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The toxicological impact of TiO2 nanoparticles on the environment and human health has been exten-

sively studied in the last few decades, but the mechanistic details were unknown. In this study, we evalu-

ated the impact of industrially prepared TiO2 nanoparticles on the biological system using zebrafish

embryo as an in vivo model. The industrial synthesis of TiO2 nanoparticles was mimicked on the lab scale

using the high energy ball milling (HEBM) method by milling bulk TiO2 particles for 5 h, 10 h, and 15 h in

an ambient environment. The physiochemical properties were characterized by standard methods like

field emission scanning electron microscopy (FESEM), dynamic light scattering (DLS), X-ray diffraction

(XRD) and UV-Visible spectroscopy. In vivo cytotoxicity was assessed on zebrafish embryos by the evalu-

ation of their mortality rate and hatching rate. Experimental and computational analysis of reactive oxygen

species (ROS) induction, apoptosis, and neutral lipid alteration was done to study the effects on the cellu-

lar level of zebrafish larvae. The analysis depicted the change in size and surface charge of TiO2 nano-

particles with respect to the increase in milling time. In silico investigations revealed the significant role of

ROS quenching and altered neutral lipid accumulation functionalised by the molecular interaction of

respective metabolic proteins in the cytotoxicity of TiO2 nanoparticles with zebrafish embryos. The results

reveal the hidden effect of industrially synthesized TiO2 nanoparticle exposure on the alteration of lipid

accumulation and ROS in developing zebrafish embryos. Moreover, the assessment provided a detailed

mechanistic analysis of in vivo cytotoxicity at the molecular level.

Introduction

Recent advances in nanotechnology has led to the exploration
of numerous applications of metal oxide nanoparticles in day
to day life. Metal oxide nanoparticles like ZnO,1,2 CuO and
TiO2 have gained a lot of popularity because of their peculiar
properties and immense potential in different applications.3

Among these, TiO2 nanoparticles are the most studied and

industrially utilised. Their multiple applications include their
use as additives in sunscreen products, printing ink, cement,
rubber, paints, paper, sugar, toothpaste, film, implanted bio-
materials, bio-medical ceramics, antimicrobial plastic packa-
ging and self-cleaning sanitary ceramics.4–6 The versatility in
the usage of TiO2 nanoparticles in these applications is due to
their peculiar properties such as good fatigue strength, resis-
tance to corrosion, durability, biocompatibility, whitening,
photocatalysis, electrical characteristics, and excellent optical
performance.7–11 To meet the extensive demand for TiO2 nano-
particles due to these multiple applications, researchers and
industries have explored different methods to synthesize TiO2

nanoparticles on both the lab and industrial scale. Some of
these include chemical synthesis,12 biological synthesis13 and
physical synthesis14 processes. Although chemical and biologi-
cal synthesis processes have provided applicative solutions for
the synthesis of TiO2 nanoparticles, there are limitations to
the bulk synthesis. Moreover, purity concerns exist due to the
use of chemicals and biomolecules. Physical synthesis pro-
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cesses like mechanical milling have provided a potential solu-
tion to these problems. A commonly used physical milling
process for nanoparticles synthesis is generally referred as the
“high energy ball milling technique (HEBM)”. HEBM has been
recognized for the synthesis of nanoparticles without any
complexity.15–18 The benefits of HEBM over other reported
physical and chemical methods have been the simplicity,
reliability, and reproducibility.19 Moreover, it can be recog-
nized as a “green methodology” due to the avoidance of any
harmful chemicals, and compatibility towards the ecosystem.
Due to these beneficial parameters, with no compromise in
quality, HEBM has been used by industries for the production
of TiO2 nanoparticles on a large scale.

With the extensive surge in the usage of TiO2 nanoparticles,
their exposure to biotic and abiotic factors of the ecosystem has
also increased. Along with the direct exposure to the human
body by related products, indirect exposure has also increased
with consumption of water containing industrial effluents and
human daily life discharges. The continuous discharge and
accumulation in water bodies have raised concerns over the
nanotoxicity of TiO2 nanoparticles to human health as well as
to the fitness of aquatic organisms.20 Exposure to TiO2 nano-
particles up to concentration ranges of 10 mg L−1 and 1 g L−1

has been reported to be toxic for aquatic organisms like
rainbow trout21 and zebrafish.22 Studies have been done to
report in vitro23 and in vivo toxicological assessments of TiO2

nanoparticles on different biological models.20,21,24 In vitro
studies using different cell line models have revealed the cyto-
toxic nature of TiO2 nanoparticles due to the generation of
ROS, lipid peroxidation and disturbance in the physiological
processes of live models. Moreover, different pathological out-
comes of toxicity in biological systems on exposure to TiO2

nanoparticles including inflammation, apoptosis, fibrosis,
hypertrophy, metaplasia and carcinogenesis have been
reported.25 Various factors that have been recognized as a
result of the cytotoxic effects of nanoparticles include (1)
internalization into cells,26,27 (2) production of reactive oxygen
species (ROS),28,29 (3) DNA damage,30 and (4) lipid peroxi-
dation.31 Gurr et al.32 and the Long group33 have recently
reported ROS production and cell damage in human bronchial
epithelial cells and brain microglia exposed to TiO2 nano-
particles. A number of groups have also reported that the size
and shape of the nanoparticles are important factors for their
cytotoxic effects.34,35 The charge of the nanoparticles has also
been found to play an important role in deciding the extent of
their cytotoxicity.36 These reports have sketched various mecha-
nisms of toxicity, however, a detailed analysis on the molecular
level is still needed. Moreover, these studies have provided
information about the toxicity of TiO2 nanoparticles that are
either prepared on a lab scale by the different chemical pro-
cesses,37 or have been directly purchased from the commercial
market with an unknown route of preparation. There is a gap
in information about the in vivo and in vitro cytotoxic effects of
industrially prepared TiO2 nanoparticles, therefore the
described reports are debatable regarding real-world exposure.
Based on these facts, detailed mechanistic studies of the cyto-

toxic effects of industrially synthesized TiO2 nanoparticles on
the aquatic ecosystem as well as human systems are needed.
With this study, we have tried to fill that gap by assessing the
in vivo cytotoxicity of industrially prepared TiO2 nanoparticles
on the zebrafish model, for the first time. TiO2 nanoparticles
were prepared by the HEBM technique as a prototype for indus-
trial-scale synthesis and the in vivo cytotoxicity caused by them
was investigated to show their impact in a real case.

