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The series of breakthroughs that have occurred within the realm of nanotechnology have been the source of sev-
eral new products and technological interventions. One of the most salient examples in this regard is the wide-
spread employment of titaniumdioxide (TiO2) nanoparticles across a range of consumer goods. Given that waste
is generated at every stage of the consumer-product cycle (from production to disposal), many items with TiO2

nanoparticles are likely to end up being discarded into water bodies. In order to understand the interaction of
TiO2 NPs with aquatic ecosystem, the ecological fate and toxicity of TiO2 NPs was studied by exposing zebrafish
embryos to a combination of abiotic factors (humic acid and clay) to assess its effect on the development of
zebrafish embryos. The physiological changes were correlatedwith geneticmarker analysis to holistically under-
stand the effect on embryos development. Derjaguin–Landau–Verwey–Overbeek (DLVO) theorywas used to an-
alyze the interaction energy between TiO2 NPs and natural organic matter (NOM) for understanding the
aggregation behavior of engineered nanoparticles (ENPs) in media. The study revealed that combination of HA
and clay stabilized TiO2 NPs, compared to bare TiO2 and HA or clay alone. TiO2 NPs and TiO2 NPs + Clay signifi-
cantly altered the expression of genes involved in development of dorsoventral axis and neural network of
zebrafish embryos. However, the presence of HA and HA + clay showed protective effect on zebrafish embryo
development. The complete system analysis demonstrated the possible ameliorating effects of abiotic factors
on the ecotoxicity of ENPs.
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1. Introduction
Titaniumdioxide nanoparticles (TiO2NPs) are one of the highly used
and manufactured nanomaterials (Weir et al., 2012). TiO2 NPs are used
in various products like cosmetics, paints, food additives, pharmaceuti-
cals, electronics and textiles as well as in construction and waste water
treatment growth of low-cost and safer consumer products (Cheng
et al., 2018). Interestingly, the production of TiO2 nanoparticles has in-
creased in United States from 3000 metric tons in the year 2002 to
260,000 metric tons in the year 2015 (Robichaud et al., 2009). Increas-
ing production and usage of NPs can lead to its release in aquatic envi-
ronment (Brun et al., 2018). It is estimated that up to 3–30% TiO2 NPs
will be dumped in aquatic environment (Keller and Lazareva, 2013).
Hence, most of the organisms in aquatic environment will be exposed
to TiO2 NPs making it imperative to study and understand their effect
on aquatic organisms.

The behavior and toxicity of NPs in aqueous environment is reported
to be dependent on factors like pH, ionic strength, and types of salts, bi-
otic and abiotic factors as well as their intrinsic properties like shape,
size and crystalline form (Domingos et al., 2009a; Filho Jde et al.,
2014; French et al., 2009; Gupta et al., 2017; Keller et al., 2010; Renieri
et al., 2017). The basic studies related to the behavior and impacts of
TiO2 NPs in different environmental conditions have been reported pre-
viously (Faria et al., 2014; Guo et al., 2019; Romanello and Fidalgo de
Cortalezzi, 2013; Sajjadi et al., 2013). The most common P25 TiO2 NPs
exhibited malformations in zebrafish embryos at 10 g/L with illumina-
tion and daily water exchanges for 23 days (Bar-Ilan et al., 2013). A re-
cent study also reported the toxicity of bare P25 TiO2 NPs on marine
algae Dunaliella salina (Bhuvaneshwari et al., 2018). Previous studies
about the effects of TiO2 NPs on Artemia showed that higher concentra-
tions (LC50 N 100mg/L) and longer exposure duration causedmortality
in both nauplii and adults (Ates et al., 2013). The effect of natural or-
ganic matter (NOM) on NPs was studied by Domingos et al.
(Domingos et al., 2009b). These studies reported that, in presence of Su-
wannee River Fulvic Acid (2.5 mg/L), TiO2 NPs showed high stability
(Domingos et al., 2009b). It is usually hypothesized that abiotic factors
like humic acid (HA) and clay minerals affect the stability of NPs and
thus their resultant uptake and toxicity. HA is omnipresent in the envi-
ronment (Hajdú et al., 2009) and is adsorbed on the NPs in aquatic sys-
tems altering their charge and resulting fate (Buffle et al., 1998). It was
also reported that NOM can displace the original capping on NPs
forming a protein corona like structure (Gupta et al., 2019; Mahmoudi
et al., 2011; Radniecki et al., 2011). Clay minerals are abundant in
aquatic environment and forms 30% of the total particulate colloidal
matters available in environment (Wilkinson et al., 1997). Montmoril-
lonite clay is an industrial silicate clay material used widely due to its
large surface area, high swelling and high cation exchange capacity
(Devi et al., 2015; Levard et al., 2013; Wang et al., 2015; Zhou et al.,
2012). Clay minerals are known for altering the fate of NPs by agglom-
erating along with NPs.

Zebrafish (Danio rerio), a freshwater fish is extensively used as a re-
searchmodel due to its 70% gene similarity to that of humans, its trans-
parent embryos that allows visualization of all the internal structures of
the growing embryo, and also its ability to produce hundreds of off-
springs in an interval of a week, its completely known genome and its
easymaintenance (Gupta et al., 2016a; Howe et al., 2013). Several stud-
ies have reported the toxicity of titania nanoparticles using zebrafish as
a model system (George et al., 2011; Lin et al., 2013) Andre Nel's group
has demonstrated the use of Zebra fish as a high throughput screening
approach for assessing the toxicity of bare NPs (George et al., 2011;
Lin et al., 2013). Thus far reported studies have either focused on
ecotoxicity exerted by bare titania NPs or in different salts or in the pres-
ence of HA.Most of these studies have been restricted to the observation
of developmental changes in the model organism and very few studies
have correlated the developmental changes with the molecular and ge-
netic level information.
The present study was conducted to investigate ecotoxicity of TiO2

NPs in aquatic environment by exposing zebrafish embryos to a combi-
nation of two most common abiotic factors (humic acid and clay) and
assessing the effect of these abiotic factors on the development of
zebrafish embryos. The combined effect of TiO2 NPs in presence of
NOM and clay on developmental genes of zebrafish was also analyzed
by real time PCR. A majority of the genes from nodal signaling and
Hedgehog (Hh) signaling pathway were targeted in this study. The ge-
netic level information was evaluated and correlated with the develop-
mental changes upon exposure to abiotic factors alone or in
combination. The agglomeration and sedimentation of TiO2 NPs in var-
ious salts in presence of abiotic factors was also studied. The Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory was used to analyze the in-
teraction energy between TiO2 NPs in presence of NOM and clay alone
for understanding the aggregation mechanism of NPs. This study
uniquely analyzes the combined effect of NOM and clay on TiO2 NPs
and correlates the observational changes in zebrafish development
with the genetic changes in zebrafish.

