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acid on the fate and toxicity of
titanium dioxide nanoparticles in Tetrahymena
pyriformis and zebrafish embryos†
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Saurabh Gogisetty, Pankti Joshi and Ashutosh Kumar *

The extensive usage of titanium dioxide (TiO2) nanoparticles in daily usage products have increased their

release into the environment. The present study has attempted to investigate the behaviour of titanium

dioxide (TiO2) nanoparticles in different experimental buffers in the presence of humic acid. Also, the

effect of TiO2 nanoparticles was assessed in different aquatic organisms with and without the presence

of humic acid. The results demonstrate that humic acid increases the dispersion of TiO2 nanoparticles

via its adsorption on the surface of the nanoparticles, mainly due to electrostatic interactions. The

maximum aggregation was observed in the zebrafish growth medium (E3 medium) even in the presence

of humic acid. The intensity of TiO2 nanoparticle sedimentation was observed in the order: E3 media >

Dryl’s buffer > MilliQ water. Interestingly, the ecotoxicity results for Tetrahymena pyriformis and Danio

rerio showed that the presence of humic acid reduces the toxicity of TiO2 nanoparticles.
1. Introduction

The advancement in the applications of nanotechnology from
biotechnology to agriculture has increased nanoparticle (NP)
emissions in the environment. NPs, aer being released into
the surroundings, eventually reach aquatic systems and pose
a risk to the ecosystem at individual, population and commu-
nity levels.1 The estimated release of NPs in the environment
has been predicted to be 21% to aquatic systems, 17% to soils,
2% to air and 60% to landlls.2,3 The reactivity of the nano-
particles is mainly due to their quantum size and large surface
area to volume ratio, which can be diminished by their homo or
hetero-aggregations in the presence of biotic and abiotic
factors.4–7

Titanium dioxide (TiO2) NPs are one of the most abundantly
used in consumer products such as cosmetics, paints, food
additives, pharmaceuticals, electronics and textiles as well as in
construction and waste-water treatment and have started
appearing in the aquatic environment.8 Therefore, it is imper-
ative to understand their environmental interactions and safety
for aquatic organisms. Earlier studies have shown that TiO2 NPs
can cause toxic effects to different aquatic organisms such as
bacteria, protozoans, algae, crustaceans and zebrash.9–13 Most
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of these studies have been performed under laboratory condi-
tions, without assessing the inuence of either biotic or abiotic
environmental factors.

Humic acid is one of the most abundant and widespread
naturally occurring organic materials in the environment.17 It
exists naturally in soils, peats, oceans and fresh water repre-
senting about 25% of the carbon on earth and 50–75% of the
carbon in water.18 It plays a crucial role in the speciation,
transport and deposition of a variety of materials ranging from
metal ions to lipophilic compounds.19 The study of nano-
particles binding to naturally abundant organic matter is of
primary importance to understanding the safety of nano-
particles in aquatic systems.

The model organisms used for this study were selected from
two major groups: unicellular eukaryotes (ciliated protozoan,
Tetrahymena pyriformis) andmulticellular eukaryotes (zebrash,
Danio rerio). Tetrahymena is a unicellular, eukaryotic and free
living protozoan and has been extensively used as a model
organism for safety assessments.4,20,21 It is a lter feeder
organism that reduces the bacterial population and also
controls the bioavailability of particulate iron in the environ-
ment.21,22 It connects prokaryotes to eukaryotes in the food
chain and plays a signicant ecological role by controlling
harmful bacterial populations, nutrient cycling and iron
bioavailability. Danio rerio is another important vertebrate
research model due to its numerous properties such as easy
maintenance, high fecundity, rapid development, transparent
embryos, being a signicant link in the food web, availability of
a complete genome sequence and genetic similarity with
humans (�70%).23,24 Early stage embryos of zebrash have
Nanoscale Adv., 2019, 1, 219–227 | 219
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already been used extensively in the high throughput assess-
ment of eco-nano-safety.25

