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ARTICLE

Algal extracellular polymeric substances (algal-EPS) for mitigating the
combined toxic effects of polystyrene nanoplastics and nano-TiO2 in
Chlorella sp.

Lokeshwari Natarajana, M. Annie Jeniferb, Willie J. G. M. Peijnenburgc,d and Amitava Mukherjeea

aCentre for Nanobiotechnology, VIT, Vellore, Tamil Nadu, India; bVIT School of Agricultural Innovations and Advanced Learning, VIT,
Vellore, Tamil Nadu, India; cInstitute of Environmental Sciences (CML), Leiden University, Leiden, The Netherlands; dCenter for the
Safety of Substances and Products, National Institute of Public Health and the Environment, Bilthoven, The Netherlands

ABSTRACT
The continuous release of nanoparticles and nanoplastics into the marine environment necessi-
tates the examination of their combined effects in marine organisms. Natural Organic Matter
(NOM) can significantly influence the behavior of nanomaterials in the marine environment. The
present study explores the effects of algal Extracellular Polymeric Substances (EPS) in reducing
the combined toxic effects of three different polystyrene nanoplastics (PSNPs)— aminated (NH2-
PSNPs), carboxylated (COOH-PSNPs), and plain PSNPs — and P25 titanium dioxide nanoparticles
(Nano-TiO2) towards the marine alga, Chlorella sp. Two doses (0.25 and 2.5mg/L) of nano-TiO2

mixed with the PSNPs (1mg/L) were employed. The COOH-PSNPs with 2.5mg/L nano-TiO2

exhibited higher growth inhibition toward algal cells. Addition of algal EPS to the mixture of
NMs decreased the negative effect significantly. The mean hydrodynamic diameter increased
significantly from 666 to 797nm and 1248 to 3589 nm at concentrations 0.25 and 2.5mg/L,
respectively when the mixtures of nano-TiO2 and COOH-PSNPs were incubated with the algal
EPS. In comparison to the pristine NMs, the EPS-NMs were found to significantly reduce the
superoxide and hydroxyl radical production. The results were further validated with the estima-
tion of lipid peroxidation (LPO), esterase activity, photosynthetic efficiency, and membrane per-
meability in the cells. The major outcomes from this study highlight the role of algal EPS in
significantly reducing the toxic impact of binary mixture of NMs in marine organisms.
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1. Introduction

Globally, plastic waste is recognized as a threat to

marine ecosystems (Andrady et al. 2011). One of

the underexplored areas in understanding the

impacts of plastic pollution is the assessment of

nanoplastics (<1 mm) (NPs) and their biological

effects. Since standard sampling methods and ana-

lytical techniques for the detection of plastic poly-

mers make it difficult to isolate and quantify their

nano-fraction, the amount of nanoplastics deposited

in the oceans is mostly unknown (C�ozar et al. 2014;

Koelmans, Besseling, and Shim 2015). Recently, NPs

have received increased attention due to the firm

evidence suggesting their potential to be more

destructive than microplastics (Rehse, Kloas, and

Zarfl 2016; Kihara et al. 2021). Being resistant to

biodegradation, NPs can persist for a long time in
the environment (Zaki and Aris 2022).

The marine environment is often considered a
‘sink’ for various pollutants. The increased usage of
nanomaterialsfor commercial and consumer applica-
tions has raised significant concerns regarding their
effects on biological systems. Among the
variousNPs, metal oxide nanomaterials can
adversely affect marine biota (Xia et al. 2017; Yan
et al. 2021). In particular, nano-TiO2 (P25) is known
to be one of the most used materials (Chen and
Selloni 2014; Khalid, Aqeel, and Noman 2020).
Nano-TiO2 poses serious risk to marine organisms
due to its photo-catalytic and non-biodegradable
nature (Etacheri et al. 2015). The toxicity of nano-
TiO2 in Chlorella pyrenoidosa was studied by Al-
Ammari et al. (2021). Their findings imply that the
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size of the particles and their solubility are the key
factors that dictate their cytotoxicity. A recent report
by Baharlooeian, Kerdgari, and Shimada (2021) high-
lighted the negative effects of nano-TiO2 in the algal
species,Chaetoceros muelleri. Metzler, Erdem, and
Huang (2018) demonstrated that the deposition of
nano-TiO2 on the cell surface of Raphidocelis subcapi-
tata may block nutrient transport.

The effects of mixtures of nanomaterials are likely
to differ from the average toxic effect of the individ-
ual components. Our recent study has indicated that
hetero-aggregation of polystyrene NPs (PSNPs) with
nano-TiO2 led to the decreased bioavailability of the
particles for the marine alga Chlorella sp. (Natarajan
et al. 2021). Dong et al. (2018) investigated the com-
bined effect of nano-TiO2 and PSNPs in C. elegans
and observed that chronic exposure to PSNPs exa-
cerbated the effects of nano-TiO2. On the contrary,
Yu et al. (2016) found that the combination of nano-
TiO2 and CeO2 NPs had an antagonistic interaction
with N. europaea. Similarly, Ogunsuyi et al. (2019)
proved the antagonistic action of AgNPs in combin-
ation with CuO NPs toward Clarias gariepinus.