2. Materials and methods

2.1. Chemicals and materials

A mixed rutile and anatase phase TiO2 NPs (Catalogue No. PL-TiO-
10p-10g) was procured commercially from Reinste Nano Ventures
Pvt. Ltd. (Noida, India). Monrmorillonite K10 powder (CAS No.1318-
93-0) and methylcellulose was procured from Sigma Chemical Co. Ltd.
(St. Louis, MO, USA). 2′,7′-Dichlorofluorescein diacetate (DCFDA) dye
was procured from Himedia Pvt. Ltd. (Mumbai, India). Humic Acid
and all other chemicals were analytical reagent grade and purchased
from Himedia Pvt. Ltd. (Mumbai, India).

2.2. Zebrafish maintenance

Assam wild-type strain of zebrafish was purchased from local ven-
dor and maintained in standard laboratory conditions mentioned by
ZFIN (Zebrafish Information Network) which includes temperature
(26–28 °C) and 14 h light/10 h dark cycle (Westerfield, 2007). To
mimic the natural environment in water tank, fresh water was artifi-
cially prepared by dissolving 60mg/L sea salt (Red Sea, India) in distilled
water. Artificialwater qualitywas routinely assessed by checking differ-
ent parameters i.e. pH (6.8–7.4), conductivity (250–350 μS), TDS
(220–320 mg/L), salinity (210–310 mg/L) and dissolved oxygen
(N6 mg/L) using multi-parameter instrument (Model PCD 650, Eutech,
India). Zebrafishes were fed by live artemia (Brine shrimp) thrice in a
day. Zebrafish breeding was conducted in ratios of two males and
three females in breeding chamber (Gupta et al., 2016a). Eggs were col-
lected in eggwater containing sterile petri plates and raised at 28.0 °C in
BOD incubator (MIR -154, Panasonic, Japan). The embryos were trans-
ferred to E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2 and
MgSO4, pH 7.0–7.2) and used for the experiment.

2.3. Preparation and characterization of TiO2 NPs, humic acid and clay
suspension

TiO2 NPs stock suspension (1 g/L) was prepared in filtered MilliQ
water. The suspension was diluted from this stock solution to various
concentrations (1–100 mg/L) in E3 media and Milli Q water. Hydrody-
namic size and zeta potential of bare TiO2 NPs (50 mg/L), TiO2 NPs
(50 mg/L) + HA (10 mg/L), TiO2 NPs (50 mg/L) + Clay (10 mg/L) and
TiO2 NPs (50mg/L)+HA(10mg/L)+Clay (10mg/L)were determined
by dynamic light scattering (DLS) and phase analysis light scattering
(PALS) using a Zeta-sizer Nano-ZS equipped with a 4.0 mW, 633 nm
laser from 0 to 96 h in E3media andMilliQ water. The actual size distri-
bution was further validated by transmission electron microscopy
(TEM) (JEM1400 plus, JEOL, Japan). The samples for TEM imaging
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were prepared by placing a drop of NPs suspension on carbon coated
copper grids and allowed to dry for 2–3 h in a vacuum desiccator. All
samples for TEM imaging were taken from freshly prepared suspension
of TiO2 NPs in presence and absence of abiotic factors.

Humic acid stock suspension (1 g/L) was made by dispersing HA
powder in sterile MilliQ water and allowed to settle overnight at room
temperature. For the experiments, the working concentration
(10 mg/L) was made by diluting the supernatant in respective media.
Clay suspension was prepared by dispersing 10 g/L montmorillionites
(powder form) in MilliQ water (Cai et al., 2014; Zhou et al., 2012).
Briefly, montmorillionite suspension was mixed at 50 RPM for 2 h. The
suspension was allowed to settle overnight at room temperature to ob-
tain a stable suspension. The supernatant was collected and dried in a
hot air oven at 60 °C. Clay stock suspension (1 g/L) was made and -
working clay suspension (10 mg/L) was made from the stock. The
stock suspension was prepared from the dried powder. The hydrody-
namic size and zeta potentialmeasurements of humic acid and clay sus-
pension were conducted by dynamic light scattering (DLS/PALS;
Zetasizer Nano-ZS, Model ZEN3600 equipped with 4.0 mW, 633 nm
laser; Malvern UK). Characterization was conducted in eight groups:

Group 1: TiO2 NPs (50 mg/L) suspended in MilliQ water.
Group 2: TiO2 NPs (50 mg/L) in combination with humic acid

(10 mg/L) in MilliQ.
Group 3: TiO2 NPs (50 mg/L) in combination with clay suspension

(10 mg/L) in MilliQ.
Group 4: TiO2 NPs (50 mg/L) in combination with humic acid

(10 mg/L) and clay suspension (10 mg/L) in MilliQ.
Group 5: TiO2 NPs (50 mg/L) suspended in E3 medium.
Group 6: TiO2 NPs (50 mg/L) in combination with humic acid

(10 mg/L) in E3 medium.
Group 7: TiO2 NPs (50 mg/L) in combination with clay suspension

(10 mg/L) in E3 water.
Group 8: TiO2 NPs (50 mg/L) in combination with humic acid

(10 mg/L) and clay suspension (10 mg/L) in E3 medium.
Characterization of all groups were conducted in a time dependent

manner (i.e. 0, 2, 4, 6, 24, 48, 72 and 96 h), parallel to the in vivo exper-
iments. Tomeasure overall surface charge on NPs the zeta potential was
analyzed and hydrodynamic sizesweremeasured to evaluate the aggre-
gation and stability of NPs.
2.4. Sedimentation studies

