
Effects of humic acid and ionic strength on TiO2 nanoparticles
sublethal toxicity to zebrafish

T. Fang1 • L. P. Yu2,3 • W. C. Zhang1 • S. P. Bao1,3

Accepted: 16 September 2015 / Published online: 26 September 2015

� Springer Science+Business Media New York 2015

Abstract The stability and bioavailability of titanium

dioxide nanoparticles (TiO2 NPs) suspension could be

modified by the physicochemical properties of solution. In

the present study, the effect of humic acid (HA) and ionic

strength (by adding NaCl) on aggregation and sedimenta-

tion of TiO2 NPs suspension were investigated. Accord-

ingly, the sublethal toxicity of TiO2 NPs suspensions with

different HA and NaCl concentrations toward zebrafish

(Danio rerio) was evaluated by monitoring the changes of

superoxide dismutase, catalase, malonaldehyde and glu-

tathione in gill, liver and intestine. The results showed that

the aggregations formation and hydrodynamic diameter of

TiO2 NPs in suspensions are not essential characteristics to

decide toxicity. The varied oxidative stress responses

detected in gill, liver and intestine derived from different

toxicity mechanisms of TiO2 NPs. Nevertheless, the

oxidative stress could be suppressed by the adding of HA

and/or the increase of ionic strength, which can decrease

the bioavailability of TiO2 NPs in water. The study sug-

gests that the environmental factors, such as HA and ionic

strength, are important for the fate (aggregation and

sedimentation) and toxicity of nanomaterials in aquatic

environment.
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Introduction

Nanoscale materials are rapidly applied in our daily life

because of their special physiochemical properties. How-

ever, their unique properties can in some case seriously

threaten the environment and humans, expressing by the

nanoparticles exhibit greater hazard and risk to organisms

comparing with their bulk counterparts (Handy et al. 2008;

Klaine et al. 2008; Farre et al. 2009; Menard et al. 2011).

TiO2 NPs, because of its strong ultraviolet (UV) radiation

absorption and photoactive properties, is among the first

nanomaterials made readily commercially available in

diverse industrial and consumer applications, however, the

increasing use of TiO2 NPs has raised equally increasing

concerns about their potential to induce adverse health

effects.

Despite the massive scientific research on the ecotoxi-

city of TiO2 NPs to aquatic life, the findings are incon-

clusive and conflicting, which may arise from the complex

environment behavior of NPs (Clemente et al. 2012, 2013).

NPs tend to aggregate in the environment and therefore can

be eliminated or captured by sedimentation (Zhu et al.

2009; Yu et al. 2011). Thus it is important to understand

the behavior and fate of TiO2 NPs in aquatic environments

in order to elucidate their toxicology. Apart from the

properties of TiO2 NPs, i.e. small size, surface activity,

chemical composition and photocatalytic activity, the

water chemistry, such as pH, ionic strength and natural
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organic matters (NOM), are also non-negligible factors to

understand the uptake and toxicity of TiO2 NPs to aquatic

organisms (Von der Kammer et al. 2010). Previous

research report the influence of humic acid (HA) on toxi-

city of TiO2 NPs toward developing zebrafish, indicating

that adsorption of HA increased suspensions stability and

decreased TiO2 NPs exposure, and TiO2 NPs showed

higher toxicity in the presence of HA (Yang et al. 2013).

Moreover, it has been proved that HA can increase the

surface negative charges and reduce the aggregation of

graphene, and then regulate (Hu et al. 2014). Besides,

media ionic strength yields visible toxicity of gold

nanoparticles to embryonic zebrafish, suggesting that low

ionic media induce morbidity and mortality but high ionic

media hardly cause biological response (Truong et al.

2012). These investigations strongly suggest that both HA

and ionic strength are important environmental factors that

could change the toxicity of nanomaterials. Unfortunately,

the effects of HA and ionic strength on TiO2 NPs aggre-

gation, which could help nanoparticles to settle out from

suspensions and then reduce toxicity, are still unclear.

Accordingly, few researchers have touched the sublethal

toxicity of TiO2 NPs to adult fish affected by HA and ionic

strength.

Nevertheless, fast aggregation under freshwater condi-

tions could result in exposure of benthic rather than water

column species. Some studies suggested that TiO2 NPs

showed low acute toxicity toward fishes, and LC50 (96 h)

was unable to be determined for zebrafish under stan-

dardized experimental conditions (Griffitt et al. 2008),

while was indicated as 124.5 mg/L in our previous study

(Xiong et al. 2011) and [100 mg/L detected by On-

corhynchus mykiss (Warheit et al. 2007). Similarly, the

96 h exposed zebrafish eggs to up to 500 mg/L of TiO2

NPs did not cause alterations in the survival and hatching

rates, or malformations (Zhu et al. 2008). However, water

column species are the primary concern in the risk

assessment strategy for contaminants (Handy et al. 2012)

and then sublethal effects have been observed, mainly

related to oxidative stress and inflammation (Federici et al.

