but appeared prominently
at the highest exposure level, reaching 5.10% at
100 pg ml™'. These results demonstrate that levo-
floxacin exerts a strong concentration-dependent
genotoxic effect, particularly at high doses.

Effect of amoxicillin

Amoxicillin induced the weakest genotoxic
response among the three antibiotics tested. Low-
damage values remained consistently high across
all concentrations. Control and 5 ug ml™ treat-
ments showed 100% low-damage cells, while
slight reductions were observed at higher con-
centrations, with values of 98.00% at 10 pg ml™,
96.15% at 15 pg ml™, 96.00% at 25 pg ml™, and
95.65% at 50 pg ml'. At 100 pg ml?, the low-
damage proportion increased again to 98.00%.
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Table 2. Evaluation of DNA damage in Neochloris conjuncta exposed to antibiotics using the comet assay

Comet assay (Comet tail length)
Antibiotics concentrations
Low % Medium % High %
con 100+4.60 0+0 0+0
Aa Ba Ba
5 100+2.68 0+0 0+0
Aa Ba Ba
10 100+1.92 0+0 0+0
Aa Ba Ba
. . 100+4.71 0+0 0+0
Ciprofloxacin 15 Aa Bc Ba
25 95.87+2.99 4.13+0.13 0+0
Bb Aa Ba
50 92.314£3.47 4.81+£0.13 2.88+0.049
Cb Ab Aa
100 91.61+4.30 3.93+0.18 4.46+£0.12
Cb Ac Ab
con 100+4.60 0£0 0+0
AB a Da Ba
5 100 +2.83 0+0 0+0
Aa Da Ba
10 100+4.23 0+0 0+0
Aa Da Ba
Levofloxacin 15 97.00+4.50 3.00£0.13 0+0
Ba Cb Ba
o5 95.85+4.12 4.15+0.13 0+0
Cb Ca Ba
50 95.00+3.07 5.00£0.32 0+0
Ca Ba Ba
100 82.41+4.62 12.49+0.59 5.10£0.18
Dc Aa Aa
con 100 +2.28 0+0 0+0
Aa Ea Ba
5 100.£2.39 0+0 0+0
Aa Ea Ba
10 98.00+4.11 2.00+0.10 0+0
AB a Db Ba
Amoxicillin 15 96.15+£1.53 3.85+0.09 0+0
Bb Cb Ba
o5 96.00+5.35 4.00+0.16 0+0
Ca Bb Bc
50 95.65+2.94 4.35+0.1616 0+0
Ca Cc Bb
100 98.00+0.01 1.00+0.44 1.00+0.17
Aa Aa Aa
LSD 2.223
Uppercase letters indicate statistically significant differences between the three antibiotics at a given initial concentration,
whereas lowercase letters reflect significant differences among concentration levels within each antibiotic treatment.

Moderate DNA damage appeared at relatively
low levels, beginning at 2.00% at 10 pg ml™ and
increasing modestly to 3.85% at 15 ug ml™* and
4.00—4.35% at concentrations between 25 and 50
pg ml™. At the highest concentration, moderate
damage declined to 1.00%.

High DNA damage remained absent across
most concentrations and appeared only at 100 ug
ml™', with a value of 1.00%, indicating minimal
severe DNA fragmentation. Overall, amoxicillin
caused only limited DNA damage in N. conjuncta,

even at elevated concentrations. Collectively, the
comet assay results indicate that all tested antibi-
otics affected DNA integrity in Neochloris con-
juncta, but with markedly different severities.
The extent of DNA damage followed the order:

Levofloxacin > Ciprofloxacin > Amoxicil-
lin, with levofloxacin producing the strongest
genotoxic effects, ciprofloxacin inducing moder-
ate DNA damage at higher concentrations, and
amoxicillin exerting the weakest impact on ge-
nomic stability.
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DISCUSSION

