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Abstract Metal oxide nanoparticles (NPs), such as TiO2

and CuO, are widely applied in an increasing number of

products and applications, and therefore their release to the

aquatic ecosystems is unavoidable. However, little is

known about joint toxicity of different NPs on tissues of

aquatic organisms, such as fish. This study was conducted

to assess the uptake and depuration of Cu following

exposure to CuO NPs in the presence of TiO2 NPs in the

liver, intestine, muscle, and gill of common carp, Cyprinus

carpio. Carps with a mean total length of 23 ± 1.5 cm and

mean weight of 13 ± 1.3 g were divided into 6 groups of

15 each (1 control group) and exposed to TiO2 NPs, CuO

NPs, and a mixture of TiO2 and CuO NPs for periods of

20 days for uptake and 10 days for depuration. The

determination of total Cu concentration was carried out by

an ICP–OES. The order of Cu uptake in different tissues of

the carps was liver[ gill[muscle[ intestine in both

levels of CuO NPs alone; results showed that the total Cu

concentrations in the presence of TiO2 nanoparticles were

increased and were in the sequence of liver[ gill[ in-

testine[muscle. In depuration period, Cu concentrations

were decreased in all treatments in the sequence of

gill[ intestine[muscle[ liver. Uptake of Cu in

different tissues of common carp increased with increasing

concentration and time and was tissues- and time-depen-

dent. In conclusion, this study suggested that the uptake of

Cu in the tissues of common carp increased in the joint

presence of TiO2 NPs.

Titanium dioxide (n-TiO2) is one of the most commonly

used nanoparticles (NPs) in consumer products and various

applications, including sun screens, catalytic reactions,

surface coatings, cosmetics, personal care products, paints,

building materials, embedded in glass, and other products

(Shahmoradi et al. 2011; Aitken et al. 2006; Wiesner et al.

2006). Moreover, nanocopper oxide (CuO-NPs) is widely

used in various industrial and commercial applications,

such as wood preservation, gas sensors, facial spray,

bioactive coatings, antimicrobial textiles, hospital equip-

ment, heat transfer nanofluids, and other products (Li et al.

2007; Sau et al. 2010; Ebrahimnia-Bajestan et al. 2011).

The toxicity studies of CuO NPs were assessed in several

test organisms, including bacteria (Baek and An 2011;

Heinlaan et al. 2008), aquatic crustaceans and algae

(Aruoja et al. 2009; Hu et al. 2014), and fish (Chen et al.

2011; Villarreal et al. 2014). These studies reported that

CuO nanoparticles exhibit cytotoxic effects. Moreover, Cu-

NPs, as other metal-based NPs, could pose a toxicity threat

and biological damages because of their ability to produce

ROS (reactive oxygen species) directly and ROS can

induce DNA strand breaks and affect gene expression

(Chang et al. 2012). Compared with other metal oxide NPs,

such as TiO2 and ZnO NPs, limited information is available

about the potential toxicity effects of CuO NPs on aquatic

organisms, such as fish and their fate in the aquatic

ecosystems, especially concerning effects of long-term

exposure and interactive effects with other materials in the
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environment. Although the toxicity of the single com-

pounds might be well known, the interaction may happen

during the process of absorption, distribution, metabolic

transformation, and excretion or depending among other

things on the affinity to target sites at cellular level (Martin

et al. 2007).

Some nanoparticles may facilitate potential transport of

the toxic chemicals in the environment by their large sur-

face area, crystalline structure, and reactivity (Zhang and

Masciangioli 2003). However, few studies have assessed

the interactive toxicity effect of NPs with each other as

well as their interactions with other pollutants on the

aquatic organisms to indicate how and to what extent

emerging nanoparticles may facilitate the transport of other

nanoparticles and toxic chemicals in the environment. For

example, findings of Zhang et al. (2007) illustrated that

carps exposed to cadmium in the presence of TiO2 NPs

accumulated 146 % more Cd than controls. In another

study, Zou et al. (2014) reported that the existence of TiO2

NPs in various illumination modes changed the surface

chemistry of Ag NPs and then led to different toxicity

effects. They pointed out that the TiO2 NPs reduce the

environmental risks of Ag NPs in natural light, but in

continuous light, TiO2 NPs enhance the environmental

risks of Ag NPs. In a similar study, Zhang et al. (2013)

reported that the toxic effects of Cu ions in zebrafish in the

joint presence of cadmium Telluride quantum dots (CdTe

QDs) were dose-dependent with greater toxicity at

increasing dose and the joint toxicities of the two toxicants

were synergistic. In addition, more studies are needed to

assess the toxicological effects of long-term exposure to

NPs in the presence of other pollutants to understand the

potential risks of environmental pollution by NPs in the

aquatic ecosystems.