2007; Hao et al. 2009; Palaniappan and Pramod 2010;

Xiong et al. 2011; Lee et al. 2012). It is likely that a sub-

acute or chronic exposure may more acutely reveal the

toxicity of TiO2 NPs and be of more ecological importance

in environmental risk evaluation. Furthermore, the body

distribution, metabolism, and excretion of NPs are poorly

understood and hampered by a lack of methods for mea-

suring NPs in tissues. It remains possible that TiO2 NPs

could interfere or stimulate stress responses in fish (Menard

et al. 2011; Clemente et al. 2013; Yang et al. 2013), which

was shown as oxidative response. However, the oxidative

response could be caused by direct (primary) or indirect

(secondary) effect by NPs or its released ions. Furthermore,

NPs could enter into internal organs of fish through dif-

ferent ways, such as sticking on gill or ingestion by fish,

leading to various damages on different organs. Therefore,

the possible effect of HA and ionic strength on sublethal

toxicity of TiO2 NPs to adult fish still need to be

investigated.

In the current study, the effects of various concentra-

tions of HA and ionic strength on aggregation and sedi-

mentation of TiO2 NPs were analyzed. Correspondingly,

the changes of antioxidant defense systems in different

organs were investigated to assess the sublethal toxicity of

TiO2 NPs against zebrafish under different concentrations

of HA and ionic strength. In addition, a natural water (from

Donghu lake) was used as reference to further reveal the

biological potential of TiO2 NPs. The study provides

insight into possible mechanism of toxicity as well as

information for evaluating the risk of TiO2 NPs to aquatic

organisms.

Materials and methods

Nanomaterials and chemicals

TiO2 NPs powders with various particles sizes (20, 30, 50,

100 and 500 nm advertised particle sizes) were purchased

from Beijing Dk Nano technology Co., LTD, bulk-TiO2

was obtained from Tianjin Kemiou Chemical Reagent Co.

Ltd, China. The particle size was confirmed by scanning

electron microscopy (SEM) (Fig. 1). The surfaces of the

TiO2 NPs were not modified and the advertised purities of

TiO2 NPs and bulk-TiO2 particles were above 99.0 %,

respectively. HA was purchased from Sigma-Aldrich (St.

Louis, Missouri, USA). Commercial kits of all biochemical

parameters were purchased from Nanjing Jiancheng Bio-

engineering Institute (NJBI, China). All chemicals were of

analytical reagent grade or better.

Characterization of TiO2 NPs suspensions

The TiO2 NPs suspensions with a concentration of 100 mg/

L were prepared by adding the powders of TiO2 NPs into

double-distilled water (DD-water). To obtain homogeneous

suspensions, the suspensions were dispersed using a bath

sonicator (JL-360, 100 W, 40 kHz, Shanghai Jieli Co., Ltd)

for 20 min prior to use. The shapes of TiO2 NPs suspen-

sions with different primary particle sizes, i.e., 20, 30, 50,

100 and 500 nm were visualized by transmission electron

microscopy (TEM, JEM-100CXII, JEOL, Ltd., Japan), and

the hydrodynamic diameter distributions were character-

ized by a Nano-Zetasizer (1000HS, Malvern Instrument
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Ltd., UK) which is based on the dynamic light scattering

(DLS) technique. The bulk-TiO2 was used as comparison.

In addition, the effect of ionic strength, HA and natural

water on the aggregation and sedimentation of TiO2 NPs

suspensions was analyzed. During this measurement pro-

cess, a series of 100 mg/L TiO2 NPs (30 nm) suspensions

with different concentrations of ionic strength (0.001, 0.01,

0.05, 0.1 M NaCl) and HA (0.1, 1, 5, 10 mg/L HA) were

prepared. The natural water was sampled from the Donghu

Lake and its characteristic was shown in Table 3 (sup-

porting information). The hydrodynamic diameter distri-

butions were characterized at 1 and 24 h, and the

concentrations of TiO2 in the water was determined at

different time point.

Furthermore, the hydrodynamic diameter variations of a

100 mg/L anatase TiO2 NPs (30 nm) and a 100 mg/L rutile

TiO2 NPs (30 nm) suspensions, using fish culture water

instead of DD-water, were analyzed at 1 and 24 h to reveal

the dynamic diameters during the toxic exposure.

Animals

Adult zebrafishes (Danio rerio) with mean age of 120 days,

mean length of 3.79 ± 0.36 cm, and mean weight of

0.49 ± 0.18 g were obtained from the department of

Molecular Pathology of Fishes (Institute of Hydrobiology,

Chinese Academy of Sciences). Fishes were acclimatized

in dechlorinated tap water with a natural light/dark cycle

(16:8) for 7 days in laboratory before experimentation and

fed twice daily with newly hatched brine shrimp (Artemia

salina). The water temperature was maintained at

23 ± 2 �C and no fish died prior to experiments. The

authors certify that all experiments with live animals were

performed in compliance with the relevant laws and the

institutional committees have approved our experiments.