It has now been very well demonstrated that NPs interact
with natural organic matter (NOM), exopolymeric substances
(EPS) and clay particles upon entry into the aquatic environ-
ment.4,14,15 Among these factors NOM such as humic acid (HA) is
known to inuence the stability of NPs in the aquatic system
due to adsorption on the surface of the NPs.16 However, the
consequent effects of HA on the toxicity of NPs to aquatic
organisms have not been well studied. Therefore, the present
study was designed to investigate the potential effect of HA on
the stability of TiO2 nanoparticles in different experimental
buffers and their toxicity to a range of aquatic model organisms
such as ciliated protozoan (Tetrahymena pyriformis) and early
stage embryos of zebrash (Danio rerio).
2. Materials and methods
2.1. Chemicals and materials

A mixed rutile and anatase phase TiO2 nanopowder (catalogue
no. RN-PL-TiO-P25-50g) was procured commercially from
Reinste Nano Ventures Pvt. Ltd. (Noida, India). HA powder (CAS
no. 6811-04-4) was procured from HiMedia (Mumbai, India). All
other chemicals were analytical reagent grade and procured
from HiMedia (Mumbai, India).
2.2. Model organisms and culture conditions

2.2.1. Zebrash husbandry. An Assam wild-type strain of
zebrash was a kind gi from CSIR-IGIB, New Delhi, India. The
shes were maintained under laboratory conditions at Ahme-
dabad University (Ahmedabad, Gujarat, India). The shes were
grown as per the standard protocols of the Zebrash Informa-
tion Network (ZFIN). Briey, the male and female zebrash were
kept separately in a 20 L aquarium lled with articial fresh-
water prepared by dissolving 60 mg L�1 of sea salt (Red Sea,
India) in distilled water (dH2O). The temperature was main-
tained at 26–28 �C with a 14 h light/10 h dark cycle. The adult
zebrash were fed with live brine shrimp (Artemia) thrice a day.
Zebrash eggs were collected alternately in the morning by
setup breeding with a ratio of three females to two males in the
breeding chamber. The eggs were collected into sterile Petri-
plates lled with egg water and were raised at 28.0 � 1.0 �C in
a BOD incubator (MIR-154, Panasonic, Japan). The embryos
were further transferred into E3 medium (5 mM NaCl, 0.17 mM
KCl, 0.33 mM CaCl2 and 0.33 mM MgSO4 and the pH was
adjusted to 7.0–7.2) before the experiments.

2.2.2. Protozoan culture. Tetrahymena pyriformis was
procured from Carolina Biological Supply Co. (Burlington,
USA). The cells were grown in a BOD incubator at 22 �C under
dark conditions by following the protocol suggested by Gupta
et al. (2017).4 The overnight grown culture of Tetrahymena was
used in the experiments. The cells were harvested by centrifu-
gation (710 � g for 5 min at 4 �C) and subsequent washing was
done with Dryl’s buffer (2 mM sodium citrate, 2 mM NaH2PO4,
1 mM Na2HPO4, 1.5 mM CaCl2, pH 6.9–7.0). The Tetrahymena
cells were starved for 16–24 h in Dryl’s buffer before using for
220 | Nanoscale Adv., 2019, 1, 219–227
the experiment. The number of Tetrahymena cells per mL was
counted by using haemocytometer under an optical micro-
scope. The cells were xed with 0.01% of neutral formalin
before counting.
2.3. Preparation and characterization of TiO2 nanoparticles

A stock suspension of TiO2 nanoparticles (1000 mg mL�1) was
prepared in sterile MilliQ water using sonication at 30%
amplitude and 30 watts for 10 min using a probe sonicator
(Sonics Vibra Cell, Sonics & Material Inc., New Town, USA).
Subsequently, the suspension was diluted to 50 mg mL�1 and
used for characterization of size, surface charge and optical
properties. The purity of the TiO2 nanopowder was determined
using energy-dispersive X-ray spectroscopy (EDS) coupled with
scanning electron microscopy (SEM).

