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Abstract Metal oxide nanoparticles (NPs) are

reported to impact plant growth in hydroponic systems.

This study describes the impact of commercial CuO

(\50 nm) and ZnO (\100 nm) NPs on wheat (Triticum

aestivum) grown in a solid matrix, sand. The NPs

contained both metallic and non-metallic impurities to

different extents. Dynamic light scattering and atomic

force microscopy (AFM) assessments confirmed aggre-

gation of the NPs to submicron sizes. AFM showed

transformation of ZnO NPs from initial rhomboid

shapes in water to elongated rods in the aqueous phase

of the sand matrix. Solubilization of metals occurred in

the sand at similar rates from CuO or ZnO NPs as their

bulk equivalents. Amendment of the sand with 500 mg

Cu and Zn/kg sand from the NPs significantly

(p = 0.05) reduced root growth, but only CuO NPs

impaired shoot growth; growth reductions were less

with the bulk amendments. Dissolved Cu from CuO NPs

contributed to their phytotoxicity but Zn release did not

account for the changes in plant growth. Bioaccumula-

tion of Cu, mainly as CuO and Cu(I)–sulfur complexes,

and Zn as Zn-phosphate was detected in the shoots of

NP-challenged plants. Total Cu and Zn levels in shoot

were similar whether NP or bulk materials were used.

Oxidative stress in the NP-treated plants was evidenced

by increased lipid peroxidation and oxidized glutathione

in roots and decreased chlorophyll content in shoots;

higher peroxidase and catalase activities were present in

roots. These findings correlate with the NPs causing

increased production of reactive oxygen species. The

accumulation of Cu and Zn from NPs into edible plants

has relevance to the food chain.
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Introduction

Recent advances in nanotechnology include the

incorporation of metallic nanoparticles (NPs) into
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diverse industrial, medical, and household products

(Lee et al. 2008, 2010; Navarro et al. 2008). Improper

handling and disposal of NP-containing wastes could

result in environmental contamination. NPs have the

potential for harmful effects on plants and plant-

associated soil bacteria (Dimkpa et al. 2011a, b; Du

et al. 2011; Gajjar et al. 2009; Lin and Xing 2007,

2008; Nair et al. 2010; Stampoulis et al. 2009). At

sublethal concentrations, NPs variably modify the

production of bacterial secondary metabolites

involved in plant growth and productivity (Dimkpa

et al. 2012a, b, c).

The accumulation from NPs of metals at high levels

in the plant could not only impact their growth, but

could pose a route for contamination of the food chain.

Growth of food plants such as cucumber, lettuce, bean,

corn, rye, and zucchini is impaired, depending on the

concentration of NPs of Ag, Cu, CuO, TiO2, Zn, and

ZnO (Asli and Neumann 2009; Atha et al. 2012;

Barrena et al. 2009; Du et al. 2011; Lin and Xing 2007,

2008; Stampoulis et al. 2009). However, Ni(OH)2 NPs

do not effect growth of mesquite (Parsons et al. 2010),

while in spinach, TiO2 NPs increase rubisco activase

to enhance photosynthesis and plant growth (Gao et al.

2006, 2008). Toxicity of NPs depends on conforma-

tion, surface characteristics, such as the presence of

coatings, and their aggregation state (Barrena et al.

2009; Pal et al. 2007; Yang and Watts 2005). Triangle-

shaped Ag NPs are more bioactive than spherical ones

(Pal et al. 2007).

Intact ZnO NPs are observed within hydroponically

grown plant roots (Lin and Xing, 2008), and uptake

into shoots is observed for other NPs (Lee et al. 2008;

Parsons et al. 2010; Zhang et al. 2011; Zhu et al. 2008).

Disruption of water- and nutrient-transport pathways

is one mechanism proposed to account for how the

NPs cause plant damage (Asli and Neumann 2009; Lin

and Xing 2008). In addition, the metallic NPs may

release soluble metals (Dimkpa et al. 2011a, b; Lee

et al. 2008; Lin and Xing 2008; Stampoulis et al. 2009;

Wang et al. 2011) that are taken up by the plant.