Toxic exposure

Aerated DD-water, rather than standard laboratory water,

was used to prepare the particle suspensions of 100 mg/L

TiO2 NPs (30 nm) and bulk-TiO2 to avoid complications

from environmental factors that would influence the toxic

effects of TiO2. Test suspensions were prepared followed

the same way as described above. Seven fishes were ran-

domly chosen and exposed to each group 96 h in a 2 L

glass beaker containing 1.5 L test suspensions. 100 mg/L

TiO2 was dissolved in 0, 0.001, 0.01, 0.05 and 0.1 M NaCl

as treatment 1, 2, 3, 4 and 5 (see details in Fig. 5) to

evaluate the effect of ionic strength on the sublethal toxi-

city of TiO2 NPs, respectively, and unexposed group was

served as control. To study the effect of HA on the sub-

lethal toxicity of TiO2 NPs, 100 mg/L TiO2 was dissolved

in 0, 10, 5, 1, and 0.1 mg/L HA as treatment 1, 2, 3, 4 and 5

(see details in Fig. 6), respectively, and unexposed group

was served as control.

Additionally, 20, 50, 100 and 500 nm TiO2 NPs sus-

pensions (100 mg/L) without NaCl or HA were used to test

the effect of primary size on toxicity. The control group

Fig. 1 SEM images of TiO2 NPs with different primary diameters and bulk TiO2 powders. a TiO2 NPs (20 nm); b TiO2 NPs (30 nm); c TiO2

NPs (50 nm); d TiO2 NPs (100 nm); e TiO2 NPs (500 nm); f TiO2 (bulk)
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was provided with DD-water without NPs or bulk particles,

and a Donghu Lake water was used as a reference. Each

treatment was performed in duplicate and placed under the

same conditions with a natural light/dark cycle (16:8) and

room temperature of 23 ± 2 �C. To ensure a constant

concentration, all the test solutions were changed every

24 h.

Fishes were not fed on the day before or during the

experimental period to minimize absorption of the nano

and bulk-TiO2 particles in food as well as production of

feces to maintain water quality. During the exposure per-

iod, the pH and dissolved oxygen content (DO) monitored

by pH-meter (YSI 63, Yellow Springs Inc., USA) and DO

meter (YSI 85, Yellow Springs Inc., USA), were 6.8–7.2

and no less than 5.10 mg/L, respectively.

At the end of the toxicity tests, superoxide dismutase

(SOD) and catalase (CAT) activities, as well as the con-

tents of the reduced glutathione (GSH) and malonaldehyde

(MDA) in the zebrafish organs were determined to assess

oxidative stress and damage. The test procedure was

described as our previous study (Xiong et al. 2011).

Determination of TiO2 NPs concentrations in water

and fish

To study the bioaccumulation of TiO2 NPs in zebrafish,

low, medium and high exposure concentrations (5, 10 and

20 mg/L TiO2 NPs of 30 nm) were chosen. During a 30

day exposure process, three whole fish from each replicate

of every treatment were used as a sample at a 5 day

interval. The samples were washed with DD-water triply

and weighed at room temperature, then oven dried to a

constant weight, digested in concentrated nitric acid, then

diluted to 20 ml with ultrapure water (18.2 MX). Samples

were analyzed for Ti by inductively coupled plasma-mass

spectrometer (ICP-MS, Thermo Elemental X7, Thermo

Electron Co., USA). The protocol for determining the TiO2

NPs suspended in the solutions was the same with that of

fish samples. The results were expressed as milligram TiO2

per liter for water and milligram TiO2 per gram dry weight

for fish.

Statistical analysis

For statistical analysis, each of the experimental values was

compared to its corresponding control. Results were

expressed as mean ± standard deviation (SD). Multi group

comparisons of the means were carried out by one-way

analysis of variance (ANOVA) test. Dunnett’s test was

used to compare the differences between the experimental

groups and the control group. The ANOVA was performed

using SPSS 17.0 (SPSS, Chicago, IL, USA) and the fig-

ures were generated by using OriginLab OriginPro 8.5.

Statistical significance for all tests was set at p\ 0.05 and

extremely significance was set at p\ 0.01.

Results

Characteristic of TiO2 NPs

The SEM images of TiO2 NPs in Fig. 1 showed that each

powder size of TiO2 NPs presents similar shape, displaying

with ultrafine and irregular single nanoparticles, and the

primary particle sizes corroborated the manufacturer’s

information. However, aggregates existed in TiO2 NPs for

different primary sizes (20, 30, 50 and 100 nm) and some

of aggregates had been detected sizes over 500 nm.

Compared with 500 nm powder sizes of TiO2 NPs and

bulk-TiO2, more ultrafine particles were noticed in other 4

kinds of TiO2 NPs (20, 30, 50 and 100 nm).

The average hydrodynamic sizes of anatase TiO2 NPs

increased with decreasing initial particle sizes after 1 h

dissolution in DD-water (see Table 1), which means the

initial particle sizes strongly influence aggregation of TiO2

NPs. Smaller initial particle sizes lead to a higher tendency

of aggregation, resulting in a greater hydrodynamic particle

size. Unexpectedly, bulk-TiO2 was observed the smallest

hydrodynamic sizes compared to other TiO2 NPs. TEM

analysis showed the images of TiO2 NPs in aqueous sus-

pensions (Fig. 2), all sizes of TiO2 NPs were collected in

aggregates of irregular shape. The main difference between

TiO2 NPs and bulk-TiO2 was the combination of the par-

ticles, the particles are loosely bound with many pores at

the nano-scale, while they are tightly bound and appear as

mass at conventional scale.