The hydrodynamic size and zeta potential of the TiO2

nanoparticles were determined using 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. The
actual size distribution was further validated using trans-
mission electron microscopy (TEM). The wavelength of the
maximum emission of the TiO2 NPs was determined using
UV-Vis spectroscopy, BioTek Synergy HT, USA.
2.4. Motivation for the selection of nanoparticle
concentration

The fate experiments of the nanoparticles were conducted at
a concentration of 50 mg mL�1 due to its optimum detection in
all the characterization techniques used in the measurement. In
the biological experiments, the lowest concentration of TiO2

nanoparticles (1 mg mL�1) was selected as per the predicted
concentration available in the environment.26 Meanwhile,
a range of higher concentrations (10, 50, 100 mg mL�1) were
selected to obtain the dose dependent response relationship.
2.5. Fate of nanoparticles in the experimental buffers

Dryl’s buffer and E3 medium were exclusively used in the safety
assessment of the NPs for protozoans and zebrash embryos,
respectively. HA was added in these media at a concentration of
10 mg mL�1, to mimic the environmental conditions.28 The fate
of the NPs was determined by measuring aggregation, surface
modication and sedimentation of the nanoparticles in the
presence or absence of HA. The experiments were put into seven
different groups as follows:

Group 1: TiO2 NPs (50 mg mL�1) in MilliQ water (control)
Group 2: TiO2 NPs (50 mg mL�1) in Dryl’s buffer
Group 3: TiO2 NPs (50 mg mL�1) in E3 media
Group 4: HA (10 mg mL�1) in MQ water, Dryl’s buffer and

E3 media (control)
Group 5: TiO2 NPs (50 mg mL�1) + HA (10 mg mL�1) in MilliQ

water
Group 6: TiO2 NPs (50 mg mL�1) + HA (10 mg mL�1) in Dryl’s

buffer
Group 7: TiO2 NPs (50 mg mL�1) + HA (10 mg mL�1) in

E3 media
This journal is © The Royal Society of Chemistry 2019
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The pH of all the groups remains the same between 6.7 and
6.9 throughout the experiment (Table S1†).

2.5.1. Aggregation of NPs. The aggregation of the NPs in
the different groups was determined by measuring the hydro-
dynamic diameter (Dh) of the NPs using DLS. The aggregation
pattern was followed for 96 h (0, 0.5, 1, 2, 3, 4, 24, 48 and 96 h).
The increase in the size of the NPs with respect to time and
experimental media will enable prediction of the aggregation
intensity of the TiO2 NPs.

2.5.2. Electro-kinetic interactions of NPs with HA. The
electro-kinetic changes in the suspensions of TiO2 NPs in all the
groups were measured by determining the zeta potential using
PALS. The difference in the surface charge of the NPs allowed
the determination of the intensity of the electrostatic interac-
tions between the NPs and HA.

2.5.3. Adsorption of HA on the NPs. The adsorption of HA
on the TiO2 NPs in MQ water and experimental buffers was
investigated by measuring the uorescence intensity of HA at
a characteristic wavelength (350 nm) using uorescence spec-
troscopy (model no. G9800A Fluorescence, Cary Eclipse, Agilent
Technologies, USA). The samples for analysis were prepared by
settling the NPs by centrifugation at 3220 � g for 30 min. The
colour of the settled NPs was also captured using a digital camera.

2.5.4. Sedimentation of NPs. The sedimentation of the NPs
in the different groups was determined by measuring a time
dependent change in the absorbance of the TiO2 NPs at
Fig. 1 Characteristics of TiO2 nanoparticles (50 mg mL�1) in MilliQ wate
spectroscopy, (b) TEM, (c) SEM and (d) EDS spectra.

This journal is © The Royal Society of Chemistry 2019
a specic wavelength (320 nm). The absorbance was recorded in
a quartz cuvette with a 1 cm optical path length lled with
a 1 mL suspension of TiO2 NPs. The absorbance of the TiO2 NPs
was recorded using UV-Vis spectroscopy at 320 nm at an initial
(A0) and nal (At) time point. A breakthrough curve was plotted
for At/A0 as the y-axis against time (h) as the x-axis.
2.6. Ecotoxicity experiments

2.6.1. Zebrash embryo toxicity assays. All the experiments
were conducted in six well microtiter plates (Corning, NY, USA).
Each well contained 15 embryos (4 h post fertilization) in
4 mL of E3 medium. The concentration of TiO2 NPs in the
treatment groups was in the range of 1, 10, 50 and 100 mg mL�1.
The embryos were exposed for 48 h to TiO2 NPs under a 10/14 h
dark/light cycle in a BOD incubator at 22 �C. The experiments
were conducted in four groups:

Group 1: embryos in E3 medium (control)
Group 2: embryos + HA (10 mg mL�1) in E3 medium (control)
Group 3: embryos + TiO2 NPs (1, 10, 50 and 100 mg mL�1) in

E3 medium
Group 4: embryos + TiO2 NPs (1, 10, 50 and 100 mg mL�1) +

HA (10 mg mL�1) in E3 medium
Embryos were observed under a stereo-zoom microscope to

determine the mortality at 0, 1, 3, 4, 24, 42, 44, and 48 h. The
embryos with a ruptured yolk were considered dead. The delay
r in the presence and absence of humic acid (10 mg mL�1). (a) UV-Vis

Nanoscale Adv., 2019, 1, 219–227 | 221
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Fig. 2 Aggregation of TiO2 nanoparticles (50 mg mL�1) in different
experimental buffers in the presence and absence of humic acid (HA)
(10 mg mL�1). (a) MQ water, (b) Dryl’s buffer and (c) E3 medium.
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in hatching time in the treated groups compared to the controls
was also recorded.

2.6.2. Tetrahymena viability assay. The experiments were
conducted in 6 well microtiter plates (Corning, NY, USA). Each
well contained 104 Tetrahymena cells per mL in Dryl’s buffer.
Tetrahymena cells were exposed to TiO2 NPs (1, 10, 50 and 100
mg mL�1) in the presence and absence of HA (10 mg mL�1) for
24 h in BOD incubation under dark conditions at 22 �C. The
viability of the cells was determined using a direct counting
method as described by Gupta et al. (2017).4 Briey, the number
of dead cells in the total number of cells in a 20 mL sample was
counted under an optical microscope (Model CETi; Medline
Scientic Ltd., Bangalore, India) at 400� magnication. The
non-motile cells and cells with abnormal morphology were
considered dead cells. The viability (%) was calculated using the
formula:

Viability (%) ¼ [(total cells � dead cells)/total cells] � 100

2.7. Statistical analysis

All the experiments were performed in triplicate, and the results
are expressed as the mean � standard error (SE) of the mean.
The statistical analysis was carried out using Microso® Excel
2007 and GraphPad Prism® version 3.02.

3. Results and discussion
3.1. Characteristics of TiO2 NPs

The SEM observation and consequent elemental analysis of
the TiO2 nanopowder using EDS showed titanium peaks in
the spectra with no other impurities. The TEM observation
demonstrated a heterogeneous dispersion of TiO2 NPs with
a range of particle sizes between 20 and 30 nm (Fig. 1). The
hydrodynamic size (Dh) and zeta potential of the TiO2 NPs in
MilliQ water were 333 nm and�22 mV, respectively. The Dh of
the TiO2 NPs decreased to 268 nm aer addition of HA,
while the zeta potential of the suspension increased to
�29 mV. UV-Vis spectroscopy analysis of the TiO2 NP
suspension in MilliQ water (50 mg mL�1) showed an absorp-
tion maximum (lmax) at �320 nm (Fig. 1a), which was shied
slightly towards a lower wavelength of 310 nm aer addition
of HA (10 mg mL�1).

3.2. Aggregation and sedimentation of TiO2 NPs

An increase in the size of the TiO2 NPs in Dryl’s buffer and E3
medium was observed with respect to MQ water (Fig. 2). The
size of bare TiO2 NPs in Dryl’s buffer increased with time from
589 � 135 nm at 0 h to more than 1270 � 25 nm at 96 h. The
presence of citrate ions in Dryl’s buffer provided stability to the
NPs in the suspension at the initial time point due to their
adsorption on the surface. Meanwhile, at later stages these NPs
start aggregating due to dominant hydrophobic interactions
between the TiO2 NPs. The addition of HA to the suspension of
TiO2 NPs in Dryl’s buffer reduces the size (Dh ¼ 249 � 25 nm)
and inuences the stability of the suspension as measured for
222 | Nanoscale Adv., 2019, 1, 219–227
96 h (Dh ¼ 257 � 9 nm). The increase in the stability of the TiO2

NPs was due to the strong negative charge intensity on the
surface of the NPs generated aer adsorption of HA, leading to
strong electrostatic repulsion.