Although in vitro studies on the toxicity of the nanoparticles
in mammalian cell lines have been considered as a standard
means for risk prediction in human beings, traditional in vivo
tests are time-consuming, expensive and require a large
amount of particles. Moreover, the cell-based assay is limited in
mirroring the whole animal body metabolism.38 Using zebra-
fish and their embryos as the model for in vivo studies is attrac-
tive to researchers since this model overcomes the limitations
of traditional mammalian cell lines and mouse models. They
have been used in vertebral genetics, developmental biology
and toxicological research because of their high degree of
genetic and physiological similarities to mammals. Moreover,
they have been recognized as a popular model for the toxico-
logical assessment of environment pollutants.39 Recently, many
reports have been made on the in vivo toxicological assessment
of different nanoparticles like silver, zinc oxide, gold and TiO2

using the zebrafish model.40,41 In particular, various kinds of
toxicological studies have been reported with respect to TiO2

nanoparticles. Wang et al.42 and Bar-Ilan et al.43 have recently
described the pathological outcomes of exposure of TiO2 nano-
particles to the retinal tissues and other tissues at different con-
centrations. Moreover, the studies have been expanded to the
include the molecular aspects of the toxicological effects on
aquatic bodies induced by TiO2 nanoparticles alone and in
combination with other particles.44 However, the toxicity
studies of commonly utilized industrially prepared nano-
particles along with the toxicological effects at the core mole-
cular level with mechanistic details are yet to be reported.

In this study, we have evaluated the in vivo toxicity of
industrially prepared TiO2 nanoparticles on the zebrafish
embryo model, assessing their developmental and cytological
effects. Studies of ROS generation, apoptosis evaluation, and
effects on neutral lipid accumulation changes were done to
determine the mechanism of toxicity both experimentally and
computationally. The findings are discussed with reference to
previous reports, experimental data and the observed insights
of industrially prepared TiO2 nanoparticles mimicked at the
lab scale using the HEBM technique. The studies depict the
dose-dependent toxicological behavior of TiO2 nanoparticles
as a consequence of ROS variation, enhanced apoptosis and
neutral lipid accumulation in the zebrafish embryo.

Materials and methods
Materials

Bulk TiO2 (∼110 nm) was purchased from Merck for synthesis
of the nanoparticles. Tungsten carbide balls and container
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were obtained from Retsch. All the chemicals used for making
HF buffer were of analytical grade and purchased from Merck.
All the buffers were prepared in deionised water.

Synthesis of TiO2 nanoparticles

Synthesis of TiO2 nanoparticles was performed by milling bulk
TiO2 particles. High energy ball milling (Retsch, PM400) was
performed 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. Milling was done for 15 h
and the synthesized nanoparticles were collected at 5 h, 10 h
and 15 h milling time for biological experiments. For cyto-
toxicity evaluation, nanoparticle suspensions were prepared in
Holtfreter medium (HF)45 by sonication at an amplitude of 50
for 5 minutes with no pulse.

Characterization of TiO2 nanoparticles

The synthesized TiO2 nanoparticles were characterized for
their physiochemical properties by standard available tech-
niques. Size was determined by FESEM (Zeiss, Model EVO 60)
equipped with an Oxford Inca energy dispersive X-ray spectro-
meter (EDS), while hydrodynamic size in HF medium suspen-
sion was determined by a Zetasizer (Malvern, Zetasizer, Nano
ZS). Zeta potential was measured by the dynamic light scatter-
ing technique using a Zetasizer (Nano ZS, Malvern, UK).
Optical properties were determined by observing UV-Visible
spectra, measuring the spectrum of the suspension in the
range of 200 nm–800 nm in a UV-Vis NIR spectrophotometer
(Cary 60, Agilent). Band gap energy was calculated according
to the literature46 and presented as a histogram for the
different nanoparticles. Structural analysis was performed by
X-ray diffraction technique using 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°. XRD
analysis of samples was conducted in powder mode.

Zebrafish maintenance and egg production

Zebrafish maintenance was carried out in a fish maintaining
system supplied by Aquaneering (San Diego, USA). The water
parameters were as follows: temperature: 27 ± 0.5 °C, conduc-
tivity: 744 µs, hardness: 379 mg L−1 CaCO3 (21.30 dH), pH: 7.5
± 0.25, dissolved oxygen: 10.5 ± 0.5 mg L−1 O2 (95% saturation)
and 12 : 12 dark : light photoperiod. Fishes were fed with dried
bloodworms available in the market. The breeding setup was
in a breeding tank, supplied by Aquaneering, in fish water
with 2 : 3 male : female ratio. Embryos obtained were reared in
Holtfreter medium (HF). For cytotoxicity assays, embryos were
exposed to the HF medium containing TiO2 nanoparticles.

Embryo and larvae cytotoxicity assays

Cytotoxicity assays were performed with embryos at
3–3.5 hours post fertilization (hpf) at the blastula stage.
Toxicity assays were conducted according to the protocol men-
tioned by Vaughan et al.47 Exposure of embryos was done in
the concentration range of 10–250 µg mL−1 of bulk and TiO2

nanoparticles in HF buffer for 96 h in a 24 well plate. The

photoperiod was maintained for the experimental set up with
light/dark exposure of 12 h/12 h at 27 ± 0.5 °C. The number of
embryos was kept at 20 for each set of experiments. Untreated
embryos were taken as the control. The hatching percentage
was determined as the number of embryos hatched by 48 h
and 96 h post fertilization as compared to the untreated
group. Viability percentage was expressed as the number of
live embryos after 96 h post fertilization as compared to the
untreated group. For morphological change analysis, direct
observation was done with the help of a stereomicroscope. All
the experiments were performed in triplicate. The study was
approved by the Institutional Animal Ethics Committee of KIIT
University and all protocols were done as per the approval of
the relevant guidelines of IAEC of KIIT University.

