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Abstract

The use of P25 TiO, NPs in consumer products, their release, and environmental accumulation will have harmful effects on the
coastal ecosystems. The sensitivity to TiO, NPs may vary depending on the structural property and physiological mechanism of
algal species. Therefore, the present study investigates the differences in sensitivity of two marine algae, Dunaliella salina and
Chlorella sp., towards P25 TiO, NPs. Among the two species, Chlorella sp. was more sensitive to TiO, NPs than Dunaliella
salina. The different working concentrations of TiO, NPs, 0.1, 1, and 10 mg L', were selected based on the ECsq value. The
ECs value of TiO, NPs for Dunaliella salina was found to be 1.8 and 13.3 mg L™ under UV-A and dark conditions, respectively.
The ECs value of TiO, NPs for Chlorella sp. was found to be 1.6 and 5.0 mg L™ under UV-A and dark conditions, respectively.
The decrease in cell viability was significantly higher for Chlorella sp. compared to Dunaliella salina at all concentrations except
0.1 mg L', The cellular viability data was in correlation with the oxidative stress markers such as total ROS and LPO. A
concentration-dependent increase in ROS and lipid peroxidation was noted under UV-A exposure, which was higher in Chlorella
sp. compared to Dunaliella salina. The decrease in the SOD activity with NP concentration was more in Dunaliella salina than
Chlorella sp. under both conditions, whereas Chlorella sp. showed increased CAT activity with increasing concentration. The
uptake of TiO, NPs was more in Chlorella sp. than Dunaliella salina.
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Introduction

The consumption of nanomaterials on a daily basis is increas-
ing widely as their application ranges from electronics to
nanomedicine (Gokhale 2016). Amidst various nanomaterials
used for commercial purposes, titanium dioxide is the most
commonly utilized (Dahl et al. 2014). P25 TiO, NPs (TiO,
NPs) consisting of 80% anatase and 20% rutile phase are
highly photoreactive and potentially used as a photocatalyst
in chemical reactions (Ryu and Choi 2008). TiO, NPs are also
used as an ingredient in certain consumer goods such as
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cosmetics, paints, and food products. Due to their increased
and continuous use, they are released into the environment
through discharge of industrial waste, surface runoff, and
day-to-day activities (Zhu et al. 2016). The predicted environ-
mental concentrations of TiO, NPs are in the order of I pg L™
in surface waters (Minetto et al. 2014). An in-depth risk as-
sessment will eventually provide insights into the toxic effects
of NPs on the marine environment.

Studies concerning the toxicity of TiO, NPs to marine algae
were previously reported. Growth inhibition studies on
Phaeodactylum tricornutum with TiO, NPs and TiCl,
displayed IC,, value of 14 mg L' and IC,, value of 16 mg
L, respectively. ECs, determination required longer exposure
duration (120-312 h) and higher concentration of TiO, NPs
(200 mg L™"). Lower concentrations of TiO, NPs produced
higher toxicity compared to TiCly; (Minetto et al. 2017),
Another report on TiO, NPs highlighted the need for UV expo-
sure in toxicity assessment. Treatment under such UV illumi-
nation suppressed the growth of the following marine algae:
Thalassiosira pseudonana, Skeletonema marinoi, Dunaliella
tertiolecta, and Isochrysis galbana (Miller et al. 2012). The
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toxicity of TiO, NPs and their bulk form to Phaeodactylum
tricornutum was reported, while the nanoform showed greater
toxicity compared to the bulk Ti (Sendra et al. 2017b).

Marine microalgae, the basis of the coastal food web, is wide-
ly distributed across the marine ecosystem (Behrenfeld et al.
2006). They are highly sensitive and serve as a bio indicator
for the pollution caused by the engineered nanoparticles
(Barhoumi and Dewez 2013). The marine algae chosen for this
study include Dunaliella salina and Chlorella sp. The selection
was made based on the structural differences in the two algae.
Comparison between the algal species gives us the differential
toxicity of the nanomaterial. Previous studies have examined the
toxicity of nanoparticles (NPs) on two marine algal species.
When treated with AgNPs, Dunaliella tertiolecta showed higher
sensitivity than Chlorella vulgaris, making Dunaliella tertiolecta
a potential biomarker for contamination assessment (Oukarroum
et al. 2012). Growth inhibition studies using « and yFe,O; NPs
on Nannochloropsis sp. and Isochrysis sp. revealed the latter to
be more sensitive compared to the former one (Demir et al.
2015). The degree of algal sensitivity to the NPs varies depend-
ing on the structural differences between the two species.
Dunaliella salina lacking a cell wall was less sensitive compared
to Chlorella autotrophica when treated with Ag and CeO, NPs
(Sendra et al. 2017a). Upon treatment with different NPs such as
Si0,, ZnO, single-walled carbon nanotubes, and carbon black,
Dunaliella tertiolecta exhibited greater sensitivity than Isocrisys
galbana and Tetraselmis suecica (Miglietta et al. 2011). Thus, the
toxicity of NPs depends not only on the type of species, but also
on the culture medium composition, the exposure time, and the
concentration of NPs (Aravantinou et al. 2015).