The effect of humic acid and ionic strength

on aggregation and sedimentation of TiO2 NPs

To understand the various dynamic sizes of TiO2 NPs that

could be exist in toxicity test, hydrodynamic diameters of

TiO2 NPs with different crystal forms, as well as under

different ionic strength and HA conditions were detected

by DLS. The hydrodynamic sizes of TiO2 NPs varied

significantly in different type of water (Table 2), with

average diameter ranging from 429.2 nm (10.0 mg/L HA,

1 h) to 2046.7 nm (0.01 mg/L NaCl, 1 h). In DD-water of

different ionic strength, all the average hydrodynamic sizes

of TiO2 NPs were over 1 lm, without significant increase

(in DD-water and 0.001 M NaCl) or decrease (0.01 and

0.1 M NaCl) (p[ 0.5) after 24 h. Larger hydrodynamic

sizes were obtained in 0.1 mg/L HA at two time points (1

and 24 h). However, similar hydrodynamic sizes of TiO2

NPs were detected in both 1.0 and 10.0 mg/L HA, and they

are much smaller than in DD-water (see Table 2).
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Hydrodynamic sizes, with increasing from 1954.6 nm (1 h)

to 10895.8 nm (24 h), grew massively in Donghu lake

water compared with in DD-water. In zebrafish-raising

water (the biomass density is the same as toxicity test), the

anatase TiO2 NPs presented a lager hydrodynamic size

(483.5 nm) than its powder size (30 nm) after 1 h disso-

lution. Moreover, hydrodynamic size increased signifi-

cantly to 1036.4 nm at 24 h time point. Interestingly, the

Fig. 2 TEM images of TiO2 NPs and bulk TiO2 in the DD-water. a TiO2 NPs (20 nm); b TiO2 NPs (30 nm); c TiO2 NPs (50 nm); d TiO2 NPs

(100 nm); e TiO2 NPs (500 nm); f TiO2 (bulk)

Table 2 Size distributions of 100 mg/L 30 nm TiO2 NPs in different types of water at 1 and 24 h

Water types Average diameter

(nm, 1 h)

Range of diameters

(nm, 1 h)

Average diameter

(nm, 24 h)

Range of diameters

(nm, 24 h)

DD-water 1323.6 540.9–3238.8 1388.9 635.8–3413.2

0.001 M NaCl 1302.4 544.0–3118.4 1796.5 686.6–4700.9

0.01 M NaCl 2046.7 1044.3–4011.3 1497.1 920.1–2436.0

0.1 M NaCl 1874.4 1349.5–2603.5 1263.0 696.1–2291.8

0. 1 mg/L HA 1664.8 739.5–3748.0 1819.2 845.8–3912.9

1.0 mg/L HA 446.8 229.6–869.6 478.9 235.2–975.0

10.0 mg/L HA 429.2 382.2–482.1 476.1 218.1–1039.1

Donghu Lake water 1954.6 1064.7–3588.1 10895.8 4361.2–27221.7

Fish raising water (anatase) 483.5 283.8–823.7 1036.4 757.7–1417.8

Fish raising water (rutile) 477.4 219.4–1038.4 567.8 259.5–1246.6

Table 1 Size distributions of

TiO2 NPs and bulk-TiO2 in

suspension (100 mg/L in DD-

water for 1 h)

Particles Primary diameter (nm) Average diameter (nm) Range of diameters (nm)

20 1547.3 443.5–3965.2

30 1323.6 540.9–3238.8

TiO2 NPs 50 989.1 480.8–2034.5

100 673.7 334.4–1537.1

500 635.3 384.7–1048.9

Bulk-TiO2 Not detect 294.0 144.7–597.4
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hydrodynamic size of rutile TiO2 NPs showed slight

increase at 24 h time point (477.4 nm vs 567.8 nm).

Figure 3 indicated sedimentations of TiO2 NPs under

conditions of various ionic strength and HA. TiO2 NPs

revealed very high sedimentation rate in DD-water,

expressing with concentrations decreased sharply from 100

to 30 mg/L after 4 h (Fig. 3a). Only 10.3 and 3.11 mg/L

TiO2 NPs were observed after 12 and 24 h, respectively.

After 96 h, almost no TiO2 NPs could be detected. Inter-

estingly, compared with in DD-water, a slightly but no

significantly fast sedimentation rate were observed in the

presence of different ionic strengths. Compared to other

high concentrations of HA, remarkable difference of sed-

imentations of TiO2 NPs in DD-water only and in presence

of 0.1 mg/L HA was marked in Fig. 3b. High concentra-

tions of HA (1, 5 and 10 mg/L) suggested comparable

sedimentation rate that almost half of TiO2 NPs are settled

in the first 2 h and about 22 mg/L of TiO2 NPs were

reaming after 96 h. However, a steeper sedimentation rate

was found at first 2 h when 0.1 mg/L HA existed (and only

34.85 mg/L of TiO2 NPs was remaining), and the sedi-

mentation reached equilibrium in 48 h.