Indeed, exposure to ions of Al, Cd, Cu, Fe, Mn, Ni, Zn,

and U results in an array of symptoms including

increased lipid membrane peroxidation, loss of chlo-

rophyll pigmentation, altered ferric iron metabolism,

modification in the activities of stress-inducible

enzymes and levels of plant growth regulators (Dim-

kpa et al. 2008, 2009; Panda et al. 2003; Potters et al.

2007). Potters et al. (2007) coined the phrase ‘‘generic

stress-induced modification of plant morphology’’ to

account for the similarity in response to heavy metals

and other abiotic challenges.

The NP-plant studies described above were con-

ducted under hydroponic systems. In contrast, the

studies presented in this paper evaluated the impact of

commercially available NPs of CuO and ZnO on

growth, metal bioaccumulation, and metabolic pro-

cesses in wheat (Triticum aestivum) grown in sand.

This solid matrix will provide a more representative

indication of the impact of NPs on plants under

environmentally relevant conditions.

Materials and methods

Sources of CuO and ZnO nano and bulk particles

CuO NPs (particle size \50 nm) and ZnO NPs

(\100 nm), as well as bulk CuO (8,000–9,000 nm)

and bulk ZnO (\1,000 nm) were obtained from

Sigma-Aldrich, MO, USA.

Characterization of sand matrix

Commercial white silica sand (UNIMIN Corp., ID,

USA) was sieved for particle sizing and washed

thoroughly with water before drying and use. To

determine the presence of water-soluble trace ele-

ments in the sand that may contribute to plant growth

performance, 20 g (wet weight) of sand was extracted

with 40 ml of deionized water for 24 h on a reciprocal

shaker. Extractions were performed in triplicate. The

aqueous fraction was filtered through a 0.2-lm filter

and analyzed for elemental content using inductively

coupled mass spectroscopy (ICP-MS) (Agilent

7500c), for major cations by ion chromatrography

(Dionex ICS-3000) and specific conductance. Organic

and inorganic carbon content of the sand was deter-

mined using Skalar Primacs-SLC TOC Analyser

(Skalar Analytical, Netherlands).

Characterization of CuO and ZnO NPs:

determination of chemical impurities, size

distribution, atomic force microscopy,

and dissolution

The presence of elemental impurities in the commer-

cial NP products was determined by dissolving 0.2 g
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CuO and ZnO NPs in 20 ml 50 % nitric acid. The ZnO

NPs dissolved without heating; the CuO NPs in acid

were gently heated on a hot plate until the particles

dissolved. Samples were diluted to 100 ml with

deionized water and analyzed using ICP-MS. NP size

was determined by dynamic light scattering (DLS)

using a DynaPro NanoStar (Wyatt Technology Cor-

poration, Santa Barbara, CA) as described previously

(Dimkpa et al. 2012c). For imaging of the NPs, sand

(40 g) was washed in water, dried and then mixed with

NPs to a concentration of 500 mg metal/kg sand. The

sand–NP mix was moistened with 10 ml of double

distilled (dd) H2O and shaken thoroughly to ensure

even mixing. After 14 h of equilibration, the upper

aqueous layer was removed. Samples of this material

as well as freshly prepared stocks of the NPs in H2O

were dried onto a mica surface for imaging by atomic

force microscopy (AFM) using published procedures

(Dimkpa et al. 2011a). As a control, the H2O-fraction

from sand treated with H2O but lacking NPs was

imaged.

Metal solubility was determined following expo-

sure of NPs and bulk particles of CuO and ZnO in sand

at 0, 1, 7, and 14 days (d). These time periods were

chosen based on the 14-d plant growth period. The

sand (300 g) was mixed thoroughly with 500 mg Cu

or Zn/kg sand from CuO and ZnO NPs and bulk

materials, and 40 g aliquots transferred to 50-ml

centrifuge tubes followed by the addition of 11.1 ml of

dd-H2O to saturate the matrix. The samples were

tumbled for 1 h before immediate assay or further

incubation without shaking at room temperature for 1,

7, and 14 d. At sampling, the samples were extracted

with 10 ml of dd-H2O followed by shaking for 1 h,

centrifugation at 10,000g for 10 min, and recovery of

the H2O layer from the top of the samples. This

aqueous layer was recentrifuged for 30 min at

15,557 g to pellet NPs (Dimkpa et al. 2011b). The

supernatants were transferred to test tubes and

analyzed by ICP-MS for soluble Cu and Zn contents.