Cellular ROS analysis in embryonic zebrafish

To determine the mechanism of cytotoxicity induced by the
synthesized TiO2 nanoparticles, the analysis of cellular oxi-
dative stress was done by measuring the fluorescence intensity
of reactive oxygen species (ROS) stained by ROS permanent dye
2,7-dichlorodihydrofluorescein diacetate (H2DCFDA)
(Invitrogen, ThermoScientific) using flow cytometry.48

Untreated and TiO2 nanoparticles treated (50 µg mL−1 and
250 µg mL−1) 72 h hatched embryos were sacrificed by incubat-
ing them in ice for 30 min and a single cell suspension was
prepared by sonication. Cell suspensions were then stained
with 1.25 mg L−1 of H2DCFDA and incubated in the dark at
room temperature. Following incubation, the samples were
washed to remove extra stains, and were kept on ice for flow
cytometry analysis. Cells were analyzed by flow cytometry
using an Attune focusing slow cytometer (ThermoScientific,
USA) equipped with a 488 nm argon laser. The data were ana-
lyzed in facsxpress 5 (Denovo, CA) and presented as a
histogram.

Neutral lipid analysis in embryonic zebrafish

To analyze neutral lipid alteration induced in embryonic zebra-
fish by TiO2 nanoparticles exposure, fluorescence microscopy
was performed to stain triggered neutral lipids with the help
of the neutral lipid stain LipidTOX™ (Invitrogen,
ThermoScientific). Untreated and TiO2 nanoparticles treated
(50 µg mL−1 and 250 µg mL−1) zebrafish embryos were washed
thrice with sterilized HF buffer to remove extra attached par-
ticles. Following the washing, they were stained with 2 mg L−1

of stain and incubated for 20 min in the dark. The extra stain
was then removed by washing. Observations were made using
the red filter of the microscope (EVOS, ThermoScientific) and
images were taken.

Acridine orange staining for apoptosis analysis

Apoptosis was induced in embryonic zebrafish exposed to syn-
thesized TiO2 nanoparticles with the help of the acridine
orange staining protocol mentioned by Deng et al.49 In brief,
untreated and TiO2 nanoparticle treated (50 µg mL−1 and
250 µg mL−1) zebrafish embryos were washed two times with
HF buffer after treatment and stained with 5 μg mL−1 AO dis-
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solved in HF buffer for 20 min. Following the staining, the
embryos were washed with sterilized HF buffer to remove the
extra stain and were observed in the green channel of the fluo-
rescence microscope (EVOS, ThermoScientific).

In silico molecular docking for TiO2 interaction

Molecular docking studies were used to determine the inter-
action of the ligand and the protein to know the preferred
binding orientations of ligand that conferred a minimum
binding energy (generally in negative energies).50 In this study,
molecular docking analysis was carried out with the help of
Autodock 4.2 51 using TiO2 as ligand and he1a, sod1, tp53 as
receptor proteins. The structure of TiO2 was drawn using
Chimera52 and its geometry was optimised using the Gaussian
03 program. The receptor proteins were subjected to energy
minimization using the Chimera program. The parameters for
“Ti” were set for Autodock 4.2. Grid dimensions were set to 40
× 40 × 40, with a spacing of 1 Å for all the protein receptors.
For grid dimensions, Lamarckian genetic algorithms (LGA)
were used. A genetic algorithm was used for docking runs
using a population size of 150 with the maximum number of
evaluations set to 2 500 000 and maximal generations. The
post docking analysis was performed using Autodock 4.2 ana-
lysis tools, using conformational clustering, which was visual-
ized using the Chimera and Discovery Studio Visualizer. 2D
interaction plots were derived from the receptor complexes
having TiO2 as a ligand by using LigPlot+.53 Protein–protein
interaction of MTTP and apoa1a were done using HEX8.0.54

Results
Physiochemical characterization of synthesized TiO2

nanoparticles

In order to evaluate the toxicity of industrially synthesized
TiO2 nanoparticles, the industrial synthesis of TiO2 nano-
particles was mimicked at the lab scale using the high energy
ball milling technique (HEBM). As shown in Fig. 1A, B, C, D,
the size of TiO2 nanoparticles determined by FESEM was
reduced, with an increase in milling time, to 85 ± 10 nm from
110 ± 09 nm of bulk TiO2 nanoparticles after 5 h of milling.
On further milling for 10 h and 15 h, the size decreased to 62

± 14 nm and 46 ± 16 nm, respectively (Table 1). Fig. S1(a)†
shows the reduction of the hydrodynamic size of nanoparticles
in HF medium as determined by dynamic light scattering. The
hydrodynamic diameter was also reduced to 461.2 ± 32 nm,
326.6 ± 18 nm and 276.5 ± 21 nm after 5 h, 10 h and 15 h of
milling, respectively, from 514.4 ± 24 nm of bulk particles in
HF medium (Table 1). To determine the stability and agglom-
eration tendency of synthesized TiO2 nanoparticles in HF
medium, their zeta potentials were measured using the
Zetasizer. Fig. S1(b)† shows the zeta potentials of bulk, 5 h,
10 h and 15 h milled TiO2 nanoparticles in HF medium. The
zeta potential increased with the milling time. In comparison
to the zeta potential of −34.2 ± 6.3 mV for bulk TiO2 particles,
after 5 h, 10 h and 15 h of milling, the TiO2 nanoparticles
exhibited increasing zeta potentials of −28.6 ± 4.2 mV, −24.3 ±
3.6 mV and −16.7 ± 7.4 mV, respectively (Table 1). Optical pro-
perties were determined by UV-Visible spectroscopy. Band gap
energy was also calculated as per the literature46 report to
confirm the change in the size of the synthesized TiO2 nano-
particles. Fig. S1(c)† shows the blue shift in the absorption
peak with the increase in the milling time of the TiO2 par-
ticles. On calculating the band gap energy (Fig. S1(d)†), the
15 h milled nanoparticles were found to have the highest band
gap (4.6 eV) in comparison to the 10 h and 5 h milled nano-
particles and bulk particles, which were 4.2 eV, 3.8 eV and 3.4
eV (Table 1), respectively, and were statistically significant. The
increase in band gap energy can be attributed to the induced
localized gap states in Ti.8–10 Moreover, the increased oxygen
vacancies can be due to the increased band gap with increase
in milling time.10,11 XRD patterns were obtained for all four
types of nanoparticles as shown in Fig. 1E. The peaks of the
nanoparticles were identified, corresponding to (101), (004),
(200), (105), (211), (204), (116), (220), and (215) crystal planes.
All diffraction peaks were well defined and can be perfectly
assigned to the anatase TiO2 (JCPDS-21-1272).