Sedimentation behavior was monitored by studying the changes in
absorbance of TiO2 NPs in the presence of NOM at different time points
(0, 2, 4, 6, 8, 24 and 48 h). The bare TiO2 NPs (50 mg/L), TiO2 NPs
(50 mg/L) + HA (10 mg/L), TiO2 NPs (50 mg/L) + Clay (10 mg/L) and
TiO2 NPs (50 mg/L) + HA (10 mg/L) + Clay (10 mg/L) were used for
the study. The absorbancewasmeasured by taking 1mL of NPs suspen-
sion with and without NOM (prepared in E3 media) in a quartz cuvette
with 1 cm optical path length and recorded using UV–Vis spectroscopy
at 320 nm. A breakthrough curve was plotted for At/A0 at y-axis and
time (h) at x-axis where A0 is absorbance at initial time point and At is
absorbance at specific time intervals. Sedimentation studies were con-
ducted in E3 media only with 50 mg/L TiO2 NPs dispersed in 10 mg/L
each of HA, clay or their combination.
2.5. Analysis of particles interaction using DLVO theory

The interaction between NOM and NPs was analyzed by the classic
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. DLVO theory ex-
plains the aggregation of NPs and it is based on attractive van derWaals
(vdW) and repulsive electrostatic forces from the overlap of the electri-
cal double layers (EDL) of interactive surfaces (Chen and Elimelech,
2006). The van der Waals interaction was calculated from the Eq. (1)
(Elimelech et al., 2013).

VA ¼ −
Aa1a2

6h a1þ a2ð Þ ð1Þ

here, a1 and a2 is particle radius, h is the separation distance, and A is the
Hamaker constant. The electrostatic interaction between two dissimilar
spheres was calculated by Eq. (2),

VR ¼ 64π
a1a2

a1þ a2
kT
ze

� �
2γ1γ2 exp −khð Þ ð2Þ

here z is the indifferent ion valence, e is the elementary charge, κ is the
Debye length, and γ is a dimensionless function of the surface potential,
defined as,

γ ¼ tanh
zeφ
4kT

� �
ð3Þ

ψ is the surface charge, approximated by the zeta-potential of the
particles.

E ¼ VA þ VR ð4Þ

The final interaction energy is given by the sum of attractive and re-
pulsive energy (Eq. (4)). The particle sizes used for interaction analysis
weremeasured from the particle size analysis (Section 2.3) in E3media.
For the simplicity the aggregation between engineered TiO2 NPs or their
aggregates were analyzed and abiotic factors (HA, clay or their combi-
nations) were considered a part of the medium and heteroaggregation
between TiO2 and abiotic factors or their combinations were not
analyzed.

2.6. Eco toxicity experiments

In vivo experiments for toxicity studieswere conducted by distribut-
ing 15 embryos per well in a six well plate (Corning, NY, USA). Volume
in eachwell wasmade up to 5mL. Onewell was designated as control in
each group without any NPs exposure. The final concentration of TiO2

NPs in each well was 1 mg/L, 10 mg/L, 50 mg/L and 100 mg/L. The sus-
pension of HA and clay (10 mg/L) were prepared first and NPs were
added later. Treatment groups were as follow:

Group A: E3 medium having TiO2 NPs (1 mg/L, 10 mg/L, 50 mg/L,
100 mg/L).

Group B: E3 medium having TiO2 NPs (1 mg/L, 10 mg/L, 50 mg/L,
100 mg/L) suspended with humic acid (10 mg/L).

Group C: E3 medium having TiO2 NPs (1 mg/L, 10 mg/L, 50 mg/L,
100 mg/L) with clay suspension (10 mg/L).

Group D: E3 medium having TiO2 NPs (1 mg/L, 10 mg/L, 50 mg/L,
100 mg/L) with humic acid (10 mg/L) and clay suspension (10 mg/L).

Toxicity for TiO2NPs in presence of humic acid and clay particleswas
evaluated by observing viability and malformations. After the treat-
ment, the viability i.e. number of live embryos, were counted manually
using a stereo-zoom microscope (Model CETI; Medline Scientific Ltd.,
Banglore, India) at various time points (0, 2, 4, 24, 48, 72 and 96 h
post treatment). Morphological changes and hatching delay were also
recorded for the same time points.

2.7. Reactive oxygen species (ROS) estimation

The generation of ROS in the larvae exposed to all 4 groups (TiO2

NPs, TiO2 NPs+HA, TiO2 NPs+Clay and TiO2 NPs+HA+Clay) at var-
iable TiO2 NPs concentrations (1 mg/L, 10 mg/L, 50 mg/L, 100 mg/L)
along with humic acid (10 mg/L) and clay suspension (10 mg/L) until
48 h was measured using dichlorofluorescein-diacetate (DCFH-DA).
This assay was carried out according to the protocol described by
Deng et al. (2009). Briefly, 10 larvae were washed with cold PBS
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(pH 7.4) twice and then homogenized in cold buffer (0.32 mM of su-
crose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of phenylmethyl
sulfonylfluoride at pH 7.4). The homogenate was centrifuged at 15,000
×g at 4 °C for 20 min, and the supernatant was transferred to new
tubes for further experimentation. 20 μL of the homogenate were
added to a 96-well plate and incubated at room temperature for
5 min, after which 100 μL of PBS (pH 7.4) and 8.3 μL of DCFH-DA stock
solution (dissolved in DMSO, 10 mg/mL) were added to each well. The
plate was incubated at 37 °C for 30 min. The fluorescence intensity
was measured in SYNERGY-HT multiwall plate reader (Bio-Tek, USA)
using Gen5 software. The ROS generation was expressed in fold change.

The level of ROS in zebrafish larvae was determined as described
(Wu et al., 2011). Briefly, treated embryos 48 h (post treatment) was
taken in 12 well plates (5 embryos/well). All embryos (larvae) were in-
cubated in DCFDA in concentration of 20 μM for 2 h at room tempera-
ture in dark. After incubation embryos were washed with E3 medium
and then images were taken using fluorescent microscope (Massarsky
et al., 2013).