The common carp, Cyprinus carpio, is a widespread

species in the aquatic ecosystems, an economically

important fish, and approximately 10 % of annual fresh-

water aquaculture production globally (Aydın and Köprücü

2005; Lee et al. 2012). This species can provide interesting

data in relation with monitoring the quality of the aquatic

systems. Many studies have recommended that carp can be

considered one of the most suitable models to assess the

nonfatal effects of pollutants because of: (1) the dominance

of this species in the aquatic systems; (2) having a better

capacity for resistance against pollutants rather than other

laboratory fish, such as zebrafish and Japanese medaka; and

(3) one of the suitable fish models for ecotoxicological

studies according to OECD standard (Lee et al. 2012;

OECD 1993; Gul et al. 2012; Hedayati et al. 2014).

Therefore, the purpose of this study was to determine the

Cu uptake and elimination in the gill, intestine, liver, and

muscles of common carp (C. carpio) following co-

existence of CuO NPs and TiO2 NPs under controlled

condition.

Materials and Methods

Nanoparticles and Characterizations

TiO2 NPs (anatase/rutile, 99? %, 20 nm) and CuO NPs

(99? %, 40 nm) used in this study were produced by U.S.

Research Nanomaterials Inc. (Houston, TX), and pur-

chased from Nanosany Co. (Mashhad, Iran). Complete

characterization of both nanomaterials were provided by

Nanosany Co. Briefly, morphology and mean unaggregated

particle diameters of TiO2 and CuO nanoparticles were

determined by transmission electron microscopy (TEM)

and scanning electron micrographs (SEM); and the phase

structure of nanoparticles was characterized by x-ray

diffraction (XRD; Fig. 1). Moreover, particle suspensions

were prepared by weighing dry CuO NPs and TiO2 NPs

into the distillated water then ultra-sonication (50 W,

37 kHz) for three periods of 30 min each to increase their

dispersion (Ultrasonic bath, Elmasonic P, Germany). As

shown in Table 1, the hydrodynamic diameter and zeta

potential of 100 mg L-1 suspension of TiO2 NPs and CuO

NPs in double distilled water, measured by dynamic light

scattering (DLS) using a Zetasizer Nano (ZS) model

ZEN3600 (Malvern Instruments Ltd., Worcestershire, UK).

The zeta potentials of the TiO2 NPs and CuO NPs were

shown in Fig. 2. Absorption spectra of CuO NPs and TiO2

NPs was obtained using a UV–Vis spectrophotometer (DR

5000TM UV–Vis Spectrophotometer, Hach Com., US).

Test Organism and Experimental Condition

Common carps (C. carpio) with a mean total length of

23 ± 1.5 cm and mean weight of 13 ± 1.3 g were

obtained from a local aquaculture farm in the north of Iran

and before beginning of the experiments were acclimatized

in 1000 L tanks for 1 month supplied with continuously

aerated tap water (24 ± 1.1 �C) under a 12-h light and a

12- h darkness. Fish were fed with commercially available

fish food at a rate of 3 % body weight per day. Fish were

deprived of food for 1 day prior to toxicity experiment. The

characteristics of the water used for the common carp

exposures were: pH 7.5 ± 0.5, conductivity 600 ± 10 lS/
cm, hardness 58dGH, temperature 26.0 ± 1 �C, and dis-

solved oxygen content (DO) 6.0 ± 0.6 mg L-1.

Acute Toxicity

For the future chronic experiments, a non-lethal concen-

tration of TiO2 NPs (10 mg L-1) was chosen based on the
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published toxicity studies (Linhua et al. 2009; Lee et al.

2012). In the case of CuO NPs, because of the diversity of

existing data, an acute toxicity tests was conducted

according to OECD 203 test guideline (OECD 1993) to

determine the appropriated concentrations of CuO NPs for

chronic experiments. After conducting series of range

finding tests, for main test, fish were exposed to 15, 20, 25,

30, 35, 40, 45, 50, and 55 mg L-1 CuO NPs for 96 h.

Accordingly, the 96-h LC50 of CuO NPs was 49.6 mg L-1

as calculated using probit method.

Chronic Toxicity

After determining the 96-h LC50 for CuO NPs, two sub-

lethal concentrations, including 2.5 and 5.0 mg L-1 CuO

NPs, which were approximately equal to 1/20th and 1/10th

of LC50 concentrations were selected to study their toxicity

alone or in combination with 10 mg L-1 TiO2 nanoparti-

cles. Briefly, fish was divided into 6 groups of 15 each in

55-L glass aquariums to be exposed to different treatment

in triplicate: first group was the control (without adding any

chemicals), whereas the second group was exposed to

10 mg L-1 TiO2 NPs; third and fourth groups were

exposed to 2.5 and 5.0 mg L-1 CuO NPs, respectively; and

fifth and sixth groups were exposed to mixtures of 10 mg

L-1 TiO2 NPs ? 2.5 mg L-1 CuO NPs and 10 mg L-1

TiO2 NPs ? 5.0 mg L-1 CuO NPs, respectively. Fish were

exposed to the above-mentioned sublethal concentrations

of NPs for two 10-days periods (20 days accumulation

period, sampling at 10th and 20th days). At the end of

accumulation periods, the remaining fish were transferred

to clean water (depuration period) for another 10 days. To

minimize decreases in the CuO and TiO2 concentrations

during the experiments due to precipitation, 50 % percent

of the water of each aquarium was renewed every day.