Antioxidant responses to antibiotic treatment

Analysis of the antioxidant responses of Neo-
chloris conjuncta to antibiotics is important for
elucidating the effects of these pharmaceuticals
on algal physiology at biochemical level. Phar-
maceutically active contaminants (PACs), antibi-
otics in particular, are known to cause disruptions
in cellular redox processes through inhibitions of
photosynthetic and/or respiratory electron trans-
fer chains leading to leakages involving exces-
sive generation of reactive oxygen species (ROS)
(Santos et al., 2025; Cirulis et al., 2013; Murali,
2024). This progressive increase of ROS% across
most antibiotics in this study is obviously indica-
tive of that mechanism and shows that the anti-
biotics exerted oxidative stress beyond the usual
detoxification ability of the cells. This oxidative
increment was followed by a significant increase
in malondialdehyde (MDA) content, a major
product of lipid peroxidation indicating structural
damage to membrane lipids as a result of ROS
attack which is supported by the studies describ-
ing MDA as one of the major biomarkers for pol-
lutant-induced oxidative degradation in micro-
algae (Murali, 2024; Gu et al., 2017). Thus, the
high MDA levels attained under Amoxicillin and
Ciprofloxacin reflect an obvious augmentation
of peroxidative reactions, indicating that a pro-
found membrane gross injury effect was caused
by these molecules.

In reaction to these oxidative perturbations,
N. comjuncta turned on its enzymatic antioxidant
machinery starting with SOD. SOD over expres-
sion reflects increased detoxification of superox-
ide radicals that are generated during exposure
and this was also noted previously to occur in
Neochloris conjuncta, which is naturally highly
antioxidant stress resistant and undergoes rapid
SOD activation when exposed to oxidative chal-
lenge (Kumar et al., 2014; Cirulis et al., 2013).
Increase in the activity of SOD led to the forma-
tion of hydrogen peroxide as a byproduct that still
required detoxification by CAT. The extremely
high CAT activity observed, especially in the
presence of Prescription Medicines is consistent
with other studies indicating that pharmaceutical
contaminants could result in significant hydrogen
peroxide accumulation leading to rapid increase
in CAT activity as an adaptive response (Lee et
al.,2018; Kumar etal.,2014). The degree of CAT

activation observed in our study points to a marked
oxidative stress caused by the antibiotics, particu-
larly Amoxicillin seems to disturb redox balance
more significantly than other drug substances.

Together with the activity of enzymes, the
relatively weak enhanced ascorbate concentra-
tion indicates that another antioxidant has a role
in this. Known ascorbate has also been found to
assist in the maintaining of redox balance after
enzymatic defenses are weakened or exceeded,
serving as a backup ROS scavenger (Pereira et
al.,2024; Gu et al., 2017). The elevation of Vita-
min C however was also not as much as SOD and
CAT; but reflects the triggering of non-enzymat-
ic anti-oxidants in limiting oxidative abuse over
prolonged exposure.

Oxidative stress induction capacities of the
three antibiotics are thus different, what is also in
correlation with previously published patterns.
The well-marked oxidative effect of Amoxicillin
observed, which resulted in the greatest eleva-
tion on ROS as well as MDA, and mainly CAT
activity, indicates that this molecule is the most
harmful by biochemical interference among all
the other antibiotics tested. This result is con-
sistent with reports from literature where some
pharmaceutical pollutants cause more intense and
prolonged oxidative damage since they interfere
with electron transport processes in a greater
extent (Santos et al., 2025; Cirulis et al., 2013;
Murali, 2024). The significantly high MDA levels
in the Amoxicillin treatment group agrees with a
report indicating that powerful pollutants cause
severe lipid peroxidation and membrane leakage
damage (Murali, 2024; Gu et al., 2017). There-
fore, it’s not surprising to see Amoxicillin as the
most harmful antibiotic since previous biochemi-
cal mechanisms show that some pharmaceuticals
disturb more algal redox systems.

Ciprofloxacin seems to show medium toxici-
ty. Its power to enhance ROS and MDA less than
that of Amoxicillin shows moderate disturbance
in the redox status. These trends are in concor-
dance with the fact that intensity of oxidative pro-
cess is dependent upon the chemical structure as
well as penetration ability of pollutants from lit-
erature (Kumar et al., 2014; Cirulis et al., 2013).
Thus, the weak oxidative answer under Cipro-
floxacin exposure corresponds to its intermediary
reactivity and justo a middle interference in cel-
lular seelectron-transport.

Levofloxacin brought with it the least oxida-
tion damage, which was reflected in the small
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ROA, MDA, SOD and CAT increases. This
lower response fits in the context that not all phar-
maceutical pollutants exhibited same biochemi-
cal responses and their toxicological implications
depend on molecular structure or interaction with
algal physiology (Santos et al., 2025; Cirulis ef
al., 2013). The mild oxidative stress detected by
Levofloxacin indicates lower potential to interfere
with the electron transport system and production
of reactive intermediates, leading to less intense
oxidative pressure as previously presented, show-
ing differences in pollutant-dependent oxidative
effects (Kumar et al., 2014; Rezayian et al., 2019).

