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Abstract: Engineered nanoparticles (NPs) and natural organic matter (NOM) in the environment may interact with background
contaminants such as heavymetals andmodify their bioavailability and toxicity. In the present study, the combined influences of 2 common
NPs (TiO2 and CeO2) and humic acid (HA; as a model NOM) on Cu(II) phytotoxicity to rice were investigated by a 3-d root elongation
assay performed on filter paper media. The results showed that the adsorption coefficients of bare TiO2 and CeO2 NPs (100 mg/L) toward
Cu2þ are 2.65 and 4.37, respectively, at an initial concentration of 10 mg/L, suggesting that Cu(II) could be strongly adsorbed by NPs,
whereas HA-coated TiO2 and CeO2 NPs further enhanced the adsorption coefficients to 4.37 and 6.85, respectively. In addition, compared
with Cu-alone treatment, the addition of bare TiO2 and CeO2 NPs (1000 mg/L) increased the length of rice root by 32.5% and 39.0%,
respectively; however, the presence ofHA-coated TiO2 andCeO2NPs increased the root length by 90.2% and 100.1%, respectively, which
indicated that the mitigation effect of HA-coated NPs on Cu(II) phytotoxicity was more visible than that of bare NPs. The results
demonstrated that coexistence of NPs and HA significantly alleviated Cu(II) phytotoxicity as a result of a decrease in bioavailable soluble
Cu(II) concentration, which contributes to an understanding of the potential behavior of NPs in the environment. Environ Toxicol Chem
2015;34:1588–1596. # 2015 SETAC
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INTRODUCTION

Engineered nanoparticles (NPs) have attracted considerable
attention because of their unique properties andwidespread uses
in a variety of areas, such as the construction industry, plant
protection and fertilization, waste treatment, and photocatalytic
applications [1–3]. Inevitably, however, these NPs may enter
environmental systems [4]. In recent years, potentially adverse
effects of NPs on ecosystems have been investigated
intensively, resulting in a greater understanding of their
environmental and health risks, but only when they act alone.
In fact, because of their large surface areas and strong
adsorption capacity, NPs released into natural systems may
react with multiple contaminants, such as various natural
components and pre-existing pollutants in the environment, and
subsequentlymaymodify the behavior and bioavailability of the
associated pollutants [4,5]. Knowledge of the interaction
between NPs and other coexisting contaminants in the
environment is limited.

Heavymetals are common pollutants in waters and soils, and
their bioavailability and toxicity may be altered in the presence
of NPs. Some studies have reported the enhancement of
bioaccumulation or toxicity to some aquatic organisms of heavy
metals when they coexist with NPs [6–9]. A prevailing
explanation for NP-enhanced bioaccumulation and/or toxicity
is that NPs can serve as a carrier, facilitating the uptake ofmetals
by organisms. Nonetheless, it was also reported that the
bioavailability and toxicity of Cd(II) to the green alga
Chlamydomonas reinhardtii was reduced in the presence of

TiO2 NPs, which decreased its ambient soluble Cd(II)
concentration [10]. This result, however, was contrary to the
result observed by Zhang et al. in Cyprinus carpio [11]. These
contradictory results may indeed be attributed to differences in
test organisms. However, the effects of NPs on the behavior and
toxicity of metals need further investigating for a better
comprehension of the behaviors and risks of NPs in the
environment.

Natural organic matter (NOM) is ubiquitous in the
environment, and humic acid (HA) is a fraction of NOM that
can serve as a complexing agent, affecting the mobility and
bioavailability of contaminants such as metals [12]. The
surfaces of bare NPs can be readily coated by HA [13], which
may alter the surface properties and adsorption capacity of NPs
for toxicants [14]. It has been reported that the removal
efficiencies of toxic Hg(II), Pb(II), and Cd(II) by Fe3O4 and
TiO2 NPs in water can be enhanced with the addition of
HA [15,16]. The coexistence of NOM andNPsmay thus change
the behavior and toxicity of metals. Kim et al. [17] showed that
the bioavailability and toxicity of Cu to Daphnia magna were
enhanced by the presence of multiwalled carbon nanotubes
interacting with NOM. However, Worms et al. [18] found that
HA combined with carboxyl-CdSe/ZnS quantum dots de-
creased Pb and Cu intracellular contents in C. reinhardtii.
Hence, the combined effects of NPs and NOM on the
bioaccumulation and toxicity of metals are complicated and
need further study.

