
Toxicology Reports 13 (2024) 101696

Available online 14 July 2024
2214-7500/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Diclofenac enhances Boron nitride nanoparticle toxicity in freshwater green
microalgae, Scenedesmus obliquus: Elucidating the role of oxidative stress

Soupam Das a, Shinta Ann Jose a, Sampriti Giri a, Janmey Shah a, Mrudula Pulimi a,
Shalini Anand b, Pramod Kumar Rai b, Amitava Mukherjee a,*

a Centre for Nanobiotechnology, Vellore Institute of Technology, Vellore, Tamil Nadu, India
b Centre for Fire, Explosives and Environment Safety, Timarpur, Delhi 110054, India

A R T I C L E I N F O

Handling Editor: Prof. L.H. Lash

Keywords:
NSAID
Ecotoxicity
ROS
Photosynthetic efficiency
Lipid peroxidation

A B S T R A C T

Boron nanoparticles have numerous medical, industrial, and environmental applications as potential nano-
materials. Given the inevitable release of these particles in aquatic environments, they can combine with other
pollutants like pharmaceuticals. Therefore, it is necessary to investigate their combined detrimental effects on
freshwater biota. This study examined the joint impacts of Boron nitride nanoparticles (BNNPs) and Diclofenac
(DCF) on freshwater microalgae Scenedesmus obliquus. Three different concentrations of BNNPs (0.1, 1, and
10 mg L− 1) were mixed with 1 mg L− 1 of DCF and were treated with algal cells, and biochemical analyses were
performed. A concentration-dependent decrease in algal cell viability was observed after a 72-h interaction
period with BNNPs and their binary combinations. The maximum toxic effects were observed for the highest
combination of BNNPs + DCF, i.e., 10 mg L− 1 BNNPs + 1 mg L− 1 DCF. Similarly, an increase in the oxidative
stress parameters and antioxidant enzyme activity was observed, which correlated directly to the decline in cell
viability. The algal cells also showed reduced photosynthetic efficiency and electron transfer rate upon inter-
action with BNNPs. The results of this research emphasize the importance of considering the negative conse-
quences of emerging pollutants and their combinations with other pollutants, BNNPs, and DCF as part of a
thorough evaluation of ecotoxicity in freshwater algal species.

1. Introduction

Diclofenac (DCF) is a medication that falls under the category of non-
steroidal anti-inflammatory drugs (NSAIDs) [39]. It is known for its
notable antirheumatic, anti-inflammatory, analgesic, and antipyretic
properties [32]. Over the past few years, there has been a significant rise
in the global production and consumption of diclofenac, reaching an
estimated 940 tons per year. It is available in various forms, such as
capsules, ointments, and intravenous solutions [44]. DCF undergoes
hepatic detoxification through hydroxylation and glucuronidation
following administration. A significant portion of the oxidized metab-
olites are eliminated through the kidneys, while the remaining portion is
excreted in the bile as acyl glucuronide. Some diclofenac remains un-
changed and is not broken down in the body. As a result, it can end up in
the sewage system at concentrations of several hundred μg L− 1 [39].
According to a study by Sathishkumar et al. [40], it has been found that
traditional sewage treatment plants, which use limited physico-chemical

methods, are not very effective in completely removing DCF residues
that are commonly present in freshwater systems. Despite the various
transformations that occur in the environment, DCF can be found in its
original form at concentrations ranging from a few ng L− 1 to tens of mg
L− 1 [1,32,39,40]. In a recent study by Sathishkumar et al. [40], the
researchers highlighted the negative impacts of DCF on various organ-
isms, ranging from microalgae to large fishes and, ultimately, to mam-
mals. Several studies have documented the acute toxicity of DCF in
various aquatic organisms, including fish, prawns, copepods, mussels,
and crustaceans [18,2,26,31,43].