8,55 The broaden-
ing of the peak depicted the decreasing size of the nano-
particles with increase in milling time.

Interaction of TiO2 nanoparticles with zebrafish embryo

Toxicological effects of bulk TiO2 and nanoparticles were
investigated by determining the different physiological para-
meters like viability percentage, hatching percentage, morpho-
logical phenotypic alteration in tail flexion and notochord mal-
formation56 of zebrafish embryo exposed to a concentration
range of 10–250 µg mL−1. For detailed analysis, lower (50
µg mL−1) and higher (250 µg mL−1) concentrations of bulk
TiO2 and nanoparticles were chosen to determine their uptake
and respective effects on the hatching rate and viability rate of
embryos exposed for 24 h to 96 h. As shown in Fig. S2,† the
survival percentage in the control solvent was greater than
90%, which was significantly reduced in embryos exposed to
the 5 h, 10 h and 15 h milled TiO2 nanoparticles with an
increase in concentration. There was no significant reduction
in the survival of embryos exposed to 10 µg mL−1 of bulk par-
ticles for 24 h; however, it was substantial at 72 h and 96 h
exposure. A similar trend was found in the case of the hatching

Fig. 1 Characterization of bulk, 5 h, 10 h and 15 h milled TiO2 nano-
particles prepared by the HEBM method. FESEM images of (A) bulk, (B)
5 h nano TiO2 (C) 10 h nano TiO2 (D) 15 h nanoTiO2. (E) XRD spectra of
nanoparticles.

Toxicology Research Paper

This journal is © The Royal Society of Chemistry 2018 Toxicol. Res., 2018, 7, 244–257 | 247

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
18

/0
5/

20
18

 1
4:

55
:2

0.
 

View Article Online

http://dx.doi.org/10.1039/c7tx00300e


percentage (Fig. S3†). It was found that the hatching percen-
tage of embryos was about 20% at 48 hpf in the control
solvent, which was further significantly reduced with exposure
to increased concentrations of TiO2 nanoparticles. The trends
were similar at 96 hpf, with the greatest reduction to 38% in
the case of exposure to 15 h TiO2 nanoparticles as compared
to >90% hatching in the control solvent. The hatching and via-
bility percentage were further reduced with the increase in
milling time of the TiO2 nanoparticles. With the information
obtained from these experimental observations, a concise and
comparative study was done with exposure to 50 µg mL−1 and
250 µg mL−1 as the lower and higher concentration, respect-
ively. As shown in Fig. 2A and B, the hatching percentage was
decreased to 87 ± 2% (mean ± SD), 80 ± 5%, 76 ± 3% and 60 ±
4% with exposure for 96 h to the bulk and TiO2 nanoparticles
milled for 5 h, 10 h and 15 h at lower concentration, in com-
parison to 95 ± 2% in the control solvent. There was further
decrease to 72 ± 2%, 60 ± 4%, 45 ± 2% and 38 ± 3% on

exposure to the bulk and TiO2 nanoparticles milled for 5 h,
10 h and 15 h, respectively, at concentration of 250 µg mL−1,
as compared to 90 ± 2% in the control solvent. The reduction
was also dependent on exposure time. Along with this, the per-
centage survivability of zebrafish embryos exposed to bulk
TiO2 and nanoparticles showed the same trend (Fig. 2C and D);
it was also found to decline with exposure time. The survi-
vability of embryos in the control solvent was >90% till 96 h
exposure. At higher concentration, there was a decrease to 46 ±
4%, 36 ± 2%, 32 ± 4% and 28 ± 4% on exposure to the bulk,
and TiO2 nanoparticles milled for 5 h, 10 h and 15 h, respect-
ively. This decline was also dependent on the milling time of
TiO2 particles. These observations suggest that the toxicologi-
cal behavior of bulk and nano TiO2 particles is size and
exposure time dependent. Fig. S4† shows the uptake of TiO2

nanoparticles as analyzed by the granularity difference shown
by the mean side scatter of the flow cytometry data.57 Uptake
of nanoparticles was found to be increased with the increase
in milling time. The results were well supported by analysis of
bright field images taken to observe the phenotypic malfor-
mation. As shown in Fig. 3, bulk TiO2 particles were found to
be accumulated at the chorion surface of 48 hpf embryos with
induction of tail bending at higher concentration. The effects
were seen more in embryos exposed to TiO2 nanoparticles
milled for 5 h, 10 h, and 15 h. Embryos exposed to TiO2 nano-
particles milled for 5 h showed abnormalities such as having
unusual notochord development and loss of normal chorion
shape. Moreover, the bending of the tail was also observed at
exposure to higher concentration. The deformities in pheno-
type and development were clearly visible in the embryos
exposed to TiO2 nanoparticles milled for 10 h and 15 h, which
had abnormal yolk sac and the loss of chorion.