One of the critical gaps in the current ecotoxico-
logical studies of nanomaterials lies in ignoring the
role of naturally occurring biopolymers in modulat-
ing their physico-chemical as well as biological inter-
actions. Extracellular Polymeric Substances (EPS)
areone such natural biopolymer that often functions
as a barrier to pollutants. EPS constitutes a key com-
ponent of microalgae. Algae produce EPS for a var-
iety of reasons, including (a) secure attachment and
improvement of the local environment, and (b) as a
metabolic waste. Notably, EPS secretion boosts cell
survival, metabolic efficacy, and adaptability (Decho
and Gutierrez 2017). These biopolymers can easily
adsorb to nanomaterials in the aquatic environment,
modulating their bioactivity, cytotoxicity, and physio-
logical features (Alimi et al. 2018). This phenomenon
is often referred to as eco-corona formation, the
effects of which need to be considered while formu-
lating an experimental design for nano-ecotoxicity
studies in aquatic organisms.

Thus, despite the fact that the toxicity of nano-
materials in marine ecosystems has been well docu-
mented, very few reports highlight their combined
effects on marine organisms (Natarajan et al. 2021;
Yu et al. 2022) and study the effect of eco-corona
formation on nanoplastics (Nasser and Lynch 2016;

Saavedra, Stoll, and Slaveykova 2019; Fadare et al.
2020; Grassi et al. 2020). These reports fail to
explain how the eco-corona may modify the toxicity
of a mixture of nanoplastics and nanoparticles in
aquatic organisms. The main objective of the pre-
sent work is to investigate how the adsorption of
algal EPS on the mixture of PSNPs [aminated (NH2-
PSNPs), carboxylated (COOH-PSNPs), and plain
PSNPs] (each at a concentration of 1mg/L) and
nano-TiO2 (0.25 and 2.5mg/L) would alter their tox-
icity to the marine algae, Chlorella sp. This research
involved the critical assessment of cytotoxicity
markers in the algal cells like photosynthetic and
metabolic activities, production of reactive oxygen
species, and activities of major antioxidant enzymes.

2. Materials and methods

2.1. Chemicals

The details of the various chemicals used in the cur-
rent work are provided in the Supplementary
Information section (Supplementary Table S1).

Artificial Sea Water (ASW) was selected as the
test medium to mimic the realistic environmental
characteristics. Supplementary Table S2 summarizes
the composition of ASW. The ASW was autoclaved
for 15minutes at 121 �C before further use in all the
experiments.

2.2. Culturing of Chlorella sp

The marine microalga, Chlorella sp., procured from
Central Marine Fisheries Research Institute (CMFRI),
Rameswaram, Tamil Nadu, was used as the model
organism for toxicity assessment. The organisms
were cultivated in sterilized 200-ml flasks containing
ASW and therequired micronutrients (Supplementary
Tables S2 and S3). During the growth period, the cul-
tures were exposed to Philips Fluorescent lamps
(3000 lux) for 16hours of light and 8hours of dark-
ness at 24± 2 �C. The culture flasks were shaken daily
once or twice to reduce sedimentation (Natarajan,
Jenifer, and Mukherjee 2021).

2.3. Preparing dispersions of PSNPs and nano-TiO2

The PSNPs were dispersed in Milli-Q water for pre-
paring a fresh stock suspension of 100mg/L. This
suspension was bath sonicated for 15min to ensure
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uniform dispersion. Similarly, the stock suspension
of nano-TiO2 (100mg/L) in Milli-Q water was pre-
pared and ultrasonicated for 20min. The working
doses for nano-TiO2 were fixed at 0.25 and
2.5mg/L and PSNPs at 1mg/L. Notably, the EC50
value of nano-TiO2 for the same species was deter-
mined to be 6.5mg/L (Thiagarajan et al. 2019). The
working concentrations were also based on our
previous study, wherein the combined toxicity of
nano-TiO2 and PSNPs was analyzed (Natarajan,
Jenifer, and Mukherjee 2021). Another previous
report suggests that the environmentally relevant
concentrations of nano-TiO2 and PSNPs in the mar-
ine system would fall between mg/L and mg/L (Xia
et al. 2017).