Although a preliminary study was carried out using
Dunaliella salina to test the toxicity and trophic transfer of
P25 TiO, NPs to Artemia salina, the effect of irradiation on
the NP toxicity was not studied (Bhuvaneshwari et al. 2018).
No previous studies have examined the toxic aspects of P25
TiO, NPs to two marine microalgae treated under two different
illumination conditions. We therefore hypothesize the differ-
ences in sensitivity of two marine algae, Dunaliella salina
and Chlorella sp., to P25 TiO, NPs under two irradiation con-
ditions, namely, UV-A and dark. The cellular viability of both
the algal species was determined using cell enumeration tech-
nique. Oxidative stress coupled with antioxidant assays were
used to confirm the generation of reactive oxygen species. Bio-
uptake of NPs was determined by quantifying the amount of Ti
using atomic absorption spectrophotometer (AAS).

Materials and methods
Materials

Titanium dioxide nanoparticles (Aeroxide P25, particle size:
21 nm (TEM), > 99.5% trace metals basis), and 2', 7'-

dichlorofluorescin diacetate (DCFH-DA) were obtained from
Sigma-Aldrich (Missouri, USA). Thiobarbituric acid (TBA),
trichloroacetic acid (TCA), and hydroxylamine hydrochloride
were procured from Hi-Media Pvt. Ltd. (Mumbai, India).
Hydrogen peroxide solution 30% w/v (H,O,) and nitroblue
tetrazolium chloride (NBT) were procured from SDFCL
(Mumbai, India).

Algal strains

Marine algae, Dunaleilla salina and Chlorella sp., were ob-
tained from Central Marine Fisheries Research Institute
(CMFRI), Mandapam, Tamil Nadu, India. The cultures were
grown in sterilized artificial seawater (ASW) enriched with
Conway medium (Supplementary Table 1 and 2) at 23 +
2°C with a light/dark cycle of 16 h/8 h. The illumination
was provided using an 18 W white fluorescent Philips light
with a photon concentration of 40.5 umol m > s™". The toxic-
ity assessment on algae was carried in accordance with OECD
guidelines 201 (OECD 2011). ASW was used as the experi-
mental medium throughout the study.

Primary characterization of TiO, NPs

The shape and size of the TiO, NPs were analyzed using
Transmission electron microscope (Field Emission TEM,
Libra Model 200, Zeiss, Germany). The TiO, NPs were dis-
persed in Milli-Q water and sonicated for 30 min prior to
transmission electron microscopic (TEM) analysis. The dis-
persed NPs were coated on to the copper grid and visualized
under TEM. To determine the effective diameter of the NPs,
the dispersed NPs were analyzed using dynamic light scatter-
ing technique (90 Plus Particle Size Analyzer, Brookhaven
Instruments Corp., USA). The elemental composition of
TiO, NPs was confirmed using energy-dispersive X-ray spec-
troscopic analysis (EDX) (Model 51-ADD0011, OXFORD
Instruments, Germany).

Colloidal stability and sedimentation of TiO, NPs

The stability and aggregation of TiO, NPs (0.1, 1, and 10 mg
L") in the ASW medium was analyzed using dynamic light
scattering method at different time intervals until the effective
diameter reached the micron range. The sedimentation capac-
ity of TiO, NPs (10 mg L") in ASW medium under both UV-
A and dark conditions were analyzed using an UV-visible
spectrophotometer (UV—Vis spectrophotometer 2201,
Systronics, India). The absorbance maxima of TiO, NPs was
observed at 324 nm. The samples were collected from the top
layer of the static abiotic setup at various time points, and the
absorbance of the TiO, NPs was noted.
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Determination of effective concentration