In silico analysis of TiO2 nanoparticles interaction

For a better understanding of the interaction of TiO2 nano-
particles with zebrafish embryos, and their effects on hatching,
the in silico approach was taken. Molecular docking analysis of
hatching enzyme (he1a)58 with TiO2 nanoparticles showed
hydrophobic and hydrogen bonding interactions with different
amino acid residues. As shown in Fig. 4A, Autodock predicted
the hydrophobic interaction of TiO2 nanoparticles with threo-
nine (Thr), cysteine (Cys), isoleucine (Ile), and tyrosine (Tyr)
residues. Interaction via hydrogen bond was predicted with
the asparagine (Asn) residue. Ligplot presentation showed the

Table 1 Physiochemical characterization of the nanoparticles; the table shows the sizes determined by FESEM, hydrodynamic diameter and zeta
potential of TiO2 nanoparticles in different media. Band gap was determined by the SPR peak of the UV-Visible spectrum

Nanoparticles Size (nm) by FESEM

Hydrodynamic diameter
(nm) Zeta potential (mV)

Band gap (eV)Aq. HF Aq. HF

Bulk TiO2 particles 110 ± 09 268.2 ± 68 514.4 ± 24 −46.6 ± 7.7 −34.2 ± 6.3 3.4
5 h TiO2 nanoparticles 85 ± 10 239.2 ± 29 461.2 ± 32 −38.2 ± 7.1 −28.6 ± 4.2 3.8
10 h TiO2 nanoparticles 62 ± 14 185.5 ± 28 326.6 ± 18 −26.4 ± 6.8 −24.3 ± 3.6 4.2
15 h TiO2 nanoparticles 46 ± 16 132.4 ± 20 276.5 ± 21 −21.2 ± 6.6 −16.7 ± 7.4 4.6

Fig. 2 Graphical representation of hatching rate and viability rate of
zebrafish embryo treated with low (50 µg mL−1) and high (250 µg mL−1)
concentrations of bulk TiO2 and nanoparticles. (a), (b) The hatching rate
at low and high concentration, respectively; (c), (d) the viability percen-
tage at low and high concentration, respectively. Percentages were
determined for a group of 20 embryos. The values represent the mean ±
SD of three independent experiments. *P < 0.05 denotes the significant
change from untreated control, bulk and 7 h exposed embryos as
obtained from two way ANOVA analysis; * represents the degree of
significance.
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H-bond length of 2.94 Å. Pathway investigation through
STITCH59 indicated the interaction of TiO2 with he1a by
means of the f2 catalyst (thrombin) and captopril (inhibitor)
with a useful score of 0.764, 0.633 and 0.771, individually.
Some other enzymes were also found to be linked to the

pathway as shown in Fig. 4B. With the relevance of in silico
and experimental data, the interaction and effect on hatching
were shown by schematic diagram (Fig. 5).

Analysis of the cellular cytotoxicity of bulk TiO2 and
nanoparticles

The determination of the cytotoxic effects of bulk TiO2 and
nanoparticles to embryonic zebrafish at the cellular level was
done by assessment of oxidative stress, steatosis and apoptosis
with experimental (in vivo) and computational (in silico)
approaches.

Oxidative stress analysis

As shown in Fig. 6(A) and (B), the flow cytometric determi-
nation of oxidative stress by measuring the fluorescence of
DCFDA displayed the exposure and milling time dependent
ROS scavenging effect of bulk and TiO2 nanoparticles in zebra-
fish embryos. Bulk TiO2 particles were found to induce
enhanced ROS generation while 5 h, 10 h and 15 h milled
nanoparticles showed ROS quenching at both low and high
concentrations. In silico analysis was performed to understand
the molecular level interaction of TiO2 nanoparticles with the
ROS inducing gene sod1.60 Docking predictions showed 9 con-
formations with H-bonds. The best conformation with H-bond
of minimum free energy was predicted with phenylalanine
(Phe) and alanine (Ala) residues of sod1 with bond lengths of
3.06 Å, 2.79 Å and 2.62 Å, respectively, as shown in Fig. 6(C)
and Table 2.

Steatosis analysis

Steatosis effects in embryonic zebrafish exposed to TiO2 nano-
particles were determined by the analysis of alterations in
neutral lipids. Fig. 7 shows the intensity of LipidTOX™ stained
neutral lipid in the head and tail regions of untreated and
TiO2 nanoparticle treated embryonic zebrafish. Size and con-
centration dependent enhanced accumulation of neutral lipid

Fig. 3 Morphological and anatomical changes in zebrafish embryo
treated with low (50 µg mL−1) and high (250 µg mL−1) concentrations of
bulk TiO2 and nanoparticles. The bright field image was taken after
washing twice with HF buffer. The red arrows indicate the deformation
in embryos (deformation in chorion and yolk sac in 48 hpf, and defor-
mation in the tail, notochord and heart development in 96 hpf). Scale
bar represents 1000 nm.

Fig. 4 A. Molecular interaction of he1a protein with TiO2, visualized
using Discovery Studio Visualizer, showing the mode of interaction with
residues. B. Pathway showing the TiO2 interaction mechanism through
f2 catalyst to he1a.

Fig. 5 Schematic representation of the effect of TiO2 nanoparticles on
zebrafish embryo hatching.
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was found in the zebrafish larvae head, notochord, and tail
region treated with bulk TiO2 and 5 h, 10 h and 15 h milled
nanoparticles. For a better understanding of the phenomenon,
a computational approach was taken. Molecular docking ana-
lysis of apoa1a61 (apolipoprotein) with TiO2 predicted direct
interaction via H-bonding with leucine (Leu) and threonine
(Thr) residues, with lengths of 3.07 Å, 2.73 Å and 2.89 Å,
respectively, as shown in Fig. 8(A) and Table 2. Since neutral
lipids synthesized by apolipoprotein have been reported to be
carried by carrier proteins (MTTP),62 the interaction of MTTP
with apoa1a was also analyzed by HEX docking (Fig. 8B). As
predicted by HEX, apoa1a was directly interacting with MTTP
at three different cluster regions with strong H-bonding,
having a total binding energy of −576.01 kcal mol−1. The inter-

action indicated the direct influence of apoa1a on the function
of MTTP.

Apoptosis analysis

With reference to the physiological studies done so far in this
report, better understanding with mechanistic insight for the
outcome of the TiO2 nanotoxicity was accomplished by asses-
sing apoptosis in TiO2 exposed embryonic zebrafish. As shown
in Fig. 9, acridine orange staining showed enhanced green
patches depicting increased apoptotic cells with size and con-
centration-dependent exposures to bulk and TiO2 nano-
particles. In silico analysis was done by docking tp53 protein
(apoptotic factor) with TiO2 nanoparticles as shown in Fig. 8
(C). The interaction was predicted through H-bonding with
glutamic acid and arginine residues, having bond lengths of
3.10 Å, 2.96 Å and 3.07 Å, 3.14 Å and 2.80 Å, respectively, as
mentioned in Table 2.