During the testing period, the fish were fed every day.

Tissue Digestion

In this study, testing period was divided into two sections,

including 20 days of bioaccumulation and sampling on

10th and 20th days, plus 10 days of depuration and sam-

pling on 30th day. After the expiry of bioaccumulation and

depuration phases, three fish each from the respectively

marked experimental group, as well as control group, were

sacrificed. The gill, intestine, liver, and muscles were

selected as target organs. The wet tissue specimens were

digested in nitric-perchloric acid (2:1; Ip et al. 2005). One

Fig. 1 TEM (a), SEM (b), and X-ray (c) images of tested TiO2 NPs and CuO NPs

Table 1 Average

hydrodynamic diameter of TiO2

NPs, CuO NPs, and their

mixture determined by DLS

Groups Hydrodynamic diameter (nm) Polydispersity index (PDI)

TiO2 NPs 22.2 0.5

CuO NPs (2.5 mg L-1) 26.6 0.2

CuO NPs (5.0 mg L-1) 35.0 0.08

TiO2 NPs ? CuO NPs (2.5 mg L-1) 42.7 0.4

TiO2 NPs ? CuO NPs (5.0 mg L-1) 61.5 0.4
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gram of wet tissue was accurately weighed into 150-mL

Erlenmeyer flasks, 10 mL of nitric acid (65 %) was added

to each sample, and the samples were left overnight to be

slowly digested (Hoshyari et al. 2012 and Nowrouzi et al.

2012a). Then, 5 ml of perchloric acid (70 %) was added to

each sample. Digestions were performed on a water bath

(Bain Marie) at 100 �C, for approximately 6 h or until the

solutions were clear. After that, the digested samples were

diluted with distilled water to 25 mL. Concentration of

total Cu was measured using an ICP–OES, and total Cu

concentration, in each organ, was presented as lg/g wet

weight (ww). Moreover, the concentrations of copper

during the exposure tests were determined and are shown

in Fig. 3.

Statistical Analysis

Fish risk assessment was done by calculating bioconcen-

tration factor (BCF) as the ratio of element uptake constant

from water and elimination rate constant (Carter et al.

2014). The BCF determined on the basis of the rates of

uptake and depuration. This equation is one of the options

in the OECD 305 guideline for calculating the BCF; the

other being the ratio of the concentration in fish and the

concentration in water at steady state (OECD 1996).

BCF : CFish=CWater : k1=k2

Rate of uptake : k1 � Cwater½ �
Rate of depuration : k2 � Cfish½ �

Fig. 2 Zeta potential of tested TiO2 NPs, CuO NPs and their mixture
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where k1 = first-order rate constant for uptake into fish

(day-1), k2 = first-order rate constant for depuration/

elimination from fish (day-1), [Cwater] = concentration in

water (mg L-1), [Cfish] = concentration in fish (mg kg-1

wet weight).

Moreover, the magnitude of bioaccumulation (MB) is

the amount of accumulation of in fish tissues in comparison

with control group. The magnitude of bioaccumulation

(MB) in fish can be calculated by the following equation:

MB : CFish=Ccontrol

where Cfish is the total metal concentration in treatment

group, Ccontrol is the total metal concentration in control

group. Data analysis was carried out using the SPSS sta-

tistical package (version 16). The values are reported as

mean ± SD. Statistical differences for the values of CuO

NPs in the different groups and tissues of common carp

were determined using two-way analysis of variance

(ANOVA). Ethical considerations and animal rights in this

paper were considered and the study was approved by

Ethics Committee of the Kurdistan University of Medical

Sciences (MUK.REC.1393.98).

Results

Characterizations of Nanoparticles

The characteristics of TiO2 nanoparticles were 20 m2 g-1

for specific surface area (SSA), 0.48 % for loss of weight in

drying, 0.99 % loss ofweight on ignition, 5.5–6.0 for pH, and

0.46 g cm-3 for bulk density. Also, other characteristics of

CuO nanoparticles were 20 m2 g-1 for specific surface area

(SSA), 6.4 g cm-3 for True density, and 0.79 g cm-3 for

bulk density. As shown in Table 1, polydispersity index

(PDI) and the hydrodynamic diameter of the TiO2 NPs, CuO

NPs (2.5 mg L-1), CuO NPs (5.0 mg L-1), mixture of TiO2

NPs & CuO NPs (2.5 mg L-1) and TiO2 NPs & CuO NPs

(5.0 mg L-1) determined by DLS method were 0.57 and

22.2 nm, 0.20 and 26.68 nm, 0.08 and 35.07 nm, 0.41 and

42.71 nm, and 0.42 and 61.53 nm, respectively. Results

indicated that the presence of TiO2 NPs increased the

hydrodynamic diameter, zeta potential, and polydispersity

index of CuO NPs compared with the CuO NPs alone

(Table 1). Results of zeta potential are summarized in Fig. 2,

as shown the zeta potential of the TiO2 NPs, CuO NPs

(2.5 mg L-1), CuO NPs (5.0 mg L-1), mixture of TiO2 NPs

and CuO NPs (2.5 mg L-1), and TiO2 NPs & CuO NPs

(5.0 mg L-1) determined by DLS method were -14.18,

-5.07, -1.46, -21.5, and -4.66 (mV), respectively.