Boron nitride nanoparticles (BNNPs) have garnered significant
attention over the past few years owing to their numerous advantages,
such as superior thermal stability, compared to other carbon-based
nanomaterials [34]. Applications for boron nanoparticles include drug
delivery, tissue engineering, bioimaging, optoelectronics, photocatalysis
instruments, sensor devices, and storing energy [19,25,47]. The increase
in the production and utilization of BNNPs would result in their
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unregulated discharge into freshwater ecosystems, posing a threat to the
subaqueous flora and fauna. Concerns have been raised about the
accumulation of these nanomaterials in freshwater bodies. The photo-
catalytic nature and the bio persistence of BNNPs also pose a severe
threat to freshwater organisms [41].

Microalgae are essential in generating biomass and contributing to
the fundamental nutrition of aquatic systems. Additionally, it serves as a
critical marker of water pollution. Scenedesmus obliquus is a commonly
utilized microalgal species for research due to its rapid growth rate,
uncomplicated cell cycle, and similar photosynthetic and metabolism
processes to higher plants. Furthermore, it was observed that Scene-
desmus sp. exhibited greater sensitivity compared to other freshwater
microalgae, such as Chlorella sp., that were present in our laboratory
[10]. Saxena et al. [41] conducted a toxicity test with nano and bulk
forms of BNNPs on different freshwater microalgal cells, Chlorella vul-
garis, and Coelastrella terrestris at 10, 25, and 50 mg L− 1 concentrations.
They observed reduced growth rates and increased malondialdehyde
production of the algal cells when interacting with the nanoparticles.
Furthermore, they also found that the nano form of boron nitride was
more toxic than its bulk form. One drawback of this study is that they did
not observe the toxic effects of boron nitride nanoparticles at lower
concentrations. Another study by Dağlıoğlu and Öztürk [9] found
reduced cell viability and chlorophyll content of freshwater microalgae
Chodatodesmus mucronulatus when interacted with nano boron for 24,
48, and 72 h at a concentration of 50 mg L− 1. They also did not observe
the toxic effects of the nanoparticles at various other concentrations. A
study by Doležalová Weissmannová et al. [14] showed adverse effects of
DCF when interacted with Desmodesmus subspicatus. The toxicity of DCF
was further enhanced when cadmium was combined with it. Another
study by Cleuvers [8] observed that DCF has significant toxic effects on
freshwater microalgae D. subspicatus and Daphnia. They also reported
that DCF has no particular mode of action for causing its toxic effects.

Upon critical examination of prior research on boron nanoparticles
and diclofenac, it is evident that there needs to be a more comprehensive
exploration regarding its effects on freshwater microalgae. Furthermore,
the potential role of reactive oxygen species generation in toxicity still
needs to be addressed in the existing literature. Contrary to the previous
study, in the current study, the freshwater microalgae S. obliquus was
exposed to three different, environmentally relevant concentrations of
BNNPs and one concentration of DCF. The methodology for this study
was developed to emulate real-world exposure conditions. Following
our previous studies, we utilized filtered and sterilized natural fresh-
water as the exposure medium [37]. After interacting Scenedesmus
obliquus with BNNPs + DCF and their pristine counterparts, the exper-
imental design included the cell viability assay, quantifying the forma-
tion of reactive oxygen species, and assessing the antioxidant enzyme
activities. In addition to that, photosynthetic efficiency and electron
transport rate were also observed.

2. Materials and methods

2.1. Materials used

The boron nitride nanoparticles (BNNPs) procured from the DRDO-
CFEES lab, Centre for Fire, Explosives and Environment Safety (Timar-
pur, Delhi 110054, India) were used for this study. Other chemicals,
such as Diclofenac (DCF), 2’,7’ dichlorofluorescein diacetate (DCFH-
DA), were supplied from Sigma Aldrich. Aminophenyl fluorescein (APF)
and Dihydroethidium (DHE) were obtained from Invitrogen TM, Mo-
lecular Probes®, CA, USA. Hydroxylamine hydrochloride, Thio-
barbituric acid (TBA), trichloroacetic acid (TCA), BG-11 medium, and
dimethyl sulfoxide (DMSO) were supplied from Hi-Media Pvt. Ltd
(Mumbai, India). Nitroblue tetrazolium chloride (NBT) and Hydrogen
Peroxide solution (H2O2- 30 % w/v) were bought from SDFCL, Mumbai,
India.