Sublethal toxicity of different sizes TiO2 NPs

to zebrafish

The toxic effect of various primary particle sizes of TiO2

NPs against zebrafish gill, liver and intestine tissues were

pointed out in Fig. 4. In gill tissue, SOD activity was

repressed extremely significantly in 20 nm TiO2 NPs

exposed group (p\ 0.01) and significantly in 50 and

100 nm exposed groups (p\ 0.05) but not in 500 nm

exposed group. Moreover, compared to the 500 nm treated

group, the level of SOD activity was 310 % higher when

treated with 20 nm. Similarly, the amounts of MDA

increased significantly in 20, 50 and 100 nm exposed

groups (p\ 0.05) but not in 500 nm exposed group.

However, TiO2 NPs hardly affected CAT activity and

amount of GSH in gill tissue.

In liver tissue, no notable difference of SOD activity

was detected in exposed groups compared with the control

(p[ 0.05). Significant difference of MDA and GSH

amount were only observed in 500 and 50 nm exposed

groups, respectively (p\ 0.05). Nevertheless, CAT activ-

ity was significantly decreased in 20 and 50 nm exposed

groups compared with control. In 100 and 500 nm exposed

groups, the extremely significant repression of CAT

activity was found (p\ 0.01).

In comparison with control, unremarkable differences of

SOD and CAT activity and GSH amount in intestine were

noticed for each exposed group (p[ 0.05). While for the

MDA amount, the 50 nm exposed group, the level was

significantly higher than that in control and in 20 nm group

(p\ 0.05).

The effect of ionic strength on the sublethal toxicity

of TiO2 NPs

Figure 5 revealed the effect of different ionic strengths on

SOD and CAT activities and MDA and GSH amounts in

the gill, liver and intestine of zebrafish exposed into

100 mg/L TiO2 NPs. In gill, SOD activity was significantly

decreased in 0, 0.001, 0.01 and 0.05 M exposed groups

(treatment 1, 2, 3, 4, respectively) compared to control

(p\ 0.05), but not in 0.1 M exposed group (treatment 5)

and 0.1 M NaCl only group (treatment 6). MDA amount

had no significant change in each exposed groups except

for 0.01 M group (treatment 3). Although the amount of

GSH was different between each exposed groups with

control, there was no significant difference (p[ 0.05).

Fig. 3 Sedimentation curves of TiO2 NPs in the water with different NaCl (a) and HA concentrations (b). Data is shown as mean ± SD of the

representative plot of 2 individual experiments
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In the liver tissue, only 0 M NaCl exposed group

(treatment 1) showed extremely low SOD activity com-

pared with others (p\ 0.01). In comparison with control,

remarkable difference CAT activity was observed in 0 and

0.001 M exposed groups (treatment 1 and 2, respectively)

(p\ 0.05), and extremely difference was found in 0.1 M

group (treatment 5) (p\ 0.01). The GSH amount in liver

was essential increased in different exposed groups, but

only 0.1 M group (treatment 5) showed significantly

increased. Comparably, MDA amount in 0.1 M exposed

group (treatment 5) was magnificently lower than in con-

trol group (p\ 0.01), also significant lower than in treat-

ment 1 (100 mg/L TiO2 NPs only, p\ 0.05).

In the intestine of zebrafish, treatment 1 and treatment 5

expressed significantly (p\ 0.05) and extremely signifi-

cantly (p\ 0.01) lower SOD activity than control,

respectively. While the intestines of zebrafish exposed in

0.01 M groups (treatment 3) revealed enormous change on

MDA and in 0.001 M groups (treatment 2) showed dra-

matic difference on GSH amount compared to control.

The effect of humic acid on the sublethal toxicity

of TiO2 NPs

Significant increase of SOD activities were observed in

liver tissue of fish exposed to 0, 5 and 10 mg/L HA groups

(treatment 1, 3 and 2, respectively) and in gill tissue in

10 mg/L HA groups (treatment 2) (p\ 0.05) (Fig. 6a).

CAT activities were strongly motivated in livers in 5 and

10 mg/L HA groups (treatment 3 and 2, respectively) and

in intestine in treatment 2 (p\ 0.05) (Fig. 6b). Inspection

of Fig. 6c, compared to gill and intestine, liver was a

sensitive tissue to show the change of MDA amount

derived from exposed to TiO2 NPs combined with different

concentrations of HA. Furthermore, the dramatically lower

amounts of GSH were only noticed in intestine of fish

exposed to HA groups (p\ 0.01), but not in gill or liver.