Furthermore, rapid aggregation of TiO2 NPs was observed in
the E3 medium due to the presence of a high mineral content
(Na, K, Mg and Ca) to support the survival of the zebrash
embryos. The initial size of the TiO2 NPs in the E3 medium was
�2900 nm and this further increased up to 3400 nm. Surpris-
ingly, the addition of HA to the E3 medium inuences the size
of the NPs up to 3500 nm in the initial 2 h, which then further
reduces to 1800 nm at later time points (Fig. 2c). This could be
due to delayed adsorption of HA on the surface of the NPs. A
delay in adsorption of HA on NP surfaces could be possible due
This journal is © The Royal Society of Chemistry 2019
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to the presence of inorganic ions (SO4
2�, Cl�) in the media that

shielded the NP surface and prevented rapid binding. The
polydispersity index of the NPs in E3 medium was high due to
greater heterogeneity in the sizes of the NP clusters that also
inuences the inter-assay variations in the experiments
(Table S2†). Moreover, the generation of large clusters of NPs in
the test media leads to their sedimentation in the aquatic
system (Fig. 3a–c). A breakthrough curve was plotted for the
change in the absorbance of the NPs at a specic wavelength
(320 nm) against time. Photographs of the NP suspension were
also captured in a time dependent manner that conrms the
sedimentation of the NPs (Fig. 3d). The intensity of TiO2 NP
sedimentation was in the order: E3 medium > Dryl’s buffer >
MilliQ water. These results indicate that sedimentation of NPs
in both media was initiated aer 4 h and stopped at 24 h in the
case of Dryl’s buffer, while it continued up to 48 h in E3
medium. In Dryl’s buffer, sedimentation was observed up to
24 h due to the formation of large aggregates at initial time
Fig. 3 Sedimentation of TiO2 nanoparticles in the different experimental
(b) E3 medium, (c) Dryl’s buffer and (d) photographs of nanoparticles su

This journal is © The Royal Society of Chemistry 2019
points and no aggregates formed at later time points. However,
in E3 medium, the NP aggregate formation continued up to
48 h, hence sedimentation was observed up to 48 h. The pres-
ence of HA inhibited the sedimentation of NPs to some extent in
both media. A slight increase in the sedimentation of the NPs
was also observed in MilliQ water in the absence of HA due to
aggregation of the NPs.

Studies have demonstrated that HA prevents the aggregation
of NPs in an aqueous suspension via their adsorption on the NP
surface.29,30 In contrast, it has also been demonstrated that the
presence of a higher salt concentration can induce NP aggre-
gation even in the presence of HA. The stability of the NPs plays
a critical role in their impact on organisms. The E3medium and
Dryl’s buffer are frequently used in laboratory-based ecotoxicity
experiments on zebrash embryos and ciliated protozoans (e.g.
Tetrahymena or Paramecium), respectively. The results obtained
in the present study demonstrate that the aggregation and
sedimentation behaviour of TiO2 NPs increased due to the
buffers in the presence and absence of humic acid (HA). (a) MilliQ water,
spension up to 48 h.

Nanoscale Adv., 2019, 1, 219–227 | 223
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Fig. 4 Zeta potential of TiO2 nanoparticles (50 mg mL�1) in different
experimental buffers in the presence and absence of humic acid (HA)
(10 mg mL�1). (a) MQ water, (b) Dryl’s buffer and (c) E3 media.
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buffer used for ciliated protozoan to zebrash. However, addi-
tion of HA to the experimental media prevented the aggregation
of NPs to some extent. Therefore, our study demonstrates that
the use of HA in ecotoxicity experiments will not only closely
mimic environmental conditions but also help in conducting
long term ecotoxicity assays.
Fig. 5 Adsorption of humic acid (HA) on the surface of TiO2 nanoparticl
nanoparticles in the presence of humic acid and (b) photographs of settle

224 | Nanoscale Adv., 2019, 1, 219–227
3.3. Adsorption and electro-kinetic interactions of HA with
TiO2 NPs

