
Ecotoxicology and Environmental Safety 241 (2022) 113708

Available online 3 June 2022
0147-6513/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

In vivo intrinsic atomic interaction infer molecular eco-toxicity of industrial 
TiO2 nanoparticles via oxidative stress channelized steatosis and apoptosis 
in Paramecium caudatum 

Swabhiman Mohanty a, Paritosh Patel a,b, Ealisha Jha a, Pritam Kumar Panda a,c,*, 
Puja Kumari d,e, Sonal Singh e, Adrija Sinha a, Ashish Kumar Saha e, Nagendra Kumar Kaushik b, 
Vishakha Raina a, Suresh K. Verma a,c,*, Mrutyunjay Suar a,** 

a School of Biotechnology, KIIT University, Bhubaneswar 751024, Odisha, India 
b Plasma Bioscience Research Center, Department of Electrical and Biological Physics, Kwangwoon University, 01897 Seoul, South Korea 
c Condensed Matter Theory Group, Materials Theory Division, Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden 
d RECETOX, Faculty of Science, Masaryk University, Brno 60300, Czech Republic 
e Advanced Science and Technology Research Centre, Vinoba Bhave University, Hazaribagh 825301, Jharkhand, India   

A R T I C L E  I N F O   

Edited by Professor Bing Yan  

Keywords: 
TiO2 nanoparticles 
P. Caudatum 
Oxidative stress 
Steatosis 
Ecotoxicity 
Nanotoxicity 

A B S T R A C T   

The ecotoxicological effect of after-usage released TiO2 nanoparticles in aquatic resources has been a major 
concern owing to their production and utilization in different applications. Addressing the issue, this study in-
vestigates the detailed in vivo molecular toxicity of TiO2 nanoparticles with Paramecium caudatum. TiO2 nano-
particles were synthesized at a lab scale using high energy ball milling technique; characterized for their 
physicochemical properties and investigated for their ecotoxicological impact on oxidative stress, steatosis, and 
apoptosis of cells through different biochemical analysis, flow cytometry, and fluorescent microscopy. TiO2 
nanoparticles; TiO2 (N15); of size 36 ± 12 nm were synthesized with a zeta potential of − 20.2 ± 8.8 mV and 
bandgap of 4.6 ± 0.3 eV and exhibited a blue shift in UV-spectrum. Compared to the Bulk TiO2, the TiO2 (N15) 
exhibited higher cytotoxicity with a 24 h LC50 of 202.4 µg/ml with P. Caudatum. The mechanism was elucidated 
as the size and charge-dependent internalization of nanoparticles leading to abnormal physiological metabolism 
in oxidative stress, steatosis, and apoptosis because of their influential effect on the activity of metabolic proteins 
like SOD, GSH, MDA, and catalase. The study emphasized the controlled usage TiO2 nanoparticles in daily ac-
tivity with a concern for ecological and biomedical aspects.   

1. Introduction 

The recent decade has seen enormous development in nanotech-
nology which includes the research, engineering, manufacturing, and 
utilization of nanoparticles (NPs) for different aspects of biological and 
ecological applications (Verma et al., 2019, 2021a, 2021b; Martínez 
et al., 2021). The wide application of nanoparticles has reached to day to 
day life utilities like cosmetics (Bogdan and Moldovan, 2021), medicines 
(de Menezes et al., 2021), food products (Omerović et al., 2021), 
toothpaste, textiles (Khandual et al., 2020), and water treatment 
(Cervantes-Avilés and Keller, 2021). The extended applications have 
also increased the large scale after-usage discharge of these 

nanomaterials into the water, soil, and air leading to the potential threat 
to human health and the ecosystem. The most widely used nano-
materials include engineered nanomaterials like metal NPs, Metal oxide 
NPs which include AgNPs(Verma et al., 2018d), AuNPs (Talarska et al., 
2021), ZnO NPs (Verma et al., 2017b), and TiO2 NPs (Verma et al., 
2018c). Special attention has been given to TiO2 NPs because of their 
peculiar physicochemical properties and potential to be used on every 
scale. TiO2 NPs have been reported to be used as an active gradient of 
products like cosmetics, food additives, paints, electronics, pharma-
ceuticals, biomedical implants, electronics, textiles, and wastewater 
treatment (Ramasamy et al., 2021; Verma et al., 2018b). Moreover, TiO2 
NPs have been emphasized to be used in less economic and safer 
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consumer products due to their unique photocatalytic (Wang et al., 
2021) and UV-reflecting properties (Dao et al., 2021). The demand for 
TiO2 NPs has been fulfilled by the researchers and industries by syn-
thesizing the nanoparticles through different routes like chemical, bio-
logical and physical synthesis routes. Chemical and biological routes 
have shown the limitation of high purity and large-scale production of 
nanoparticles however physical routes like high energy ball milling 
(HEBM) have been found to overcome those limitations (Verma et al., 
2017b). Hence, HEBM has been preferred for lab-scale and industrial 
manufacturing of TiO2 NPs for different consumer products and research 
activities (Das et al., 2019). 

The aggrandized use of TiO2 NPs has increased the possibilities of 
their high accumulation and distribution in the ecosystem, especially in 
water resources and soil (Wu et al., 2021). The aquatic resources have 
been acting as a sink for chemicals and emerging pollutants like NPs. 
Nanoparticles accumulate and gradually magnify due to their poor 
water solubility and long-term persistence in aquatic systems, which 
further can affect the aquatic ecosystem, especially to the aquatic life 
(Verma et al., 2020). Aquatic bodies contain an ecosystem of unicellular 
organisms like bacteria, and protozoa with multicellular organisms like 
fishes, algae, etc. These organisms are important members of the entire 
food chain (Kolarova and Napiórkowski, 2021). Hence, the bio-
accumulation of nanomaterials can cause bio-magnification at the 
higher trophic level of the food chain affecting the health of fishes, 
aquatic organisms, and human beings (Kuehr et al., 2021). To mitigate 
the hazardous effect, it is important to understand the mechanistic 
toxicity of nanoparticles like TiO2 NPs at the cellular and molecular 
levels. Several studies have been performed to investigate the ecotox-
icity and biomedical toxicity of TiO2 NPs using different types of in vitro 
(Han et al., 2021; Venkataprasanna et al., 2021; Geppert et al., 2021) 
and in vivo models (Verma et al., 2018c, 2018b). In vitro and in vivo 
models for biomedical studies includes investigation of TiO2 NPs on 
different types of cell lines (Venkataprasanna et al., 2021) and 
mouse/zebrafish (Verma et al., 2021a, 2021b) that insight to human 
toxicity. The Common in vivo model systems commonly employed in 
ecotoxicity studies are bacteria (Li et al., 2013), daphnia (Liu et al., 
2021) and zebrafish (Verma et al., 2021a, 2021b), however, unicellular 
organisms have largely avoided extensive study. Protozoa such as cili-
ated paramecia (e.g. P. Caudatum) act as a crucial link in the food chain 
between microbial organisms and multicellular organisms. They are 
predators for bacteria and algae, while being prey for larvae and fish 
(Herman et al., 2021; Flores et al., 2019). Moreover, the absence of a 
protective cell wall makes them more vulnerable to nanoparticle’s entry 
(Kryuchkova et al., 2016). Hence, investigation of the detailed molec-
ular interaction of TiO2 NPs with P. Caudatum can provide a detail 
mechanistic insight to evaluate the ecotoxicity of TiO2 NPs. 