2.2. Isolation and maintenance of culture

The algal species Scenedesmus obliquus isolated from the VIT Lake,
Vellore (12◦58’10" N, 79◦9′ 37" E), was used as the model organism in
the present study. The subcultures were maintained in a sterilized BG-11
medium. The growing cultures were exposed to a white fluorescent
illumination of 3000 lx (Philips TL-D Super 80, linear fluorescent lamp,
India) for a photoperiod of 16 h at 23 ± 2 ºC in a chamber with tem-
perature control (I.L.E. Co., India) [36].

2.3. Lakewater Collection and filtration

The current study used freshwater as the interaction matrix to
emulate the environmental conditions [11]. This freshwater was
collected from the Lake inside the VIT campus, Vellore (Tamil Nadu,
India), and was processed through filtration. Initially blotting paper was
used to eliminate the larger debris, followed by the Whatman no.1 filter
paper (pore size 11 μm) to eliminate all other colloidal particles. Finally,
the filtrate was sterilized in an autoclave at 121 ºC for 15 min. This
freshwater medium was utilized throughout the study to perform all the
experiments [37].

2.4. Preparation of BNNPs, DCF stock solutions, and working
concentrations

The BNNPs were dispersed in deionized water to prepare a concen-
trated stock solution. The nanoparticles were ultrasonicated for 30 mins
in a 130 W (20 kHz) ultrasonic processor (Sonics, USA) to achieve even
dispersion. Ecotoxicological studies require accurately estimating toxic
substances’ Effective Concentration (ECx) (OECD 201, 2002). The algal-
specific growth rate inhibition was determined with the ECx values EC10,
EC50, and EC90. These EC values represent the concentration of BNNPs
resulting in 10, 50, and 90 % algal inhibition. The working concentra-
tion for the study was selected after analyzing the EC50 values for the
BNNPs. The ECx values were calculated using the EPA probit analysis.
The required volumes of the aliquots were taken from the stock solution
to obtain the desired working concentrations of 0.1, 1, and 10 mg L− 1.
The stock solution of DCF was prepared freshly by mixing 100 mg/L of
DCF in Milli-Q water. The working concentration of the DCF was
selected after analyzing the EC50 values. One concentration below the
EC50 value was determined to be the working concentration of DCF, i.e.,
1 mg L− 1.

2.5. Characterization of BNNPs and its combination with DCF

The surface topography of the BNNP suspensions was analyzed using
a high-resolution field emission scanning electron microscope (FE-SEM)
(Thermo Fisher FEI Quanta 250 FEG). The X-ray diffractometer
(Advanced D8, Bruker, Germany) assessed the purity and crystallinity of
Boron nitride nanoparticles. Fourier Transform Infrared Spectroscopy
(FTIR) was performed to confirm the primary functional group in the
sample. Further, the charge on the pristine BNNPs and BNNPs + DCF
combined in lake water was determined by Zeta Potential. The DLS (90
Plus Particle Size Analyzer, Brookhaven Instruments Corp., USA) was
used to measure the mean hydrodynamic diameter (MHD) of the par-
ticles in lake water at both the 0th and 72nd h to study the aggregation
and distribution patterns of the particles.

2.6. Microalgal interaction with BNNPs

The interaction studies were conducted with the microalgae grown
up to the late log phase. The pellet from the centrifuged algal culture was
made up to an optical density of 0.5. The desired working concentra-
tions, 0.1, 1, and 10 mg L− 1 of pristine BNNP suspension, 1 mg L− 1 of
pristine DCF, and their combinations (0.1 mg L− 1 BNNPs + 1 mg L− 1

DCF; 1 mg L− 1 BNNPs + 1 mg L− 1 DCF; and 10 mg L− 1 BNNPs +
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1 mg L− 1 DCF), were prepared by adding the necessary volume of ali-
quots from the stock suspension into the algal culture. The interaction
mixture with the algal culture and sample suspension comprised a total
volume of 5 mL with the filtered, sterilized lake water. Further, this
mixture was kept for 72-h interaction under visible light conditions at 23
◦C by following the OECD guidelines Test No. 201 [29]. A set of inter-
action mixtures without the nanoparticle sample was kept as the control
for the experiment. All the investigations in this study were conducted in
triplicates (n=3) to obtain and validate the statistical significance of the
findings.