Marine algae, Dunaliella salina and Chlorella sp., were har-
vested in their exponential stage by centrifuging at 7000 rpm
for 10 min at 4°C. The supernatant was discarded, and the
pellet was washed twice with ASW. The pellet obtained was
then used to prepare culture of 0.1 optical density (OD) in
ASW medium at 610 nm. For the determination of median
effective concentration (ECsg), beakers containing 10 mL of
0.1 OD culture were incubated with different concentrations
(0.5, 1,2, 4, 8, and 16 mg L") of TiO, NPs along with a
negative control for 72 h under UV-A (1 mW/em?, 18 W,
350 nm, Philips lamp) and dark conditions. The samples were
shaken every 24 h to prevent the cells from settling. The per-
centage of viable cells was calculated using the cell enumera-
tion technique, wherein 10 pL of samples were loaded onto a
hemocytometer and viewed under a phase-contrast micro-
scope. Cells without any morphological damage were counted
considering the control sample as reference. Then, the ECs,
values were determined using the EPA Probit Analysis
Program, Version 1.5.

Determination of cellular viability

For further toxicity experiments, three working concentrations
(0.1, 1, and 10 mg L") were selected based on the ECs, value
of TiO, NPs. Dunaliella salina and Chlorella sp. were har-
vested in their exponential stage by centrifuging at 7000 rpm
for 10 min at 4°C. The pellet was washed twice with ASW and
was used to prepare culture of 0.1 OD in ASW medium. The
beakers containing 10 mL of 0.1 OD culture were incubated
with different concentrations of NPs (0.1, 1, and 10 mg Lfl)
along with a negative control for 72 h under UV-A (1 mW/
cmz, 18 W, 350 nm, Philips lamp) and dark conditions. The
samples were shaken every 24 h to prevent the cells from
settling. The percentage of viable cells was calculated using
the cell enumeration technique described in the previous sec-
tion. Cells without any morphological damage were counted
considering control samples as reference.

Oxidative stress and biochemical changes
Determination of total reactive oxygen species (ROS)

DCFH-DA, a cell-permeable indicator of ROS, was used to
quantify the amount of ROS generated (Wang and Joseph
1999). After 72 h of interaction, the algal cell suspension
was treated with 10 uL of DCFH-DA (5 mg in 1 mL
DMSO) and incubated for 30 min in dark condition. The
treated samples were loaded onto a 96-well plate, and the
fluorescent intensity was determined using a fluorescence
spectrophotometer (SL174, ELICO, India) at an excitation
wavelength of 485 nm and an emission wavelength of 530
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nm. Control algal cells without treatment with NPs were con-
sidered to be the reference, and the percentage of ROS gener-
ated was calculated with respect to the control. /n vivo ROS
production for algal cells treated with 10 mg L™ TiO, NPs
was confirmed by the visualization of the stained cells under a
fluorescence microscope (DM-2500, Leica, Germany).

Quantification of Malondialdehyde (MDA)

Lipid peroxidation was determined by quantifying the
amount of total MDA produced (Piotrowska-Niczyporuk
etal. 2012). The 72-h interacted algal cells were centrifuged
at 7000 rpm for 10 min at 4°C. To the algal pellet, 2 mL of
0.25% (w/v) TBA in 10% (w/v) TCA was added, and the
resulting mixture was heated at 90°C for 30 min. The mix-
ture was cooled down and centrifuged again at 7000 rpm for
10 min. The absorbance was measured for the supernatant at
532 nm, and the unspecific turbidity was corrected by
subtracting the absorbance value at 600 nm using an UV—
visible spectrophotometer (Model U2910, HITACHI,
Japan). Control algal cells without treatment with NPs were
considered as the reference, and the amount of MDA pro-
duced was calculated with respect to the control.

Determination of superoxide dismutase (SOD) activity

The SOD activity was determined using the protocol de-
scribed elsewhere (Kono 1978). Interacted algal cells were
centrifuged at 7000 rpm for 10 min at 4°C. The obtained pellet
was homogenized in 0.5 M phosphate buffer (pH 7.5) and
centrifuged at 13,000 rpm for 10 min at 4°C. About 70 uL
of the obtained supernatant was added to the mixture contain-
ing 50 mM pH 10 Na,CO3, 96 mM NBT, 0.6% Triton X-100,
and 20 mM hydroxylamine hydrochloride and incubated at
37°C for 20 min in the presence of light. The absorbance
was then measured at 560 nm using an UV—visible spectro-
photometer (Hitachi, U-2910, Japan).