Plants represent a potential pathway for NP transport and
bioaccumulation into food chains [19]. Previous studies have
focused on the intrinsic toxicity of NPs to plants, and some
published studies have considered the effects of interactions
between NPs and other pollutants on overall phytotoxicity.
Although Wang et al. [20] found that 6 types of NPs (kaolin,
montmorillonite, hydroxyapatite, Fe3O4, a-Fe2O3, and g-Fe2O3)
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alleviated Cd-induced root growth inhibition in 4 plant species,
the potential influence of NPs on the bioavailability and
phytotoxicity of other pollutants is largely unknown and needs
special investigation. Moreover, to the best of our knowledge,
there has been no research to date on the combined effects of NPs
and NOM on the bioavailability and phytotoxicity of metals.
Therefore, to explore the influence of NPs and NOM on the
toxicity of metals to plants, the adsorption of Cu(II) on bare and
HA-coated TiO2 and CeO2 NPs was investigated in the present
study, and the combined effects of NPs and HA on the
phytotoxicity of Cu(II) to the rice (Oryza sativa) were analyzed.
The results of the present study shed light on the potential effects
of NPs on the bioavailability and phytotoxicity of metals,
especially in the presence of NOM.

MATERIALS AND METHODS

Chemicals

Engineered TiO2 NPs (anatase, <20 nm, purity > 99.9%)
and CeO2 NPs (<50 nm, purity> 99.9%) were purchased from
Nachen Science & Technology. To prepare Cu(II) solutions,
CuSO4�5H2O (AR, purity > 99.0%), supplied by Sinopharm
Chemical Reagent, was used. Aldrich HA sodium salt (H16752;
Sigma-Aldrich) was selected to be the model dissolved NOM.
Specifically, 1000-mg/L HA stock solutions were prepared by
dissolving HA sodium salt powder in Milli-Q water, stirring the
solutions overnight, and filtering the solutions through 0.45-mm
cellulose membranes (Xingya Purification Materials). A total
organic carbon (TOC) tester (Multi N/C 2100; Analytikjena)
was used to determine the TOC content of the prepared HA
solutions. The Cu(II) standard solution was purchased from o2si
smart solutions. All solutions were prepared using Milli-Q
ultrapure water (18.2 MV; Millipore).

Preparation of HA-coated TiO2 and CeO2 complexes

Five grams each of TiO2 NPs and CeO2 NPs were mixed
into 1 L of the HA solutions (100 mg/L and 1000 mg/L; pH
7.0) and shaken (150 rpm, 25 8C) for 3 d, after which the
mixtures were centrifuged at 3500 g for 30 min. The resultant
precipitates were washed thoroughly with Milli-Q water and
lyophilized in a freeze-dryer (Alpha1-4LSC; Marin Christ) at
–56 8C and 0.280 mbar pressure for 24 h. Then, the dried
precipitates were gently ground in the agate mortar, and the
powder was stored in a vacuum desiccator at room
temperature. The residual HA concentrations in the super-
natants were determined by TOC measurement. The amounts
of adsorbed HA were calculated by mass balance because of
the negligible solute loss. The initial concentrations of the HA
solutions were 100 mg/L and 1000 mg/L, and the HA-coated
NPs obtained were termed TiO2(or CeO2)-2%HA and TiO2(or
CeO2)-20%HA. The percentage numbers stand for the mass
ratios of HA to NPs used in the loading process.

NP characterization

Hydrodynamic diameter and zeta potential of bare and HA-
coated NPs (100 mg/L) were analyzed by a Zetasizer-Nano ZS
instrument (Malvern Instruments) at 25 8C after sonication
(100 W, 40 kHz, 30 min) into Milli-Q water (pH 7.0). Specific
surface area was determined using the Brunauer–Emmett–
Teller method (Tristar II 3020; Micromeritics). Surface
functional groups were analyzed by Fourier transform infrared
spectroscopy (FTIR; IRPrestige-21, Shimadzu; for additional
details about FTIR analysis, see the Supplemental Data).