2.7. Cell enumeration

An aliquot of 20 µL from the interacted algal samples (both control
and test) was placed on a hemocytometer and examined using a light
microscope (Zeiss Axiostar Microscope, USA). The growth inhibition of
Scenedesmus obliquus was determined by counting the healthy algal cells
and comparing the counts with the control algal cells.

2.8. Analysis of oxidative stress

2.8.1. Overall ROS generation
The intracellular ROS production was measured in the 72 h inter-

acted samples using DCFH-DA (ROS indicator), a cell-permeable fluo-
rescent dye. The protocol can be followed from [12]. The detailed
methodology has been mentioned in Method S1 of the supplementary
information.

2.8.2. Superoxide and hydroxyl radical generation
Superoxide radicals in the interacted algal samples were assessed

using the freely permeable blue fluorescent dye, Dihydroethidium
(DHE), which reacts with the superoxide generated within the cells and
forms red fluorescent ethidium. The procedure followed by [30] was
used for the analysis. The complete methodology has been detailed in
the supplementary file under Method S2.

APF (Aminophenyl fluorescein) dye was used to assess the produc-
tion of hydroxyl radicals in algal cells. The experiment protocol was
followed by [13]. The detailed methodology has been explained in the
supplementary file under Method S3.

2.8.3. Lipid peroxidation
Lipid peroxidation involves reactive oxygen species damaging lipids,

especially polyunsaturated fatty acids, in the cell membranes of micro-
algae. The measurement focuses on Malondialdehyde (MDA), a recog-
nized by-product of microalgae under stress. The protocol to perform
this assay has been mentioned in one previous study [33]. The complete
methodology is given in the supplementary file under Method S4.

2.9. Antioxidant enzyme assay

2.9.1. Superoxide dismutase (SOD) Activity
Superoxide dismutase assay for the treated cells was performed by

the protocol described by [28]. The detailed methodology has been
mentioned in supplementary file under Method S5.

2.9.2. Catalase activity
Determining catalase enzyme activity in Scenedesmus obliquus was

conducted following the protocol outlined by Chakraborty et al. [3]. The
detailed protocol is written in supplementary file under Method S6.

2.10. Photosynthetic efficiency of PS II and electron transport rate (ETR)

The protocol for analyzing photosynthetic efficiency is mentioned
elsewhere [17]. The complete methodology has been outlined in sup-
plementary information (Method S7).

Similarly, the supplementary information details the methodology

for analyzing the electron transport rate (Method S8). This protocol has
been followed from Romanowska-Duda et al. [35].

2.11. Statistical analysis

All the experiments were performed in triplicates (n=3). The statis-
tical difference between the control and the samples was achieved using
two-way ANOVA with Bonferroni’s multiple comparison tests in Graph
Pad Prism 8. The accepted significance level was p< 0.05; the data were
represented as mean ± SD (Standard Deviation).

The interactions between two particles in a mixture were analyzed
using the Independent Action Model (Abbott, 1925). The goal was to
determine whether these interactions were synergistic, antagonistic, or
additive. This model is commonly used to assess the effects of contam-
inants compared with normal mortality rates. This method proves to be
highly effective for mixtures containing only two particles. The detailed
methodology has been provided in the supplementary file under Method
S9.

3. Results

3.1. Characterization and colloidal stability analysis of the nanoparticles

FE-SEM images were used to identify the shapes, sizes, and
morphology of BNNPs. FE-SEM images (Fig. 1A) indicated that BNNPs
were uniform, regular, and almost polymorphic shapes with smooth
surfaces; the average size was estimated to be approximately 262 nm.