Determination of catalase (CAT) activity

The CAT activity was determined by the protocol de-
scribed elsewhere (Yilancioglu et al. 2014). Interacted al-
gal cells were centrifuged at 7000 rpm for 10 min at 4°C.
The obtained pellet was homogenized in 0.5 M phosphate
buffer (pH 7.5) and centrifuged at 13,000 rpm for 10 min
at 4°C. Two milliliters of 10.8 mM H,O, solution and 100
puL of 50 mM potassium phosphate buffer (pH 7.0) were
added to 100 uL of the supernatant, and the catalase ac-
tivity was measured at 240 nm for the mixture using an
UV-visible spectrophotometer. The reaction mixture
without H,O, was considered as the blank.
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Internalization of TiO, NPs

The internalization of Ti by the algal cells was quantified
by acid digesting the samples (Iswarya et al. 2015). After
72 h, the interacted algal cells were centrifuged at
7000 rpm for 10 min at 4°C. The pellet obtained was
washed with 0.02 M EDTA at 7000 rpm for 10 min to
remove the NPs bound to the algal cell surface. The
pellet obtained after washing was used to quantify the
amount of NP internalization. The pellet was acid
digested using conc. HNO;3 and analyzed for Ti at a
wavelength of 334.94 nm using AAS (PerkinElmer,
India).

Transmission electron microscopy

The uptake of NPs by the algae and the damages to
organelles were confirmed using transmission electron
microscopic analysis. Ultrathin sections of the control
and NP-treated (10 mg L") cells were obtained using
a rotary microtome, and these sections were placed on
the copper grid and observed under a transmission elec-
tron microscope (TEM, Philips CM12, Netherlands).

Statistical analysis

All the experiments were carried out in triplicates, and
the results are indicated as mean + standard error. The
significant difference between different treatment groups
was studied using a two-way ANOVA (Bonferroni post-
test). Statistical significance was accepted at a signifi-
cance level of p < 0.05.

Results
Preliminary characterization

The size of TiO, NPs obtained from TEM was about 20.8
+0.6 nm. Figure la shows particles of spherical morphol-
ogy with both anatase and rutile phases (Roy et al. 2016).
The EDX of TiO, NPs confirmed the presence of Ti and
O (Fig. 1b). The effective diameter of TiO, NPs in Milli-
Q water at 0™ h was found to be 155.3+3.7 nm with a
polydispersity index of 0.19+0.01.

Colloidal stability and sedimentation

The size of NPs in the ASW medium increased with increas-
ing concentrations of TiO, NPs. The effective diameter of
TiO, NPs in the ASW medium under UV-A and dark condi-
tions is shown in Table 1. A significant increase in size with
respect to concentration and time was observed under both the
conditions (p < 0.05). The sedimentation capacity of TiO, NPs
(10 mg LY in ASW medium under both UV-A and dark
conditions is represented in Figure S1, Supplementary infor-
mation. A decrease in the absorbance of TiO, NPs from 0.494
(0™ h) to 0.011 (72" h) for UV-A condition and 0.548 (0" h)
to 0.004 (72" h) for dark condition was observed. This de-
crease in absorbance was statistically significant between 0™ h
and different time points such as 24" h, 48" h, and 72" h (p <
0.01). However, no significant difference in the absorbance
was observed between UV-A and dark conditions (p > 0.05).

Decline in cellular viability

The ECs( values of TiO, NPs obtained for Dunaliella salina
under UV-A and dark conditions were 1.8 and 13.3 mg L,

a
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Fig. 1 a Transmission electron micrograph and b EDX of commercial TiO, NPs dispersed in Milli-Q water
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Table 1 The effective diameter of

TiO, NPs in ASW medium under Conc. (mg L Oh 24h 48 h
UV-A and dark conditions
UV-A
0.1 632.81+45.3 nm 1263.03+49.4 nm 1296.83+676.4 nm
1 1053.37+£97.6 nm 1586.85+386.6 nm 1641.99+173.9 nm
10 1293.77+157.2 nm 1958.75+264.34 nm 2855.9+149.6 nm
Dark
0.1 632.81+45.3 nm 796.83+174.4 nm 949.57+67.2 nm
1 1053.37+£97.6 nm 1450.36+58.3 nm 1597.40+109.3 nm
10 1293.77£157.2 nm 2116.82+80 nm 2496.10+57.4 nm

respectively (Supplementary Fig. S2). The ECs, values of
TiO, NPs for Chlorella sp. under UV-A and dark conditions
were found to be 1.6 and 5.0 mg L', respectively
(Supplementary Fig. S2).