Sand-lacking NP treatment but treated with H2O was

assayed only at d 14. Three replicate analyses were

performed for all treatments.

Plant growth conditions

Sand (300 g) was sterilized in closed transparent

Magenta boxes by autoclaving, and then amended

with 500 mg/kg of Cu or Zn from CuO and ZnO NPs

or bulk materials and mixed before adding 75 ml

deionized H2O; only H2O was added for the control

studies. Food-grade organic winter wheat berries were

surface-sterilized in 10 % hydrogen peroxide (H2O2)

for 15 min and rinsed thoroughly in autoclaved dd-

H2O. Three wheat seeds were sown at separate

locations per box at depths of about 0.5 cm. Seedlings

were grown under fluorescent growth lights at 28 �C

for 14 d before harvesting and analyses. No nutrient

solutions were added to avoid speciation of metals

from the NPs and bulks with nutrient components. To

evaluate the role of dissolved Cu and Zn from CuO and

ZnO NPs in wheat growth inhibition, the ion equiv-

alent [from CuCl2 and Zn(NO3)2] of the highest levels

of Cu (3 mg Cu/kg sand) and Zn (7 mg Zn/kg sand)

dissolved from the respective metal products in sand

were used in plant growth. Root and shoot length, and

number of roots originating from the stem base, were

recorded. Where necessary, the roots and shoots were

stored frozen until assayed for cellular activity.

Determination of lipid membrane peroxidation

and enzyme activities in roots of NP-treated plant

Root lipid membrane peroxidation was determined by

the thiobarbituric acid assay which measures the

amount of malondialdehyde (MDA) (Cakmak and

Horst 1991). Extracts were prepared from portions of

fresh roots, and MDA content was measured colori-

metrically following methods described in Cakmak

and Horst (1991) and Dimkpa et al. (2009). For

enzyme activity assays, portions of the root samples

(1.0 g) were extracted in 50 mM Tris–HCl buffer (pH

7.5), consisting of 5 mM EDTA, 1 % phenylmethyl-

sulfonyl fluoride, 10 mM dithiothreitol, and 3 %

insoluble polyvinylpyrrolidone (Márquez-Garcı́a and

Córdoba 2009). The cell debris in the extracts was

removed by centrifugation at 10,000g for 20 min.

Peroxidase (POD) activity was determined using the

chromogenic substrate 4-chloronaphthol (4-CN;

Sigma-Aldrich, St Louis, MO, USA) from procedures

modified from Akiyama et al. (1989). Supernatants

from the extracts (100 ll) were added to reaction

mixtures of one ml containing 4-CN (3 mg), sodium

phosphate buffer (0.1 M; 10 ml; pH 7.4) and 3 %

H2O2 (0.1 ml). After 5 min, the color formation was

measured spectrophotometrically at 570 nm. Catalase

(CAT) activity was determined by the method of

Akiyama et al. (1989) with the addition of extracts
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(100 ll) to a 1 ml buffer containing 50 mM Tris–HCl

(pH 7.5) and 10 mM H2O2, and following the

decomposition of H2O2 at 240 nm. CAT activity was

calculated based on the published extinction coeffi-

cient of H2O2 at 240 nm, 43.6 mM-1 (Márquez-

Garcı́a and Córdoba 2009). All assays were performed

using five different plant samples from two indepen-

dent studies.