In silico predictions and experimental observations indi-
cated a systematic relationship with oxidative stress, steatosis
and apoptosis. The relationship was revealed through pathway
analysis using STITCH59 and analyzed by Cytoscape,63 as
shown in Fig. 10.

Discussion

This study depicts the biological in vivo cytotoxicity of indust-
rially synthesized TiO2 nanoparticles in an environmental

Fig. 6 Oxidative stress analysis; ROS measurement of zebrafish
embryos treated for 24 h and 48 h at low (50 mg L−1) and high (250 mg
L−1) concentrations of bulk TiO2 and nanoparticles as determined by
flow cytometry. Fluorescence intensity of cells shifted towards the left
at (A) 48 hpf and (B) 96 hpf in accordance with the milling time.
(C) Molecular docking analyses of sod1 with TiO2 nanoparticles showing
interacting residues using LigPlot+ and Discovery Studio Visualizer.

Table 2 Binding affinities of TiO2 with different protein receptors,
showing H-bonding interactions

Receptors

Binding
energy (kcal
mol−1)

Binding
residues

H-Bond
length

Atoms involved
(TiO2-receptor
residues)

he1a −3.39 Asn258 2.94 O1–OD1
sod1 −3.80 Val82 2.96 O2–N

Asn66 2.38 O1–OD1
Asn66 3.12 O2–OD1

apoa1a −2.44 Leu84 2.73 O1–O
Leu84 3.07 O2–O
Thr85 2.89 O1O

tp53 −3.14 Arg314 2.80 O2–N
Arg310 3.07 O2–O
Arg310 3.14 O1–O
Glu313 3.10 O1–OE1
Glu302 2.96 O1–OE1

Fig. 7 Fluorescent images of zebrafish larvae stained with Lipidtox dye
treated with TiO2 nanoparticles at concentrations of 50 µg mL−1 and
250 µg mL−1, presenting alterations in neutral lipids in different tissues.
Neutral lipid accumulation alteration was found to vary with the size and
concentration of the nanoparticles.
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aquatic system with mechanistic analysis using the embryonic
zebrafish model. To explore the potential cytotoxicity, indus-
trial synthesis of TiO2 nanoparticles was imitated at the lab
scale using the high energy ball milling technique (HEBM).
Bulk TiO2 was milled for 5 h, 10 h and 15 h in tungsten
carbide container (WC) using WC balls at 10 : 1 BPR (ball to
powder ratio) in toluene medium to prepare contamination
free TiO2 nanoparticles. During the synthesis, 300 rpm was
used to avoid contamination. The HEBM technique has been
reported in literature as one of the top-down approaches for
the green synthesis of nanoparticles.64 The high energy pro-
duced due to mechanical milling can be attributed to the
reduction in the size of the materials to the nanoscale by
grinding.65 Many metal oxide nanoparticles have been
reported to be synthesized using this method in last few
years.64 For cytotoxicity studies, nanoparticles milled for 5 h,
10 h and 15 h were collected and characterized by their physio-
chemical properties using known standard techniques. All the
characterizations were performed in HF medium, which was
used to rear zebrafish embryos in order to understand the
physiochemical properties of TiO2 nanoparticles in the
respective biological media.

FESEM analysis showed a decrease in size with increased
milling time. Hydrodynamic size determined by DLS sup-
ported the results of FESEM. However, the difference in size

Fig. 8 Molecular docking analysis. (A) Interaction of apoa1a with TiO2 nanoparticles showing interacting residues using LigPlot+ and Discovery
Studio Visualizer. (B) Protein–protein interaction of MTTP and apoa1a proteins showing the site of interaction using Chimera. (C) Interaction of tp53
with TiO2 nanoparticles, showing interacting residues using LigPlot+ and Discovery Studio Visualizer.

Fig. 9 Fluorescent images of zebrafish larvae stained with acridine
orange (AO), treated with TiO2 nanoparticles at concentrations of 50
µg mL−1 and 250 µg mL−1, presenting apoptosis in the head and tail
tissues. Arrows indicate the sites of apoptosis. Apoptosis was found to
vary with the size and concentration of the nanoparticles.
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can be attributed to the attached water and salt molecules
present in HF medium.66 Zeta potential increased with milling
time, which can be attributed to an increase in the core–shell
intrinsic defects due to size reduction.67 A blue shift in the
surface plasmon resonance (SPR) peak was obtained in the
UV-Vis spectra, with an increase in band gap energy, which
can be attributed to the addition of a few molecular orbitals to
the possible energy states of the particle with a reduction in
size due to increased milling time,68 leading to higher energy
absorption. Characterization experiments confirmed the
alteration of physiochemical property changes in TiO2 nano-
particles with an increase in milling time in HEBM synthesis.

Previous reports have described the toxic effects of TiO2

nanoparticles on the biological system using zebrafish as
in vivo model.20 Analysis of different toxicological parameters
included the effect of nanoparticles on hatching, development,
mortality and genetic effects of aquatic organisms (zebrafish),
induced by their exposure due to accumulation in aquatic
bodies.69 In order to determine the cytotoxic effects of indust-
rially synthesized TiO2 nanoparticles on zebrafish embryos,
different physiological parameters were checked by exposing
them to groups of embryos. One of the important indicators of
the quality of embryos and larvae of aquatic organisms is their
hatchability.70 To elucidate the effect of bulk and TiO2 nano-
particles on the hatching of embryonic zebrafish, the hatching
percentage was determined in a group of 20 embryos.
Hatching analysis in the exposed embryos showed a significant
difference with the size-dependent effects of bulk and TiO2

nanoparticles exhibiting a reduction in hatching percentage
accompanied by mortality rate enhancement. Zebrafish he1a,
a zinc metalloprotease, has been recognized as the key factor
for inducing the hatching of embryos.58 Molecular analysis of
TiO2 nanoparticle interactions with hatching enzyme he1a