Adsorption of Cu(II) onto bare and HA-coated NPs

Adsorption isotherms were performed in 50-mL polypro-
pylene tubes at pH 7.0 by varying initial Cu(II) concentration
(0.05 mg/L, 0.1 mg/L, 0.2 mg/L, 0.5 mg/L, 1 mg/L, 2 mg/L,
5mg/L, and 10mg/L) in the presence of 100mg/L and 1000mg/L
NPs, respectively. Each mixture of Cu(II) and NPs was
produced in triplicate. The tubes containing 30mL reaction
solutions were shaken at 150 rpm in a reciprocating shaker and
kept in the dark at 25 8C. According to the results of our
preliminary study, Cu(II) adsorption equilibrated within 30 min
(Supplemental Data, Figure S1). The duration of the equilibrium
isotherm experiment was thus shortened to 2 h. After 2 h of
equilibrium, tubes were centrifuged (24 610 g, 10 min) and
filtered (0.22-mm glass filter). The residual aqueous Cu(II)
concentrations in the supernatants were determined by flame
atomic adsorption spectrophotometry (MKII M6; Thermo
Electron). The amount of adsorbed Cu(II) was calculated by
mass balance between the initial (nominal) and final solution
concentrations. Control experiments were carried out without
the adsorbent and there was negligible adsorption by the tube
walls (<3%).

Phytotoxicity test

Phytotoxicity was investigated by a root elongation assay, as
described in the US Environmental Protection Agency
guideline [21] and Ma et al. [22], with some modifications.
Rice seeds (Wuwangnong Group) were sterilized in 10% (v/v)
sodium hypochlorite solution for 10 min, thoroughly rinsed 3
times with sterilized Milli-Q water, and then soaked in Milli-Q
water for 2 d at 25 8C in the dark. The uniform germinated seeds
were then sown on Whatman filter paper moistened with 5 mL
test solutions (pH 7.0) in 9-cm glass Petri dishes (15 seeds/dish).
The tests were carried out in the following order. The chemicals
(Cu, HA, and bare and HA-coated NPs) were first tested
individually, and then in combinations. Detailed test steps were
as follows. First, to evaluate the potential toxic effects of Cu(II),
NPs and HA alone, seeds were exposed to a series of
concentrations of Cu(II) (0 mg/L, 0.2 mg/L, 0.5 mg/L, 1 mg/L,
2 mg/L, 5 mg/L, and 10 mg/L) and then to bare and HA-coated
NPs (0 mg/L, 100 mg/L, 200 mg/L, 500 mg/L, and 1000 mg/L),
as well as to HA (0 mg/L, 10 mg/L, 20 mg/L, 50 mg/L, and 100
mg/L). Second, to investigate the effects of NPs and HA on the
phytotoxicity of Cu(II), seeds were treated with 2 mg/L Cu(II)
plus bare NPs at 0 mg/L, 100 mg/L, 200 mg/L, 500 mg/L, and
1000 mg/L, and also plus HA at 0 mg/L, 10 mg/L, 20 mg/L,
50 mg/L, and 100 mg/L. Third, to assess the combined
influences of NPs and HA, seeds were exposed to 2 mg/L Cu(II)
in the presence of bare NPs (100 mg/L and 1000 mg/L) with HA
(100 mg/L); seeds were also treated with 2 mg/L Cu(II) with
100 mg/L and 1000 mg/L bare and HA-coated NPs,
respectively. The control seeds were treated with pure Milli-
Q water for comparison. The pH of the test solutions was 7.0.
The mixed test solutions were allowed to equilibrate for 2 h
before they were added to the Petri dishes. Each treatment was
performed in triplicate. The Petri dishes were covered, sealed
with tape to minimize evaporation and placed in a growth
chamber at 25 8C in the dark. After 3 d, root length was
measured with a millimeter ruler.

Statistical analysis

Statistical analysis was performed using the statistical
package SPSS (Ver 20.0) for Windows. The data are mean
values� standard deviation (SD) of 3 replicates in hydrodynamic
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size, zeta potential, and root elongation tests. The statistical
significance of the differences among root length values from the
different treatments was evaluated by one-way analysis of
variance with Fisher’s least significant difference) post hoc test,
and p < 0.05 was considered to be a significant difference.