Numerous studies have reported the cytotoxicity of the TiO2 NPs 
with different in vivo models (Venkataprasanna et al., 2021). Although 
the exact mechanism is still debatable, it has been ascribed that the 
toxicity of TiO2 NPs is the function of surface interaction, accumulation, 
internalization, and abnormal physiological processes in living bodies 
that come in contact with them (Verma et al., 2018b). Studies have 
shown that surface spatial interaction of TiO2 NPs with cell lines (Verma 
et al., 2018c), and zebrafish cells (Verma et al., 2018b) plays an 
important role in the damage of cell membranes leading to toxicity. It 
has been also explored that TiO2 NPs induce abnormal oxidative stress 
and steatosis in bacterial and mammalian cells causing their apoptosis 
(Verma et al., 2018b). Similarly, studies have shown the induction of 
cellular chemical stress in zebrafish embryos exposed to TiO2 NPs 
leading to death; molecular interaction of TiO2 NPs with physiological 
proteins has been linked to these death outcomes (Verma et al., 2018c). 
The previous studies done on the impact of TiO2 NPs on unicellular 
organisms like Chlorella pyrenoidosa (Gao et al., 2021) and Paramecium 
caudatum (Uddin et al., 2021) have shown the size and 
concentration-dependent effects however the molecular influence is still 
uncovered. It can be hypothesized that the TiO2 NPs interact with 

physiological proteins of paramecium leading to the disturbance of 
physiological processes like oxidative stress, lipid metabolism, and ul-
timately death (Verma et al., 2018c). It is thus interesting to explore and 
evaluate the cellular impact of TiO2 NPs at the molecular level to un-
derstand the exact mechanism of TiO2 NPs’ cytotoxicity with a 
single-cell organism like P. Caudatum. 

In this study, mechanistic cellular and molecular cytotoxicity of 
industrially synthesized TiO2 NPs have been explored with P. Caudatum 
to understand the ecotoxicity of TiO2 NPs. The industrial synthesis of 
TiO2 NPs was mimicked at lab scale by using the high energy ball milling 
(HEBM) technique. The synthesized TiO2 NPs were well characterized 
and evaluated for their comparative cellular toxicity with bulk TiO2 by 
investigating their effect on the different cellular physiological processes 
like oxidative stress induction, lipid metabolism, and programmed cell 
death using biochemical assays and high-end techniques. The molecular 
investigation has been performed by studying the molecular interaction 
of TiO2 NPs with cellular proteins like Sod1, p53 using a computational 
and experimental approach. Finally, the underlying mechanism of TiO2 
NPs toxicity was understood through correlation analysis with in silico 
and in vivo experimental approaches. 

2. Materials and methods 

2.1. Synthesis of TiO2 NPs 

To synthesize the TiO2 NPs, Bulk TiO2 (~110 nm) was procured from 
Merck. Industrial synthesis of TiO2 NPs was mimicked at lab scale by 
using the high energy ball milling (HEBM) technique. The synthesis of 
TiO2 NPs was performed by milling bulk TiO2 particles in a high energy 
ball milling machine (Retsch, PM400). The milling was done in the 
tungsten carbide (WC) container (250 ml) using WC balls (10 mm) at 
300 rpm with the ball to powder ratio of 20: 1 in toluene medium. The 
milling was performed for a duration of 15 h. Followed by milling, the 
TiO2 nanoparticles termed “TiO2 (N15)” were collected and character-
ized for their physicochemical properties. The biological experiments 
were performed by suspending the TiO2 NPs in a biological medium and 
sonicating at an amplitude of 50 for 5 min with no pulse. Commercial 
TiO2 NPs having a size of ≤ 25 nm termed “TiO2 (P25)” were procured 
from Millipore Sigma (Cas no. 1317-70-0) for a comparative analysis of 
biological studies. 

2.2. Characterization of TiO2 nanoparticles 

The physicochemical characterization of the bulk and synthesized 
TiO2 nanoparticles (TiO2 (B) and TiO2 (N15)) was done by different 
standard techniques. The UV-Visible spectra were determined to assess 
the optical properties by measuring the spectrum of the suspension in 
the range of 200–800 nm in a UV-Vis NIR spectrophotometer (Cary 60, 
Agilent). The calculation of bandgap energy was performed and pre-
sented as a histogram for the nanoparticles. The size of the bulk and 
nanoparticles were determined using FESEM (Zeiss, Model EVO 60) 
equipped with an Oxford Inca energy dispersive X-ray spectrometer 
(EDS). The hydrodynamic diameter of the nanoparticles in the aqueous 
and culture medium was determined by a Zetasizer (Malvern, Zetasizer, 
Nano ZS). The Zeta potential of the bulk and nanoparticles were also 
measured by the dynamic light scattering technique using a Zetasizer 
(Nano ZS, Malvern, UK). The structure of TiO2(B) and TiO2(N15) was 
analyzed by X-ray diffraction technique by an X-ray diffractometer (X- 
PERT-PRO, Pan Analytical) with CuKα radiation (λ = 0.15418 nm) over 
the range of angles from 25◦ to 80◦. 

2.3. Paramecium culture 

The logarithmic phase of Paramecium caudatum strain growth was 
used for the subculture and maintenance. Proteose Peptone Yeast Me-
dium (PPY) (Sara et al., 2016) was used for the cell culture with a 
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composition of 2 % Proteose peptone and 5 % yeast extract at pH 
7.0–7.5, maintained at 24 ± 2 ◦C. Logarithmic phase Paramecium cell 
culture was added to the fresh PPY medium to obtain a culture density of 
104 cells per ml. 