Moreover, results of UV–Vis absorption peak (max) posi-

tions for different NPs after 30 min showed an absorption

band in UV region with kmax around 315 nm for TiO2 NPs,

318–320 nm for CuO NPs and 335 nm for mixture of TiO2

NPs and CuO NPs (Table 2).

Bioaccumulation and Depuration of CuO NPs

The nanoparticles are adsorption by fish gill and nano-like

spots on the gill surface are visible (Fig. 4). This condition

in some of different treatments was observed with

increasing concentrations of nanoparticles and number of

days. Amounts of Cu uptake and elimination in different

groups of exposed fish to nanoparticles and control group

are shown in Table 3. The order of Cu uptake in different

parts of carp was liver[ gill[muscle[ intestine in both

levels of CuO NPs alone; while, results showed that the Cu

concentrations in the organs of carp in presence of TiO2

nanoparticles were decreased in the sequence

liver[ gill[ intestine[muscle. In elimination period,

the order of Cu depuration in different parts of carp was

gill[ intestine[muscle[ liver. Uptake of Cu displayed

a general tissues- and days-dependent pattern in all tissues.

Results indicated from the beginning until day 10 of

exposure, amount of Cu in all tissues showed an increasing

trend and this increase continued until day 20 of exposure.

In depuration period, from days 20 through 30, concen-

tration of Cu in tissues was reduced, but it was still higher

Fig. 3 Mucus secretion and

nanoparticles aggregates

accumulation on the surface of

carp gill (a) compared with

control group (b)

Arch Environ Contam Toxicol (2016) 71:541–552 545

123



than the control treatment (except CuO NPs (2.5 mg L-1)

in gill). Depuration of the CuO NPs also indicated con-

siderable differences in terms of both the tissues and the

days (p\ 0.05; Table 3). Using two-way ANOVA statis-

tical analysis the effect of different tissues, different groups

and days in the accumulation of Cu were studied. Results

indicated that the Cu concentrations differed significantly

among tissues (p\ 0.05), whereas Cu accumulation in the

different groups was not significant (p[ 0.05) after 10 and

20 days’ exposure to the NPs (Table 3).

Co-exposure Effects

The results of this study showed that in the uptake period,

Cu concentrations in the mixture group (CuO NPs ? TiO2

NPs) compared with the CuO NPs alone were higher (ex-

cept CuO NPs (2.5 mg L-1) in gill), whereas in the elim-

ination stage, the concentration of total Cu in CuO NPs and

TiO2 NPs mixture was lower than the CuO NPs alone. The

co-existence effect of TiO2 NPs and CuO NPs led to

increase in uptake of total Cu in different tissues of com-

mon carp in the mixture of TiO2 NPs and CuO NPs com-

pared with CuO NPs alone.

The levels of magnitude of bioaccumulation, bioconcen-

tration factor (BCF), uptake rate (k1), and eliminate rate (k2)

constants of total Cu in the selected tissues of common carp

are illustrated in Table 4. The levels of magnitude of bioac-

cumulation in both groups of mixture of CuO NPs ? TiO2

NPs (1/10th and1/20th) comparedwith the control groupwere

higher and the concentrations were 56 (in gill) and 59 (in

intestine) times more than those of the control group. Even-

tually, the highest bioconcentration factor (BCF) and uptake

rate of total Cu occurred in the liver followed by the gill,

intestine, and muscle. The uptake of Cu in different tissues of

carp in the joint presence of TiO2 NPs was increased

(p\ 0.05; Table 3). Moreover, the level of BCF and uptake

rates of Cu in the groups of CuO NPs and TiO2 mixture were

higher than those in the groups of CuO NPs alone (Table 4).