2.4. Algal EPS extraction and adsorption on
PSNPs and nano-TiO2

The EPS extraction was carried out by following our
previous study (Natarajan et al. 2020). At the expo-
nential phase, well-grown algal cells were centri-
fuged at 7400�g for 10min (at 4 �C), and the cells
were suspended in ASW to yield a suspension of
0.5 Optical Density (OD) at 610 nm. These samples
were centrifuged at 16 575�g for 10min (4 �C) and
incubated in light for 24 h. The abundance of
organic compounds present in the extracted algal
EPS was studied by performing HR-LCMS as
reported in our previous study (Natarajan et al.
2020).The results are included in the Supplementary
Table S4. A TOC (Total Organic Carbon) analyzer
was used to measure the organic carbon content in
the supernatant (Model TOC-L, Shimadzu). To neg-
ate the Natural Organic Matter (NOM) already pre-
sent in the exposure medium, the TOC of ASW was
also measured and duly subtracted from the total
TOC value.

Each suspension of nano-TiO2 (0.25 and 2.5mg/L)
was combined with 1mg/L of the PSNPs (COOH-
PSNPs, NH2-PSNPs, and Plain-PSNPs) (hereafter men-
tioned aspristine-NMs). To analyze the effect of algal
EPS on the NMs (mixture of PSNPs and nano-TiO2),
different combinations of NMs were incubated with
the algal EPS at 24 ± 2 �C under visible light condi-
tions for 72 h. The NMs with adsorbed EPS are here-
after mentioned as EPS-NMs.

2.5. Characterization of pristine-NMs and EPS-NMs

2.5.1. Microscopic analysis
Transmission Electron Microscopy (TEM) was used
to examine the morphological characteristics of the
EPS-NMs and pristine-NMs. For this, a portion of the
dispersion from (a) nano-TiO2(2.5mg/L) þ PSNPs
(1mg/L) þ Algal EPS, and (b) nano-TiO2(2.5mg/L) þ
PSNPs(1mg/L) was dropped on a carbon-coated
copper grid, which was subsequently imaged by
TEM (HRTEM, FEI TecnaiG2 T20 S-twin).

2.5.2. Particle size analysis
The mean hydrodynamic diameter (MHD) was ana-
lyzed using DLS instrument (Dynamic Light
Scattering) (90 Plus Particle Size Analyzer,
Brookhaven Instruments Corp., USA). The MHDof
EPS-NMs and pristine-NMs was measured at the 0th
and 72nd h.

2.5.3. Sedimentation analysis
The sedimentation of nano-TiO2 (2.5mg/L) and
PSNPs (1mg/L) in the presence and absence of
algal EPS was examined using a UV–visible spectro-
photometer (Hitachi U2910, Japan). At varying time-
points, 1mL of the sample was taken from the sur-
face of the fixed setup, and the absorbance was
determined at 324 nm. The percentage sedimenta-
tion was evaluated by means of the following for-
mula:

% Sedimentation ¼ 1–OD0=ODið Þ � 100

OD0 and ODi represent the OD324 values of the
samples at 0th h and various time-points, respect-
ively (Yang et al. 2021).

2.6. Confirmation of EPS adsorption on NMs

Nano-TiO2 (0.25 and 2.5mg/L) and PSNPs (1mg/L)
in the presence of algal EPS were incubated for
72 h to determine the amount of EPS-protein (pro-
tein fraction in EPS) adsorbed on the various mix-
tures of NMs using the Bradford assay. After 72 h of
incubation, these samples were centrifuged at
7400� g for 10min at 4 �C, and the filtrate was col-
lected. Using the Bradford assay, the collected fil-
trate was quantified to determine the amount of
unbound EPS-protein. The amount of EPS-protein
adsorbed on the combination of NMs could be
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resolved by subtracting the unbound protein frac-
tion from the initial protein index (0h).

To support and reinforce the protein adsorption
data, the changes in the TOC was also measured.
Samples were prepared similarly as mentioned in
the preceding paragraph, and the TOC was
measured.

2.7. Assessing the growth inhibition effects

Well-grown algal cells from the exponential phase
were collected and centrifuged in a fixed angle
rotor at 7400�g for 10min at 4 �C temperature.
The pellet collected was then resuspended in ASW.
Using a colorimeter, the optical density of the algal
suspension was adjusted to 0.1 OD. The interaction
of NMs with algae was studied to assess the growth
inhibition by the binary mixture of PSNPs and
nano-TiO2, without and with adsorbed EPS. Algal
cells that did not undergo any of the treatments
were considered as control samples. These samples
were incubated for 72 h at room temperature (25–
30 �C) under visible light. Growth inhibition was
assessed after the incubation time by counting the
healthy cells put on a hemocytometer and exam-
ined under a phase-contrast microscope. Live algal
cells that are healthy can be differentiated from
dead algal cells as they exist as distinct, relatively
big cells whereas dead cells form clusters. The cell
counts for the treatment groups were compared
with the control group (Natarajan et al. 2020).