2.8. Total RNA isolation

In brief, 50 embryoswere exposed to all 4 groups (TiO2 NPs, TiO2 NPs
+ HA, TiO2 NPs + Clay and TiO2 NPs + HA + Clay) with TiO2 NPs
(50 mg/L) along with humic acid (10 mg/L) and clay suspension
(10 mg/L) until 96 h. Total RNA isolation was conducted by RNAeasy
mini kit (Qiagen 74104). RNA yield and integrity were determined
using the SYNERGY-HT multiwall plate reader (Bio-Tek, USA) using
Gen5 software. Primer sequences are included in SI Table 5.

2.9. Gene expression analysis

First-strand cDNA synthesis was performed with total RNA isolated
from 50 embryos per replicate with a Maxima First Strand cDNA Syn-
thesis Kit (ThermoFisher Scientific, USA) as per the manufacturer's pro-
tocol. Real-time PCRwas performed using cDNA from each replicate and
gene-specific primers with a powerup™ sybr® green master mix
(ThermoFisher Scientific, USA) in the Quantstudio 5 (ThermoFisher Sci-
entific, USA) according to themanufacturer's protocol. The signal output
for each gene was normalized to the level of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) to generate a relative expression
ratio. Three independent experiments were performed for each gene,
and the fold changes were averaged for a given sample.

2.10. Statistical analysis

All the experiments were performed in triplicates, and the results
were expressed as mean ± standard error (SE) mean. The statistical
analysis was carried out using Sigma plot® 10.0 and GraphPad Prism®
version 8.0.2.

3. Results and discussion

3.1. Characterization of TiO2 NPs

The average crystallite size of TiO2 NPswas determined by analyzing
150 particles using imageJ. The average crystallite size of TiO2 NPs was
8.6 ± 3 nm (Fig. 1). It is evident from the TEM images that the medium
did not influence the aggregation or the individual crystallite size of the
nanoparticles. Minor differences in the aggregation cannot be ascribed
to the medium alone as the drying of nanoparticles over the TEM grid
also can result in minor aggregation differences. It was also observed
that clay particles were not found along with aggregates of TiO2 NPs,
as reported in some previous studies, possibly because of the very low
concentration of clay used in the current studies (Labille et al., 2015;
Zhou et al., 2012).
The hydrodynamic diameter and surface zeta potential of TiO2 NPs
weremeasuredusingDLS in bothMilliQwater andfish embryomedium
(E3 medium) (Fig. 2A–D). The hydrodynamic diameter measured as a
function of time of TiO2 NPs varied from 237 ± 28 to 239 ± 28 nm in
MilliQ water and from 2148 ± 328 to 2876 ± 317 nm in E3 medium
during the 96 h duration (SI Tables 1 and 2). The zeta potential of the
NPs was slightly below the stability range, at −23 mV in MilliQ water
and ranged between−3± 1mV and−9± 1mV in E3medium (SI Ta-
bles 3 and 4). An increase in the size and decrease in surface zeta poten-
tial of TiO2 NPs in E3 medium as compare to MilliQ can be attributed to
the increased ionic strength of the E3 medium (Fig. 2). Increase in ionic
strength causes agglomeration of TiO2 NPs due to the compression of
the electrical double layer (Gupta et al., 2016b). It was observed that
the TiO2 NPs showed heavy agglomeration immediately upon addition
of E3 media and continued to show further agglomeration till 96 h.

3.2. Effect of NOM on aggregation of TiO2 NPs

The hydrodynamic diameter and zeta potential of TiO2 NPs was
measured as a function of time in presence of HA (10 mg/L) and clay
(10 mg/L) to understand the dynamic interaction of TiO2 NPs
(50 mg/L) with natural organic matter (NOM) and clay. As compared
to bare TiO2 NPs, hydrodynamic diameter was smaller in presence of
HA, clay and mixture of HA and clay at all-time points in MilliQ water.
The hydrodynamic diameter was smaller in presence of HA and varied
from 174 ± 6 nm at the start to 216 ± 19 nm over a period of 96 h
with inconsistent variation. At near neutral pH, humic acid is reported
to be negatively charged and can adsorb on the surface of NPs through
the carboxyl and phenolic groups (Jayalath et al., 2018). Additionally,
the phenolic and carboxylic groups of HA have also been reported to
play an important role in stabilization the particles via OH/OOH depro-
tonation (de Melo et al., 2016; Lagaly and Ziesmer, 2003; Pertusatti and
Prado, 2007). This is also evident from the zeta potential of TiO2 NPs and
increased interaction in presence of HA in MilliQ that showed higher
negative values at all-time points. Addition of clay to TiO2 NPs in MilliQ
also showed hydrodynamic size less than that of pure TiO2 NPs at all-
time points and varied from 216 ± 14 nm to 197 ± 27 nm suggesting
that clay reduced the inter particle TiO2 - TiO2 interaction thereby
resulting in smaller hydrodynamic diameter. Even though the clay par-
ticles are larger in size, the low concentration and platelet geometry of
clay did not result in skewing of DLS data to higher size in MilliQ
water. The zeta potential of TiO2 NPs in presence of clay also showed
slightly higher values around −30 mV, ranging from −31 mV to
−25 mV over the time period of 96 h. These values were slightly
lower than TiO2 NPs + HA but higher than pure TiO2 NPs suggesting
only marginally better stability than pure TiO2 NPs in MilliQ. Clay parti-
cles are known to possess both positive and negative charges on differ-
ent surfaces that do not change inMilliQwaterwhich is deprived of free
ions. In presence of both HA and clay, TiO2 NPs showed hydrodynamic
diameter intermediate of that in HA and in clay. The zeta potential
values were however low in the initial stages (0 to 2 h) and only in-
creased marginally (from −19 mV to −24 mV) over a period of time
(4 to 48 h). This suggest an interaction between HA and clay especially
the positive charges on clay and negative charge on HA that results in
slightly lower zeta potential values.