Discussion

Nanoparticle Characterization

The polydispersity indices of all samples were less than

0.4, which indicate the distribution moderate of the

Table 2 UV–Vis absorption peak (max) positions for different NPs

at different times

NPs groups Time (h) kmax (nm)

TiO2 NPs 0.5 315

1 367

2 364

3 366

4 360

CuO NPs (2.5 mg L-1) 0.5 318

1 320

2 322

3 320

4 320

CuO NPs (5.0 mg L-1) 0.5 320

1 322

2 325

3 320

4 320

TiO2 NPs ? CuO NPs (2.5 mg L-1) 0.5 335

1 372

2 377

3 370

4 370

TiO2 NPs ? CuO NPs (5.0 mg L-1) 0.5 335

1 373

2 349

3 360

4 365

0
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6

1 2 3 4
Time after exposure (days)

C
u 
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nc
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CuO NPs (2.5 mg L-1)

TiO2 NPs + CuO NPs (5 mg L-
1)

TiO2 NPs + CuO NPs (2.5 mg
L-1)

Control

Fig. 4 Copper concentrations

in water during the exposure

period
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nanoparticles. The present results showed that the kmax for

treatments containing CuO NPs changed from 318 nm

toward higher wavelengths, plus all the kmax in the mixture

of TiO2 NPs and CuO NPs were longer than those in the

CuO NPs alone. Moreover, hydrodynamic diameter of CuO

NPs increased in the presence of TiO2 NPs and could be

responsible for absorption capacity of CuO NPs by TiO2

NPs. According to our results by DLS, hydrodynamic

diameter of CuO NPs in the suspension mixture with TiO2

NPs was concentration-dependent, 2.5 and 5.0 mg L-1 of

CuO NPs with mixture of TiO2 NPs at nominal concen-

tration of 100 mg L-1 had an average hydrodynamic

diameter of 42.7 and 61.5 nm, much larger than the size

measured in CuO NPs alone, due to CuO aggregation with

TiO2 NPs. For oxide NPs, electrostatic repulsion is an

important stabilization mechanism, and the NPs tend to

aggregate as the surface charge approaches neutral (Ghosh

et al. 2008). The zeta potential of the particles was range

-4–-21 mV in the Suspensions. According to findings of

Yu et al. (2015) and Li et al. (2016), when the zeta

potential is between -30 and 30 mV, the suspension is

unlikely to be stable and is prone to aggregate. This is the

reason behind the obvious agglomeration of TiO2 NPs and

CuO NPs. Aeration used in the toxicity tests might

decrease aggregation and sedimentation of NPs to a certain

extent.

Bioaccumulations of CuO NPs

One of the important factors for the toxicity of nanoparti-

cles is bioaccumulation potential and depuration by the

tissues of fish. Bioaccumulation of nanoparticles reflects an

increase in the concentration of nanoparticles in fish organs

over time, compared with the nanoparticle’s concentration

in the environment. The results of the present study indi-

cated that the bioaccumulation of different groups of

Table 3 Cu concentrations in

the tissues of common carp

(n = 3) in the uptake and

depuration phases after

exposure to TiO2 NPs, CuO

NPs, and their mixture

Tissues groups Uptake Depuration

10th day 20th day 30th day

Gill

CuO NPs (5.0 mg L-1) 0.88 ± 0.05 2.00 ± 1.06 0.03 ± 0.01

CuO NPs (2.5 mg L-1) 1.11 ± 0.16 1.68 ± 0.01 0.02 ± 0.01

CuO NPs (5.0 mg L-1) ? TiO2 NPs 1.41 ± 0.56 2.27 ± 0.09 0.10 ± 0.04

CuO NPs (2.5 mg L-1) ? TiO2 NPs 1.02 ± 0.05 2.14 ± 0.01 0.03 ± 0.01

Control 0.04 0.04 0.03

Intestine

CuO NPs (5.0 mg L-1) 0.50 ± 0.07 1.14 ± 0.09 0.09 ± 0.03

CuO NPs (2.5 mg L-1) 0.80 ± 0.11 1.32 ± 0.14 0.03 ± 0.01

CuO NPs (5.0 mg L-1) ? TiO2 NPs 1.02 ± 0.11 1.69 ± 1.05 0.34 ± 0.33

CuO NPs (2.5 mg L-1) ? TiO2 NPs 0.85 ± 0.09 1.77 ± 0.52 0.06 ± 0.03

Control 0.03 0.03 0.01

Liver

CuO NPs (5.0 mg L-1) 0.92 ± 0.06 2.07 ± 1.19 0.17 ± 0.11

CuO NPs (2.5 mg L-1) 1.41 ± 1.04 1.89 ± 0.15 0.08 ± 0.07

CuO NPs (5.0 mg L-1) ? TiO2 NPs 2.12 ± 1.54 2.56 ± 0.38 0.72 ± 0.40

CuO NPs (2.5 mg L-1) ? TiO2 NPs 1.86 ± 0.85 2.35 ± 0.07 0.22 ± 0.20

Control 0.11 0.15 0.08

Muscle

CuO NPs (5.0 mg L-1) 0.56 ± 0.16 1.09 ± 0.27 0.10 ± 0.01

CuO NPs (2.5 mg L-1) 1.01 ± 0.15 1.13 ± 0.25 0.06 ± 0.04

CuO NPs (5.0 mg L-1) ? TiO2 NPs 0.77 ± 0.02 1.42 ± 0.05 0.86 ± 0.31

CuO NPs (2.5 mg L-1) ? TiO2 NPs 0.72 ± 0.01 1.52 ± 0.08 0.20 ± 0.11

Control 0.07 0.06 0.01

p value tissues 0.05 0.05 0.05

p value groups NS NS NS

p value intercept (groups 9 tissues) 0.05 0.05 0.05

p value days 0.05

p value for two-way ANOVA. Interaction term significant as indicated

NS not significant at p[ 0.05
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nanoparticles in the organs of carp was time- and con-

centration-dependent. Several studies have been carried out

in relation to bioaccumulation and depuration of environ-

mental pollutants by fish under controlled laboratory con-

ditions. For example, Jang et al. (2014) and Consoer et al.