RESULTS AND DISCUSSION

Characterization of bare and HA-coated NPs

Selected physicochemical properties of bare and HA-coated
NPs are given in Table 1. Both the specific surface area and the
pore volume of TiO2 NPs and CeO2 NPs decreased after HA
coating, probably because of the surface adsorption and pore
blocking of HA; but the effect of HA on the aggregation of TiO2

and CeO2 NPs was not significant considering the hydrody-
namic diameter.

According to the results of zeta potential measurements
(Table 1), bare TiO2 NPs were negatively charged, but CeO2

NPs were positively charged inMilli-Q water at neutral pH. The
zeta potentials of both TiO2 NPs and CeO2 NPs were reduced by
surface-bound HA, and adsorbed HA reversed the zeta potential
of CeO2 NPs from positive to negative at a high mass ratio
(CeO2-20%HA). One explanation for this is that HA contains
both strong and weak acidic groups such as carboxyl and
phenolic hydroxyl groups, and they continuously deprotonate
according to their acid dissociation constant (pKa) distribution.
Carboxyl groups and phenolic groups have pKa values of 3.62
and 9, respectively, which means that the carboxyl groups will
be unprotonated but the phenolic groups will be protonated at
neutral pH [23,24]. Because of their total amount ratio [25], HA
molecules are partially deprotonated at neutral pH, making HA
negatively charged in total. Hence, as the CeO2 NP surface is
positively charged and HAmolecules are partially deprotonated
at neutral pH, this charge neutralization can be expected.
Surface-bound HA enhanced the stability of TiO2 NP
suspension because of the increased negative charge but
reduced the stability of CeO2 NPs suspension at low mass
ratio as a result of charge neutralization. Charge neutralization
also was reported to accelerate the sedimentation rate of ZnO
NPs in the presence of HA at low concentrations [26]. The effect
of HA coating can be attributed to the negatively charged
adsorbed HA molecules on the surface of NPs at neutral pH.

The FTIR spectra of bare and HA-coated NPs are shown
in Figure 1. The peaks of approximately 3423 cm–1 and
1629 cm–1 for bare and HA-coated TiO2 NPs were assigned
to a hydroxyl group stretching on the surface of NPs and
water [13], the peak intensity of which increased after HA
coating. A new peak of approximately 1390 cm–1 appeared
and increased with the HA coating, suggesting the formation
of a Ti–acetate complex between the –COOH of HA and the

Ti of TiO2 [13]. As for CeO2 NPs, there were no obvious
striking changes in the peak of approximately 3423 cm–1 as a
result of the HA coating, but the peaks of approximately
2926 cm–1 and 2856 cm–1 (asymmetric and symmetric C–H
stretching of aliphatic –CH2) increased after HA coating.
The bands in the frequency region from 1200 cm–1 to
1700 cm–1 were assigned to carbonate species [27]. The band
of approximately 1629 cm–1 corresponded to the bending of
H–O–H, which partly overlapped the O–C–O stretching
band [27]. A significant peak shift from 1335 cm–1 of bare
CeO2 to 1375 cm–1 of the CeO2–HA complex could be the
result of strong interactions of –COOH with CeO2 NPs.
The coating of these anionic functional groups could be the
reason for the increased negative charges on NPs in the
presence of surface-bound HA.

Adsorption of Cu(II) onto bare and HA-coated NPs

The adsorption isotherm was determined using 2 h of
equilibrium time, and the results are presented in Figure 2. The
Freundlich adsorption model is widely used for adsorption
isotherm fitting, and previous studies have shown that Cd(II)
adsorption onto TiO2 NPs [16] and Cr(VI) adsorption onto CeO2