Fig. 1B represents the FTIR spectra of BNNPs. The peaks at
3206 cm− 1, 2261 cm− 1, 1415 cm− 1, and 1186 cm− 1 are attributed to
stretching vibrations of B-OH, C–––N, BN, and BN-O. The peaks at
717 cm− 1 and 640 cm− 1 represent B-N and C––C bending vibrations.
The FTIR spectra confirm the presence of boron nitride (Singh et al.,
2016).

The mean hydrodynamic diameter of BNNPs at 0th h in lake water
medium was found to be 191.05 ± 8.29, 442.28 ± 2.71, and 603.65 ±

1.32 nm for 0.1, 1, and 10 mg L− 1, respectively. Table S1 summarizes
the changes in the mean hydrodynamic diameters of the various con-
centrations of BNNPs and their combination with DCF in lake water
medium at 0th and 72 h time intervals. The zeta potential values for
pristine BNNPs and BNNPs + DCF combinations are represented in
Table S2. X-ray diffraction (XRD) analysis was additionally conducted,
revealing the presence of a boron nitride peak. (Fig S1).

3.2. Analysis of growth inhibition

The EC10, EC50, and EC90 values of BNNPs interacted with Scene-
desmus obliquus in lake water medium were observed to be 0.01, 4.72,
and 1318 mg L− 1, respectively. The EC50 value for DCF is 2 mg L− 1.
S. obliquus cells treated with different concentrations (0.1, 1, and
10 mg L− 1) of BNNPs decreased in cell growth, where significant dif-
ferences were noted in compared to control (p<0.001) (Fig. 2). The algal
cells treated with different concentrations of binary mixture showed
further reduction in cell growth which is significant in comparison to
untreated cells and pristine BNNPs treated cells (p < 0.001).

An Independent action modeling was performed to describe the
interaction between BNNPs and DCF after exposure (Table 1). The RI
value decreased as the BNNP concentration increased, which was found
to be statistically significant. This confirms an antagonistic interaction
for all combinations.

3.3. Oxidative stress generation

Fig. 3A represents the total ROS generated when the S. obliquus cells
are exposed to pristine DCF, various concentrations of BNNPs, and
BNNPs + DCF combination. In particular, in the presence of 0.1, 1, and
10 mg L− 1 BNNPs, the total ROS levels of the exposed cells increased
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significantly (p ˂ 0.001) compared to the control. The BNNPs + DCF
treated cells showed a significant increase in ROS generation (p ˂ 0.001)
compared to the control samples. A significant difference in ROS gen-
eration (p ˂ 0.001) was observed for BNNPs + DCF-treated algal cells
compared to those treated with pristine BNNPs.

In Fig. 3B, superoxide radical generation revealed that, for the cells
treated with pristine DCF (1 mg L− 1), various concentrations (0.1, 1,
10 mg L− 1) of pristine BNNPs and their binary combinations, the su-
peroxide radical was increased significantly (p< 0.001) compared to the
control. With the increasing concentration, superoxide oxide radical
generation was also significantly increased for the binary mixture
treated samples compared to various concentrations of pristine BNNPs.
Our data also showed a similar trend for hydroxyl radical generation
(Fig. 3C). Hydroxyl radical production was significantly increased (p <

0.001) for the mixture-treated samples compared to control and pristine
BNNP-treated samples.

MDA produced in response to pristine DCF, different concentrations
of pristine BNNPs, and their binary mixture are represented in Fig. 3D. In
our study, MDA content was significantly increased for algal samples (p
< 0.001) treated with pristine DCF, pristine BNNPs, and their binary
combinations in comparison to the control samples. The increase in
MDA production for binary mixture treated samples was significant (p<

0.001) compared to pristine BNNPs treated samples.

3.4. Antioxidant enzymatic activity

The catalase activity in all the contaminant-treated cells was signif-
icantly more (p < 0.001) than in control cells. Fig. 4A reveals the
catalase activity, and the increment observed for the binary mixture
treated samples was highly significant with respect to pristine BNNPs
counterparts (p < 0.001).