(2014) reported the uptake and elimination kinetics of sil-

ver nanoparticles and perfluorooctanoate (PFOA) in the

organs of common carp and in the rainbow trout, respec-

tively. In a similar study, Mansouri et al. (2012) illustrated

bioaccumulation and elimination of nickel in the organs of

black fish (Capoeta fusca) under controlled condition.

These studies have shown that the accumulation of chem-

icals in the tissues depends on the concentration of pollu-

tants in water, duration of exposure, organs, and

environmental factors such as salinity, pH, hardness, and

temperature.

The waterborne chemicals can accumulate in fish from

three potential sites including the gill epithelia, digestive

tract (dietary exposure and drinking), and the skin (Pedlar

and Klaverkamp 2002; Handy et al. 2008). According to

our results, some light black blocks accumulated on the

surface of common carp gill, which were suspected as

mixture of CuO NPs and TiO2 NPs aggregates, show that

these NPs might directly enter into the fish body through

the injured epithelial cell membrane and induce the

undesirable toxic effects. Besides, previous research work

by Kamunde et al. (2001) and Handy et al. (2002) showed

that copper is accumulated mainly in the liver, the gill, the

gut, and least in the carcass. From our results, it is obvious

that the livers and gills accumulated higher levels of CuO

NPs in the presence of TiO2 NPs than the muscle of

common carp, which reflects the affinity of these metal

oxides to be up taken by these tissues and are known to be

target organs for Cu (Farkas et al. 2003; Zhao et al. 2011).

In a similar study, Shaw et al. (2012) indicated that

exposure to Cu (20 g L-1) for 10 days caused measurable

increases in the total Cu levels in the liver of rainbow trout,

but with no detectable increases in the muscle, brain, or

spleen. In addition, similar observations are reported in the

study of Al-Bairuty et al. (2016) at the Cu accumulation

with the liver being the only internal organ to show an

elevated tissue Cu accumulation by the end of the experi-

ment. For teleost fish in freshwater, Cu is absorbed across

the gill and transferred to the liver as the central com-

partment for Cu homeostasis (Grosell et al. 1997, 1998).

The liver regulates the biliary excretion of Cu and therefore

only limited amounts of Cu are passed on to other internal

organs (Kamunde and Wood 2004). Because the liver is a

major producer of metal binding proteins, the induction of

low molecular weight metal binding proteins, such as

Table 4 Magnitude of bioaccumulation, bioconcentration factor (BCF), uptake rate (k1) and elimination rate (k2) constants of total Cu in the

selected tissues of common carp following co-exposure to TiO2 and CuO nanoparticles

Tissues groups Magnitude of bioaccumulation Bioconcentration

factor (BCF)

Uptake rate

[k1 (h
-1)]

Eliminate rate

[k2 (h
-1)]

10 days 20 days

Gill

CuO NPs (5.0 mg L-1) 929.33 950.0 0.36 0.37 1.04

CuO NPs (2.5 mg L-1) 937.00 942.00 0.35 0.18 0.516

CuO NPs (5.0 mg L-1) ? TiO2 NPs 947.00 956.75 0.47 1.46 3.122

CuO NPs (2.5 mg L-1) ? TiO2 NPs 934.00 953.50 0.40 0.17 0.426

Intestine

CuO NPs (5.0 mg L-1) 916.66 938.00 0.20 0.07 0.371

CuO NPs (2.5 mg L-1) 926.66 944.00 0.26 0.16 0.628

CuO NPs (5.0 mg L-1) ? TiO2 NPs 934.00 956.33 0.34 0.21 0.632

CuO NPs (2.5 mg L-1) ? TiO2 NPs 928.33 959.00 0.33 0.28 0.852

Liver

CuO NPs (5.0 mg L-1) 98.36 913.80 0.37 0.33 0.90

CuO NPs (2.5 mg L-1) 912.81 912.60 0.41 0.36 0.88

CuO NPs (5.0 mg L-1) ? TiO2 NPs 919.27 917.06 0.59 0.57 0.97

CuO NPs (2.5 mg L-1) ? TiO2 NPs 916.90 915.66 0.53 0.53 1.00

Muscle

CuO NPs (5.0 mg L-1) 98.00 918.16 0.20 0.06 0.31

CuO NPs (2.5 mg L-1) 914.42 918.83 0.27 0.10 0.40

CuO NPs (5.0 mg L-1) ? TiO2 NPs 911.00 923.66 0.27 0.09 0.36

CuO NPs (2.5 mg L-1) ? TiO2 NPs 910.28 925.33 0.28 0.16 0.57
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metallothionein, can be closely related to the metal expo-

sures and this metal taken up from the environment is

possibly detoxified by its binding on to proteins (Pala-

niappan and Karthikeyan 2009); the results in the higher

concentration of metal mixtures in the liver.