Interestingly, in intestine of zebrafish exposed to different

HA groups, significant difference of SOD and CAT

activities and MDA amount were detected in 0.1 mg/L HA

group (treatment 5), and GSH amounts were dramatically

Fig. 4 Activities of a SOD and b CAT, and concentrations of cMDA

and d GSH, in different tissues of zebrafish following exposure to

TiO2 suspensions of different primary particle sizes. Values are

mean ± SD (n = 2). * and ** indicate statistically significant

differences from control values at p\ 0.05 and p\ 0.01, respec-

tively. While a and b indicate that this treatment is significantly

different from the treatment of 20 nm TiO2 NPs at p\ 0.05 and

p\ 0.01, respectively
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lower in 0, 0.1, 1 and 10 mg/L HA groups (treatment 1, 5, 4

and 2, respectively) but not in 5 mg/L HA group (treatment

3). Still, compared with control, SOD and CAT activities

and MDA and GSH amounts showed essential difference in

the gill, liver or intestine of zebrafish exposed to 10 mg/L

HA without TiO2 NPs. Especially, SOD and CAT activities

and MDA amount in 0.1, 1 and 5 mg/L HA exposure

groups (treatment 5, 4 and 3, respectively) were found

significant difference in gill, liver or intestine comparison

with in treatment 1 (100 mg/L TiO2 NPs only without HA).

The toxic effect of TiO2 NPs on zebrafish in Donghu

Lake water

TiO2 NPs possessed a relatively low acute toxicity to

zebrafish. In DD-water batch, acute lethality to zebrafish

was zero after 96 h of exposure to TiO2 NPs suspensions

with concentration less than 100 mg/L, while 200 mg/L

TiO2 NPs exposure to zebrafish resulted in a lethality of

14.3 % and further increase of concentration would not

bring a higher lethality (Data not shown). However, in

Donghu lake water batch, the lethality to zebrafish was

zero after 96 h of exposure to as high as 200–500 mg/L

TiO2 NPs particles suspensions.

In Donghu lake water (Fig. 7), the different concen-

trations of TiO2 NPs exposure caused molecular bio-

marker responses in gill, liver and intestine. Expectedly,

SOD and CAT activities and GSH amount were dra-

matically different in gill, liver or intestine of zebrafish

exposed to higher concentrations of TiO2 NPs (100 and

200 mg/L). Zebrafish under 50 mg/L of TiO2 NPs

exposure showed no serious tissues damage except that

SOD activities were repressed greatly in intestine.

Although MDA amount in each tissue affected by TiO2

NPs exposure, the effects were not serious (see Fig. 7c).

The bioaccumulation of TiO2 NPs in zebrafish

As can be seen from Fig. 8, bioaccumulation of TiO2 NPs

in zebrafish increased with exposure concentrations and

Fig. 5 Activities of a SOD and b CAT, and concentrations of cMDA

and d GSH, in different tissues of zebrafish following exposure to

TiO2 NPs suspensions of different ionic strengths. Values are

mean ± SD (n = 2). * and ** indicate statistically significant

differences from control values at p\ 0.05 and p\ 0.01, respec-

tively. While a and b indicate that this treatment is significantly

different from the treatment of 100 mg/L TiO2 only (treatment 1) at

p\ 0.05 and p\ 0.01, respectively
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duration. Both 5 and 10 mg/L groups showed similar

accumulation of TiO2 NPs in fish in the first 15 days,

which was lower than 20 mg/L group, then accumulation

grew rapidly in 10 mg/L group in 20 days and obtained

saturation as the same as in 20 mg/L group.

Discussion

As mentioned above, HA and ionic strength could play

critical roles in the toxicity of TiO2 NPs to organisms, thus

the effect of HA and ionic strength on formation of

aggregation and hydrodynamic diameters of TiO2 NPs in

suspensions were investigated. Consequently, the influence

of HA and ionic strength on the adverse effect of TiO2 to

adult zebrafish were also analyzed.

As shown in Fig. 2 and Table 1, all of the TiO2 NPs

particles with different primary sizes (20, 30, 50, 100 and

500 nm) were aggregated in DD-water, and the smaller the

primary size is, the more easily to form aggregation. There

is a positive correlation between the size and surface area

or surface energy, particles with large surface area or high

surface energy usually have high unstable thermodynamic

system, which means high tendency to form aggregations.

In addition, aggregations easily happen under the van der

Waals force and the electrostatic force. Further, aggrega-

tions derived from rutile TiO2 NPs show better suspensions

stability and dispersibility than those from anatase TiO2

NPs (see Table 2). The result was also noticed previously

in deionized water as well as in PBS (Braydich-Stolle et al.

2009; Bolis et al. 2012). This finding confirms the fact that

aggregations of TiO2 NPs depend on crystal structures,

which is relating to surface charges, atom arrangement and

architectural feature of TiO2 NPs. Furthermore, the average

hydrodynamic diameter of nanoparticles, which is consid-

ered as effective size to cause toxicity, however, different

sizes of TiO2 NPs have no difference in hydrodynamic

diameters (see Table 1).

Nanomaterials with smaller size are theoretically

expected to be more toxic than their bigger counterparts

due to the greater surface reactivity and ability to penetrate

into and accumulate within cells and organisms (Ispas et al.