showed hydrogen bonding with the asparagine amino acid
residue. The hatching gland present in the chorion sac has
been reported to digest the chorion for hatching through he1a
enzymatic secretions.58 It can be argued that the TiO2 nano-
particles H-bonding interactions with he1a amino acid resi-
dues influence its enzymatic activity. This argument was
clearly understandable from the pathway drawn with the help
of STITCH and Cytoscape. The hatching rate reduction can
therefore be attributed to the influential size-dependent inter-
action of exposed bulk and TiO2 nanoparticles with he1a
enzyme via the catalytic activity of an f2, which has been
reported as a coagulation factor in the pathway.71 Others
factors like captopril and losartan were also found to be influ-
ential in the analysis. Moreover, the acuteness of hatching rate
reduction with increase in milling time can be accredited to
the residual stress that occurred in the nanoparticles due to
the increased milling time. Previous studies have also reported
the inhibition of hatching enzyme by nanoparticles interaction
after being internalized through the chorion pore canals.
Some reports have also described the cause of hatching rate
abnormalities as due to the blocking of chorion pores on the
accumulation of nanoparticles at the chorion surface, leading
to a shortage of oxygen supply.72,73 Zeta potential is regarded
as a measurement of net charge in nanoparticles; from bulk to
TiO2 nanoparticles, it was found to increase with decreasing
size, depicting a probable reason for higher attachment,
accumulation and internalization across the chorion. It may
also be argued to be a reason for greater blocking of pores
leading to lower hatching rate. With reference to experimental
and computational analysis, it can be concluded that the size-
dependent accumulation of TiO2 nanoparticles at the outer
membrane of the embryonic chorion elicited the inhibition of
hatching enzyme secreted from the hatching gland due to

Fig. 10 Pathway showing the TiO2 interaction mechanism involving sod1, apoa1a, MTTP and tp53 proteins derived from STITCH and analyzed using
Cytoscape.
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structural changes induced by H-bond interaction with the
asparagine residue. Inactivity of the hatching enzyme leads to
failure of inner membrane digestion and ultimately reduction
of the hatching rate.58

The TiO2 nanoparticle cytotoxicity to embryonic zebrafish
was further investigated with respect to the impacts on mor-
phology and physiological processes. Acute morphological
changes like edema, tail bending and abnormal yolk sac were
observed in zebrafish exposed to 10 h and 15 h milled TiO2

nanoparticles in comparison to bulk and 5 h milled TiO2

nanoparticles. These symbolical toxicity effect features can be
attributed to size and charge dependent accumulation, intern-
alization, and interaction with outer covering skin and body
fluids, which occurred due to the residual stress of milled TiO2

nanoparticles. Similar features of toxicity were defined by
Asharani et al.74 and our previous study75 in the case of the
toxicity of silver nanoparticles. Further, in order to determine
the cytotoxic effects of changes in the physiochemical pro-
perties of bulk and TiO2 nanoparticles, uptake analysis was
performed by analyzing the granularity change at the cellular
level. The analysis showed significant size and concentration
dependent uptake in a single cellular suspension of embryonic
zebrafish, revealing the reason for the morphological and
physiological changes due to exposure to bulk and TiO2

nanoparticles.
Elicitation of physiological changes at the cellular level

includes metabolic abnormalities in physiological processes
like oxidative stress and lipid metabolism. Flow cytometric
analysis of DCFDA fluorescence depicting ROS intensity in
embryonic zebrafish cells exposed to bulk and TiO2 nano-
particles showed the induction of enhanced ROS on exposure
to bulk TiO2 particles with a contradictory finding of ROS
quenching in the case of 5 h, 10 h, and 15 h milled TiO2 nano-
particles. The enhancement of ROS generation on exposure
toTiO2 nanoparticles has been reported previously.76 This con-
tradictory behavior of HEBM synthesized TiO2 nanoparticles
can be attributed to the generation of oxygen vacancies as a
result of mechanical milling.67 The milling of TiO2 nano-
particles results in the exhibition of residual stress, creating
oxygen vacancies. Nanotechnologists have previously reported
the occurrence of oxygen vacancies in HEBM synthesized
metal oxide nanoparticles as intrinsic defects.67 These oxygen
vacancies can be defined as the points in the crystal lattice
where an electron is missing from the oxygen shell.67,77 The
increase in band gap energy with the decrease in size by
increasing the milling time for TiO2 nanoparticles confirmed
the increase in oxygen vacancies. These oxygen vacancies react
with a free electron of reactive oxygen species, acting as oxygen
scavenger agents.78 ROS has been recognized as a key element
in the regulation of cellular physiological processes like
hypoxia adaptors,79 homeostasis maintenance,80 etc.
Influential ROS regulation can be attributed to the influential
functionality of the sod1 gene on exposure to nanoparticles.60

The analysis of in silico docking showed a direct interaction of
TiO2 nanoparticles with sod1 through H-bonding with phenyl-
alanine and alanine residues. This interaction can be a prob-

able cause of sod1 functionality, leading to oxidative stress
abnormalities. The influential functionality of the sod1 gene
has been previously reported in the response to different
stimuli.73,81,82

The other probable aspect of cellular level metabolic
abnormalities on exposure to TiO2 nanoparticles is their effect
on lipid metabolism, generally termed “steatosis”.83 An investi-
gation of steatosis, i.e., an accumulation of neutral lipid in
embryonic zebrafish exposed to bulk and TiO2 nanoparticles,
was done. As shown in Fig. 7, enhanced accumulation was
found in zebrafish larvae heads, notochords, and tail regions
treated with bulk TiO2 and nanoparticles in a size and concen-
tration dependent manner. The neutral lipid metabolism
alteration in zebrafish larval tissues can be attributed to the
enhanced interaction of bulk and TiO2 nanoparticles with the
yolk syncytial layer due to increased zeta potential. During
embryonic development, the yolk syncytial layer synthesizes
apolipoproteins, which form very low-density lipid droplets
(VLDL) and cytoplasmic LD from yolk lipids. These VLDLs and
LDs then enter the circulatory system and deliver lipids to the
tissue.84 Computational molecular docking of apoa1a (apolipo-
protein) with TiO2 nanoparticles showed H-bonding with
leucine and threonine residues, depicting the influence of
TiO2 nanoparticles on its activity. It can be interpreted with
reference to these interactions that the production of VLDLs
and LDs has been affected due to the molecular interference
of nanoparticles. The transfer of these VLDLs and LDs are exe-
cuted by microsomal triglyceride transfer protein (MTTP).62,85