2.4. In vivo cytotoxicity assays 

In vivo cytotoxicity assays were performed using the fresh parame-
cium culture. The cells were washed with fresh PPY medium and re- 
suspended in a 200 ml flask at a density of 5 × 104 cells /ml. To esti-
mate the survivability and growth rate of the cells in presence of 
nanoparticles, 2.5 × 102 cells were seeded in different wells of 24 wells 
plates containing 500 μl PPY medium. The wells were treated with 
different concentrations of TiO2(P25), TiO2(B) and TiO2(N15) at a 
concentration range of 5–500 µg/ml. The final volume of PPY medium in 
each well was optimized to 500 μl. Untreated cells were taken as control. 
Survivability percentage was determined as the number of live para-
mecium cells as compared to the untreated group after 24hrs of expo-
sure. The growth rate percentage was calculated as the percentage ratio 
of the increased number of cells in treated samples compared to the 
untreated one. The morphological changes in the untreated and treated 
paramecium cells were imaged using a stereomicroscope equipped with 
a camera. 

2.5. Uptake analysis 

Uptake of TiO2(B) and TiO2(N15) in P. Caudatum cells exposed to 
different concentrations of TiO2(B) and TiO2(N15) was performed using 
flow cytometry by the measurement of side scatter (Sheel et al., 2020). 
Followed by 24hrs incubation, the treated and untreated cells were 
washed with fresh PPY medium and were subjected to analysis of side 
scatter in Attune flow cytometer (Thermo Scientific, USA) equipped 
with 488 nm argon laser. The data were processed with the help of 
Facsexpress 7 (DeNovo, USA) and presented as a histogram. 

2.6. Cellular ROS analysis 

Cellular ROS in P. Caudatum cells exposed to TiO2(B), TiO2(P25), and 
TiO2(N15) was determined by measuring the fluorescent intensity of 
reactive oxygen species (ROS) stained by ROS permanent dye 2,7- 
dichlorodihydrofluorescein diacetate (H2DCFDA) (Invitrogen, Thermo-
Scientific) using fluorescent microscopy (Kumari et al., 2020) and flow 
cytometry (Sheel et al., 2020). Untreated and exposed P. Caudatum cells 
were stained with 1.25 mg/l of H2DCFDA and were incubated in dark at 
room temperature for 20 min. After incubation, cells were washed twice 
to remove the extra stain. For fluorescent microscopy, the cells were 
imaged in the green filter of the fluorescent microscope (EVOS, Applied 
biosystem, USA). The images were analyzed using Image J and the 
fluorescence intensity was quantified. For flow cytometry analysis, cells 
were analyzed using Attune focusing slow cytometer (ThermoScientific, 
USA) equipped with a 488 nm argon laser. All the experiments were 
done in triplicates and repeated thrice. The data were analyzed in 
fcsxpress 7 (Denovo, CA) and presented as a histogram. The photo-
catalytic effect of nanoparticles was checked by evaluation of generated 
cellular ROS in cells treated with different concentration of TiO2(B), 
TiO2(P25), and TiO2(N15), which were pre-exposed to UV irradiation 
for 5 min just before the treatment. 

2.7. Biochemical assays of antioxidant enzymes 

Antioxidant enzyme activity of treated and untreated P. Caudatum 
was analyzed using different biochemical assays. SOD activity was 
measured according to the protocol mentioned by Das et al. (Das et al., 
2000). Briefly, cell lysate was prepared using the sonication method and 
the total protein content was made up to 5 mg. Then, the cell lysate with 
5 mg protein was mixed with 0.52 M sodium pyrophosphate buffer, PMS 

(186 µM), NBT (300 µM). NADH was added to start the reaction to form 
the chromogen. The absorbance of the chromogen was read at 560 nm. 
Catalase activity in the treated and untreated cells was analyzed using 
spectrophotometric assay as mentioned by Cakmak and Horst (Cakmak 
and Horst, 1991). The decrease of absorbance was recorded after three 
minutes by a spectrophotometer (Agilent, USA) at a wavelength of 240 
nm and an extinction coefficient ε = 39,400 L/μM/cm. All the experi-
ments were done in triplicates and repeated thrice. 

2.8. Biochemical assay of glutathione and lipid peroxidation 

The level of Glutathione (GSH) was estimated as per the protocol 
mentioned by Weckbeker and Cory (Weckbecker and Cory, 1988). The 
absorbance of the 2- nitro-5-mercapturic was measured in the treated 
and untreated P. Caudatum cells to determine the GSH level obtained as 
a result of the reduction of the acide5,5′-dithiobis-2-nitrobenzoic acid 
(reagent Elleman) by groups (-SH) of glutathione. The samples were 
deproteinized by 0.25 % sulfosalicylic acid to protect the SH-groups of 
glutathione. Lipid peroxidation was estimated by measuring the level of 
Malondialdehyde (MDA) using colorimetric reaction with thiobarbituric 
acid (TBA). The assay of MDA was done according to the method of 
Pirinccioglu et al. (2010). All the experiments were done in triplicates 
and repeated thrice. 

2.9. Caspase-3 activity assay 

The caspase-3 activity was determined by using Caspase 3 Colori-
metric Activity Assay Kit, Merck (APT165) using the guidelines of the 
company. In brief, cell lysate was prepared from the untreated and 
treated P. Caudatum cells and was subjected for hydrolysis to detect the 
signals of p-Nitroaniline at 405 nm (εmM = 10.5). The released con-
centration of the pNA from the substrate was calculated by measuring 
the absorbance values at 405 nm (pNA standard provided in the kit). All 
the experiments were done in triplicates and repeated thrice. 

2.10. Nile Red staining for Lipid accumulation analysis 

Nile Red staining was performed to analyze the lipid accumulation in 
the P. Caudatum cells exposed to nanoparticles (Ramírez-Castrillón 
et al., 2021). The experiment was performed on a 24 well plate, by 
treating the P. Caudatum with different concentrations of TiO2(B) and 
TiO2(N15). After 24 h of treatment, cells were washed by centrifugation 
at 1000 rpm for 3 min. The cells were then stained by 5 μl of 1.5 mg/ml 
Nile stain and incubated in dark for 30 min. To visualize and capture the 
image, cells were fixed using 20 % glycerol. All the experiments were 
done in triplicates and repeated thrice. The fluorescence was visualized 
in the red fluorescence filter of the fluorescent microscope (EVOS, 
applied biosystem, USA) and analyzed using Image J. 