NPs [28] were best explained by a Freundlich model. Therefore,
the Freundlich model, as follows, was used for data fitting

qe ¼ KC 1=n
e

where qe and Ce are equilibrium adsorbed (mg/g) and
nonadsorbed (mg/L) Cu(II) concentrations, respectively; K is
the adsorption coefficient ([L/gn]); and 1/n is used as an
indicator of isotherm nonlinearity. A higher K implies a higher
selectivity or adsorption. The Freundlich parameters were
obtained by curve fitting using SigmaPlot (Ver 12.5) and are
given in Table 2. TheK values of CeO2-2%HA and TiO2-2%HA
for Cu(II) were higher than those of bare TiO2 and CeO2 NPs,
respectively, indicating that the HA coating enhanced the
adsorption capacity of NPs. Note that the K values of Cu(II)
adsorbed onto TiO2-20%HA and CeO2-20%HA were respec-
tively near to or smaller than that adsorbed onto TiO2-2%HA
and CeO2-2%HA, suggesting that the adsorption capacity is
not proportional to the amount of surface-bound HA. The
interaction of NPs with HA might lead to 2 opposite effects
on the adsorption of toxic substances. On the one hand, the
interaction may increase the available adsorption probability
attributable to the HA-introduced anionic functional groups on
the NP surfaces. The HA-introduced anionic functional groups
not only could directly bind around the aqueous metal ions
through chemical complexation, but also could increase the
charge negativities of the NPs, which could enhance metal
adsorption by electrostatic attraction. In addition, surface-bound

Table 1. Selected characteristics of bare and humic acid (HA)-coated nanoparticles

Samplea HA content (%) SSABET (cm2/g) Pore volume (cm3/g) Hydrodynamic diameterb (nm) Zeta potential (mV)

TiO2 N/A 57.66 0.14 252.80� 4.23 B –14.17� 4.38 A
TiO2-2%HA 1.14 53.09 0.13 241.83� 7.89 C –31.20� 1.47 B
TiO2-20%HA 4.83 53.49 0.14 255.63� 1.10 A –35.23� 2.07 B
CeO2 N/A 98.61 0.31 284.93� 13.76 B 24.23� 0.68 A
CeO2-2%HA 1.59 84.45 0.29 351.20� 18.16 A 9.64� 1.01 B
CeO2-20%HA 5.71 86.92 0.29 282.63� 3.90 B –27.13� 2.83 B

aThe percentages stand for the mass ratios of HA to nanoparticles used in the loading process.
bThe data were measured at pH 7.0 in Milli Q water with 100mg/L of the test substances (n¼ 3). Capitalized letters indicate the significance in each group of
TiO2 and CeO2 treatments individually (p< 0.05).
SSABET¼ specific surface area measured using the Brunauer–Emmett–Teller method.
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HA could improve dispersion of the NPs through steric and
electrosteric repulsion, which would then expose more
accessible adsorption sites and contribute to adsorption
enhancement. On the other hand, increasing surface-bound

HA may reduce the available adsorption sites for toxicants
because of competition and/or blockage by adsorbed HA
fractions [29], as well as a decrease in NP dispersion and
specific surface area.

Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of bare and humic acid (HA)-coated TiO2 nanoparticles (NPs; A) and CeO2 NPs (B). Line a
represents bare NPs, line b represents NP-2%HA, and line c represents NP-20%HA.

Figure 2. Freundlich adsorption curves of Cu(II) onto bare and humic acid (HA)-coated TiO2 nanoparticles (NPs;A, B) and CeO2 NPs (C, D) at pH 7.0. Initial
concentrations of NPs were 100 mg/L (A, C) and 1000 mg/L (B, D). Values are mean � standard deviation of triplicate samples.
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Phytotoxicity of Cu(II) or bare and HA-coated NPs

The effects of Cu(II), dissolved HA, and bare and HA-coated
NPs on rice root growth are shown in Figure 3. Root length was
negatively related to the exposure concentration of Cu(II) in
solutions (Figure 3A). The median effective concentration
(EC50; i.e., the concentration that reduced root growth of rice
seedlings by 50% based on Cu[II] concentration in solution) was
1.6 mg/L. We found that dissolved HA slightly promoted rice
root growth even at high concentrations (50 mg/L and 100mg/L;
Figure 3B), which was likely because of the role of HA as a

nutrition source [30]. In terms of NPs, both bare TiO2 and CeO2

NPs suspensions (up to 1000mg/L) had no obvious phytotoxicity
on rice seedling growth (Figure 3C and D). However, the
HA-coated NPs slightly promoted root growth at high concen-
trations (e.g., TiO2-20%HA at 200–1000 mg/L, CeO2-2%HA at
200 mg/L and 500 mg/L, and CeO2-20%HA at 200–1000
mg/L; Figure 3C andD),whichmay be attributed to the dissolved
HA released from HA-coated NPs. Many studies have reported
the effects of TiO2 and CeO2 NPs on organisms. In terms of
plants, TiO2 and CeO2 NPs usually show low toxicity to or
positive effects on many plant species. For example, no toxic