2.8. Oxidative stress analysis

2.8.1. Superoxide radical generation
In this study, dihydroethidium (DHE) was used to
assess the superoxide radical generated due to its
capacity to readily penetrate cell membranes and is
perhaps the most sensitive dye as it targets pre-
dominantly most of the superoxide radicals. Algal
cells treated with pristine-NMs and EPS-NMs for
72 h were centrifuged at 5100� g for 20min at
4 �C. The collected pellet was incubated with 10mM
DHE dye dispersed in dimethylsulfoxide and dark-
incubated for 30min. Using a spectrofluorometer,
the fluorescence intensity was measured [480 nm
(excitation); 570 nm (emission) (Cary Eclipse fluores-
cence spectrophotometer, model G9800A; Agilent
Technologies, USA). The fluorescence data acquired

was compared with the fluorescence data from con-
trol algal samples, which served as a reference.

2.8.2. Hydroxyl radical generation
The APF dye (aminophenyl fluorescein) was
employed to determine the hydroxyl radical gener-
ation in algal cells (Setsukinai et al. 2003). Algal cells
that had interacted for 72 h were centrifuged at
5100�g for 20min at 4 �C. The collected pellet was
treated with 10mM APF dye reconstituted in dime-
thylformamide for 30min (dark). The fluorescence
intensity of the treated samples was measured
using a spectrofluorometer at 490 nm (excitation)
and 515 nm (emission) (Cary Eclipse fluorescence
spectrophotometer, model G9800A; Agilent
Technologies, USA). The fluorescence data acquired
was compared to fluorescent data from control
algal samples, which served as a reference.

2.9. Antioxidant activity

2.9.1. Superoxide dismutase activity
The technique described by Kono (1978) was used
to assess the superoxide dismutase activity in the
algal cells. The samples of algae that had interacted
during 72 h were centrifuged (7400� g, 10min,
4 �C) and homogenized with 2mL of 0.5M phos-
phate buffer. Further, the homogenized samples
were centrifuged at 16 575�g for 10min at 4 �C. A
series of chemicals were added to 100ml of the col-
lected supernatant such as 0.6% Triton X 100,
50mM Na2CO3, 96mM Nitro tetrazolium blue chlor-
ide, and hydroxylamine hydrochloride (20mM) and
were incubated at 37 �C for 20min under visible
light. The absorbance was recorded using a UV
spectrophotometer at 560-nm wavelength (Hitachi,
U-2910, Japan). The absorbance data acquired was
compared to the control algal samples, which
served as a reference.

2.9.2. Catalase activity
The activity of catalase enzymes in Chlorella sp. was
determined using the protocol described by
Yilancioglu et al. (2014). For the analysis of catalase,
72-h interacted algal cells were prepared as
described in the preceding paragraph(SOD deter-
mination), and then, the UV absorbance of 100 mL
of homogenized samples were measured using a
combination of chemicals consisting of 800mL of
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10.8mM H2O2 solution and 100mL of potassium
phosphate buffer (pH 7) at a wavelength of 240nm.
Phosphate buffer with H2O2 was used as a blank. A
UV–visible spectrophotometer was used to measure
the absorbance at 240nm (Hitachi U-2910 Japan).The
absorbance data acquired was compared to the con-
trol algal samples, which served as a reference.

2.10. Maximum quantum yield of PS II (Um)
analysis

The 72-htreated algal cells were dark incubated for
15min. Dark-acclimatized samples were analyzed
using Photosynthesis Yield Analyzer (Mini PAM). The
percentage of variable fluorescence (Fv) to max-
imum fluorescence (Fm) was computed as per the
procedure described by Sjollema et al. (2016).

2.11. Assessment of membrane integrity

2.11.1. Lipid peroxidation
Lipid peroxidation is a phenomenon in which oxi-
dants like reactive oxygen species disrupt the lipids,
specifically polyunsaturated fatty acids from the cell
membrane of the algal cells. It is a measurement of
malondialdehyde (MDA), which is known to be pro-
duced in the algal system under stressful situations
(Piotrowska-Niczyporuk et al. 2012). To determine
the MDA activity, the algal cells were treated with a
reaction mixture containing 0.25% (w/v) TCA in 10%
(w/v) TBA and heated in a water bath for 30min at
95 �C. Later, the samples were centrifuged at
7400� g for 10min at 4 �C, and the supernatant
was examined using a UV spectrophotometer at
532 and 600 nm (Hitachi, U-2910, Japan).

2.11.2. Assessment of membrane permeability
Membrane permeability in algal cells subjected to
NMs was examined using SYTOX green, a fluores-
cent nucleic-acid-attaching dye that does not
invade healthy cells. Following 72 h of treatment of
algal cells with NMs, 200 ml of the interacted algal
cultures were incubated with 0.1M of the dye for
40min (Feng et al. 2019). With excitation and emis-
sion wavelengths of 485 ± 20 and 516 ± 20 nm,
respectively, the intensity of the observed green
fluorescence was quantified and given in reference
with the control samples.