Evaluation of IAA and glutathione oxidation

in roots and shoots of NP-treated plants

The potential oxidation of IAA by IAA oxidase was

evaluated according to previously described proce-

dures (Dimkpa et al. 2009). The method involves

using the colorimetric test with Salkowski’s reagent to

detect the level of IAA after incubation with plant

extracts and 2,4-dichlorophenol and MnCl2. Authentic

IAA was used to prepare a standard curve for

calculation of residual auxin levels. The presence of

oxidized glutathione (GSSG) in the plant shoots and

roots was detected using the GSSG-Glo Glutathione

Assay kit (Promega, WI, USA) according to the

manufacturer’s protocol. Briefly, supernatants from

root or shoot extracts (50 ll) of control and NP-treated

plants, prepared in Tris–HCl buffer as described

above, were transferred to a 96-well plate, each in

triplicate, and 50 ll GSH-Glo reagent 29 [containing

luciferin-NT [15 ll], glutathione-S-transferase

(15 ll), and the GSH-Glo reagent buffer (0.8 ml)].

The mixture was incubated for 30 min at room

temperature, when 100 ll of a reconstituted Luciferin

Detection Reagent (Promega, WI, USA) was added,

followed by a further incubation for 15 min. Lumi-

nescence was recorded using a LMAXII Luminometer

(Molecular Devices Corporation, Sunnyvale CA),

with a 10 s exposure. All assays were from five

different plant samples from two independent growth

studies.

Measurement of chlorophyll contents

Chlorophyll was extracted in dimethylsulfoxide from

shoots according to the procedure of Tait and Hik

(2003). Absorbance measurements at 665 and 649 nm

permitted the calculation of the total chlorophyll

content using published formula (Tait and Hik 2003).

Assays were from five different plant samples from

two independent growth studies.

Determination of Cu and Zn accumulation

and speciation in shoot from NPs

Shoots from 15 replicates of three independent

growth studies for control and NP- and bulk-treated

plants were harvested with care to eliminate con-

tamination with the growth matrix. Shoots from each

treatment of the same study were pooled, dried,

digested with HNO3, and analyzed for their Cu and

Zn contents using ICP-MS. For determination of

metal speciation in the NP-treated plants, samples

were prepared by grinding freeze-dried shoots with a

mortar and pestle and placing the powders in drilled

plastic slides covered with Kapton film windows.

Ambient-temperature Cu and Zn K-edge X-ray

absorption near-edge spectroscopy (XANES) mea-

surements were performed at the MRCAT/Enviro-

CAT sector 10-BM bending magnet beam line,

Advanced Photon Source (APS) Argonne National

Laboratory, Argonne IL (Kropf et al. 2010). Data

were collected in fluorescence mode using a Stearn-

Heald type detector (Stern and Heald 1979). Previ-

ous studies reported radiation-induced reduction of

Cu in hydrated samples (Manceau and Matynia

2010; Pokrovsky et al. 2012). In our study, radiation-

induced changes in Cu or Zn speciation in the

samples were monitored by comparing successive

XANES scans at freshly irradiated locations on the

sample. No differences were observed on the time-

scale of a XANES scan (*10 min) and over

extended periods of irradiation (8–10 h). Factors

that may have contributed to the lack of evolution in

the Cu XANES spectra on the timescale of our

measurements include freeze-drying of the shoot

samples and the relatively low photon density of the

X-ray beam. Energy calibration was maintained

during all scans by simultaneous collection of

XANES data from Cu or Zn metal foils using

X-rays transmitted through the samples. Standards

used in Cu K-edge XANES analysis are the

commercial CuO NPs, Cu2O, CuS, Cu2S, aqueous

and solid Cu(II)-acetate, Cu2(OH)PO4, CuSO4�5H2O,

a Cu–cysteine/cystine complex. Standards used for

the Zn k-edge XANES analysis are: commercial

ZnO NPs, ZnS, aqueous Zn-acetate, an aqueous Zn–

cysteine complex, and Zn3(PO4)2�4H2O. Data pro-

cessing and linear combination (LC) XANES anal-

ysis were done in the software program ATHENA

(Newville 2001; Ravel and Newville 2005).

Page 4 of 15 J Nanopart Res (2012) 14:1125

123



Statistical analysis

An analysis of variance (ANOVA) determined if there

were significant differences in replicated data, and

where significant, treatments were separated by the

Tukey’s test using the OriginPro 8.1 statistical

software.