2.11. Acridine orange staining for apoptosis analysis 

The analysis of programmed cell death(apoptosis) in untreated and 
TiO2(B) and TiO2(N15) treated P. Caudatum cells was done through 
acridine orange staining using fluorescent microscopy and flow cytom-
etry (Patel et al., 2020). The experimental setup for the treatment of 
P. Caudatum cells was performed as mentioned in the protocol for Nile 
red staining. Exposure of cells was done with TiO2(P25) as a reference 
for the study of the comparative effects. Followed by treatment, the cells 
were stained with 5 μl of 2 mg/ml acridine orange stain prepared in 
DMSO and incubated in dark for 30 min. For fluorescent microscopy, the 
cells were imaged in the green filter of the fluorescent microscope 
(EVOS, Applied biosystem, USA). The images were analyzed using 
Image J and the fluorescence intensity was quantified. For flow 
cytometry analysis, cells were analyzed using Attune focusing slow cy-
tometer (ThermoScientific, USA) equipped with a 488 nm argon laser. 
All the experiments were done in triplicates and repeated thrice. The 
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data were analyzed in fcsxpress 7 (Denovo, CA). 

2.12. In silico molecular docking analysis 

Molecular docking analysis was performed to understand the 
intrinsic atomic interaction of TiO2 nanoparticles with oxidative stress 
enzyme SOD and phospholipid proteins Phospholipid-transporting 
ATPase (Waterhouse et al., 2018) and their influence on the function-
ality of enzymes. The protein receptors were subjected to molecular 
docking using Autodock 4.2 (Morris et al., 2009) as the receptor, and 

TiO2 parameters were set as ligand respectively. Grid dimensions were 
set to 126x126x126, with a spacing of 1 Å. We have used Lamarckian 
genetic algorithms(LGA) for grid dimensions and a Genetic algorithm 
was used for docking runs using a population size of 150 with a 
maximum number of evaluations set to 2,500,000 and maximal gener-
ations. The post docking analysis was performed using Autodock 4.2 
analysis tools using conformations and clustering. They were further 
visualized using Chimera X (Waterhouse et al., 2009) and Discovery 
Studio Visualizer (Biovia et al., 2000). 

Fig. 1. Physiochemical characterization of 
TiO2 nanoparticles. (A) UV-Vis. spectrum of 
TiO2 (N15) and TiO2 (B) analyzed at 
200–800 nm showing blue shift. (B) Bandgap 
energy (C) Zeta Potential (D) Hydrodynamic 
size estimated by dynamic light scattering in 
the aqueous medium. Data shown are mean 
± SD obtained from three different measure-
ments taken in triplicates. Size and shape of (E) 
TiO2(B) and (F) TiO2(N15) determined by 
FESEM analysis; Cytotoxicity analysis of TiO2 
(N15) and TiO2 (B) with P. Caudatum (G) Sur-
vivability and (H) Growth curve of 
P. Caudatum. All the experimental analysis was 
done in triplicate and thrice independently. The 
values represent the mean ± SD of three inde-
pendent experiments. *P > 0.5, **P > 0.01, 
and ***P > 0.001 denote the compared signif-
icant change at each exposed concentration as 
obtained from post hoc analysis after one-way 
ANOVA.   
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2.13. Statistical analyses 

Graph Pad Prism v7.01 (San Diego, California) was used for all the 
statistical analyses. LC50 values were estimated by the non-linear fit of 
the sigmoidal dose-response curve. The significance study was per-
formed by One-way ANOVA followed by the Tukey test with a signifi-
cance set at P < 0.05. Results were compared with untreated cells as 
control with both TiO2(B) and TiO2(N15) at each concentration. 

3. Results 

3.1. Synthesis and characterization of TiO2 nanoparticles 

TiO2 nanoparticles were synthesized by high-energy ball milling 
technique (HEBM) to mimic the industrial manufacturing process. As 
shown in Fig. S1, the milling was done for 15 h and the nanoparticles 
formed were collected after the 15 h of milling. The formation of 
nanoparticles was recognized by the slight difference in the whiteness of 
the powder. The synthesized nanoparticles TiO2(N15) were character-
ized for their physicochemical properties through different techniques. 
As shown in Fig. 1A, the UV-Visible spectrum of TiO2(N15) showed a 
blue shift compared to TiO2(B) particles. The bandgap was found to be 
increased significantly in TiO2(N15) compared to TiO2(B). It was 
significantly enhanced to 4.6 ± 0.3 eV in TiO2(N15) compared to 3.4 ±
0.4 eV of TiO2(B) (Fig. 1B). The stability and agglomeration property of 
TiO2(15) and TiO2(B) was further determined by assessing the zeta 
potential of the particles in an aqueous and PPY medium. As shown in 
Fig. 1C and Table 1, the zeta potential of TiO2(15) and TiO2(B) was 
found to be above − 30 mV indicating the stability of both TiO2(B) and 
TiO2(N15). Interestingly, the zeta potential of TiO2(N15) was found to 
be significantly increased to − 20.2 ± 8.8 mV compared to − 48.6 ± 6.7 
mV. The dynamic light scattering was also used to determine the hy-
drodynamic diameter of the TiO2(B) and TiO2(15) to assess their size in 
an aqueous and PPY medium. Fig. 1D shows the hydrodynamic diameter 
of the particles in the aqueous medium. The size of the TiO2(B) and 
TiO2(N15) was found to be 230.2 ± 48.8 nm and 122.4 ± 15.0 nm. The 
reduction in the size of the TiO2(N15) from TiO2(B) due to milling was 
found significant. The size of the nanoparticles was further measured 
using the FESEM. As shown in Fig. 1E and F, the size of the TiO2(N15) 
was found to be reduced to 36 ± 12 nm compared to the TiO2(B) of 98 ±
09 nm confirming the results of hydrodynamic diameter estimation by 
DLS. The structure of the TiO2(B) and TiO2(N15) was further determined 
by XRD, the results as shown in Fig. S2 showed peaks corresponding to 
(101), (004), (200), (105), (211), (204), (116), (220), and (215) crystal 
planes. The peaks were found to be well defined corresponding to the 
JCPDS-21–1272 and referring to Anatase TiO2. 