2.12. Assessment of metabolic activity

2.12.1. Evaluation of esterase activity
To estimate the esterase activity in the algal cells
treated with NMs, fluorescein diacetate (FDA) was
employed. Acetone was used as the solvent to
obtain an FDA stock solution of 25mM and this
stock solution was stored at 20 �C and used at a
nominal working concentration of 0.96mM (diluted
with Milli-Q water). 400 mL of the algal sample was
treated with 300 mL of prepared FDA solution for
7min (room temperature) (Regel et al. 2002). The
fluorescence intensity of these samples was meas-
ured at 530 nm. The fluorescence intensity for the
treated samples was represented with respect to
the control samples.

2.12.2. Determination of mitochondrial membrane
potential (DWm)
The mitochondrial membrane potential of algal cells
treated with NMs was measured using rhodamine
123 dye (Rh123) (Machado and Soares 2015). Algal
cells were pelleted out by centrifugation (12
750�g, 5min, 4 �C) and incubated with a 2.5-
mmol/L solution of Rh123 under dark conditions for
30min (room temperature). Further, the stained
cells were washed and re-suspended in PBS, and
the fluorescence intensity was evaluated with a
fluorescence spectrophotometer at excitation and
emission wavelengths of 485 and 530 nm, respect-
ively (Machado and Soares 2015). The data was pro-
vided with respect to the control samples.

2.13. Statistical analysis

All the tests in the current work were carried out in
triplicates (n¼ 3). The results are presented in the
form of mean± standard deviation. The statistical
significance was confirmed with the help of a two-
way ANOVA test with Bonferroni post-test with the
help of Graph Pad Prism 6 software.

3. Results

3.1. Colloidal stability of nano-TiO2 and PSNP
mixtures

The transmission electron microscopic images
showed nano-TiO2 and PSNPs in the presence
(Figure 1(a–c)) and absence (Supplementary Figure
S1) of algal EPS. The aggregation of NMs was visibly
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enhanced in the presence of EPS. From the DLS
data, it was observed that there was an increase in
the hydrodynamic size of the mixtures when sus-
pended in ASW medium (Figure 2(B)). Incubation of
NMs in the presence of EPS further increased the
mean hydrodynamic size by 9 and 12 folds for
0.25mg/L nano-TiO2 and 2.5mg/L nano-TiO2 mixed
with PSNPs, respectively (Figure 2(C)). The results of
the sedimentation analysis of nano-TiO2 (2.5mg/L)
and PSNPs (1mg/L) are represented in Figure 3. At
different time points, both pristine-NMs and EPS-
NMs were observed to have decreasing absorban-
ces, denoting the settling of the NMs in the
medium. The sedimentation of EPS-NMs was signifi-
cantly enhanced compared to that of pristine-NMs.

3.2. EPS sorption on the NMs

The adsorption of EPS on NMs was confirmed by
quantifying the adsorbed EPS-protein on the NMs

after 72h of incubation. Interestingly, increasing the
concentration of nano-TiO2 (from 0.25 to 2.5mg/L)
in the suspension significantly increased the protein
adsorption. The highest EPS-protein adsorption was
found in case of binary mixture of 2.5mg/L nano-
TiO2and COOH-PSNPs, which was 89.4% (Table 1).
This was proven with the TOC data, which revealed
that the organic content (EPS) adsorption was
found to be maximum (94.w %) for the binary mix-
ture of 2.5mg/L nano-TiO2 and COOH-PSNPs.

3.3. Effects on growth inhibition

The growth inhibition patterns for the mixtures of
NMs are shown in Figure 4. The algal samples
treated with pristine NMs demonstrated an
increased growth inhibition with an increase in
nano-TiO2 concentrations in the mixture. COOH-
PSNPs with 2.5mg/L nano-TiO2 exhibited the high-
est growth inhibition followed by NH2-PSNPs and

Figure 1. TEM images of nano-TiO2 and PSNPs (binary mixture) incubated in EPS containing medium (72 h). (A) Nano-TiO2 (a) and
COOH-PSNPs (b) incubated in EPS (c); (B) Nano-TiO2 (a) and NH2-PSNPs (b) incubated in EPS (c); (C) Nano-TiO2 (a) and plain-PSNPs
(b) incubated in EPS (c).
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Plain-PSNPs. A significant difference in the growth inhibition was noted between COOH-PSNPs and

Figure 2. Mean hydrodynamic diameter of nano-TiO2 and PSNPs dispersed in (A) milli-Q water, (B) ASW, and (C) algal EPS, meas-
ured at 0th and 72nd h. Note: ‘a, d’ indicates significant difference between 0th and 72nd h (a¼p< 0.001, d¼p> 0.05).

Figure 3. Percentage sedimentation of EPS-NMs and pristine-NMs.

Table 1. Quantification of protein and organic compounds adsorbed on the binary mixture of Nano-TiO2 and PSNPs.