Fig. 6 Activities of a SOD and b CAT, and concentrations of cMDA

and d GSH, in different tissues of zebrafish following exposure to

TiO2 NPs suspensions of different HA concentrations. Values are

mean ± SD (n = 2). * and ** indicate statistically significant

differences from control values at p\ 0.05 and p\ 0.01, respec-

tively. While a and b indicate that this treatment is significantly

different from the treatment of 100 mg/L TiO2 only (treatment 1) at

p\ 0.05 and p\ 0.01, respectively
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2009; Mironava et al. 2010). Unsuccessfully, no discern-

able correlation between primary particle size and toxic

effect were found, thus it was assumed that secondary

particle size and particle surface area may be refer to

biological potential of nanoparticles although insufficient

confirmatory data exist (Menard et al. 2011). According to

this hypothesis, TiO2 NPs with larger sizes are supposed to

show higher toxicity compared to TiO2 NPs with small

sizes, considering the aggregations and hydrodynamic

diameters in this research. However, the molecular

biomarkers responses detected in zebrafish suggest that

small sizes of TiO2 NPs yield stronger hazard than those

with larger sizes (Fig. 4). Previous studies indicated that

anatase TiO2 NPs induced cell necrosis regardless of sizes

(Braydich-Stolle et al. 2009) and aggregation formed

through van der Waals force could convert to single nano-

crystal which had nano-effect (Jiang et al. 2009). This

conversion had been confirmed by that 40 nm
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Fig. 7 Activities of a SOD and b CAT, and concentrations of cMDA

and d GSH, in different tissues of zebrafish following exposure to

different concentrations of TiO2 NPs in Donghu lake water. Values

are mean ± SD (n = 2). * and ** indicate statistically significant

differences from control values at p\ 0.05 and p\ 0.01, respec-

tively. While a indicates that this treatment is significantly different

from the treatment of 50 mg/L TiO2 NPs at p\ 0.05

Fig. 8 Bioaccumulation of TiO2 in zebrafish (mg TiO2/g, dry

weight). Data is shown as mean ± SD of the representative plot of

2 individual experiments
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nanoparticles were existing in both TiO2 NPs and ZnO NPs

aggregations (De Berardis et al. 2010). In present research,

TiO2 nanoparticles were also detected existing in aggre-

gations derived from TiO2 NPs powder with small sizes

(20, 30, 50 and 100 nm, see Fig. 1), but not in powder of

500 nm TiO2 NPs or bulk-TiO2. It’s worth noting that

aggregation occurred does not mean that the nanomaterials

are not bioavailable (Handy et al. 2008). Although TiO2

NPs rapidly aggregated to form microscale particles in

saltwater, both nauplii and adults were readily accumulated

the large aggregates, such as the intestines were filled with

particles within 24 h, suggesting that the formation of

microscale particles seems non-effective on the bioaccu-

mulation (Ates et al. 2013). Indeed, the bioaccumulation of

TiO2 NPs in zebrafish in the current research agrees with

this finding. Although the tendency of TiO2 NPs to form

aggregation increased with concentrations in solution, the

bioaccumulation presented a dose and time-dependent

effects rather than aggregation sizes (Fig. 8 and Supple-

mentary Fig. 9). These results indicate that aggregations

formation and hydrodynamic diameters of TiO2 NPs are

not critical factors to determine their toxicity.

As the TiO2 NPs which existing in suspensions are the

functional parts to induce toxic effect, thus the sedimen-

tations of TiO2 NPs are important factor and should be

considered to assess their toxicity. In natural water, both

various ionic strength and HA could affect the sedimen-

tations of TiO2 NPs (Von der Kammer et al. 2010). The

present research notices that different concentrations of

ionic strength (NaCl) were slightly associated with sedi-

mentations of TiO2 NPs, showing the similar curves with

DD-water (TiO2 NPs only stable in water at first 24 h, as

shown in Fig. 3a). These sedimentations are partly

dependent on hydrodynamic diameters. Despite sedimen-

tations in 1, 5, and 10 mg/L HA suspensions showed no

notable difference (Fig. 3b), the sedimentations are corre-

lated with hydrodynamic diameters of TiO2 NPs in HA

suspensions. Still, over half of TiO2 NPs are settling down

during the first 24 h. These findings mean that the acute

toxicity assessment of TiO2 NPs should be performed

shorter than 24 h. Although sedimentations of TiO2 NPs in

Donghu lake water are unknown, the sedimentations are

supposed strongly, because of the formation of large

hydrodynamic diameters and existing of ionic strength and

HA (Tables 1, 2). The large hydrodynamic diameters could

accelerate sedimentations of TiO2 NPs in Donghu lake

water. Moreover, acute toxicity determinations in DD-

water reveal that 200 mg/L TiO2 NPs (anatase, 30 nm)

only result in 14.3 % of fish death after 96 h, and

increasing exposure concentrations don’t increase mortal-

ity. In Donghu lake water, 500 mg/L TiO2 NPs produces

zero fish death. The possible explanation is that both ions

and HA in lake water promote sedimentations of TiO2 NPs,

resulting in shortage of TiO2 NPs in solution to elicit fish

death.