Taken together, the sequential response: el-
evation of initial ROS levels, lipid peroxidation,
strong activation of enzymes SOD and CAT ac-
tivity; perturbation on Vitamin C, indicated that
antibiotics induced different extents of oxidative
stress (Amoxicillin > Ciprofloxacin > Levofloxa-
cin), in Neochloris conjuncta. These patterns are
very similar to oxidative mechanisms presented in
the cited literature, and also indicate that the de-
gree of oxidative imbalance is dependent on both:
the specific chemistry of a given antibiotic in ad-
dition to an organism’s inherent physiological re-
sistance capability at N. congjucta cell (Santos et
al., 2025; Cirulis et al., 2013; Kumar et al., 2014).

Antibiotic impact on DNA damage (comet
assay)

The genotoxic responses to antibiotics in Neo-
chloris conjuncta are important for the interpreta-
tion of the cellular level where these pharmaceu-
ticals compromise DNA stability especially con-
sidering that pharmaceuticals can induce oxida-
tive and electrophilic stress capable of damaging
nucleic acids and causing breaks in strands (Na-
dar & Nugroho, 2022; Emtyazjoo et al., 2025).
Comet assay findings of the present investigation
showed that, depending on their concentrations,
DNA damage shifted from low toward moderate
and high damage categories by exposure to the
three antibiotics, indicating a gradual compro-
mise in genomic stability upon increasing anti-
biotic levels. The above results are in agreement
with previous reports showing that pharmaceuti-
cal pollutants, such as ciprofloxacin, carbamaze-
pine, diclofenac and sulfamethoxazole induced
the ROS formation which leads to oxidative DNA
lesions and alkali-labile (AL) sites in microalgal
cells resulting in significant increase of tail length,
tail %DNA and tail moment (Gupta et al., 2024;

Hejna et al., 2022; Christudoss et al., 2024). The
strong genotoxic response when exposed to levo-
floxacin, particularly the drastic reduction on low
damage cells and the high increase in medium and
high levels at higher concentrations, is coincident
with previous reports indicating that some drugs
had a high redox-interfering capacity capable of
generating dramatic DNA fragmentation through
disruption of electron transport chains coupled to
an overload and inhibition of DNA repair path-
ways (Harshkova et al., 2021; Sanchez-Sandoval
et al., 2022; Jan-Roblero and Cruz-Maya, 2023).
The moderate but pronounced rise of medium and
high-level DNA damage induced by ciprofloxa-
cin at high concentrations supports previous stud-
ies that have demonstrated differential or inter-
mediary DNA-damaging potencies of fluoroqui-
nolones due to their capability to develop reactive
intermediates and induce oxidative imbalance
without inducing the extensive chromatin de-
stabilization seen for more potent pharmaceuti-
cal pollutants (Poddar et al., 2025; Alsubih and
Khan, 2024). On the contrary, amoxicillin gen-
erated the lowest genotoxic effect, since most of
the cells were low damage at all concentrations
and only marginal high damage was observed at
the highest concentration, a scenario compatible
with results published on other pharmaceuticals
when their reactivity with DNA/ROS or capac-
ity to generate ROS is diminished (Sharma et al.,
2021; Rios-Miguel et al., 2021). These discrep-
ancies between antibiotics were consistent with
the compound-specific mechanisms of genotox-
icity reported, by which substances with greater
redox activity or a more potent alteration of cel-
lular metabolism are more effective in inducing
DNA fragmentation than those exerting weaker
oxidative or electrophilic effects (Zhang et al.,
2019; Procopio et al., 2021; Zheng et al., 2024).
The general order for the genotoxic potential of
compounds in the present study Levofloxacin >
Ciprofloxacin > Amoxicillin confirms previous
reports that microalgae are differentially sensi-
tive to chemically distinct drugs, as a function
of their capacity to generate ROS, inhibit DNA
repair systems or bind directly to genomic mate-
rial (Baaloudj ef al., 2025). As a whole, the DNA
comet assay results can conclude that antibiotic
treatment brings substantial and different contents
of DNA damage to N. conjuncta, suggesting the
great potential value for the comet assay as sensi-
tive biomarker in determination of genotoxic ef-
fect from emerging pharmaceutical pollutants.
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Growth inhibition, photosynthesis, and
biomass

Although growth rate, photosynthetic per-
formance, and biomass accumulation were not
directly measured in the present study, the pro-
nounced biochemical and genetic disturbances
observed provide strong evidence for potential
adverse effects on overall algal health. In microal-
gae, oxidative stress and DNA damage are closely
associated with growth inhibition and impaired
photosynthetic efficiency, as cellular energy pro-
duction and biomass accumulation depend on the
integrity of metabolic and genetic systems (Hejna
etal.,2022; Xin et al., 2021; Koletti et al., 2025).