Mixture of NMs
(nano-TiO2þPSNPsþAlgal EPS)

Bradford assay TOC

0h
(mg/ml)

72h
(mg/ml)

Protein adsorbed
on NMs (mg/ml)

0h
(mg/ml)

72h
(mg/ml)

Organic compounds
adsorbed on NMs (mg/ml)

Nano-TiO2 (0.25mg/L)þCOOH-PSNPs 2.496 1.298 1.198 4.698 2.649 2.049
Nano-TiO2 (0.25mg/L)þNH2-PSNPs 2.421 1.347 1.074 4.615 2.606 2.009
Nano-TiO2 (0.25mg/L)þPlain-PSNPs 2.083 1.256 0.826 4.441 2.743 1.685
Nano-TiO2 (2.5mg/L)þCOOH-PSNPs 2.495 0.264 2.231 4.986 0.291 4.695
Nano-TiO2 (2.5mg/L)þNH2-PSNPs 2.240 0.430 1.810 4.758 0.655 4.103
Nano-TiO2 (2.5mg/L)þPlain-PSNPs 2.570 0.595 1.975 4.740 0.583 4.157
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Plain-PSNPs (both pristine and EPS-NMs).
Interestingly, when 1mg/L algal EPS was added to
the mixture of NMs, the adverse impact of these
particles was significantly reduced. A noticeable
decline in growth inhibition was observed for all
the mixtures. This clearly shows a cushioning effect
of algal EPS.

3.4. Effects on oxidative stress parameters and
antioxidant enzyme activity

A significant increase in radical generation was
noted in the cells treated with pristine NMs when
compared to the control algal cells (Figure 5(A)).
The highest radical generation was observed in the

binary mixture of 2.5mg/L nano-TiO2 with COOH-
PSNPs. On comparing the different surface charges
of the PSNPs, the highest significant difference was
observed between NH2-PSNPs and plain-PSNPs.

.Interestingly, interaction with the EPS-NMs induced
significantly lower superoxide radical generation in
the mixture of 2.5mg/L nano-TiO2 and COOH-PSNPs
with adsorbed EPS.

The algal cells treated with the pristine-NMs were
observed to generate higher hydroxyl radicals when
compared to the control samples (Figure 5(B)). The
highest radical generation was observed in nano-TiO2

(2.5mg/L) with COOH-PSNPs. However, after EPS-
adsorption on the NMs, the radical generation
reduced significantly. The highest drop in the radical

Figure 4. Percent increase of growth inhibition in the algal cells treated with EPS-NMs and pristine-NMs (n¼ 3). Note: ‘a’ denotes
significant difference between EPS-NMs and pristine-NMs (a¼p< 0.001).

Figure 5. Ratio of (A) hydroxyl radical and (B) superoxide radical production by the algal cells treated withEPS-NMs and pristine-
NMs (n¼ 3). Note: ‘a’ symbolizes significant difference between EPS-NMs and pristine-NMs (a¼p< 0.001).
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generation was noted for this same mixture (2.5mg/L
nano-TiO2 and COOH-PSNPs) with adsorbed EPS.

The SOD activity in the algal cells treated with
pristine NMs was found to decrease when com-
pared with the control samples (Supplementary
Figure S2A). However, after EPS sorption on the
NMs, the activity of the SOD enzyme was observed
to increase. The difference in SOD activity between
EPS-NMs and pristine NM mixture of 0.25mg/L
nano-TiO2þ PSNP–treated algal cells was quite
larger, irrespective of the charge of the PSNPs.
When compared to the pristine NMs, the highest
increase in SOD activity was observed in the mix-
ture of2.5mg/L nano-TiO2 NPs and COOH-PSNPs
after EPS adsorption. In contrast to other biological
markers studied, no significant difference was
observed between the charges of PSNPs (after EPS
adsorption) when mixed with the higher concentra-
tion of nano-TiO2 (2.5mg/L).

The activity of the CAT enzyme in the cells treated
with the mixture of pristine NMs was greater than
that in the control samples (Supplementary Figure
S2B). The activity of the CAT enzyme was markedly
reduced in the mixture of 0.25mg/L nano-TiO2 and
PSNPs with adsorbed EPS. Independent of the
charge on the PSNPs, the difference between the
EPS-adsorbed and the pristine NM mixtures of nano-
TiO2þ PSNPs–treated algal cells was significant.
Similar to SOD activity, CAT activity in the algal cells
treated with the EPS-PSNPs and 2.5mg/L nano-TiO2

showed no significant difference between the differ-
ent functionalization of the PSNPs.

3.5. Effects on maximum quantum yield of PS II
(Um)

As the EPS-NMs reduced growth inhibition effects and
oxidative stress in the algal cells, it was also necessary
to determine their effects on the photosynthetic activ-
ities. So, the maximum quantum yield of PS II in the
cells after treatment with the mixture of NMs was ana-
lyzed (Supplementary Figure S3). The percentage Um
activity in the mixture of nano-TiO2 (0.25 and 2.5mg/L)
þ PSNPs–treated algal cells (both EPS-NMs and pristine
NMs) was found to decrease when compared to the
untreated cells. After the EPS-adsorption on the NMs,
Um activity notably enhanced for both the concentra-
tions of nano-TiO2 (0.25 and 2.5mg/L).Interestingly, no

significant difference is found between the groups
based on the charges of PSNPs.