3.2. Impact of nanoparticles- P. Caudatum interactions 

The surface interaction and impact of TiO2(B) and TiO2(N15) expo-
sure to P. Caudatum were estimated by studying the acute toxic effect of 

nanoparticles on the survivability and growth rate of P. Caudatum. As 
shown in Fig. 1G, the survivability of the exposed P. Caudatum was 
found to be concentration-dependent. The survivability percentage was 
decreased with an increase in exposure concentration of TiO2(P25), 
TiO2(B), and TiO2(N15). Interestingly, the survivability rate was lower 
in the case of TiO2(N15) exposure compared to TiO2(B), which was 
further found to be lowest in the case of TiO2(P25), as compared to 
TiO2(B) and TiO2(N15) exposure. The 24 h LC50 of TiO2(B), TiO2(N15) 
and TiO2(P25), was calculated as 347.6 µg/ml, 202.4 µg/ml and 
186.4 µg/ml respectively. Further, growth rate estimation also showed a 
concentration-dependent decrease in the growth of P. Caudatum exposed 
to TiO2(B), TiO2(N15), and TiO2(P25), nanoparticles (Fig. 1H). More-
over, as shown in Fig. 1H, the growth rate was found to be diminished at 
a higher rate in P. Caudatum exposed to TiO2(N15) in comparison to 
TiO2(B) which was further lowest in the case of TiO2(P25) exposure. The 
morphology of the paramecium exposed to TiO2(B) TiO2(N15) and 
TiO2(P25) was further determined to know their effect due to surface 
interaction and accumulation. Fig. 2 and Fig. S3 shows that the overall 
morphology of the P. Caudatum was not found to affected much at 24 h 
of exposure however, after 48 hrs. of exposure and at higher concen-
tration of 25 µg/ml and 50 µg/ml, the cilia were found to dissociate 
slowly from the main body of exposed P. Caudatum. Interestingly, the 
cells exposed to 50 µg/ml of TiO2(N15) and TiO2(P25) were seen to be 
slowly busted with the damage to the outer membrane. The uptake and 
accumulation of the particles were seen inside the exposed P. Caudatum 
cells. The uptake of the nanoparticles inside the cells was further eval-
uated and quantified using the flow cytometry technique by measuring 
the side scatter (SSC). As shown in Fig. 3A and B, the mean side scatter 
was found to be increased with an increase in exposure concentration of 
both TiO2(B) and TiO2(N15) in P. Caudatum cells. However, compared to 
TiO2(B), the side scatter of TiO2(N15) was higher. Interestingly, the 
mean side scatter of TiO2(N15) was found to be highly significant 
(p < 0.5) in case of higher concentration (25 and 50 µg/ml) exposure 
compared to TiO2(B) (F (4, 20) = 40.5; P < 0.0001; n = 3). The result 
indicated the higher uptake of TiO2(N15) compared to the TiO2(B) at 
each exposed concentration (Fig. 3C). 

3.3. Induction of oxidative stress 

Internalized nanoparticles were speculated to induce physiological 
stress for metabolic abnormalities. Hence, the cellular and molecular 
toxicity of TiO2(B) and TiO2(N15) was further estimated by evaluating 
different physiological parameters in P. Caudatum exposed to the 
nanoparticles. DCFDA fluorescence was measured in treated and un-
treated cells to estimate the induced reactive oxygen species (ROS). As 
shown in Fig. 4A, the fluorescent intensity of DCFDA was found to be 
significantly increased with an increase in exposure concentration of 
TiO2(B) (α = 0.05; F (4, 20) = 1052; n = 10; P < 0.001). Similar results 
were observed in the case of TiO2(N15) exposure (Fig. 4B). Compara-
tively, as shown in Fig. 4C, the mean fluorescent intensity of DCFDA was 
higher in case of TiO2(N15) exposure at higher concentration of 25 µg/ 
ml (95.00 % CI of diff.= − 1256 to − 768.4; P < 0.0001; n = 3) and 
50 µg/ml (95.00 % CI of diff.= − 6717 to − 6229; P < 0.0001; n = 3) 
than TiO2(B). A microscopy image of the P. Caudatum exposed to 
TiO2(B), TiO2(N15), and TiO2(P25) is shown in Fig. 4D and Fig. S4. The 
green fluorescent intensity of DCFDA was found to be increased with 
increased exposure concentration of TiO2(B), TiO2(N15), and 
TiO2(P25). However, it was evident that the fluorescent intensity was 
higher in the case of TiO2(P25) exposure compared to TiO2(B) and 
TiO2(N15) at a higher concentration (Fig. S5). The data was in corre-
lation with the flow cytometry results. 

Further, evaluation of the induced oxidative stress due to photo-
catalytic activity of TiO2(B), TiO2(N15), and TiO2(P25) were done by 
estimation of DCFDA fluorescence in P. Caudatum cells exposed to UV 
irradiated TiO2(B), TiO2(N15), and TiO2(P25). As shown in Fig. S6 and 
Fig. S7, the green fluorescence of DCFDA representing the generated 

Table 1 
Physicochemical properties of nanoparticles; Table includes size determined by 
FESEM, hydrodynamic diameter, and zeta potential of TiO2 nanoparticles in the 
different medium. The bandgap was estimated by the SPR peak of the UV-Visible 
spectrum.  

Nanoparticles Size (nm) 
by FESEM 

Hydrodynamic 
diameter 
(nm) 

Zeta potential 
(mV) 

Band 
gap 
(eV) 

Aq. PPY Aq. PPY 

TiO2(B) 112.1 ±
16.3 

230.2 
± 48.8 

426.4 
± 14.3 

-48.6 
± 6.7 

-38.2 
± 4.2 

3.4 ±
0.4 

TiO2(N15) 49.4 ±
17.3 

122.4 
± 15.0 

189.7 
± 16.2 

-20.2 
± 8.8 

-26.7 
± 7.3 

4.6 ±
0.3  
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reactive oxygen species (ROS) was found to be with an increased con-
centration of nanoparticles. Moreover, the fluorescent intensity was 
found to be increasing in a trend of TiO2(B) < TiO2(N15) < TiO2(P25). 
Interestingly, the dose-dependent elicitation of the reactive oxygen 
species in P. Caudatum exposed to UV irradiated TiO2(B), TiO2(N15), 
and TiO2(P25) was higher in comparison to those exposed to non- 
irradiated TiO2(B), TiO2(N15), and TiO2(P25). 

Further, the expression of oxidative stress enzymes was analyzed to 
estimate oxidative stress. As shown in Fig. 5A and Table S1, compared to 
the untreated cells, the SOD activity was significantly (α = 0.05; 
P < 0.001) decreased with an increase in the concentration of both 

TiO2(B) and TiO2(N15) exposed to P. Caudatum. Moreover, the SOD 
activity was found to be lower on TiO2(N15) exposure in comparison to 
TiO2(B) at each measured concentration. As shown in Fig. 5B and 
Table S2, GSH activity was measured to be increased with an increase in 
the concentration of both TiO2(B) and TiO2(N15), however, it was 
higher in the case of TiO2(N15) exposure compared to TiO2(B) 
(α = 0.05; F (5, 24) = 74.99; n = 10; P < 0.001) at each concentration. 
Further, Catalase enzyme activity was also found to be decreased with 
an increase in concentration exposure of both TiO2(B) and TiO2(N15) 
and was significantly lower in the case of TiO2(N15) exposure at each 
measured concentration (Fig. 5C, Table S3). The data indicated the 

Fig. 2. In vivo effect of TiO2 (N15) and TiO2 (B) on P. Caudatum. Morphology analysis of P. Caudatum exposed to different concentrations of TiO2 (N15) and TiO2 (B) 
for 24 h. 
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induced abnormal oxidative stress in P. Caudatum due to exposure to 
nanoparticles. 