Link between oxidative stress and growth
inhibition

The severe oxidative stress induced by amox-
icillin, as evidenced by markedly elevated ROS
levels, strong lipid peroxidation, and exception-
ally high CAT activity, is likely to have detri-
mental consequences for algal growth. Excessive
ROS production can disrupt membrane integrity,
impair nutrient transport, and interfere with key
metabolic pathways required for cell division
and biomass formation. Lipid peroxidation, in-
dicated by increased MDA levels, compromises
membrane fluidity and functionality, which in
turn limits cellular expansion and division. Such
oxidative imbalance has been widely associated
with growth inhibition and reduced biomass ac-
cumulation in microalgae exposed to pharmaceu-
tical pollutants, particularly when antioxidant de-
fense systems are overwhelmed (Gu et al., 2017,
Murali, 2024; Santos et al., 2025). Therefore,
the strong oxidative disturbance observed under
amoxicillin exposure suggests a high potential
for growth suppression and biomass reduction in
Neochloris conjuncta.

Genotoxicity and its implications for
photosynthesis

Levofloxacin induced the strongest genotoxic
response among the tested antibiotics, charac-
terized by a sharp decline in low-damage DNA
classes and substantial increases in medium and
high DNA damage categories at higher concen-
trations. DNA damage can impair photosyn-
thetic efficiency by disrupting the transcription
and translation of genes encoding photosystem
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components, electron transport proteins, and en-
zymes involved in carbon fixation. Damage to
nuclear and chloroplast DNA has been shown to
reduce the synthesis of essential photosynthetic
proteins, leading to inefficient light harvesting,
impaired electron transport, and decreased pho-
tosynthetic output (Zhang et al., 2019; Procopio
et al., 2021; Zheng et al., 2024). Consequently,
the pronounced genotoxicity observed under le-
vofloxacin exposure is likely to negatively affect
photosynthetic performance and cellular energy
availability, even when oxidative stress markers
appear less severe.

Integrated effects on algal health and
biomass

Taken together, the results indicate that differ-
ent antibiotics compromise algal health through
distinct but interconnected mechanisms. Amoxi-
cillin primarily exerts its toxicity through severe
oxidative stress, which is expected to inhibit
growth and biomass accumulation, while levo-
floxacin predominantly affects genomic integrity,
with potential downstream consequences for pho-
tosynthetic efficiency and cellular productivity.
Ciprofloxacin showed intermediate effects, induc-
ing moderate oxidative stress and DNA damage,
which may result in partial growth limitation and
reduced physiological performance. These find-
ings are consistent with previous studies demon-
strating that pharmaceutical pollutants can affect
microalgal growth and productivity indirectly
through oxidative and genotoxic pathways, even
in the absence of direct growth measurements
(Hejna et al., 2022; Xin et al., 2021; Baaloudj et
al., 2025). Overall, this integrative interpretation
highlights the importance of combining biochem-
ical and genetic endpoints when assessing the
ecological risks of pharmaceutical contaminants,
as molecular-level disturbances can ultimately
translate into reduced algal growth, biomass, and
ecosystem functioning.

CONCLUSIONS

The three antibiotics induced different de-
grees of biochemical and genetic stress in Neo-
chloris conjuncta. Amoxicillin caused the stron-
gest oxidative imbalance, as reflected by marked
increases in CAT and SOD activities, whereas
ciprofloxacin induced moderate oxidative stress
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and levofloxacin showed the weakest biochemi-
cal response. In contrast, comet assay results indi-
cated that levofloxacin produced the highest DNA
damage at elevated concentrations, followed by
ciprofloxacin, while amoxicillin induced the low-
est level of genotoxicity.

These findings suggest that antibiotic-induced
oxidative and genetic disturbances may have
broader consequences for algal health. Severe
oxidative stress, such as that caused by amoxi-
cillin, is likely to impair cellular metabolism and
growth, whereas pronounced DNA damage, as
observed under levofloxacin exposure, may nega-
tively affect photosynthetic efficiency and cellu-
lar productivity. Overall, the results highlight the
importance of considering both biochemical and
genotoxic endpoints when evaluating the ecologi-
cal risks of pharmaceutical pollutants.
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