The adsorption of HA on TiO2 NPs was mainly driven by the
complex interplay between electrostatic and steric interactions.
Fig. 4 shows a change in the z-potential of the TiO2 NPs aer
interaction with HA. The increased intensity of the negative z-
potential of the NPs varied between the experimental buffers
and MilliQ water. In MilliQ water, the z-potential of TiO2 NPs
was �23 mV and it increased to �33 mV in the presence of HA
due its adsorption on the surface. The adsorption of HA on TiO2

NPs in MilliQ water could be mainly possible either due to the
steric interactions or through ligand exchange. An increase in
the magnitude of the z-potential on the NP surface aer binding
of HA indicated the electrostatic interactions. Similarly, Jayalath
et al. 2018 27 have shown that HA adsorbs on the surface of NPs
under neutral pH conditions via electrostatic interactions
between negatively charged NPs and HA of a different surface
charge magnitude. In E3 medium, the surface potential of the
TiO2 NPs was in the range of �3.0 mV to �8.0 mV, and it
increased to�19 mV immediately aer addition of HA. In Dryl’s
buffer, the surface potential of the TiO2 NPs was�30 mV, which
increased to �33.0 mV aer addition of HA. The change in the
surface potential of the TiO2 NPs was not signicant in Dryl’s
buffer aer addition of HA, which might be due to poor binding
as the presence of citrate ions interfered with the adsorption of
HA on the surface of the TiO2 NPs. In E3 media the presence of
electrolytes (Ca2+, Na+, Mg2+ and K+) increases the ionic strength
of the suspension, which compresses the diffused layer present
over the NPs and consequently reduces the z-potential on the
surfaces and diminishes the repulsions between NPs, and
therefore promotes particle aggregation. However, addition of
HA to this suspension to bind to the surface of the NPs
induces electrostatic repulsion and reduces the aggregation
of NPs. In E3 media, there was a range of mineral ions (Ca2+,
Na+, Mg2+ and K+) that were present that facilitated the
electrostatic attractions between the NPs and HA in the
suspension. Fig. 5 shows the uorescence spectroscopy results
es in MQ water and experimental buffers. (a) Fluorescence intensity of
d nanoparticle suspensions in the presence and absence of humic acid.

This journal is © The Royal Society of Chemistry 2019
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for the adsorption of HA on the surface of TiO2 NPs in the
different buffers and MQ water. These results show a higher
adsorption of HA on the NPs in the E3 medium compared to
that in the MQ water and Dryl’s buffer (Fig. 5a). The higher
adsorption of HA in E3 medium was further conrmed in
photographs captured aer settling the NPs (Fig. 5b). A colour
change was clearly observed with increasing adsorption of HA
on the NPs in different experimental buffers. In previous
studies, it has been shown that HA can inuence the stability of
TiO2 NPs through electrostatic repulsion, steric hindrance
and bridging effects.28,31 Yang et al. (2009) showed that
phenolic –OH of HA was responsible for its ligand exchange
with TiO2 NPs.14
3.4. Effect of HA on the toxicity of TiO2 NPs in Tetrahymena
and Danio rerio embryos

It was observed that NPs were internalised in cells within 1 h of
exposure to TiO2 NPs (100 mg mL�1) in the presence and
absence of HA (Fig. 6a–c). The black vesicles that appeared in
the cytoplasm of Tetrahymena cells exposed to the TiO2 NPs (50
mg mL�1) were due to the internalization and accumulation of
NPs in the cytoplasm. The internalization of NPs in Tetrahymena
could occur through the phagocytosis process as demonstrated
in previous studies.21,32 The adsorption of HA on the surface of
the NPs may reduce their internalization in the Tetrahymena
cells due to their higher negative charge intensity compared to
bare TiO2 NPs. Tetrahymena images captured aer exposure to
bare TiO2 NPs (without HA) showed a large number of cyto-
plasmic vesicles compared to samples in the presence of HA
(Fig. 6a–c). Hence, the presence of a lower number of vesicles in
Fig. 6 TiO2 nanoparticle uptake and viability in Tetrahymena cells in t
showing TiO2 nanoparticles inside the cells: (a) control, (b) TiO2 NPs, (c)
without HA and (e) with HA.