3.6. Changes in membrane integrity

The MDA produced in the algal cells treated with
pristine NMs increased dramatically when compared
to the control samples (Figure 6(A)). The maximum
MDA production was observed for the mixtures of
nano-TiO2 and COOH-PSNPs. Further, EPS-adsorp-
tion on the NMs significantly reduced the MDA pro-
duction. The structural changes in the cell
membrane were confirmed with the help of SYTOX
green dye using a membrane permeability assay. In
the case of the mixture of 0.25mg/L nano-TiO2 and
COOH-PSNPs, the fraction of cells with damaged
membranes decreased maximally upon EPS adsorp-
tion on NMs (Figure 6(B)). A high significant differ-
ence was found betweenall the three
functionalizations of PSNPs for EPS-NMs in the pres-
ence of nano-TiO2 (0.25 and 2.5mg/L).

3.7. Effects on metabolic activity

The esterase activity in the algal cells treated with
the pristine NMs was reduced compared to the
esterase activity in the control algal cells
(Supplementary Figure S4A). The highest decrease
in esterase activity was observed in the mixture of
nano-TiO2 and COOH-PSNPs followed by NH2-PSNPs
and Plain-PSNPs. Further, the esterase activity
increased significantly in the algal cells treated with
EPS-NMs. Regardless of the PSNP charge, the differ-
ence between the EPS-NMs and the pristine NMs
mixtures of 0.25mg/L nano-TiO2þ PSNPs–treated
algal cells was merely significant.

3.7.1. Mitochondrial membrane potential (DWm)
The DWm activity after treating with the pristine
NMs was lower than that in the untreated samples
(Supplementary FigureS4B). For mixtures of nano-
TiO2þ PSNPs–treated samples, an enhancement in
DWm activity was noticed after incubating in the
EPS containing medium. The results are quite con-
sistent with the reactive oxygen species generation
and photosynthetic activities of the cells discussed
in the earlier sections in detail. 2.5mg/L nano-
TiO2with PSNPs exhibited higher differences
between the three functionalization, with COOH-
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PSNPs showing the highest effects before and after
EPS-adsorption.

4. Discussion

The concentration and time-dependent increase in
the MHDs of the pristine-NMs in ASW medium
proved the colloidal instability and aggregation of
the NMs (Hakim and Kobayashi 2021). The electro-
static repulsion between the particles decreases
when they are dispersed in highly salinized sea-
water. This can induce the aggregation between
nano-TiO2 and PSNPs (Natarajan et al. 2021). The
inter-particle aggregation phenomena largely con-
trol the biological impacts of nanomaterials in
aquatic environment (Wang et al. 2016). The
increased aggregation of the EPS-NMs was also pro-
ven by TEM images and sedimentation analyses.

The toxic potential of the EPS-NMs will differ
from that of the pristine NMs due to differences in
effective size, surface charge, and surface chemical
properties (Yin et al. 2022). The EPS protein adsorp-
tion results suggested that the enhanced aggrega-
tion could be correlated with adsorption of EPS on
the NMs. The formation of a biomolecular layer

[bio-corona] over the NMs is facilitated by hydrogen
bonds, Van der Waals forces, hydrophobic interac-
tions, and strong chemical sorption. This increases
the attachment efficiency of colliding NMs. The
compression of the electric double layer around
PSNPs in the EPS-containing medium could have
drastically decreased the electrostatic energy barrier
leading to aggregation (Zhou et al. 2013). This in
turn would reduce the bioavailability and bio-
reactivity of the NMs in the medium.

The cellulose, polysaccharides, and glycoprotein
components of algal cell walls provide a variety of
nonspecific (electrostatic, hydrogen bonding, and
hydrophobic) binding sites for NMs (Poulhazan
et al. 2021). Other studies also revealed that the
EPS secreted by the green alga Dunaliella tertiolecta
(Morelli et al. 2018; Corsi, Bergami, and Grassi 2020)
attached to the nano-TiO2 surface, subsequently
forming a layer or corona. The trapping of the algal
cell by the particle agglomerates may stop energy
transductions (associated to ATP generation) as well
as cause reduction reactions in the cell membrane,
which may eventually result in oxidative stress
(Rowenczyk et al. 2021). On the other hand, the
strong aggregation of NMs with EPS may lead to

Figure 6. Ratio of (A) MDA content and (B) Membrane permeability in the algae cells treated with EPS-NMs and pristine-NMs
(n¼ 3). Note: ‘a’, ‘b’, and ‘d’ represent significant differences between EPS-NMs and pristine-NMs (a¼p< 0.001, b¼p> 0.001,
d¼p> 0.05).
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decreased bioavailability of NMs for sorption on the
algal cells as the large-sized particles would settle
more. Thus, decreased toxicity is expected in
aquatic organisms (Bergami et al. 2017). This is in
agreement with the previous reports highlighting
the role of NOM in protecting aquatic organisms
against various pollutants (Alimi et al. 2018).
Previous work also suggests a significant reduction
in the mixture toxicity of Cu nanoparticles and PS-
COOH NPs in the microalga Raphidocelis subcapitata
after interaction with EPS (Bellingeri et al. 2019).