Results

Characterization of sand matrix

The elemental content of the water extraction of the

sand matrix used in the study can be found in Table 1;

there is no evidence of trace contamination. The

specific conductance of the solution was 28 lS/cm,

equivalent to an ionic strength of 2 9 10-4 M, with

4.0 mg Na/l and\1.0 mg/l of K, Ca, and Mg present.

The sand is 99 % quartz, 84 % of coarse to very coarse

texture; no fine or very fine sand was detectible. In

addition, no organic carbon or carbonate minerals

were detected.

Impurity levels of commercial CuO and ZnO NPs

and their size distribution and atomic force

microscopy in water suspensions

The elemental composition and total amounts of

impurities in the commercial CuO and ZnO NPs

are listed in Table 1. The CuO NPs are contami-

nated with metals and Si and P presumably as

oxyanions (SiO4�
4 and PO3�

4 ); the ZnO NPs had lesser

contamination with Si and P. Concentrations of

metallic impurities were very low, relative to the

amounts of Cu or Zn. Except for cadmium, the CuO

NPs contained higher concentrations of the respective

elemental impurities than the ZnO NPs. Suspensions

of the CuO and ZnO NPs in H2O formed aggregates

with sizes more than 100 nm when assayed by DLS;

the size range was greater for the ZnO NPs than the

CuO NPs (Fig. 1). Fractions of size around 300 nm

agreed with our published data where particle size was

judged by field flow fractionation (Gajjar et al. 2009).

AFM imaging confirmed aggregation of these NPs but

also showed both NPs contained materials \100 nm,

confirming previous reports (Dimkpa et al. 2011b).

Exposure to the sand matrix for 14 h resulted in

Table 1 Elemental

composition in soluble

water washes from the sand

used as the plant growth

matrix and impurities

obtained in an acid

digestion of the commercial

CuO and ZnO NPs

NA not analyzed

Element Concentration

in sand (lg/g)

Concentration

in CuO NPs (lg/g)

Concentration

in ZnO NPs (lg/g)

Aluminum 0.71 ± 0.11 216 ± 23.0 1.58 ± 0.45

Antimony \7 9 10-4 1.99 ± 0.42 \0.17

Arsenic 0.003 ± 0.0003 17.5 ± 0.4 \0.1

Barium 0.02 ± 0.004 3.05 ± 0.24 \0.29

Beryllium \2 9 10-4 0.13 ± 0.01 \0.06

Cadmium \4 9 10-4 0.46 ± 0.01 1.44 ± 0.008

Cobalt \8 9 10-4 86.3 ± 1.5 \0.17

Chromium \5 9 10-4 18.5 ± 5.4 \0.1

Copper \5 9 10-3 694,000 ± 22,000 \1.2

Lead 4.19 9 10-4 4.43 ± 0.61 5.13 ± 0.04

Iron 0.1 ± 0.05 814 ± 41 4.45 ± 1.43

Manganese \0.01 130 ± 3.0 \0.43

Nickel \8 9 10-4 18.3 ± 9.0 \0.2

Phosphorus NA 137 ± 0.65 27.5 ± 0.85

Selenium \3 9 10-4 0.76 ± 0.16 \0.1

Silicon NA 500 ± 91 4.46 ± 0.7

Thallium \3 9 10-4 0.13 ± 0.01 \0.06

Vanadium 0.015 ± 0.0006 7.45 ± 0.11 \0.15

Zinc \1.0 9 10-2 153 ± 42.4 788,000 ± 55,000
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aggregation of the CuO NPs to larger-sized particles

than particles prepared just in water (Fig. 2a vs. c). For

the ZnO NPs, a transition from angular structures to

elongated rods over a micron in length was observed

(Fig. 2b vs. d). No particles of similar size or shape as

the NPs were evident when samples of H2O from

Fig. 1 Size distribution of CuO and ZnO NPs (500 mg metal/l) in water suspensions. Data are from two different DLS measurements

Fig. 2 Topographical atomic force microscopy images indicating height bars for a CuO NPs, b ZnO NPs, from water suspensions of

500 mg metal/l, and c CuO NPs, and d ZnO NPs, after exposure as a sand (500 mg metal/kg sand)–water mix for 14 h
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sand not amended with NPs were imaged (data not

shown).