A similar trend was observed for SOD as well, as represented in
Fig. 4B. The results indicate that an increment in SOD activities was
noted for the cells treated with pristine DCF, pristine BNNPs, and their
binary mixture when compared to untreated cells (p < 0.001). Algal
cells treated with a binary mixture revealed increased SOD activity
compared to algal cells treated with pristine BNNPs (p < 0.001).

3.5. Photosynthetic yield parameters

Fig. 5A represents the photosynthetic efficiency of PS II (Φm) for the
BNNPs. Pristine DCF and pristine BNNPs treated samples substantially
reduced the Φm value compared to the untreated samples. The samples
treated with various concentrations of BNNPs + DCF showed a signifi-
cant reduction in the Φm value compared to untreated and pristine
BNNPs.

Fig. 5B displayed the electron transport rate within the PS II system
in the interacted cells. All the contaminant-treated samples showed a
highly significant decrease in ETR with respect to the control samples.
The ETRmax was further reduced (p < 0.001) when cells treated with
DCF and BNNPs combinations compared to pristine BNNPs treated cells.

4. Discussion

The fact that the BNNPs solution has a negative zeta potential value
shows that there are significant forces of repulsion between the nano-
particles. These forces prevent the nanoparticles from agglomerating,
maintaining the nanoparticles’ long-term stability in the colloidal sus-
pension [45]. DCF in the systemmakes it even more stable, as evidenced
by the zeta potential values. The mean hydrodynamic diameter of the
particles increased with increasing BNNPs concentrations. The MHD of
the particles increased a bit when BNNPs were combined with DCF. The
interaction between the numerous organic colloidal particles in the
freshwater matrix and the particles might be responsible for the growth

Fig. 1. Characterization of nanoparticles (A) FE-SEM pictures of boron nitride nanoparticles (BNNPs) and (B) FTIR spectra of BNNPs.

Fig. 2. Comparison of cell viability of Scenedesmus obliquus cells treated with
pristine DCF, pristine BNNPs and their binary combinations. The level of sig-
nificance in comparison to the control was represented by ‘***’ and “α” (p <

0.001), which showed the level of significance in comparison between pristine
BNNPs and binary mixture.

Table 1
Independent action model for the mixture of BNNPs and DCF.

Concentration of DCF (mg
L¡1)

Concentration of BNNPs (mg
L¡1)

Observed toxicity
(%)

Expected toxicity
(%)

Ratio of Inhibition
(RI)

P value Nature of
interaction

1 0.1 52.69 79.42 0.66 ± 0.04 <0.001 Antagonistic
1 39.82 73.78 0.54 ± 0.03 <0.001 Antagonistic

10 21.02 65.52 0.32 ± 0.02 <0.001 Antagonistic
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Fig. 3. The production of oxidative stress by nanoparticles is assessed. (A) Comparison of the production of total ROS, (B) superoxide radicals, (C) hydroxyl radicals,
and (D)MDA production. The level of significance with respect to control was represented by ‘***’ (p < 0.001), ‘**’ (p < 0.01); “α” (p < 0.001), “β” (p < 0.01), “γ” (p
< 0.05), and “δ” (p > 0.05) showed the level of significance in comparison between pristine BNNPs and binary mixture. The data are the averages of at least three
independent experiments (n≥3); the standard deviations are shown (vertical error bars). The mean values were represented using a two-way ANOVA test with a
Bonferroni post-test.

Fig. 4. Scenedesmus obliquus treated with pristine DCF, pristine BNNPs and their binary combinations produced antioxidant enzyme activity, which was measured.
(A) A comparison of the catalase activity. (B) A comparison of the SOD activity. The level of significance with respect to control was represented by ‘***’ (p < 0.001),
“α” (p < 0.001), “β” (p < 0.01), “γ” (p < 0.05), and “δ” (p > 0.05) showed the level of significance in comparison between pristine BNNPs and binary mixture. The
data are the averages of at least three independent experiments (n≥3); the standard deviations are shown (vertical error bars). The mean values were represented
using a two-way ANOVA test with a Bonferroni post-test.