Table 2. Freundlich adsorption model parameters for Cu(II) onto bare and humic acid (HA)-coated nanoparticles

Samplea

100 mg/L 1000 mg/L

K 1/n r2 p K 1/n r2 p

TiO2 2.65� 0.15 0.70� 0.03 0.9960 <0.0001 1.75� 0.12 0.32� 0.04 0.9644 <0.0001
TiO2-2%HA 3.93� 0.06 0.60� 0.01 0.9996 <0.0001 2.31� 0.13 0.35� 0.03 0.9790 <0.0001
TiO2-20%HA 4.37� 0.25 0.56� 0.03 0.9929 <0.0001 2.34� 0.10 0.36� 0.03 0.9881 <0.0001
CeO2 4.37� 0.26 0.64� 0.03 0.9937 <0.0001 2.44� 0.05 0.44� 0.02 0.9974 <0.0001
CeO2-2%HA 7.95� 0.31 0.45� 0.02 0.9937 <0.0001 3.29� 0.18 0.38� 0.04 0.9769 <0.0001
CeO2-20%HA 6.85� 0.24 0.48� 0.02 0.9958 <0.0001 2.68 � 0.13 0.42� 0.03 0.9867 <0.0001

aThe percentage numbers stand for the mass ratios of HA to nanoparticles used in the loading process.
K¼ adsorption coefficient ([L/gn]); l /n¼ an indicator of isotherm nonlinearity.

Figure 3. Root elongation of rice seedlings treated with Cu(II) (A), dissolved humic acid (HA; B), bare and HA-coated TiO2 nanoparticles (NPs; C), and bare
and HA-coated CeO2 NPs (D). The control groups were treated with pure Milli-Q water. The values are mean � standard deviation of triplicate samples.
Different letters represent significant differences between the treatment means (p< 0.05, Fisher’s least significant difference).
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effect on cucumber (Cucumis sativus) root growth was observed
with TiO2 NP concentrations up to 4000 mg/L, whereas shoot
growth was promoted by TiO2 NPs [31]. In addition, CeO2 NPs
(at 2000 mg/L) were reported to have no obvious effect on root
growth of several plant species, including rape (Brassica napus),
radish (Raphanus sativus), wheat (Triticum aestivum), cabbage
(Brassica oleracea), tomato (Lycopersicon esculentum), and
cucumber; lettuce (Lactuca sativa) was an exception [22].
However, negative effects of TiO2 and CeO2 NPs on plants were
also reported in some studies. For example, TiO2 NPs were
reported to inhibit maize (Zea mays) growth as a result of
inhibition of root hydraulic conductivity from physical block-
age [32]. Genotoxicity of TiO2 NPs in onion (Allium cepa) and
tobacco (Nicotiana tabacum) has been observed [33], and
potential genotoxicity of CeO2 NPs in soybean (Glycine max)
also has been reported [34]. The effects of TiO2 and CeO2 NPs
may depend on NP characteristics, plant species and growth
stages, environmental conditions, and exposure methods.

Phytotoxicity of Cu(II) in the presence of bare NPs
and dissolved HA

As can be seen in Figure 4A, rice root growth was promoted
in the presence of bare TiO2 and CeO2 NPs, compared with Cu
treatment alone, with significant differences emerging at high
NP concentrations. Compared with Cu-alone treatment, TiO2

NPs at 500 mg/L and 1000 mg/L increased rice root length by
40.0% and 32.5%, respectively; CeO2 NPs at 200 mg/L, 500
mg/L, and 1000 mg/L increased root length by 51.1%, 33.3%,
and 39.0%, respectively, whereas both TiO2 and CeO2 NPs at
100 mg/L did not significantly promote root length. The results
indicated that both TiO2 and CeO2 NPs could alleviate the
toxicity of Cu(II) to the root growth of rice seedlings, which was
consistent with a previous study showing that Cd-induced root
growth inhibition in 4 plants was mitigated by the presence of
NPs [20]. Compared with the Cu-alone treatment, the presence
of HA (100 mg/L) significantly increased the root length
(Figure 4B), apparently because of the decrease in bioavailable
Cu(II) concentration after complexing with HA.