The cell viability of Dunaliella salina and Chlorella sp.
under UV-A and dark conditions is represented in Fig. 2. A
concentration-dependent decline in the cellular viability was
observed upon treatment with TiO, NPs for both the species
under both the exposure conditions.

For Dunaliella salina, the decline in cell viability was sta-
tistically significant (p < 0.001) with respect to control for all
the concentrations under both UV-A and dark conditions, ex-
cept for 0.1 mg L' under dark condition (p < 0.05).
Comparison between the exposure conditions showed that
UV-A had pronounced effect on algae compared to dark con-
dition. For the comparison of conditions, the cell viability was
statistically significant (p < 0.01) for all the test concentration
of TiO, NPs.

Similar to Dunaliella salina, Chlorella sp. also showed a
concentration-dependent decrease in their cell viability upon
exposure to TiO, NPs. This decline was statistically signifi-
cant (p < 0.001) with respect to control for all the concentra-
tions under both UV-A and dark, except for 0.1 mg L™ under
dark condition. A significant difference in cell viability de-
crease was observed between UV-A and dark conditions (p
<0.01,) except for I mg L.

Among the two algal species, Chlorella sp. was found to be
more sensitive compared to Dunaliella salina. Under UV-A

Fig. 2 Percentage cell viability of a
Dunaliella salina and Chlorella 100+
sp. after interaction with TiO,
NPs for 72 hundera UV-A, and b
dark conditions (level of
significance with respect to
control is marked (*p < 0.001, #p
< 0.01, and "p < 0.05), whereas
the levels of significance between
UV-A and dark treatments are
denoted as ***p < 0.001, **p <
0.01, and *p < 0.05)

% Cell viability
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UV-A

exposure, no significant difference (p > 0.05) in the cellular
viability between the two species was observed for all the test
concentrations. However, under dark condition, the cell via-
bility decrease observed was statistically significant between
the species at all concentrations (p < 0.05), except 0.1 mg L.

Oxidative stress determination and biochemical
changes

ROS generation

The ROS produced in Dunaliella salina and Chlorella sp.
upon treatment with TiO, NPs under UV-A and dark exposure
is shown in Fig. 3a and b. The increase in ROS levels ob-
served in Dunaliella salina was statistically significant with
respect to control (p < 0.001) for all the exposure concentra-
tions. UV-A illumination showed greater ROS generation
with respect to dark (p < 0.001).

Statistically significant increase in ROS production was ob-
served with respect to the control (p < 0.001) for Chlorella sp.,
except for 0.1 mg L' under dark condition. Similar to Dunaliella
salina, Chlovella sp. also showed higher ROS production under
UV-A exposure compared to dark condition (p < 0.001).

The ROS levels were found to be higher in Chlorella sp. as
compared to Dunaliella salina under both the exposure con-
ditions. Significant difference (p < 0.001) in ROS levels were
observed between the species when treated with 10 mg L™
TiO, NPs under both exposure conditions.

b Dark

100+ Ekk E3 Dunaliella
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Fig. 3 Reactive oxygen species
generation in Dunaliella salina
and Chlorella sp. after interaction
with TiO, NPs for 72 h under a
UV-A and b dark conditions, and
the amount of MDA produced in
Dunaliella salina and Chlorella
sp. after interaction with TiO,
NPs for 72 h under ¢ UV-A and d
dark conditions (level of signifi-
cance with respect to control is
marked (“p < 0.001, #p < 0.01,
and Yp < 0.05), whereas the levels
of significance between UV-A
and dark treatments are denoted
as **¥p < 0.001, **p < 0.01, and
*p < 0.05)
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2004

1504

1004

50

% ROS generated

Control

0.1
Concentration of TiO, NPs (mg L")

(9]
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MDA produced (pg mL™")

Control

0.1

Concentration of TiO, NPs (mg L")

The staining of control and treated algal cells (10 mg L™")
with DCFH-DA dye confirmed the intracellular ROS genera-
tion (Supplementary Fig. S3 and S4). Control cells appeared
red with intact cell membrane, whereas the TiO, NP-treated
cells appeared green in color. Aggregation of cells was ob-
served with the highest NP concentration.