Solubilization of metals from CuO and ZnO NPs

and bulks in wetted sand

Metals contributed by the sand in the growth boxes

(pH 7.9) were 0.023 mg Cu/l and 0.061 mg Zn/l.

Metal release from the NPs and bulk materials was

time dependent (Fig. 3). Solubility from the CuO NPs

and bulk was the same statistically, except for the 0 h

time; levels did not exceed 3 mg/l Cu. Solubility of Zn

was highest at 24 h for ZnO NPs (5 mg/l) and

immediately after suspension for the ZnO bulk

material (7 mg/l), with values falling to less than

3 mg/l in both cases at d 7 and 14.

Growth of wheat in sand amended with CuO

and ZnO NPs and bulks

By 14 d of seedling development, root growth was

more impacted by the metal products than shoot

growth. Shoot length was reduced significantly

(p = 0.05) by 13 % by CuO NPs, and there was a

trend for reduced (8 % decrease) shoot length with

ZnO NPs (Table 2). Both NPs significantly (p = 0.05)

reduced root length, 59 % for the CuO NPs, and 53 %

for the ZnO NPs. In contrast to plant length (root and

shoot), both CuO NPs and ZnO NPs caused prolifer-

ation of the number of the roots significantly

(p = 0.05) increasing the number of roots by 42 and

35 %, respectively (Table 2). Roots of the CuO NP-

treated plants had brown necrotic lesions, and were

thinner and more brittle than the control plants.

Growth effects were less with the bulk materials:

shoot length was unaffected, although root length was

reduced significantly (p = 0.05) by bulk CuO (32 %)

and by bulk ZnO (34 %). Root number also was

affected by the bulk products, with a significant

(p = 0.05) increase of 42 % for treatment with CuO,

and an insignificant increase of 19 % with ZnO.

Neither bulk CuO nor ZnO NPs had a significant

impact on plant biomass. Bulk ZnO increased plant

biomass significantly (p = 0.05) by 38 % and CuO

NP treatments 75 %, from the control.

Shoot bioaccumulation of Cu and Zn from CuO

and ZnO NPs and bulks

As anticipated from the essential metabolic roles of Cu

and Zn, both metals were detected by ICP-MS analysis

in digests from shoots of the control plants

(19 ± 8 mg Cu/kg, and 88 ± 23 mg Zn/kg shoot

dry weight). Levels increased significantly (p = 0.05)

by the same amount when plants were grown with the

NP or the bulk materials: 375 ± 115 mg Cu/kg shoot

dry weight with CuO NPs, 254 ± 165 mg Cu/kg shoot

dry weight with bulk CuO, and 2076 ± 670 mg Zn/kg

shoot dry weight with ZnO NPs and 2138 ± 943 mg

Zn/kg shoot dry weight with bulk ZnO. There was

significantly (p = 0.05) more Zn in the shoots than

Cu.

Speciation of Cu and Zn in wheat shoot

The Cu XANES measurements are shown in Fig. 4a.

Cu XANES spectra have features that allow distinc-

tion between Cu(II), Cu(I), and Cu(0) valence states,

as well as between Cu–O and Cu–S coordination (Kau

et al. 1987; Manceau and Matynia 2010; Pokrovsky

et al. 2012). The XANES of shoots grown with CuO

NPs had a spectrum similar to that of the starting CuO

NPs; however, the spectrum from the shoots had a

slightly attenuated white line intensity (*8,998 eV),

and a shoulder feature at 8,981 eV. The latter features

resulted from the presence of Cu(I) (Kim et al. 2003;

Manceau and Matynia 2010; Pokrovsky et al. 2012).

LC fits of the spectrum with the standards spectra on

Fig. 4a indicated that the majority (64 ± 10 %) of the

measured Cu spectrum was reproduced by the spec-

trum of the CuO NPs. The spectra from bulk CuO and

Fig. 3 Solubility of Cu from CuO NPs and bulk CuO, and Zn

from ZnO NPs, and bulk ZnO (each at 500 mg metal/kg) after

exposure to sand for 0, 1, 7, and 14 d. Values are mean, and SD

of three replications and different letters indicate significant

differences (p = 0.05) compared differently between CuO NPs

and bulk CuO or ZnO and bulk ZnO across all time points
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from the CuO NPs were identical (data not shown) and

precluded differentiation between these two phases.