The E3media consists of amixture of salts in high ionic strength that
results in immediate destabilization of TiO2 NPs as discussed earlier. Ad-
dition of HA did not seem to prevent the agglomeration though the hy-
drodynamic diameter was smaller (1852 nm) as compared to bare TiO2

immediately upon addition of E3 media and gradually increased upon
aging for 96 h to 2207 nm with slight variations. The zeta potential
also showed slightly higher values of−17 mV immediately upon addi-
tion and the zeta potential values changed only marginally and stayed
below the stability limit throughout the 96 h aging. Addition of clay
had similar effect on the stabilization of TiO2 NPs. It was found that
the hydrodynamic diameter increased from 1875 nm to 2551 nm over



Fig. 1. TEMmicrographs of (A) TiO2 NPs (10mg/L) (B) TiO2 NPs (10mg/L)+HA (5mg/L) (C) TiO2 NPs (10mg/L)+Clay (5mg/L) (D) TiO2 NPs (10mg/L)+HA (5mg/L)+Clay (5mg/L).
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the period of 96 h aging though the intermediate time points showed a
slow increase in agglomerate sizes with smaller aggregate sizes as com-
pared to bare or HA stabilized TiO2. The zeta potential of TiO2 NPs in clay
was highest among all combinations in E3media at all time-points. This
was reflected in reducing the heavy agglomeration observed for bare
TiO2 NPs and TiO2 NPs + HA in E3 media. Even though it was expected
that high ionic strength of E3 media may result in compression of elec-
trical double layer of clay particles similar to TiO2 NPs however the high
zeta potential shows that destabilization of TiO2 NPs by E3mediumwas
slowed down in presence of clay mineral. It is known that clay particles
have plate like structure with patch wise charge on face and edges
(Zhou et al., 2012). Thus even though both TiO2 NPs and clay are nega-
tively charged at pH 7.4; TiO2 NPs can be absorbed on edges that have
positive charges. Additionally, it has also been shown that the attach-
ment efficiency of TiO2 NPs on clay particles is a function of both pH
and ionic strength and increases as pH and ionic strength increases
(Loosli et al., 2013). Thus an increase in ionic strength leads to increase
in attachment (or heteroagglomeration) of TiO2 NPs and clay in E3
media thereby destabilizing TiO2 NPs. This destabilization even though
results in adsorption of TiO2 over clay particles but prevents an immedi-
ate heavy agglomeration as seen for bare TiO2 NPs at the concentration
ranges analyzed in this study.

The hydrodynamic diameter and zeta potential of TiO2 NPs + HA
+ Clay was found to stay between that of TiO2 NPs + HA and TiO2

NPs + Clay in E3 media. Thus the combined system of TiO2 NPs with
HAand clay showedhigher negative zeta potential values and lower hy-
drodynamic size than only TiO2 NPs or TiO2 NPs + HA. It was also
observed that the increase in hydrodynamic diameter over 96 h was
slower increasing from 1222 nm initially to only 1381 nm after 96 h.
Similarly, the zeta potential values varied between −23 mV to
−26 mV depicting that the HA+ Clay system provides higher stability
upon aging the NPs in E3 media as compared to only HA or only clay.

3.3. Sedimentation of TiO2 NPs exposed to NOM

The sedimentation curve of TiO2 NPs with different NOM combina-
tion is shown in Fig. 3. The sedimentation of TiO2 NPs in E3 medium
was similar in presence and absence of abiotic factors. The ratio of ab-
sorbance decreased steeply initially and continued to decrease till 6 h,
suggesting heavy agglomeration of bare titania NPs in E3 medium. The
sedimentation rate slowed down with time in the next 48 h. The pres-
ence of HA or clay did not seem to influence the sedimentation rate of
TiO2 NPs significantly as all the combinations resulted in sizes higher
than 1 μm and smaller zeta potential values. The lower concentrations
(10 mg/L) of NOM have only partial influence on larger aggregates of
TiO2 NPs.

3.4. Inter-particle interactions

The DLVO theory was used to calculate the inter particle interaction
energy for TiO2 NPs at different separation distance. Inter-particle inter-
action in presence of HA and clay were calculated and compared with
bare TiO2 nanoparticles in E3 medium. The total interaction energy
was plotted as a function of inter-particle separation to monitor the



Fig. 2. Characterization of TiO2 NPs (50 mg/L) in presence of Humic acid (10 mg/L), Clay (10 mg/L) and their combination in E3 media and MilliQ water by dynamic light scattering up to
96 h. (A) Hydrodynamic size in E3 media (B) Hydrodynamic size in MQ water (C) Zeta potential in E3 media (D) Zeta potential in MilliQ water.
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stability of nanoparticles. High negative values at short distances indi-
cate electrostatic repulsion of particles as they approach each other.
Steeper curve in electrostatic repulsion region over short distances indi-
cate low surface charge and thus low stability inmediawhereas shallow
curves from highly charged particles show stability over medium to
long range distance.

(a) TiO2 NPs in E3 media: According to DLVO calculations, TiO2 NPs
showed two shallow repulsion energy minima at 12 nm and at
3 nm of 12 and 20 kBT respectively immediately upon addition
in E3 media. Two energy minima with gradual decrease in elec-
trostatic repulsion energy points to repulsion between particles
of different sizes and charge densities. A positive energy barrier
at 20 kBT was found at 3 nm upon aging for 48 to 96 h (Fig. 4A).

(b) TiO2 NPs with HA in E3media: The presence of HA did not alter
the interaction energy plot drastically as reflected in DLS studies.
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Fig. 3. Sedimentation behavior analysis of TiO2 NPs (50 mg/L) in presence of Humic acid
(10 mg/L), Clay (10 mg/L) and their combination in E3 media up to 48 h at neutral pH.
However, the repulsion energy minima that was observed for
longer distances for only TiO2 NPs in E3 media disappeared and
was restricted to b5 nm separation distance. The repulsion en-
ergy over short range distance was higher initially (at 0 to
24 h) as compared to only TiO2 NPs. The energy barrier at 3 nm
upon 48 h and 96 h aging was also present suggesting similarity
in behavior probably due to higher ionic strength of E3 media
and low concentration of HA (Fig. 4B).