Fig. 5. Photosynthetic parameters in Scenedesmus obliquus exposed to pristine DCF, pristine BNNPs, and their binary combinations were assessed. (A) The com-
parison of maximum quantum yield of PS II (Φm) (B) The comparison of electron transport rate. The level of significance with respect to control was represented by
‘***’ (p < 0.001), and “α” (p < 0.001) showed the level of significance in comparison between pristine BNNPs and binary mixture.
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in the hydrodynamic size of the particles [38].
A concentration-dependent reduction was noted in the cell viability

when exposed to different concentrations of pristine BNNPs and its bi-
nary mixture. This might be due to the particle accumulation on the
algal cell surface, thereby preventing other nutrients from passing into
the algal cells [20]. In an earlier study, which was done by Saxena et al.
[41], the exposure of boron nanoparticles at concentrations of 10, 50,
and 100 mg L− 1 on two freshwater microalgae named Coelastrella ter-
restris and Chlorella vulgaris showed a similar trend of reduced cell
viability. Another critical theory that might have been related to growth
inhibition is reduced light availability. On increasing the concentration
of NPs, the turbidity of the growth media increases, thereby reducing the
light entering the cells, which was previously discussed by Choi et al.
[5]. When DCF was combined with BNNPs, the reduction in cell viability
further increased. DCFs might have adsorbed onto the nanoparticles,
which accumulate on the algal cell surface and thus get entry into the
algal cells. Previous research indicates that DCF has a significant ability
to adsorb NPs by chemisorption, particularly when compared to other
NSAIDs. This is attributed to the existence of an amine group plus aro-
matic rings in its molecular structure. The level of chemisorption is
directly influenced by the amount of surface area accessible on the
adsorbent. Therefore, as the specific surface area of the adsorbent in-
creases, the sorption capacity also increases [24]. The enhanced toxicity
found at high concentrations of BNNPs and DCF is attributed to the
abundance of sorption sites on BNNPs, which facilitate the adsorption of
DCF. Antagonistic effects have been seen for all combinations resulting
from the competition of binding sites on the algal cell membrane for
cellular entry.

A steady increase in oxidative stress, i.e., total ROS, specific ROS, and
lipid peroxidation, was observed, with the increase in the concentration
of pristine BNNPs and in combination with DCF. This represents a cor-
relation between cytotoxicity and oxidative stress, which was
concentration-dependent. The possible adsorption of BNNPs on the algal
cells affects the photosynthesis and thereby, the movement of electrons
from the PS II to cytochrome b6/f. This caused aggravation in the
photoinhibition and an over-accumulation of radicals at that site, ulti-
mately leading to increased oxidative stress [6]. Furthermore, BNNPs
aggregation on the algal surface led to cell membrane depletion, which
provides an opportunity for DCF to gain cellular entry. Current inves-
tigation showed MDA content was significantly greater in the treated
cells than in untreated cells. One of the primary mechanisms underlying
cytotoxicity is lipid peroxidation caused by ROS generation. As a result,
the increase in MDA level could be linked to the stress caused by
increased ROS formation following BNNPs treatment. A recent study by
Saxena et al. [41] showed highly increased MDA content in Chlorella
vulgaris and Coelastrella terrestris after treatment with different con-
centrations of boron nitride nanoparticles, corroborating our findings.
Nonetheless, a higher level of MDA production was noticeable because
nanoparticles had more surface area than volume. Studies have shown
that DCF can hinder the development of different types of microalgae,
interfere with cellular processes, and negatively impact the process of
photosynthesis [46]. Previous research has shown that when green
microalgae, such as Chlorella vulgaris and Scenedesmus obliquus, are
exposed to DCF, their chlorophyll content and photosynthetic efficiency
decrease. In addition, DCF-induced oxidative stress leads to excessive
generation of ROS, which in turn causes lipid peroxidation, protein
oxidation, and DNA damage in algal cells. Elevated levels of ROS also
stimulate the initiation of antioxidant defense mechanisms, such as the
enhancement of enzymes like CAT and SOD [16]. The findings showed
that ROS-mediated oxidative stress stimulates cellular stress responses
and defense systems.