3.4. Induction of Steatosis (lipid degradation) and apoptosis 

The induction of abnormal oxidative stress is inferred to the initia-
tion of other abnormal physiological activities like steatosis and 
apoptosis. Hence, lipid degradation and apoptosis were measured by 
biochemical analysis of malondialdehyde (MDA) and caspase activity. 
As shown in Fig. 5D and Table S4, the MDA level in P. Caudatum was 
found to be increased to 64.7 ± 2.5, 72.3 ± 1.8, 76.4 ± 3.1, 84.9 ± 3.2, 
91.5 ± 2.2 µmole/min/mg prot. on exposure of 5, 10, 25, 50 and 
100 µg/ml of TiO2(B) as compared to 52.9 ± 2.6 µmole/min/mg prot. 
MDA level of the untreated cells. While, on exposure of 5, 10, 25, 50 and 

100 µg/ml concentration of TiO2(N15), MDA level was found to be 65.2 
± 1.7, 76.1 ± 1.8, 79.5 ± 2.8, 86.3 ± 2.8, 94.1 ± 2.2 µmole/min/mg 
prot. There was a significant difference (α = 0.05; F (5, 24) = 198.2, 
P < 0.001) of MDA level in each exposure concentration between 
TiO2(B) and TiO2(N15). The apoptotic activity was estimated by the 
measurement of the caspase activity. Fig. 5E and Table S5, shows the 
caspase activity in P. Caudatum cells exposed to different concentration 
of TiO2(B) and TiO2(N15), the caspase activity was found to be signifi-
cantly increased with increased exposure concentration of both TiO2(B) 
and TiO2(N15) compared to the untreated cells (α = 0.05; P < 0.001). 
Comparatively, the activity was significantly higher in the case of 
TiO2(N15) exposure compared to TiO2(B) with a value of α = 0.05; F (5, 
24) = 371.2; P < 0.001. 

The intracellular lipid degradation and the programmed cell activity 
were further visualized by fluorescent microscopy using different fluo-
rescent stains. As shown in Fig. 6A and S8, the cellular red fluorescence 
of the Nile red in P. Caudatum cells was found to be increasing with an 
increase in exposure concentration of both TiO2(B) and TiO2(N15) 
particles. Comparatively, the mean fluorescence intensity of Nile red 
was higher in case of TiO2(N15) exposure compared to the TiO2(B) at 
concentration of 10 µg/ml (α = 0.05; 95 % CI = − 10.11 to − 3.036; 
P = 0.0002), 25 µg/ml (α = 0.05; 95 % CI = − 15.65 to − 8.58; 
P < 0.0001) and 50 µg/ml (α = 0.05; 95 % CI = − 22.95 to − 15.88; 
P < 0.0001). Consequently, Acridine orange (AO) staining depicted a 
concentration-dependent increase in green fluorescence intensity of the 
stain in P. Caudatum cells exposed to increasing concentration of both 
TiO2(B), TiO2(N15) and TiO2(P25) particles (Fig. 6B and Fig. S9, S10). 
Comparatively, the mean fluorescent intensity of AO was found to be 
significantly much higher in case of TiO2(N15) exposure at the con-
centration of 10 µg/ml (α = 0.05; 95 % CI = − 9.537 to − 0.9624; 
P = 0.0119), 25 µg/ml (α = 0.05; 95 % CI = − 11.58 to − 3.00; 
P = 0.0005) and 50 µg/ml (α = 0.05; 95 % CI = − 20.47 to − 11.89; 
P < 0.0001) which was even higher in case of TiO2(P25) exposure at 
same concentration. The data was further checked using flow cytometry 
analysis as shown in Fig. S11. In the case of TiO2(B) exposure, apoptotic 
cells with the green fluorescent intensity of acridine orange were found 
to be 40.16 %, 43.18 % 50.26 %, 54.48 % on exposure of 5,10, 25, and 
50 µg/ml. While, it was 51.29 %, 52.28 %, 57.19 % and 50.40 % in cells 
exposed to 5,10, 25 and 50 µg/ml concentration of TiO2(N15). There 
was a significant difference between the number of apoptotic cells at 
each exposed concentration of TiO2(B) and TiO2(15). The data verified 
the fluorescent microscopy observation and indicated the higher 
apoptosis in P. Caudatum cells exposed to TiO2(N15) in comparison to 
TiO2(B). 

3.5. In silico analysis 

Intrinsic atomic interaction studies performed by molecular docking 
approach shed light on the mechanism of interaction of TiO2 nano-
particles with Superoxide dismutase [Cu-Zn] and Phospholipid- 
transporting ATPase proteins of P. Caudatum. The structures have 
been queried for Gene Ontology annotation to depict the cellular pro-
cesses of the proteins as presented in Fig. S12. The binding energies were 
more favorable for Phospholipid-transporting ATPase i.e., − 7.36 kcal/ 
mol, and in comparison, to Superoxide dismutase i.e. − 7.10 kcal/mol. 
In the case of Superoxide dismutase [Cu-Zn] (SOD), TiO2 interacts with 
ILE 131, ASN 119, LYS 130, GLY 118, VAL 120, LEU 117. Out of all the 
residues involved in the interaction, LYS130, LEU 117, ILE 131, and ASN 
119 make a metallic bond (acceptor and donor) with the Titanium atom. 
Rest all the residues were interacting with the Oxygen atom with con-
ventional hydrogen bonds as shown in Fig. 7. In the case of 
Phospholipid-transporting ATPase, the binding energies were more 
favorable as most of the TiO2 nanoparticles were interacting with the 
lowest energies and high affinity which makes a cluster of 6. Most of the 
amino acid residues involved in the conventional metal bonds (donor or 
acceptor) i.e., GLN11, and LYS 112. GLU 111, GLN 10, GLN12, GLN13 

Fig. 3. Uptake analysis of TiO2(N15) and TiO2(B) by P. Caudatum was analyzed 
by flow cytometry. (A) Side scatter of P. Caudatum exposed to different con-
centrations of TiO2(B). (B) Side scatter of P. Caudatum exposed to different 
concentrations of TiO2(N15). (C) Histogram presenting a comparative analysis 
of mean side scatter. The values show Mean ± SD of 20 cells in triplicates. All 
the experimental analysis was done in triplicate and thrice independently. The 
values represent the mean ± SD of three independent experiments. **P > 0.01, 
and ***P > 0.001 denote the compared significant change at each exposed 
concentration as obtained from post hoc analysis after one-way ANOVA. 
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were involved in conventional hydrogen bonds (Table 2). 