Gills are in direct contact with aquatic environment and

are physiologically complex and vulnerable structures,

making them target organs for waterborne toxicants

(Nowrouzi et al. 2012b; Baramaki et al. 2012). Moreover,

toxicity of waterborne Cu is well correlated with gill total

Cu burden (Kamunde and Wood 2004). According to our

results, next to liver, the gills accumulated the highest

levels of CuO NPs concentrations. Moreover, Table 3

shows, CuO NPs concentrations in the presence of TiO2

NPs in the gills of common carp increased 56 times [TiO2

NPs ? CuO NPs (LC)] and 53 times [TiO2 NPs ? CuO

NPs (HC)], after chronic exposure, respectively. Wang

et al. (2015) studied 25 days exposure effect of Cu-NPs

and CuSO4 on juvenile Epinephelus coioides. They found

high concentration of copper in gills and suggested gill as a

major organ to uptake Cu. They also reported that the

accumulation of CuSO4 in the gill tissues was higher the

accumulation of Cu-NPs. Zhao et al. (2011) found higher

concentration of copper in the gill of common carp treated

with CuO NPs for 30 days than those exposed to CuO bulk

particles and soluble Cu??. Subsequent work by Griffitt

et al. (2007) illustrated that the gill is the primary target of

toxicity affected by Cu-NPs, although this research in the

same study reported that the nano-Cu to be more acute

toxic to juvenile zebrafish than dissolved Cu (Griffitt et al.

2008). In this experiment, low CuO NPs accumulation was

observed in the muscle of common carp compared with

other tissues, but it increased at CuO NPs in the presence of

TiO2 NPs than CuO NPs and TiO2 NPs alone. Similarly,

several previous studies illustrated lower Cu accumulation

in the muscle of fish compared with other tissues (Kim

et al. 2011; Pourkhabbaz and Mohseni 2013; Maleki et al.

2015). Lower concentrations of NPs in this tissue can be

related to the lower metabolic activity of muscle tissue

compared with the other tissues, such as gills, kidney, and

liver (Majnoni et al. 2013; Squadrone et al. 2013). Fur-

thermore, Kim et al. (2011) claim that the bioaccumulation

of metals in the muscle tissue becomes significant only

when the maximum storage capacity of the liver has been

reached.

Depuration of CuO NPs

Like accumulation, elimination of metals from the fish

tissues depends on several factors, such exposure time,

concentration, environmental conditions, and interacting

agents, as well as the organ concerned (Kim et al. 2006;

Mansouri et al. 2012, 2013a). Metal elimination studies

are important for health protection, allowing the deter-

mination of the self-cleansing ability of contaminated

organisms (Kim et al. 2006). The route of Cu elimination

from fish tissues are generally through urinary, branchial,

biliary, and fecal excretion (Kim et al. 2011). However,

metal accumulation is more rapid than metal elimination

because of the presence of metal binding proteins in tis-

sue (Kargin and Cogun 1999). According to our results,

there was no significant difference between the Residual

Cu concentrations in most tissues in recovery period with

control group and the concentration of Cu in the tissues of

common carp has been returned to the near primary levels

in clean water, suggesting that longer time was required

for complete elimination. So, recovery potential of fish

tissues to exposure to environmental pollutants can be

considered as one of the important factors in relation to

chemical contaminations. In similar study, Ates et al.

(2016) reported that the gill, intestine, and kidney of

tilapia exposed to iron oxide nanoparticles were cleared

out of the accumulated particles within 30-day elimina-

tion period. In another study, Zhang et al. (2015) illus-

trated that elimination of Fe2O3 and Fe3O4 NPs followed

a first-order decay from exposed zebrafish, and all parti-

cles were eliminated within 24 days post-exposure. In the

present experiment, gill and intestine tissues showed the

fastest elimination rates compared with other tissues, and

next to gills, intestine eliminated the highest level of

different groups of nanoparticles. Also, results showed

56–59 times increase of accumulation in the intestinal

tissue of common carp in mixture of TiO2 NPs and CuO

NPs than the control group. In a similar study, Mansouri

et al. (2013b) reported that the elimination rates in the

gills of Capoeta fusca were higher than those of the liver

after 15 days of depuration. Moreover, studies by Kalay

and Canli (2000) and Mansouri et al. (2012) indicated that

the gill tissue of freshwater fish is a more effective organ

for metal elimination than either the liver or muscle. On

the other hand, the cause of low level of CuO NPs

excretion in the liver may be due to the direct accumu-

lation of this nanoparticle via gills and intestine, and

subsequently nanoparticles were rapidly transferred, dis-

tributed and accumulated, resulting in the high concen-

tration of nanoparticles in liver for detoxification.