MDA production

The amount of MDA produced upon treatment of Dunaliella
salina and Chlorella sp. with TiO, NPs under UV-A and dark
conditions, respectively, is shown in Fig. 3c and d. The MDA
production in Dunaliella salina was statistically insignificant
(p > 0.05) from the control at all the exposure concentrations,
except at 10 mg L' under both the exposure conditions.
Within the two exposure conditions, UV-A showed higher
MDA levels with respect to dark. This higher MDA produc-
tion in UV-A compared to dark was statistically significant (p
< 0.05) only with TiO, NP concentration, 10 mg L™".

Similar to Dunaliella salina, the MDA levels in Chlorella
sp. was insignificantly different with respect to control (p >
0.05) at all the test concentrations except 10 mg L' under
both conditions (p < 0.05). While UV-A showed higher
MDA production as compared to dark condition, no signifi-
cant difference (p > 0.05) in the MDA levels was observed
between the exposure conditions at all the working concentra-
tions of TiO, NPs.

The MDA levels were found to be more in Chlorella sp. as
compared to Dunaliella salina. No statistically significant dif-
ference in the MDA production between the species was ob-
served under both UV-A and dark conditions (p > 0.05).
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SOD activity

A concentration-dependent decrease in SOD activity was ob-
served for both the species under UV-A and dark conditions.
Figure 4a shows the SOD activity of Dunaliella salina and
Chlorella sp. after treatment with TiO, NPs for 72 h under
UV-A condition. This decrease in SOD activity was statisti-
cally significant with respect to control at all the NP concen-
trations (p < 0.001) under both UV-A and dark conditions
except for 0.1 mg L™ in dark condition. UV-A irradiation
had lesser significant effect on the SOD activity compared to
dark at all the TiO, NP concentrations, except for 0.1 mg L™".

The SOD activity of Dunaliella salina and Chlorella sp.
after treatment with TiO, NPs for 72 h under dark condition is
shown in Fig. 4b. The decrease in the SOD activity was sta-
tistically significant (p < 0.001) when compared to the control
at all the test concentrations, except for 0.1 mg L™ under both
exposure conditions. In contrast to Dunaliella salina, SOD
activity was higher in UV-A compared to dark condition. All
the working concentrations of the NP displayed a significant
difference in the enzyme activity (p < 0.05) for the different
exposure conditions.

Within the two species under comparison, SOD activity
was found to be higher in Dunaliella salina under both the
exposure conditions. The SOD activity was significantly dif-
ferent (p < 0.05) for both the species at all the concentrations
under both UV-A and dark conditions.

CAT activity

The catalase activity of Dunaliella salina and Chlorella sp.
after treatment with TiO, NPs under UV-A and dark
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Fig.4 SOD activity in Dunaliella
salina and Chlorella sp. after
interaction with TiO, NPs for 72 h
under a UV-A and b dark condi-
tions, and CAT activity in
Dunaliella salina and Chlorella
sp. after interaction with TiO,
NPs for 72 h under ¢ UV-A and d
dark conditions (level of signifi-
cance with respect to control is
marked (*p < 0.001, #p < 0.01,
and Yp < 0.05), whereas the levels

204

SOD activity in Units

0.1

Control
Concentration of TiO, NPs (mg L")

of significance between UV-A c
and dark treatments are denoted 15-
as **%p < 0,001, **p < 0.01, and P
*p < 0.05) £
T
£
2
8
2 0.5
=
g
<
o
0.0-

Control 0.1

conditions is shown in Fig. 4c and d. The increase in CAT
activity observed in Dunaliella salina was statistically signif-
icant (p < 0.05) with respect to the control only at the test
concentration, 0.1 and 10 mg L', under UV-A irradiation.
The difference in CAT activity between UV-A and dark con-
ditions was statistically insignificant (p > 0.05) at all the ex-
posure concentrations, except for 1 and 10 mg L™

For Chlorella sp., the CAT activity observed was significant-
ly different (p < 0.01) from the control only at 10 mg L™" under
UV-A and dark conditions. Dark condition showed higher CAT
activity compared to UV-A. This difference in CAT activity
between UV-A and dark conditions was statistically insignifi-
cant (p > 0.05) at all the test concentrations of NPs.

The CAT activity was found to be higher in Dunaliella
salina under both the exposure conditions. No statistical sig-
nificance (p > 0.05) in CAT activity was observed between the
two species under both UV-A and dark conditions, except for
1 mg L™" and 10 mg L™" under dark condition.