(c) TiO2 NPs with clay in E3 media: The interaction energy plot be-
tween TiO2 NPs in presence of clay demonstrated that agglomer-
ation proceeds rather freely between TiO2 NPs. No significant
changes were observed in electrostatic repulsion energy upon
aging with slight increase in vdW attraction suggesting further
agglomeration and increase in aggregation size upon aging prob-
ably aided by the heteroagglomeration of TiO2 and clay (Fig. 4C).

The DLVO interaction study shows that the high ionic strength of E3
media results in neutralization of charges and thus decreasing the con-
tribution of electrostatic stabilization. The electrostatic energy was
higher only at very small distances and the overall contribution to the
stability (or aggregation) of nanoparticles at larger distances was pri-
marily from van der Waals interaction.

3.5. Zebrafish embryos survival rate and hatching success

The zebrafish embryos survival rate was assessed by exposing them
to TiO2 NPs (at concentrations 1, 10, 50 and 100 mg/L) along with clay
(10mg/L) and humic acid (10mg/L) from 0 to 96 hour post fertilization
(hpf). It was observed that addition of clay and humic acid along with
TiO2 NPs altered the toxic effects exerted by TiO2 NPs on zebrafish de-
velopment. TiO2 NPs induces mortality of the embryos, as 100% em-
bryos were dead at exposure concentration 100 mg/L after 72 h
(Fig. 5A). Earlier study showed that sub lethal levels of bare P25 TiO2

NPs exposure caused alterations in larval swimming behaviors without
affecting hatchability and survival of zebrafish (Chen et al., 2011b).



Fig. 4. Total interaction energy calculated by Derjaguin–Landau–Verwey–Overbeak (DLVO) in E3 media. (A) TiO2 NPs (50 mg/L) and TiO2 NPs (50 mg/L) (B) TiO2 NPs (50 mg/L) and HA
(10 mg/L) (C) TiO2 NPs (50 mg/L) and Clay (10 mg/L) from 0 to 96 h at different separation distances.

7K. Kansara et al. / Science of the Total Environment 698 (2020) 134133
However, the survival rate decreased to 20% with bare P25 TiO2 NPs at
10 g/L in presence of illumination for 23 days (Bar-Ilan et al., 2013).
However, the survival rate for TiO2 NPs + HA, TiO2 NPs + Clay, and
Fig. 5. Effects of humic acid (10 mg/L) and clay (10 mg/L) on the survival rate of zebrafish emb
+ HA (C) TiO2 NPs + Clay (D) TiO2 NPs + HA + Clay. Data represent means±SEM of three in
TiO2 NPs+HA+Clay after 72 h exposure was 75%, 33.3% and 80.7% re-
spectively at same concentration, indicating the reduced mortality in
presence of humic acid and mixture of HA and clay (Fig. 5B–D).
ryos after exposure to TiO2 nanoparticles (1, 10, 50, 100 mg/L). (A) TiO2 NPs (B) TiO2 NPs
dependent experiments. ⁎P b 0.05, when compared with control.
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This could possibly be due to the HA adsorption on the TiO2 NPs,
which forms a protective layer on NPs resulting in lower toxic effect of
ENPs. HA also reduces the adhesion of TiO2 NPs to embryo due to the in-
creased electrostatic repulsion and steric repulsion and decreases the
available surface area of TiO2 NPs for the interaction with embryos
that has increased the survival rate of embryos. Earlier studies have re-
ported that in presence of HA, NPs exhibited less toxicity to non-
vertebrate aquatic organisms (Chen et al., 2011a; Fabrega et al., 2009;
Gao et al., 2009, 2012; Lee et al., 2011). However mixed results have
been reported in terms of reduced survival in presence of NOM (Yang
et al., 2013).

In the case of TiO2 NPs + Clay treatment, the TiO2 NPs are adsorbed
on surface of clay particles resulting in the formation of
heteroagglomerates, however this does not reduce the overall bioavail-
ability of exposed TiO2 NPs. Thus the possibility of TiO2 NPs to be ex-
posed to the organism and cross the outer protective layer of the
embryo does not alter greatly. In presence of both humic acid and
clay, bio-availabilities of free TiO2 NPs are reduced by the presence of
protective HA layer over the ENPs surface and hence they depict lesser
toxicity. The chorion is the first physical barrier for NPs entry in early
embryo development but it is unclear that how HA and clay play
major role in transporting of NPs through chorion with volume of
̴ 170 nm3 (Cheng et al., 2007). The photographic representation of dif-
ferences in survival rate and hatching success of zebrafish embryos
Fig. 6. Photographs representing the comparison of different combination of TiO2 NPs (1, 10, 50,
success. (A) 1 mg/L TiO2 NPs (B) 10 mg/L TiO2 NPs (C) 50 mg/L TiO2 NPs (D) 100 mg/L TiO2 N
exposed to different combinations of TiO2 NPs with and without NOM
up to 96 h is represented in Fig. 6.

The hatchingwas higher for HA, clay and HA+ clay combinations as
compared to only TiO2 nanoparticles at 48 hpf in a concentration depen-
dent manner. The hatching observed in embryos was 100%, 40%, 13%
and 0% in combinations of TiO2 NPs + HA + Clay, TiO2 NPs + Clay,
TiO2 NPs+HA and TiO2 NPs at concentration 100mg/L after 72 hpf, re-
spectively (Fig. 7A–D). The most apparent hatching success was ob-
served in TiO2 NPs + HA+ Clay among all combinations (i.e. 1, 10, 50
and 100 mg/L) after 72 hpf (Fig. 7D). The hatching were observed in
presence of HA and clay irrespective of the higher concentration of
ENPs. The embryos exposed to TiO2 NPs at 100 mg/L showed no hatch-
ing even after 96 hpf (Fig. 7A). This could possibly be due to the inhibi-
tion of enzymatic activity responsible for hatching by TiO2 NPs (Bai
et al., 2010; Ong et al., 2014). Moreover, HA and clay did not reverse
the TiO2 NPs (100 mg/L) potential to completely inhibit the hatching
but hatching ability was increased (Fig. 7B–D).