This journal is © The Royal Society of Chemistry 2019
the cytoplasm indicated the reduced internalization of TiO2 NPs
in the presence of HA. Furthermore, the viability of Tetrahymena
cells was also investigated aer exposure to TiO2 NPs in the
presence and absence of HA. The results showed that �25% of
the Tetrahymena cells were dead aer exposure to bare TiO2 NPs
(without HA) for 24 h (Fig. 6d). However, no signicant decline
in the population of Tetrahymena cells was observed in the
presence of HA aer 24 h (Fig. 6e). This shows that HA was
protecting the Tetrahymena cells from the toxic effects of the
TiO2 NPs.

In Danio rerio embryos, the most signicant effect of the
addition of HA was the reversal of the viability in the embryos
exposed to TiO2 NPs. The exposure of embryos to bare TiO2 NPs
(without HA) affected the viability of 15% of the embryos as
compared to the control. However, in the presence of HA, >95%
embryos were viable and healthy at each time point in the
control and treatment groups (Fig. 7). Furthermore, the
assessment of the hatching delay in the embryo aer TiO2 NP
exposure showed a �2 h delay in hatching in the presence or
absence of HA. The continuous microscopic observation of NP
exposed zebrash embryos showed an adsorption of NPs over
the chorion surface that prevented their interactions with the
embryo (Fig. 7). The extensive adsorption of NPs over the
chorion surface might also be a reason for the short delay in the
hatching of the embryos. In previous studies, it has been shown
that HA can cause a reversal effect on the toxicity of NPs.33 Hall
et al. (2009) have shown that total organic carbon decreased the
toxicity of NPs for Ceriodaphnia dubia.34 Lin et al. (2012) have
also shown that an intracellular level of reactive oxygen species
(ROS) generation by TiO2 NPs was signicantly limited in the
he presence and absence of humic acid. (a–c) Optical micrographs
TiO2 NPs + HA. (d and e) Viability of the cells after TiO2 exposure, (d)

Nanoscale Adv., 2019, 1, 219–227 | 225
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Fig. 7 Effects of humic acid on the viability and hatching of zebrafish embryos after exposure to TiO2 nanoparticles. (a) Photographs repre-
senting the adsorption of TiO2 nanoparticles on the chorion and the delayed hatching of embryos; (b) viability without humic acid; (c) viability
with humic acid; (d) hatching of embryos without humic acid; (e) hatching of embryos with humic acid.
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presence of HA, which consequently diminished their cytotox-
icity.35 In contrast, Seitz et al. (2016) have demonstrated that in
addition to the quantity, also the quality (including the
aromaticity) of natural organic matter (NOM) inuences the
ecotoxicity of the TiO2 NPs.36 Yang et al. (2013) have shown that
the presence of HA decreases the exposure to TiO2 NPs, but
elevates their toxicity in the developing zebrash under dark
and simulated light conditions.37 In our zebrash embryo
toxicity studies, a 12 h light/14 h dark cycle was maintained to
represent the actual toxicity outcome of TiO2 NPs under light–
dark cycle conditions. However, in case of Tetrahymena toxicity,
light exposure was not included because Tetrahymena cells were
cultured and grown under dark conditions.

The present observation showed that the availability of such
factors can inuence the stability of NPs in experimental
buffers, which is a major concern in conducting ecotoxico-
logical assays using top order aquatic organisms e.g. Daphnia
and zebrash embryo. The ndings of the present research will
226 | Nanoscale Adv., 2019, 1, 219–227
help regulatory agencies to design more reliable and stable
ecotoxicological assays.
4. Conclusions

The observations of the present study demonstrate that humic
acid increases the dispersion of TiO2 NPs in experimental
buffers via adsorption on the surface of the NPs, mainly due to
electrostatic interactions. The maximum aggregation was
observed in the E3 medium even in the presence of HA. The
intensity of TiO2 NP sedimentation was observed in the order:
E3 media > Dryl’s buffer > MilliQ water. However, the ecotoxicity
results for Tetrahymena pyriformis and Danio rerio showed that
the presence of HA reduces the toxicity of TiO2 NPs. The study
provides signicant insights into the effects of humic acid on
the experimental buffers extensively used in ecotoxicological
assays. The nding suggests that the use of HA in
This journal is © The Royal Society of Chemistry 2019
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ecotoxicological assays will facilitate the long-term risk assess-
ment of NPs by increasing the stability.
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