The results in Figure 5 show the comparison of mixed NPs
and HA with single NPs or HA with respect to alleviation of
Cu(II) phytotoxicity. A significant reduction in Cu(II)-induced
root growth inhibition was observed with additional matrices,
compared with inhibition in solutions with no matrix.
Compared with Cu alone, Cu þ HA, Cu þ 100 mg/L TiO2,
Cu þ 100 mg/L TiO2 þ HA, Cu þ 1000 mg/L TiO2, and Cu þ
1000 mg/L TiO2 þ HA increased rice root length by 24.6%,
15.6%, 31.4%, 58.1%, and 90.2%, respectively; Cu þ HA, Cu
þ 100 mg/L CeO2, Cu þ 100 mg/L CeO2 þ HA, Cu þ 1000
mg/L CeO2, and Cu þ 1000 mg/L CeO2 þ HA increased root
length by 68.4%, 26.7%, 84.1%, 54.1%, and 100.1%,
respectively. The Cu(II)-induced root growth inhibition in
the mixtures of NPs and HA solutions was significantly lower
than that in the corresponding single NPs or HA solutions.
These results demonstrate that coexistence of NPs and HA
could effectively mitigate Cu(II) phytotoxicity. A previous
study also showed that equilibrium Cd bioaccumulation in
zebrafish in mixed TiO2 NPs and HA solutions was lower than
that in single TiO2 NPs solutions [35]. Moreover, the decrease
in Pb and Cu accumulation in C. reinhardtii induced by
combined HA and carboxyl-CdSe/ZnS quantum dots was
more significant than that induced by quantum dots alone [18].
The reduced toxicity or bioaccumulation of metals apparently
resulted from adsorption of metals to both NPs and HA. In the
mixtures of NPs and HA, however, a portion of the HA was

adsorbed onto NP surfaces, leading to a decrease in dissolved
HA; the surface-bound HA also could change the properties
and adsorption capacity of NPs. As stated, surface-bound HA
changed the dispersion, stability, and adsorption capacity of
both TiO2 and CeO2 NPs. Therefore, the overall effects of NP
and HA mixtures may be not equivalent to the sum of single
NPs and HA.

Phytotoxicity of Cu(II) in the presence of bare and HA-coated NPs

To further clarify the potential effects of HA on NP-
alleviated phytotoxicity of Cu(II), the influences of bare and
HA-coated NPs on Cu(II) phytotoxicity were compared
(Figure 6). First, 100 mg/L HA-coated TiO2 NPs slightly
enhanced the mitigation of Cu(II) phytotoxicity compared with
100 mg/L bare TiO2 NPs (Figure 6A). Addition of 1000 mg/L
TiO2 NPs, TiO2-2%HA, and TiO2-20%HA increased root
length by 45.2%, 64.2%, and 66.5%, respectively, compared
with Cu alone (Figure 6A). As for CeO2, 100 mg/L bare or HA-
coated CeO2 NPs had no obvious effect on Cu(II) phytotoxicity,
whereas addition of 1000 mg/L CeO2 NPs, CeO2-2%HA, and
CeO2-20%HA increased root length by 52.6%, 85.1%, and
56.8%, respectively, compared with Cu alone (Figure 6B). The
mitigation of Cu(II) phytotoxicity was proportional to the
adsorption capacity of bare or HA-coated NPs for Cu(II)
(Figure 2 and Table 1). Therefore, the alleviation of Cu(II)

Figure 4. Root elongation of rice seedling treated with 2 mg/L Cu(II) in the
presence of bare nanoparticles (A) and humic acid (B), respectively. The
control groups were treated with pureMilli-Q water. The values are mean�
standard deviation of triplicate samples. Different letters represent
significant differences between the treatment means (p< 0.05, Fisher’s
least significant difference).
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phytotoxicity could be the result of a decrease in bioavailable
soluble Cu(II).