Intracellular uptake

The amount of internalization of NPs after 72-h interaction
with Dunaliella salina and Chlorella sp. under UV-A and dark
conditions is represented in Fig. 5a and b. Both species
showed a concentration-dependent decrease in the Ti uptake
with respect to the control under UV-A and dark conditions (p
< 0.001).

The Ti uptake for both the exposure conditions was signif-
icant (p < 0.01) only for the Chlorella sp. treated with 1 mg
L' TiO, NPs.

The Ti uptake was higher in Chlorella sp. as compared to
Dunaliella salina under both the exposure conditions. A
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significant decrease (p < 0.001) in the Ti uptake was observed
between the species for all the treatment groups under both
UV-A and dark conditions.

Ultrastructural damage

Control cells of Dunaliella salina (Fig. 6a) showed no dam-
ages with intact cell membrane, chloroplast, and starch—
pyrenoid complex. Dunaliella salina treated with a maximum
concentration of 10 mg L' TiO, NPs (Fig. 6b) under UV-A
exhibited chloroplast damage, lipid body production, and cell
wall attachments. Under dark condition (Fig. 6¢), no promi-
nent damage except for lipid body production was observed.

Chlorella sp. without any NP treatment (Fig. 6d) had a
typical chloroplast, intact cell membrane, and formation of
starch—pyrenoid complex. Treatment with 10 mg L™ TiO,
NPs under UV-A irradiation showed prominent damages to
cell wall and membrane, chloroplast, and organelles (Fig. 6e).
Vacuole could be seen, and NPs were observed at the vicinity
of cell wall. Treatment under dark condition (Fig. 6f) showed
cells containing typical chloroplast, formation of lipid drop-
lets, and vacuoles surrounded by autophagic bodies.

Discussion

Marine algae, a primary producer of the coastal ecosystem, are
sensitive to marine pollutants and are at the lower trophic level
of the marine food web, making them an ideal model for tox-
icity assessments (Ji et al. 2011). The micron-sized particles
observed in the ASW medium by the end of 24 h under both
UV-A and dark conditions can be attributed to the colloidal
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instability of TiO, NPs in seawater. The highly saline nature of
seawater compresses the electrical double layer around the NPs,
resulting in their flocculation by the decrease in repulsive forces
between the NPs (Schiavo et al. 2016). A similar aggregation
pattern resulting in an unstable dispersion of TiO, NPs in ASW
was observed (Manzo et al. 2015). The formation of NP aggre-
gates in ASW was well supported by the sedimentation

Concentration of TiO, NPs (mg L'l)

analysis. The decrease in the absorbance over the time period
denotes their faster settling in the medium (p < 0.01). Such
settling of NPs by aggregation in the medium results in their
lower bioavailability in the suspension, and subsequently a less-
er uptake by the algal species (Iswarya et al. 2015).

The adsorption of TiO, NPs on the algal surface damages
the cellular membrane that might have promoted the uptake of

Fig. 6 Transmission electron microscopic images of a control Dunaliella
salina showing intact cell membrane, chloroplast, and starch—pyrenoid
complex; b Dunaliella salina treated with 10 mg L™ TiO, NPs under
UV-A condition: chloroplast damage, lipid body production, and cell wall
attachment; ¢ Dunaliella salina treated with 10 mg L ! TiO, NPs under
dark condition shrinkage: lipid droplet formation, no cell membrane, and
chloroplast damage; d Control Chlorella sp. showing intact cell