ROS generation is considered a major mode of
action (MOA) in nanoparticle-induced toxicity in
algae (Bai et al. 2019). Incubating the NMs in EPS-
containing medium is shown to reduce the ROS lev-
els in the cells. This could be due to weaker interac-
tions of theEPS-NMs with the algal cell membrane
owing to the similar charge on EPS and Chlorella
sp.(Nolte et al. 2017). According to the past find-
ings, either EPS treatment resulted in a decrease in
the attachment of the NMs or quenched the ROS
generated by the NMs. The composition of the
NOMs present in EPS will vary from species to spe-
cies, which could probably cause substantial differ-
ences in the ROS levels. Xiao and Zheng (2016)
noted that EPS from the red alga Porphyridium can
buffer the cell against ROS by scavenging free radi-
cals and transferring them from the cell to the
medium.

Antioxidant enzymes play a crucial role in pro-
tecting cells from oxidative damage. Upon NM
exposure, both CAT and SOD levels can increase to
remove the excess ROS (Hu et al. 2014). Increase in
the CAT activity in the algal cells treated with the
nanoparticles was also reported previously (Roy
et al. 2016). The same patternwas observed in
Synechoccocus sp. when it was treated with iron
nanoparticles coated with fulvic acid (a form of
NOM) (He et al. 2017). In response to the ROS pro-
duced in the presence of NMs, SOD could get acti-
vated in Chlorella sp., and convert superoxide
radicals into H2O2. ThisH2O2adds up with the H2O2

already present in the system and thereby increases
the activity of CAT, which converts the H2O2to H2O
(Li et al. 2015).In the current study, increasing SOD
levels and decreasing CAT levels were observed
after coating the NMs with the algal EPS. When the
findings in Figure 5 were compared to the data in

Figure S2B, the observations were found to follow
this line of thought.

The results of the photosynthetic efficiency tests
demonstrate that mixtures of NMs have an adverse
effect on PS II light energy transfer. The increase in
ROS concentrations upon NM treatment may dis-
rupt the integrity of thylakoids and impede photo-
synthesis. Since microalgal EPS can help in
scavenging free radicals, it is reasonable to
hypothesize that the presence of algal EPS contrib-
uted to a general mitigation of oxidative stress,
eventually decreasing adverse effects on photosyn-
thetic parameters in the algae. In general, these
results demonstrated two processes: the adsorption
of biomolecules leading to EPS-NMs complexes, and
the formation of NM aggregates induced by the
chemistry of the medium. The aggregation-related
reduced bioavailability and the free radical scaveng-
ing effect together has helped to reduce the tox-
icity of EPS-NMs. The outcome of these processes
depends on the [EPS]:[NMs] ratio in the suspension
(Surette and Nason 2019).

The results from the membrane damage experi-
ments also follow the trend observed in the case of
growth inhibition and ROS production. Since there
was a notable reduction of the oxidative stress by
the EPS-NMs, the effects were also visible in
improved metabolic activity. In a number of previ-
ous studies, the NOMs of different origins also
played a protective role in various aquatic organ-
isms exposed to multiple types of pollutants (Von
Moos and Slaveykova 2014; Alimi et al. 2018;
Saavedra, Stoll, and Slaveykova 2019).

5. Conclusions

The results of this study confirm that the adsorption
of algal EPS on the mixture of PSNPs and nano-
TiO2could substantially reduce their toxicity
towardsthe marine algaChlorella sp. This reduction
of harmful effects is strongly correlated with the
decreased bioavailability of the aggregated EPS-
NMs, lowered oxidative stress, and enhanced cellu-
lar photosynthetic yield. The findings from this
study are of environmental significance since both
nano-TiO2 and PSNPs are emerging pollutants in
the marine environment. Given the lack of informa-
tion on biological interaction of mixed pollutants
with marine algae, more studies need to be

NANOTOXICOLOGY 11

https://doi.org/10.1080/17435390.2023.2179438


executed with various combinations of pollutants
including micro-nanoplastics and nanomaterials.
The interplay between biogenic natural organics
like EPS and the pollutants may play a major role in
modifying their toxicity potential in marine organ-
isms. As the current work demonstrates that EPS
may have a cushioning effect in substantially reduc-
ing the toxic effects of a mixture of NMs, this will
influence their overall impact in the marine food
chains.
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