Engineered NPs can act as carriers to facilitate metal
bioaccumulation, or they may serve as scavengers to reduce
the exposure of organisms to metals. The overall effects of
NPs on the bioavailability and toxicity of metals to tested
organisms depend on whether the reduction in uptake of
soluble metals or the additional uptake of the NP-bound
metals is predominant. Most aquatic organisms such as fishes
and zooplankton could actively ingest NPs through the dietary
pathway (e.g., via gills or intestine). Facilitated uptake of
metals may occur when metal-loaded NPs are transported via
gills or intestine. As a result, the bioaccumulation and toxicity
of metals may be enhanced in the presence of NPs. Several
studies have provided evidence of facilitated accumulation
and/or enhanced toxicity of metals in aquatic organisms by
metal oxide NPs [6–9,36], carbon nanotubes [37], and
quantum dots [38]. However, unicellular green alga could
not internalize NP–metal complexes to a high degree, because

of their limited size and the presence of a cell wall, which may
result in a decrease in metal bioavailability to alga [39], as
demonstrated in a previous study that showed that carboxyl-
CdSe/ZnS quantum dots decreased Pb and Cu accumulation in
walled C. reinhardtii but increased the intracellular content of
metals in wall-less strains [18]. As for higher plants, some
studies have demonstrated the uptake of many NPs containing
TiO2 and CeO2 NPs by plants, which has been summarized in
a series of review papers [19,40]. However, the root uptake of
NPs in plants is limited because of the existence of a cell wall,
suberin, cutin, and a casparian strip [41], and the NP-
associated metals are thus less bioavailable to plants than
soluble metals [20]. Therefore, in the present study, the
presence of bare or HA-coated NPs reduced the phytotoxicity
of Cu(II) to rice seedling as a result of adsorption, leading to a
decrease in the bioavailable soluble Cu(II) concentration in
the liquid medium.

Figure 5. Root length of rice seedling exposed to 2 mg/L Cu(II) plus
nanoparticles (NPs), humic acid (HA), and mixtures of NPs and HA,
respectively. (A) Cu(II) plus TiO2 NPs and/or HA. (B) Cu(II) plus CeO2

NPs and/or HA. Initial concentration of NPs: 100mg/L and 1000mg/L; HA:
100 mg/L. The control groups were treated with pure Milli-Q water. The
values are mean� standard deviation of triplicate samples. Different letters
represent significant differences between the treatment means (p< 0.05,
Fisher’s least significant difference).

Figure 6. Root growth of rice seedling treated with 2 mg/L Cu(II) in the
presence of bare and humic acid (HA)-coated TiO2 nanoparticles (NPs; A)
and CeO2 NPs (B), respectively. Initial concentration of NPs: 100 mg/L and
1000 mg/L. The control groups were treated with pure Milli-Q water. The
values are mean� standard deviation of triplicate samples. Different letters
represent significant differences between the treatment means (p< 0.05,
Fisher’s least significant difference).
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CONCLUSIONS

The results of the present study showed that TiO2 and CeO2

NPs combined with HA can alter the sorption and toxicity of
Cu(II) and potentially other heavy metals to plant species.
Adsorption of Cu(II) onto TiO2 and CeO2 NPs resulted in a
decrease in bioavailable soluble Cu(II) concentration and
alleviation of Cu(II) phytotoxicity to rice seedling. The presence
of surface-bound HA enhanced the adsorption capacity of TiO2

and CeO2 NPs for Cu(II) and thus improved the mitigation of
Cu(II) phytotoxicity. The presence of mixed NPs and HA had
the greatest mitigation effect because of the overall effects of
NPs as well as dissolved and absorbed HA. Our results suggest
that the presence of engineered NPs can change the
bioavailability and toxicity of metals (and potentially other
contaminants) to organisms and that NOM or other environ-
mental components may affect the interactions of NPs and other
pollutants. Hence, research should focus not only on the fate and
toxicity of NPs themselves but also on the potential enhance-
ment or reduction in the bioavailability and toxicity of other
toxic pollutants when they coexist, which will help us to better
understand the potential behavior of NPs in the environment.
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