Since antioxidant enzymes like catalase and superoxide dismutase
support cells by lowering intracellular ROS levels, their activity can be
used as oxidative stress markers. These enzymes alleviate oxidative
stress by converting harmful cellular peroxides like free radical O2 and
H2O2 to nontoxic O2 and H2O [23]. The increased concentration of

BNNPs and DCF induced more oxidative radicals, affecting the mem-
brane damage and thus causing more MDA production [4]. Further-
more, the uptake of foreign chemicals, such as pharmaceuticals, causes
intracellular ROS production in microalgae [21,22]. The cell’s toxicity
can be related to oxidative stress and nanoparticle aggregation on the
algal cells’ surface, affecting the algal cells’ photosynthetic function.
Previous studies from our lab showed increased antioxidant activities of
marine algal cells Chlorella sp. when treated with nanoTiO2 and tetra-
cycline, corroborating our findings [42].

The modification of the balance between both the electron transfer
rate and the excitation energy demonstrates that the loss of light energy
to heat can reduce total photosynthetic performance. Giri and
Mukherjee [15] previously showed that as the quantity of pollutants
increases, the Fv/Fm ratio drops, increasing the harmful effects on algal
photosynthetic efficiency (PS II). In the present study, the pure BNNPs
and BNNPs + DCF treated samples likewise had very low Fv/Fm values,
indicating severe impairment to the PS II system. Additionally, electron
transport rate, another photosynthetic measure, followed a similar
pattern. It is possible that the electron transport rate across the PS II
system was reduced under stress from both BNNPs and DCF. This
resulted in a significant build-up of electrons, intensifying photo inhi-
bition and increasing ROS. The high concentration of ROS species in the
cells caused cell structure damage and prevented chlorophyll synthesis,
substantially reducing photosynthetic yield and thereby increasing
toxicity. A possible cause is the presence of boron nitride on the surface
of algal cells, which reduces the amount of light available to algal cells
[27]. Reduced light accessibility lowered growth and produced stress,
decreasing photosynthetic yield and electron transport rate. Similar
results were reported in the prior investigation conducted by Saxena
et al. [41]. They discovered that chlorophyll and carotenoid content
decreased when the concentration of boron nitride nanoparticles
increased. Another potential scenario is that DCF infiltrated the algal
cells and caused damage to the photosynthetic centers. Moreover, the
combination of BNNPs and DCF increased oxidative stress, resulting in a
decrease in photosynthetic activities. A similar study by Christudoss
et al. [7] showed that increased DCF concentrations impaired photo-
synthetic parameters in Scenedesmus obliquus, thus reducing photosyn-
thetic activities.

An analysis was conducted using a heat map (Fig. 6) to examine the
connections between different toxicity indicators in varying exposure
conditions. There was a clear link between the rise in ROS levels, MDA
production, and the increment in CAT activity. This suggests that the

Fig. 6. : Heat map representation of the effects of various concentrations of
pristine DCF, pristine BNNPs, and their binary combinations on the various
biochemical activities of Scenedesmus obliquus after 72 h of exposure.
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cells activated antioxidant enzymes to better handle the build-up of ROS
within the cell. In addition, there was a notable correlation between the
enhancement in oxidative stress and the decrease in photosynthetic
activities.

5. Conclusions

The present work demonstrates that when Scenedesmus obliquus was
exposed to BNNPs and DCF combined, it decreased cell viability with
increasing cellular oxidative stress and antioxidant defense mechanisms.
Excessive ROS generation generally impairs the cell’s capacity to oper-
ate by reducing photosynthesis and electron transport in the cells. These
nanomaterials are among the most hazardous freshwater contaminants,
so the present research results are noteworthy. Future studies employing
diverse model organisms should provide insight into the potential effects
of different nanoparticle combinations in freshwater environments.
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