Thus, present study observed that bare TiO2 NPs had highest hatch-
ing delay at higher concentrations and lowest viability. However, the
TiO2 NPs grouped with clay and humic acid both, had lowest hatching
delay and more viability, possibly due to the faster settling and humic
acid coating on bare TiO2 NPs. HA and clay are potential candidates to
inhibit the toxicity of bare TiO2 NPs regardless of their different
mechanism.
100mg/L)with humic acid (10mg/L) and clay (10mg/L) on the survival rate and hatching
Ps.



Fig. 7. Effects of humic acid (10mg/L) and clay (10mg/L) on the hatching success of zebrafish embryos after exposure to TiO2 nanoparticles (1, 10, 50, 100mg/L). (A) TiO2 NPs (B) TiO2 NPs
+ HA (C) TiO2 NPs + Clay (D) TiO2 NPs + HA + Clay. Data represent mean±SEM of three independent experiments. ⁎P b 0.05, when compared with control.
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3.6. Reactive oxygen species (ROS) detection

The embryos are directly exposed to TiO2 NPs after hatching. The
TiO2 NPs can significantly induce the oxidative stress in early develop-
ing embryos (Bar-Ilan, 2011; Bar-Ilan et al., 2012). The ROS generation
by bare NPs was observed in concentration dependent manner in em-
bryos. A significant quantitative increase in percent ROS generation
was observed in zebrafish embryos after 72 h exposure to TiO2 NPs.
The fold increase in ROS generation was 10, 12 and 25 for 10, 50 and
100 mg/L bare TiO2 NPs (Fig. 8A). Exposure to TiO2 NPs generally ele-
vates the level of ROS in zebrafish (Bar-Ilan, 2011; Bar-Ilan et al.,
2012). The highest fluorescence intensity was observed in embryos ex-
posed to bare TiO2 NPs as compared to other combinations. However,
no significant ROS generation was observed in presence of HA and HA
+ Clay. The ROS intensity increase was in order: TiO2 NPs N TiO2 NPs
+ Clay N TiO2 NPs + HA + Clay N TiO2 NPs + HA. Exposure to TiO2

+ HA and combination of HA and clay depicted lower ROS generation
as compared to bare TiO2 as observed for the survival rate of the
embryos.

The ROS intensity remained unchanged in the 1mg/L treated group,
comparedwith the controls (Fig. 8). The induced level of ROS andoxida-
tive stress can create several abnormalities in embryos (Yamashita,
2003).
3.7. Gene expression analysis

The survival rate, hatching delay and generation of ROS (Brun et al.,
2018) play a key role in early developing embryos thus, several impor-
tant genes involved in dorso-ventral axis formation, neural develop-
ment, heart, intestine and jaw development were investigated to
correlate the developmental abnormalities post exposure to TiO2 NPs
in presence and absence of abiotic factors. To compare genes expression
from four different combinations: TiO2 NPs, TiO2 NPs + HA, TiO2 NPs
+ Clay, TiO2 NPs+ HA+ Clay, a panel of 12 genes and one housekeep-
ing gene were selected from 96 hpf embryos (Fig. 9A–C). GAPDH is sta-
bly expressed in zebrafish and is used as housekeeping genes across all
combinations. HA, Clay and HA+ Clay without NPswere used as a con-
trol for different combinations.

Acvr1, Smad5 are expressed in cartilage and skeleton muscles. The
normal growth and development of bones and muscles is controlled
by Acvr1. Over expression of Acvr1 can induce alkaline phosphate activ-
ity and can lead to cartilage expansion and induce joint fusionwhich can
enhance the chondrogenesis or dysregulation of BMP (bonemorphoge-
netic protein) signaling pathway (Fukuda et al., 2009; Payne et al., 2001;
Tylzanowski et al., 2001; Zhang et al., 2003). Further the BMP signaling
pathway can activate the Smadpathway,which can result in themalfor-
mation of bones. The observed pattern of these gene expressions was 3
to 4 fold higher as compared to control in case of bare TiO2NPs exposure
(Fig. 9A). However, in other exposure combinations the expression was
either close to control (TiO2 NPs + HA) or the change was not signifi-
cant (TiO2 NPs + HA + Clay; TiO2 NPs + Clay; Fig. 9A). These results
suggest that HA and combination of HA and clay suppress the bare
NPs effect on the zebrafish embryos development with reference to
bone formation.

Development of different cell types in vertebrate embryos starts
with the pattern formation along the dorsal-ventral embryonic axis.
The chordin (chrd) and szl genes can control dorsal-ventral patterning
of zebrafish embryos by binding to ventralizing TGF-β protein. Szl re-
quires chrd for the dorsalizing activity (Yabe et al., 2003). The reduced
expression of chrd acts as BMP antagonist. The bare NPs and TiO2 NPs
+ Clay reduced the chrd expression by 0.5 and 0.3 fold respectively.



Fig. 8. Significant concentration-dependent increase in intracellular ROS using DCFDA dye (A) Bar graph depicts fold increase in ROS generation. Data represent mean±SEM of three
independent experiments. ⁎P b 0.05, when compared with control. (B) Zebrafish embryos treated with TiO2 NPs (20 mg/L) in presence and absence of humic acid (10 mg/L) and clay
(10 mg/L) and their combination. (Magnification X-400)

Fig. 9.Bar graph depicting fold change in relative gene expression of zebrafish embryos exposed to TiO2 NPs (50mg/L) in presence and absence of humic acid (10mg/L) and clay (10mg/L)
and their combination at 96 h post fertilization (hpf). Data represent mean±SEM of three independent experiments. ⁎P b 0.05, when compared with control.
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The suppressed expression of chrd can lead to improper dorsalizing in
embryos. The chrd expression by TiO2 NPs + HA was 1.5 fold higher
that indicates the normal dorsoventral development of embryos.