The remainder of the spectrum (36 ± 10 %) was

consistent with the Cu(I)–sulfide standard (v2 of the

LC fit = 0.017). Using any other of the standards in

Fig. 4a as an end member in addition to the CuO NPs

spectrum resulted in a significantly lower quality of

the LC fit (v2 [ 0.1). Although EXAFS data could not

be obtained to confirm Cu(I)–S coordination due to the

low concentration of Cu in the shoots, the previously

described sensitivity of Cu XANES to Cu(I)–S versus

Cu(I)–O coordination (Manceau and Matynia 2010;

Pokrovsky et al. 2012) allowed the establishment of

Cu(I)–S species both by the results of the LC fits and

by the greater similarity of the XANES derivative to

Cu2S relative to Cu2O (derivative not shown).

The Zn XANES measurements are shown in

Fig. 4b. The spectrum of the ZnO NP-exposed shoots

was significantly different than that of the starting ZnO

NPs and was closest to that of a Zn-phosphate standard

[hopeite, Zn3(PO4)2�4H2O]. Some features in the post-

edge region of the XANES (noted by arrows) were

Table 2 Growth responses of wheat plants grown for 14 days in a sand matrix amended with CuO and ZnO NPs and bulk CuO and

ZnO at 500 mg metal/kg

Treatment Growth response

Shoot length (cm) Root length (cm) Root number Plant biomass

[root ? shoot (g)]

Control 18.4 ± 4.0a 10.2 ± 2.8a 5.2 ± 1.3a 0.08 ± 0.03ab

CuO NPs 16.0 ± 3.0b 4.2 ± 2.1b 7.4 ± 1.4b 0.06 ± 0.03a

Bulk CuO 18.2 ± 4.5ab 6.9 ± 2.4c 6.2 ± 1.4cd 0.1 ± 0.02bc

ZnO NPs 17.0 ± 3.6a 4.8 ± 1.8b 7.0 ± 1.7bd 0.09 ± 0.03bc

Bulk ZnO 18.6 ± 4.0a 6.7 ± 1.8c 5.9 ± 1.0ac 0.11 ± 0.02c

Data are average of 5 replicates from at least three independent growth studies each containing 15 plants. Different letters following

each value represent significant differences between the treatments for each growth response (p = 0.05)

Fig. 4 Copper and zinc K-edge XANES spectra of wheat

shoots from plants grown in a sand matrix amended with CuO

and ZnO NPs. a The spectrum for Cu in wheat shoots exposed to

CuO NPs is compared to spectra for the commercial CuO NPs,

aqueous Cu-acetate (Cu-acetate(aq)), Cu-sulfate salt

(CuSO4(s)), copper hydroxyphosphate (Cu2(OH)PO4), Cu

acetate salt (Cu-acetate(s)), Cu monosulfide (CuS), CuI sulfide

(Cu2S), CuI oxide (Cu2O), Cu precipitated from CuII and reacted

with cysteine (CuI–cys), and Cu metal (Cu0). b The zinc K-edge

XANES spectrum of wheat shoots exposed to ZnO NPs

compared with spectra from standards of Zn2(PO4)3�4H2O

(Zn-PO4), aqueous zinc acetate, aqueous Zn2? (pH 3.5), ZnO

NPs,zinc sulfide (ZnS) and aqueous zinc cysteine
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more pronounced in the standard than in the shoots’

spectrum. The EXAFS data from the shoots sample

also were similar in phase and shape to that from the

hopeite standard, but the wheat shoots data show a

larger amplitude of the Fourier transform (FT) peaks

corresponding to the Zn–O and Zn–P coordination

(data not shown). The dissimilarities in the XANES

and EXAFS suggested a slightly different coordina-

tion environment of the Zn ions in the shoots than Zn

in hopeite. The Zn ions in hopeite reside in both

tetrahedral and octahedral sites, and the two sites are

coordinated by different number of phosphate groups

at slightly different distances (Hill and Jones 1976).