4. Discussion 

Considering the recent advancement in rapidly growing industries of 
nanoparticles and their increasing demand in different applications, it 
has been an important issue to estimate the state of emerging pollutant 
and their ecotoxicity (Ganguly et al., 2018). Titanium oxide nano-
particles are one of the highly used metal oxide nanoparticles in 
different biological, physical, and commercial applications (Ramasamy 
et al., 2021). However, the after usage release of these nanoparticles in 
environmental resources, especially into water bodies can raise imper-
ative toxic impact to the aquatic life; which needs to be explored and 
studied at a cellular and molecular level (Verma et al., 2021a, 2021b). 
Addressing the potential toxic impact of industrial TiO2 nanoparticles on 
aquatic life, this study explores the molecular toxicity of TiO2 nano-
particles with P. Caudatum. The industrial synthesis of TiO2 nano-
particles was mimicked at lab scale using high energy ball milling 
(HEBM) technique (Verma et al., 2018c; Jha et al., 2021). Tungsten 
carbide (WC) container was used with WC balls with 10:1 BPR for the 
contamination-free synthesis of TiO2 nanoparticles. The rotation of 
300 rpm was used to reduce the contamination as much as possible. The 
reduction of the size of the bulk particles into nanoparticles can be 
attributed to the high energy mechanical energy produced during the 
grinding of the particles (Mulas and Delogu, 2010; Verma et al., 2017a; 
Makkar et al., 2018). 

The synthesized “TiO2(N15)” were characterized along with TiO2(B) 
for their physicochemical properties in PPY medium; used for the 
culturing and experimentation of P. Caudatum. Hydrodynamic size 
determined by dynamic light scattering showed a reduction in the size of 
the TiO2(N15) compared to TiO2(B), which was also confirmed by the 
image obtained by FESEM. However, the difference in measured size can 
be reasoned to the attached water and salt molecules with TiO2(B) and 
TiO2(N15) in PPY medium (Verma et al., 2020). TiO2(N15) showed an 
increase in zeta potential compared to TiO2(B) which can be attributed 
to an increase in the core-shell intrinsic defects because of size reduction 
in TiO2(N15) after grinding (Verma et al., 2018a). UV-Visible spectrum 
analysis showed a blue shift in TiO2(N15) compared to TiO2(B) with an 
increase in bandgap energy, which can be argued to be a result of the 
inclusion of a few molecular orbitals to the possible energy states of the 
particle with a reduction, leading to higher energy absorption (Reddy 
et al., 2003). The results affirmed the alteration in physiochemical 
properties of Bulk TiO2(B) while forming TiO2(N15) nanoparticles and 
speculated towards possible modulation in biological properties espe-
cially the toxic effects. 

The eco-compatibility of TiO2(B) and TiO2(N15) was investigated 
with P. Caudatum as in vivo model. P. Caudatum protozoans are one of 
the important members of the food chain and aquatic ecosystem 
(Kryuchkova et al., 2016). They act as a feed for smaller fishes and 
larvae during their initial developmental process. Thus, investigating 
the toxicity of nanoparticles on these protozoans can deduce the eco-
toxicological impact. Moreover, P. Caudatum has been recognized as an 

Fig. 4. In vivo biocompatibility of TiO2(N15) 
and TiO2(B) with P. Caudatum. Histogram pre-
sentation of induced ROS presented by DCFDA 
fluorescence intensity in P. Caudatum exposed 
to (A) TiO2(B) (B) TiO2(N15) for 24 h. (C) 
Comparative analysis of mean fluorescence in-
tensity of DCFDA fluorescence in P. Caudatum 
exposed to different concentrations of 
TiO2(N15) and TiO2(B). (D) Fluorescence image 
of induced ROS determined by DCFDA staining 
in P. Caudatum exposed to different concentra-
tions of TiO2(N15) and TiO2(B). All the exper-
iments were performed in triplicate and thrive 
independently. The images were processed 
using Image J. The analysis of flow cytometry 
results was done using FACS Xpress7. The 
values represent the mean ± SD of three inde-
pendent experiments. **P > 0.5, ***P > 0.01, 
and ****P > 0.001 denote the compared sig-
nificant change at each exposed concentration 
as obtained from post hoc analysis after one- 
way ANOVA.   
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established model organism for the investigation of many xenobiotic 
including the colloidal and metal nanoparticles (Herman et al., 2021). 
The relatively large size (reaching 0.3 mm) and transparent body of 
P. Caudatum as compared with yeast, bacteria, and human cells make 
them an excellent model to investigate real-time cellular and molecular 
toxicity. 

The survivability and growth kinetics study of the P. Caudatum 
showed a concentration-dependent declination on exposure of TiO2(B), 
TiO2(N15), and TiO2(P25). The outcome was speculated to occur due to 
a series of cellular and molecular events inside P. Caudatum and was 
checked through different cellular and molecular assays. Morphological 
analysis of the P. Caudatum cells exposed to TiO2(B) and TiO2(N15) 
showed a clear accumulation and internalization of particles inside the 
cells which can be attributed to the process of endocytosis (Kryuchkova 
et al., 2016). It was hypothesized that the TiO2(B) and TiO2(N15) 
nanoparticles were accumulated at the surface of P. Caudatum cells and 
were further uptaken through endocytosis. Uptake analysis done 
through the flow cytometry approach by measuring the side scatter of 
cells showed a concentration-dependent increase in mean side scatters 
confirming the uptake. However, the higher uptake of TiO2(N15) 
exposure compared to TiO2(B) can be attributed to the smaller size and 
higher zeta potential of the TiO2(N15) (Verma et al., 2018b). Moreover, 

the higher zeta potential would lead to an increased potential gradient 
across the cell membrane which might well contribute to the rupture of 
the membrane observed on exposure to higher concentrations of 
TiO2(N15). Previous reports have shown similar results in the case of 
other nanoparticles exposed to P. Caudatum interpreting the uptake of 
the nanoparticles for alteration in physiological process for toxicity 
(Sara et al., 2016). 