membrane, chloroplast, and starch—pyrenoid complex; e Chlorella sp.
treated with 10 mg L™' TiO, NPs under UV-A condition: lipid globule
formation, and absence of S—P complex; f Chlorella sp. treated with
10 mg L™ TiO, NPs under dark condition: presence of lipid bodies,
chloroplast, and vacuole surrounded by autophagic bodies; CM cell
membrane, Chl chloroplast, S—P complex starch—pyrenoid complex, L
lipid body, AB autophagic bodies
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the NPs. Dunaliella salina showed lesser uptake of TiO, NPs
than Chlorella sp. (Fig. 5). The lower uptake by Dunaliella
salina might be due to the chemical processes occurring on the
surface of the cell that entraps and restricts the intake of con-
taminants (Sendra et al. 2017a). Contrary to Dunaliella salina,
the uptake of TiO, NPs by Chlorella sp. was higher. This
higher uptake of NPs in turn resulted in higher toxicity to
Chlorella sp. The uptake can be correlated with the toxicity
produced by both the algal species. Maximum toxicity was
observed with Chlorella sp. than Dunaliella salina (Fig. 2).
Generally, the formation of hetero-aggregates between the al-
gae and NPs could potentially injure the algal cells by possible
shading effects and decreasing the nutrient uptake (Xia et al.
2015). TiO, NPs have been reported to induce stress resulting
in exopolymeric substances (EPS) being released as a defense
mechanism (Wang et al. 2012). EPS secreted by Dunaliella
salina forms a layer over the cell membrane that can protect
the cells, combat stress, and make them less vulnerable to
pollutants (Mishra et al. 2011; Xiao and Zheng 2016). In com-
parison to Dunaliella salina, Chlorella sp. is slightly vacuo-
lated causing the contaminants to get entrapped, and their
elimination becomes difficult, leading to higher toxicity
(Ahmad and Hellebust 1984; Visviki and Rachlin 1994).

TiO, NPs induce oxidative stress by generating ROS, which
can damage organisms through oxidation of proteins, lipids and
nucleic acids (Klaine et al. 2008). The photocatalytic activity of
TiO, NPs plays a vital role in determining the amount of ROS
production under UV-A exposure. TiO, NPs are also known to
release ROS even under dark condition (Fenoglio et al. 2009).
In the present study, ROS generation in Chlorella sp. was
higher compared to Dunaliella salina (Fig. 3a, b). The in-
creased ROS production has resulted in the exhibition of greater
toxicity in Chlorella sp. This can be attributed to the damage of
the photosynthetic pigments (Liu et al. 2012). Damage to the
chloroplast was observed in both the species, which could be
one of the mechanisms for ROS production. /n vivo ROS pro-
duction was indicated by red-colored control cells with an intact
cell membrane, whereas NP-treated cells appeared green when
visualized under the blue filter of a fluorescence microscope
due to the auto-oxidation of the dye to dichlorofluorescein.
MDA, a cytotoxic product and an indicator of ROS, is pro-
duced by the oxidation of lipid layers of the algal cell mem-
brane. A positive relation could be observed between the ROS
generated and the amount of MDA produced (Fig. 3c, d). As
discussed above, ROS production damages the cell membrane
through lipid peroxidation, and a higher MDA content in
Chlorella sp. can be correlated to the ROS produced. Recent
findings have shown a similar increase in MDA content during
TiO, NP exposure (Xia et al. 2015).

An indirect method of measuring the generation of ROS is by
estimating the activity of the antioxidant enzymes, namely, SOD
and CAT. SOD breaks down two superoxide radicals (O, ) into
molecular oxygen and H,O,, whereas CAT transforms H,O, into
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oxygen and water. Both the species showed a decrease in the
SOD activity and an increase in CAT activity (Fig. 4). Higher
SOD activity in Dunaliella salina than Chlorella sp. might be
associated with the ability of the former algae to scavenge the
superoxide radicals. This scavenging results in decreased H,O,
production and lesser CAT activity of Dunaliella salina, whereas
lower SOD activity in Chlorella sp. generates more of H,0,,
which is further scavenged by the increased CAT activity. A
similar decreasing trend for SOD activity and an increasing trend
for CAT was observed in marine algae, Karenia brevis, when
treated with TiO, NPs (Li et al. 2015). Increased H,O, genera-
tion in response to oxidative stress might have inhibited SOD
activity in both the algal species, and the excess HO, might be
scavenged by increased CAT activity (San Mateo et al. 1998;
Tzure-Meng et al. 2009).

Conclusion

The present study focused on the differential sensitivity of ma-
rine algae, Dunaliella salina and Chlorella sp., towards TiO,
NPs. Dunaliella salina was more resistant to TiO, NPs com-
pared to Chlorella sp. Exposure to TiO, NPs under UV-A con-
dition produced deleterious effect compared to dark condition.
Higher uptake contributed to higher toxicity in Chlorella sp.
than Dunaliella salina, which can be corroborated with the
ROS and MDA levels. Antioxidant enzyme activity in both
the algae was dependent on the extent of toxicity caused by
the TiO, NPs. Thus, the differential sensitivity of the two algal
species towards TiO, NPs could serve as a model for environ-
mental risk assessment of nanoparticles in the algal ecosystem.
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