The normal Hedgehog (Hh) signaling pathway plays a critical role in
craniofacial development in zebrafish embryos. The Hh-signaling path-
way requires the disp1 (dispatched 1) gene for proper functioning. Mu-
tation of disp1 gene causes under-developing jaw and pharyngeal arch
skeleton of embryos. Disp1 relative gene expressions were 3.5, 2.6, 5.9
and 1.8 for TiO2 NPs, TiO2 NPs + HA, TiO2 NPs + Clay and TiO2 NPs
+ HA+ Clay, respectively (Fig. 9B). The bare NPs and NPs with clay af-
fected the jaw and pharyngeal arch skeleton of embryos but NPs with
HA andNPs combinedwith HA and clay did not show any significant ef-
fect on the jaw formation. This is consistent with the observations for
most of the other developmental genes especially those related to the
structural development of the embryo.

Ndr2 and tgdf1 are important components for the formation of
zebrafish anterior neural tube closure. These genes are part of Nodal sig-
naling. Nodal signaling plays crucial role inmany development stages of
zebrafish (Halpern et al., 2003; Liang and Rubinstein, 2003; Schier and
Shen, 2000; Schier and Talbot, 2003). Mutation of ndr2 and tdgf1 gene
or nodal signaling pathway can domajor defect in neural system includ-
ing absence of hypothalamus (Harris and Juriloff, 2007). Our results
showed the over expression of these genes exposed to bare NPs and
NPs with clay particles, but NPs with HA and clay restored the normal
functioning. The overall expressions of ndr2 and tgdf1 were 4.65 and
6.84 for TiO2 NPs, 1.52 and 2.12 for TiO2 NPs + HA, 3.32 and 5.98 for
TiO2 NPs + Clay and 1.43 and 3.1 for TiO2 NPs + HA+ Clay (Fig. 9B).

Foxa2 is associated in the development of floor plate in zebrafish.
The floor plate is a specialized glial structure with secretory function
that spans the rostral-caudal axis from the midbrain to the tail regions.
The floor plate is one of first structures that differentiate in the develop-
ing nervous system of zebrafish (Higashijima et al., 1997). The overex-
pression of foxa2 can cause improper development floor plate which
was observed for bare NPs exposure to embryos at 96 hpf. The expres-
sion of foxa2 exposed to TiO2 NPs + Clay and TiO2 NPs + HA + Clay
were 2.7 and 2.6 respectively. However, TiO2 NPs + HA showed similar
expressions as control.

The effect of TiO2 NPs in the development of different organs like
heart, intestine and eye was also assessed by analyzing the genes in-
volved in it. For cardiovascular and cardiac development Krit (formerly
known as CCM1) and Fibrillin-2b (fbn2b) were selected. Krit1 interact
with other proteins and stabilize the extracellular junctions. The de-
crease or loss of krit1 causes severe cardiovascular defect in zebrafish
(Higashijima et al., 1997; Kleaveland et al., 2009; Mably et al., 2003,
2006; Whitehead et al., 2009; Yoruk et al., 2012; Zheng et al., 2010).
Fibrillin-2b (fbn2b) is another gene associated with vasculogenesis
and heart morphology of zebrafish was selected for the study. For
most of the exposure combinations, no significant change in expression
of krit1 and fbn2b was observed (Fig. 9C).

Pax2a is themember of Pax family protein that is expressed in devel-
oping visual system of zebrafish embryos. The observations depict that
there was no significant change in pax2a expressions for bare NPs,
TiO2 NPs + HA, TiO2 NPs + Clay and TiO2 NPs + HA+ Clay.

Ahctf1 gene is involved in early survival of embryos and also im-
portant for intestine formation. Over expression of this gene causes
survival of embryo to larva stage (Chen et al., 2005). A significant in-
creased expression of this gene was observed in the embryos ex-
posed to TiO2 NPs + HA and TiO2 NPs + Clay. This observation
supports the survival rate and hatching success results discussed
previously (Fig. 9C).

The change in the expressions of several developmental genes ex-
posed to bare NPs indicates their ability to induce malformation in the
developing zebrafish embryos. However, it was also observed that the
combination of HA and clay have the potential to restore the normal
functioning of different developmental genes and can reduce the ad-
verse effect of TiO2 NPs.
4. Conclusions

Considering the nanoparticle exposure in presence of HA and clay
in aqueous environment, the present data gives an insight towards
the fate of nanoparticles in biological system. The presence of HA sta-
bilized the ENP in MQ water as compared to bare ENMs or in pres-
ence of clay while the NPs in presence of HA + Clay showed
stability intermediate of the HA and clay. However in zebrafish
growth medium the high concentration of salts resulted in destabili-
zation of NPs in presence or absence of abiotic factors. The presence
of HA and clay affected the stability and dispersion of TiO2 NPs in
both MilliQ water and E3 medium. The HA and clay seemed to stabi-
lize the NPs relative to bare TiO2 NPs while the best stability was ob-
served in presence of both HA and clay in E3 medium. The DLVO
theory suggested that electrostatic stabilization does not play a
major role in imparting stability to TiO2 NPs. The abiotic factors
seemed to directly affect the development of zebrafish embryos.
HA and HA + Clay with TiO2 NPs exhibit least toxicity in zebrafish
embryos, possibly due to a combination of heteroaggregation and
adsorption of HA that may have reduced the availability of nanopar-
ticles. HA and clay minerals drastically reduces the effect of TiO2 NPs
on development of zebrafish embryos. Bare TiO2 NPs and TiO2 NPs
+ clay significantly altered the expression of genes involved in de-
velopment of dorsoventral axis and neural network of zebrafish em-
bryos. However, the presence of HA and HA with clay showed
protective effect on developmental genes. A combination of HA and
clay in E3 medium is closer to the actual aqueous environment and
thus it is important to know how ENMs behave in actual aqueous en-
vironment for designing sustainable ENMs. Based on the observation
made in laboratory scale microcosm, it can be suggested that HA and
clay can act as naturally existing nonhazardous agents to remove
TiO2 nanoparticle contamination from water regardless of their dif-
ferent mechanism of removal. Further studies are required to under-
stand the actual mechanism by which the combination of HA and
clay is reducing the toxicity of ENMs through reduced bioavailability
or transport or internalization or a combination of all. Though our
study demonstrated the combined effect of HA and clay on TiO2

NPs at the laboratory scale, the real environmental situation is
much more complex, thus the detail study of contamination removal
has to be investigated further.
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