The nanoparticles have been reported to exhibit toxicity by inducing 
abnormal oxidative stress in different in vitro and in vivo models like the 
mouse, zebrafish (Sheel et al., 2020), and different human cell lines 
(Venkataprasanna et al., 2021). Internalized TiO2(B) and TiO2(N15) 
were speculated to induce oxidative stress in P. Caudatum. The induced 
oxidative stress was evaluated with reference to the exposure of 
commercially available TiO2(P25) nanoparticles which were equivalent 
in size and stability to the synthesized TiO2(N15) nanoparticles. Flow 
cytometry analysis and fluorescent microscopy showed a 
concentration-dependent induction of oxidative stress through reactive 
oxygen species (ROS). ROS induction in P. Caudatum on exposure of 
TiO2(B), TiO2(N15), and TiO2(P25) can be attributed to the dysregula-
tion in gene and protein activity of the oxidative stress regulating pro-
teins like SOD, GSH (Verma et al., 2018b; Sara et al., 2016). The 
generation of ROS was also found to be increased in P. Caudatum upon 

Fig. 5. In vivo molecular effect of TiO2(N15) 
and TiO2(B) to P. Caudatum. Comparative 
analysis of the effect of TiO2(N15) and TiO2(B) 
on the variation of different enzyme activity. 
(A) SOD activity (B) GSH activity (C) Catalase 
activity (D) MDA level (E) Caspase activity. The 
values show Mean ± SD. All the experimental 
analysis was done in triplicate and thrice inde-
pendently. The values represent the mean ± SD 
of three independent experiments. *P > 0.5, 
**P > 0.01, and ***P > 0.001 denote the 
compared significant change at each exposed 
concentration as obtained from post hoc anal-
ysis after one-way ANOVA.   
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exposure of UV irradiated TiO2(B), TiO2(N15), and TiO2(P25) which 
were higher as compared to non-irradiated nanoparticles. The effect can 
be attributed to the photocatalytic activity of TiO2 nanoparticles (Hirota 
et al., 2021). The results of biochemical analysis of SOD activity and 
catalase enzyme activity showing concentration-dependent declination 
on exposure of both TiO2(B) and TiO2(N15) confirmed the speculations 
and supported by the in silico interaction study. The intrinsic atomic 
interaction of the SOD enzyme with TiO2 nanoparticles can be reasoned 
for the structural and functional dysregulation of the enzyme. Further, 
higher GSH activity was found in the case of TiO2(N15) compared to 
TiO2(B) confirming the less neutralization of ROS and higher induction 
of oxidative stress with the decrease in size of the TiO2(N15) particles. 

Abnormal induction of ROS leads to dysregulating other metabolic 
activities in cells like lipid metabolism and apoptosis. Nile red staining 
confirmed the impact of TiO2 nanoparticles exposure on steatosis which 
can further be argued to be influenced by the influential interaction of 
TiO2 nanoparticles on the structural and functional integrity of phos-
pholipid transferase enzyme (Braunbeck et al., 1990). The outcome can 
be argued to be the abnormal enzymatic activity of malondialdehyde 
(MDA). Acridine orange staining images showed higher induction of 
apoptosis indicating the higher apoptosis with increasing exposure 
concentration of nanoparticles. The increased apoptosis can be reasoned 

to the functional abnormalities in caspase proteins as confirmed by the 
experimental analysis. 

4.1. Mechanism 

Considering the results and interpretation of the different experi-
mental assays, the mechanistic toxicity of TiO2 nanoparticles to 
P. Caudatum can be deduced as size and concentration-dependent effect 
accompanied with the alteration in their physicochemical properties. 
Depending on the size and charge, exposed TiO2(B) and TiO2(N15) 
nanoparticles get accumulated at the surface of P. Caudatum. Some of 
the particles are internalized inside cells through endocytosis. The 
internalized nanoparticles then interact with proteins regulating 
oxidative stress like SOD, catalase, and GSH. The diminished action of 
SOD, GSH, and catalase leads to higher ROS induction. Induced ROS and 
nanoparticles interacting with different lipid metabolizing enzymes lead 
to abnormal neutral lipid metabolism leading to higher steatosis. 
Further, the combined effect of steatosis and ROS, along with the 
influential effect of TiO2 nanoparticles interaction with apoptosis pro-
teins like caspase enhance the apoptotic activity causing higher 
apoptosis and cell death. The study depicted the molecular and cellular 
nanotoxicity of TiO2 nanoparticles and provided a possible in vivo 

Fig. 6. In vivo effect of effect of TiO2(N15) and TiO2(B) to P. Caudatum. Fluorescence image of P. Caudatum exposed to different concentrations of TiO2(N15) and 
TiO2(B) for 24 h; (A) Nile red staining showing neutral lipid analysis and steatosis. (B) Acridine orange staining showing apoptosis. All the experiments were 
performed in triplicate and thrive independently. The images were processed using Image J. 
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mechanistic explanation of the ecotoxicity with P. Caudatum. The in-
formation will be useful in determining the controlled use of nano-
particles along with the possible chemical modulation considering their 
eco-compatibility aspects. 

5. Conclusion 

This study is intended towards delineating the mechanistic ecotox-
icity of TiO2 nanoparticles to the primary level of the eukaryotic or-
ganism in the food chain i.e. P. Caudatum. In brief, the industrial 
synthesis of TiO2 nanoparticles was mimicked at lab scale using high 
energy ball milling, characterized for their physicochemical properties, 
and investigated at the cellular level for their ecotoxicity comparing 

with commercially available nanoparticles of equivalent size and 
charge. The synthesized TiO2 nanoparticles showed alteration in their 
optical and physical properties like size and zeta potential in a different 
medium. The cytotoxicity analysis showed a reduction in growth and 
survivability of P. Caudatum on exposure of TiO2 nanoparticles with 
24 h LC50 of 202.4 µg/ml. The mechanistic cellular and biochemical 
analysis caricatured the mechanism of toxicity as a consequence of 
molecular interaction of internalized TiO2 nanoparticles; due to con-
centration gradient across the cell membrane; with cellular proteins like 
Sod, catalase, MDA, and GSH causing dysregulated physiological pro-
cesses like induction of ROS, steatosis, and apoptosis. The detailed study 
emphasized the concept of controlled use of TiO2 nanoparticles for 
different applications with a watch on their release in the environment 
that can cause a hazardous effect on aquatic protozoans. 
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Cluster 
Rank 

Lowest Binding 
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mol) 

Inhibition 
Constant Ki (uM) 
T = 298.15 K 

Mean 
binding 
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Number in 
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Páll, S., Smith, J.C., Hess, B., Lindah, E., Berendsen, H.J.C., Postma, J.P.M., Van 
Gunsteren, W.F., Dinola, A., Haak, J.R., Hockney, R.W., Goel, S.P., Eastwood, J.W., 
Davey, C.A., Sargent, D.F., Luger, K., Maeder, A.W., Richmond, T.J., 2000. Dassault 
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