However, Kim et al. (2011) illustrated that the Cu elim-

ination rates in intestine was more than those in the other

tissues, that could potentially result from the physiologi-

cal role of this tissue in essential element homeostasis and

in protein metabolism. In another study, Gündogdu et al.

(2011) reported that the highest and lowest elimination of

copper in different tissues of rainbow trout was in intes-

tine and liver tissues, respectively. They also stated that

the elimination of copper in different groups in the gill

and muscle tissues was higher than that of the liver tissue.
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Co-exposure Effects of NPs

Taken together, toxicities of TiO2 NPs alone have been

well documented. However, knowledge of the combined

effects of TiO2 NPs with other chemicals is limited.

Existing evidence suggests that TiO2 NPs can absorb metal

ions, including Pb, As, Cu, and Cd, in the solution (Liu

et al. 2013). Meanwhile, interaction of TiO2 NPs and metal

compounds also may result in the increased toxicity

demonstrated by increased oxidative stress to cells and

decreased LC50 in aquatic organisms. The results of this

study revealed that the presence of TiO2 NPs increases the

uptake of CuO NPs on common carp and the effect of TiO2

NPs and CuO co-existence leads to an increase in the

bioaccumulation of CuO NPs in the tissues of common

carp. The BCF and magnitude of bioaccumulation in the

co-existing CuO NPs and TiO2 NPs are more than indi-

vidual states, though this increase was low. Increasing the

accumulation of CuO NPs in the presence of TiO2 NPs

could be due to the adsorbed CuO NPs onto the TiO2 NPs

and ingested and accumulated in the tissues of common

carp, thereby causing toxic injury.

The results of Liu et al. (2013, 2015) indicated that TiO2

nanoparticles (NPs) increased copper bioaccumulation by

9.8 % in the tissues of Daphnia magna and reported that

the co-existence of copper and TiO2 is more dangerous

than copper alone in aquatic environments. Nano-TiO2

easily attached on the surface of the tissue cells and the

adsorbed Cu2? had direct contact with the fish. Neutral and

unoccupied surface sites of TiO2 as Ti-(OH)(OH2), having

both a surface hydroxyl and chemisorbed water (Stone

et al. 1993), whereas TiOH-3 and TiOH species were also

included (Kim and Chung 2001; Barakat 2005). It was

obvious from their data that the TiO2 NPs combined with

Cu2? via the formation of O-Cu bonds, and these conju-

gated forms were expressed as Ti-(OH2)-OCu
?, TiOCu-2

and TiOCu? (Yang and Davis 1999; Kim and Chung 2001;

Barakat 2005). Cu2? induced cellular toxicity can be

explained by the participation of Cu2? in the formation of

ROS. Cu2? can be reduced to Cu? in the presence of

superoxide (O�
2 �), and Cu? is capable of catalyzing the

formation of hydroxyl radical (OH�) from hydrogen per-

oxide (H2O2; Gaetke and Chow 2003). Therefore, the

nano-TiO2 may compete for free copper ions with sulfhy-

dryl groups, causing the increased Cu in the tissues of

common carp. However, this supposition requires further

studies. Chen et al. (2007) shown that the biotoxicity of

Cu2? was correlated with the interactions between its

adsorption and coordination with co-substrates. Fan et al.

(2011) observed that the presence of TiO2 NPs at a level of

2 mg L-1 (at a concentration generally considered to be

safe in the environment) remarkably increased the toxicity

of Cu by increasing bioaccumulation of Cu in order to

cause death of Daphnia magna. In addition, they found that

Cu was adsorbed on to the TiO2 NPs when ingested and

was accumulated in the animals, thereby causing an

increase in toxic effects. In a similar study, Zhang et al.

(2007) illustrated that the presence of natural sediment

particles did not have significant influence on the accu-

mulation of Cd in the tissues of common carp during the

25 days of exposure. However, the presence of TiO2

nanoparticles greatly enhanced the accumulation of Cd in

the tissues of common carp. Moreover, in another study,

Sun et al. (2007) reported that the arsenic accumulation in

the stomach, intestine, and gill tissues of common carp was

enhanced by the presence of TiO2 nanoparticles.

Conclusions

Differences were observed in the bioaccumulation of CuO

NPs in the gill, liver, intestine, and muscle of common carp

exposed to co-existence of TiO2 NPs and CuO NPs com-

pared with the single nanoparticles. It can be reported that

the liver and gill are the target organs for accumulation and

elimination of CuO NPs, respectively. Also, the accumu-

lation and elimination of this nanoparticle in common carp

depend on the organ, concentration, and time. It appears

that the joint presence of TiO2 NPs can potentially increase

the uptake of CuO NPs in the tissues of carp. However, to

assess the behavior mechanisms of nanoparticles in pres-

ence of pollutants, further studies are encouraged.
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