As discussed above that acute toxicity tests of TiO2 NPs

are visualized inadequately and should be carried out

shorter than 24 h, thus the sublethal toxicity test utilizing

the antioxidant defense systems was applied in the current

research to evaluate toxic effect of TiO2 NPs to different

organs in zebrafish. The antioxidant defense systems

include a series of antioxidative enzymes and low-molec-

ular non-enzymatic antioxidants, such as SOD activities,

CAT activities and contents of MDA and GSH, which were

all appropriate for monitoring oxidative stress status of fish

after exposure to nano metal oxides (Hao et al. 2009;

Xiong et al. 2011; Hao and Chen 2012; Lee et al. 2012;

Clemente et al. 2013), in spite of the fact that some of the

biomarker responses appear inconsistent because the

mechanism is indirect as a consequence of the occlusion of

tissue surfaces rather than more readily interpreted dose–

response relations. Indeed, the biomarker response varied

in different organs and organs varied different sensitivity

(detailed below), indicating possibly different toxicity

mechanism. Combinations of Fig. 5a–d, increasing ionic

strengths decreased toxicity of TiO2 NPs, which could be

explained by the ionic strength (NaCl) slightly attribute

sedimentations of TiO2 NPs. The illustrations indicated

that the SOD activities are rising in gill, liver and intestine

at higher concentrations of NaCl. As highest ionic group

without TiO2 NPs also repress SOD activities although the

repression is not significant (p[ 0.05) (Fig. 5), SOD

activities are recovering at moderate concentrations of

NaCl possibly owing to the toxicity neutralized by ions,

and SOD activities are decreasing again at 0.1 mg/L NaCl

in liver and intestine due to both the toxicity effect of TiO2

NPs and ions. Still, the comparably low content of MDA

and high content of GSH in exposure groups point out that

ions help to antioxidant defense and immune system.

Similarly, HA could also prevent toxicity of TiO2 NPs to

different organs in zebrafish, showing that SOD and CAT

activities and content of MDA and GSH are lower in low

concentration of HA exposure group (0.1 mg/L). It can be

possibly explained by 0.1 mg/L HA accelerating TiO2 NPs

sedimentation then lack of TiO2 NPs in suspension to

induce toxicity. As shown in Fig. 6, these molecular

biomarkers reveal that HA has no oxidative stress to fish,

displaying with SOD and CAT activities and contents of

MDA and GSH are lower compared to control group.

Contrarily, single exposure TiO2 NPs generates oxidative

damage in liver, highlighted by SOD activity and MDA

amount are remarkable high (p\ 0.01). The biomarkers

detected in fish exposed in Donghu lake water also prove

that ionic strength and HA repress toxicity of TiO2 NPs,

revealed by that oxidative damage is only observed in gill

and liver in 200 mg/L exposure group with significantly
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high content of GSH. The result confirms that no acute

toxicity to zebrafish is noticed even increasing the exposure

concentration to 500 mg/L of TiO2 NPs.

In principle, TiO2 NPs could vary hazard effect or risk

to different organs, relying on different functions of organs

and bioavailability of TiO2 NPs in organs. Especially, gill

is the primary organ contacting water born TiO2 NPs, and

gill could be suffering serious threat when TiO2 NPs sticks

to gill surface (Hao et al. 2009; Xiong et al. 2011; Hao and

Chen 2012). Absolutely, gill is a more sensitive organ than

others to monitor oxidative damage caused by TiO2 NPs

exposure, reflected by obvious change of SOD activities

and content of MDA. Indeed, Gills are the first organs that

contact with ambient water and together with the intestine

constitute the main means of metal absorption. Once TiO2

NPs deposited in the gills, it may transfer to other target

tissue through different routes and mechanisms (Federici

et al. 2007). Furthermore, the gill could be blocked by the

TiO2 NPs, and then hypoxia in the blood and alteration in

oxidative/reduction status as secondary effect also repress

these biomarkers change. This indirect hazard could be

underestimated and should be carefully considered. In

addition, the intestine seems more sensitive than gill and

liver to show the change of GSH content (Figs. 5d, 6d, 7d).

This could be explained by nanomaterials entrance into

intestine through fish ingestion, and therefore, serious

damage could be happened, even the nanomaterials more

likely stay within the lumen of the intestine and not actu-

ally absorb across epithelial membranes to become truly

associated with internal tissues. Once accumulated in the

esophagus and intestine, the NPs will possibly shift to the

liver and other organs through the circulation (Hao et al.

2009; Hao and Chen 2012; Ramsden et al. 2013). These

findings confirmed that TiO2 NPs vary toxicity mecha-

nisms in different fish organs and evaluating the

biomarkers at several organs in a given species are needed

to fully assess the toxicity of TiO2 NPs.

Conclusion

In summary, aggregations formation and hydrodynamic

diameters of TiO2 NPs in suspensions are not critical fac-

tors to determine toxicity, but they can accelerate sedi-

mentation of TiO2 NPs in suspensions and partly prevent

toxicity induction. Behavior of sedimentation of TiO2 NPs

in suspensions and accumulation in zebrafish imply that

exposure duration of acute toxicity test of TiO2 NPs should

be less than 24 h. Both ionic strength and HA could protect

aquatic organisms from oxidative stress of TiO2 NPs

exposure through encouraging sediment deposition. While

further research will be required to elucidate the mecha-

nism responsible for these findings, our results are

consistent with oxidative stress as the cause of TiO2 NPs

induced toxicity, and this appearance can be adjusted by

the ions and HA. Especially, this study highlights the

environmental factors are very important and should be

considered when assess the fate and toxicity of nanoma-

terials in water environment.
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