Protein–protein interaction molecular docking predictions of
MTTP with apoa1a showed firm H-bond interactions depicting
the functional effects of MTTP with respect to apoa1a. Lipid
peroxidation has been reported to be induced by different
nanoparticles.86,87 Similarly, lipid alteration in the brain and
gastrointestinal tissues of zebrafish by carbon based nano-
particles has been reported by Gorrochategui et al.88 Based on
these reports and our results, it can be estimated that the
increase in neutral lipid accumulation in zebrafish larva on
the treatment of bulk TiO2 and nanoparticles is because of
their size dependent molecular level interaction with lipid
proteins.

Due to the toxicological effects, the outcome of these cellu-
lar abnormalities from exposure to industrially synthesized
TiO2 nanoparticles was deduced by cellular apoptosis determi-
nation. Apoptosis analysis was performed with acridine orange
staining. Acridine orange is a nucleic acid specific dye that
intercalates with DNA and emits a green color.89 It permeates
apoptotic cells and intercalates with DNA while normal cells
are impermeable, thus indicating the site of apoptosis in
zebrafish larvae. Increased quantities of apoptotic cells in the
head and tail regions were observed with increasing concen-
tration and exposure time of bulk TiO2 and nanoparticles. The
data also revealed the dependence of apoptosis on the
increased milling time of bulk TiO2 and nanoparticles. For cel-
lular apoptosis induction in zebrafish, p53 has been reported
to play a vital role during embryonic stages.90,91 Molecular
docking analysis of TiO2 nanoparticles with tp53 showed
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H-bonding with arginine and glutamic acid residues, indicat-
ing their influence. The effects of the significant differences in
the size and charge of bulk TiO2 and nanoparticles can be
attributed to the elicited enzymatic activity of tp53 in inducing
apoptosis.

From the experimental and computational results, it is
assumed that there is a firm link among all the cytotoxic
effects observed due to exposure to bulk and TiO2 nano-
particles. To validate our assumption, the pathway was estab-
lished through in silico data mining using STITCH and was
represented by Cytoscape (Fig. 10). The pathway indicated that
the altered physiochemical properties, such as size and zeta
potential changes in TiO2 nanoparticles due to mechanical
milling of bulk TiO2, induced differential cytotoxicity because
of their discrepancy in oxygen vacancies. These oxygen
vacancies influence the activity of sod1 protein via the activity
of other proteins like sod2, gpx1a and cc, which in turn affect
the apoptotic pathway by influencing tp53 protein function
and many protein complexes. This protein complex played a
role in enhancing the neutral lipid metabolism. Thus, the ROS
quenching properties of synthesized TiO2 nanoparticles can be
the reason behind the induced apoptosis and lipid metab-
olism using sod1 as the central node of the pathway. The
whole metabolic pathway is sketched in the schematic
diagram in Fig. 11.

With the help of the experimental outcomes and compu-
tational analysis of the cellular physiological abnormalities
induced by exposure to variable sized industrially synthesized
TiO2 nanoparticles, it can be deduced that accumulated bulk
and TiO2 nanoparticles induce cytotoxicity in zebrafish by
altering their cellular physiological metabolic activities such as
oxidative stress regulation and lipid metabolism at the mole-
cular level by influencing the regulation of the responsible
genes and proteins. Size-dependent abnormal oxidative stress

due to quenching of ROS by nanoparticles affects different
metabolic processes like neutral lipid metabolism, which in
turn affects the whole metabolism, especially the induction of
enhanced programmed cell death, leading to the size-depen-
dent toxicity of TiO2 nanoparticles.

Conclusion

This study has elucidated the impact of industrially syn-
thesized bulk TiO2 and nanoparticles on the aquatic biological
system, using the zebrafish embryo model. TiO2 nanoparticles
prepared by the high-energy ball milling method (HEBM) were
characterized for their physiochemical properties by DLS,
XRD, FESEM, and UV-Vis spectroscopy. Characterisation con-
firmed the nano-sized nature of TiO2 nanoparticles as well as
determined the surface charge modification with respect to
change in size. Determination of zeta potentials and flow cyto-
metry analysis for nanoparticle uptake has illustrated the size
and charge-dependent interaction followed by internalization
of these nanoparticles in embryonic zebrafish. In vivo cyto-
toxicity analysis of bulk and TiO2 nanoparticles in zebrafish
embryos revealed their size and concentration-dependent
effects on head, trunk and tail developmental deformities.
TiO2 nanoparticles were also found to enhance the scavenging
of ROS and induction of apoptosis as well as neutral lipid
alteration in accordance with their size and concentration vari-
ation through different molecular interactions. This study has
described the size and charge-dependent nanotoxicity of
industrially synthesized TiO2 nanoparticles toward zebrafish
cells. This is as a consequence of the exposure of the zebrafish
to TiO2 nanoparticles, which are subsequently internalised
and influence the functionality of metabolic proteins, leading
to abnormal cellular function. There is the potential for toxic

Fig. 11 Schematic representation of the effects of TiO2 nanoparticles on oxidative stress, neutral lipid metabolism and apoptosis.
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effects on the aquatic ecosystem, which can occur in the
human system; this needs to be taken into account for the
proper usage analysis. Moreover, this study has provided a
detailed analysis of the toxicological outcomes of industrially
synthesized TiO2 nanoparticles, which will be helpful to deter-
mine the proper concentrations for the nanoparticle usage. It
is therefore imperative that their application in day-to-day life
and the quest for a more green method for producing TiO2

nanoparticles with less cytotoxicity should be given special
attention, considering their severity on the environment while
embracing the potential benefits.
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