The spectral differences were therefore rationalized by

assuming adsorption of Zn ions to phosphoryl

groups in the shoots rather than incorporation into

the three-dimensional structure of a Zn-phosphate

precipitate.

Role of dissolved Cu and Zn ions

in the phytotoxicity of CuO and ZnO NPs

As CuO and ZnO NPs released soluble Cu and Zn in

the sand over the time period that plant growth was

tested, the role of Cu and Zn ions in the phytotoxicity

of the NPs was evaluated. Figure 5 shows that shoot

length was statistically unaffected by both Cu and Zn

ions. However, compared to control plants, root length

was significantly (p = 0.05) affected by Cu ions but

not by Zn ions. The Cu ions significantly (p = 0.05)

induced root proliferation compared to control and Zn

ion treatments. Thus, plant biomass was significantly

different (p = 0.05) in the presence of Cu ion but not

in Zn ion treatment (Fig. 5).

Induction of root membrane peroxidation and leaf

chlorophyll loss by NPs

Growth of wheat in the presence of CuO NPs, and to a

lesser extent ZnO NPs, increased lipid peroxidation in

the root membranes as shown by the higher MDA

values in extracts from plants grown with the NPs than

from the control plants (Table 3). The chlorophyll

levels in leaves were decreased in the plants grown

with CuO and ZnO NPs compared to control levels in

the shoots from the control plants (Table 3).

Alteration of antioxidative responses of wheat

by NPs

On the basis of the lipid peroxidation observed in

plants exposed to the NPs, plant antioxidative

responses were evaluated. Root extracts from plants

grown with the CuO NPs had higher POD and CAT

activities than the extracts from the control plants

(Fig. 6a). Plants grown with ZnO NPs had reduced

CAT activity (Fig. 6a). More glutathione was present

as the oxidized form, GSSG, in the roots than the

shoots of the control plants on a fresh weight basis

(Fig. 6b). The level of GSSG in the shoots of plants

grown with NPs significantly increased (p = 0.05)

compared to control plants (Fig. 6b). Increases in

Fig. 5 Effect on wheat growth in sand of Cu ions (3 mg Cu/kg)

and Zn ions (7 mg Zn/kg) equivalent to the highest concentra-

tions of dissolved Cu and Zn released from the CuO and ZnO

products in sand over 14-day period. Data are average of 5

replicates from at least two independent growth studies each

containing 15 plants in total. Different letters on bars represent

significant differences between the treatments for each growth

response (p = 0.05)

Table 3 Enhanced metal-induced reactive oxygen species-

related stress in plants grown in the presence of CuO and ZnO

nanoparticles (NPs)

Treatment Oxidative stress indicator

MDA (lM/g FW) Chlorophyll (lg/g FW)

Control 1.20 ± 0.4a 15.3 ± 0.5c

CuO NPs 4.45 ± 0.4b 9.5 ± 1.4b

ZnO NPs 2.27 ± 0.2c 9.6 ± 2.0b

Root membrane peroxidation (MDA) and leaf chlorophyll loss

in the NP-treated plants are indicated. Different letters after

values represent significant differences among the treatments

(p = 0.05) in each column. FW fresh weight
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GSSG in roots were not significant. IAA oxidase was

more active in the root extracts than the shoot extracts

of control plants. Figure 6c shows that there was more

residual IAA in the reaction mixtures after incubation

with extracts from shoots compared with roots.

Growth with CuO and ZnO NPs increased IAA

oxidase activity in the shoot extracts but had no

significant effect on activities in root extracts

(Fig. 6c).

Discussion

We demonstrate in this study that commercial CuO

and ZnO NPs released soluble Cu and Zn in a sand

matrix, with the particles present in the sand as NPs

and NP aggregates. The extent of aggregation might

have been influenced by the presence of Si and P

oxyanions present from the sand and as impurities in

the NPs. Such anions would affect particle surface

charge, leading to changes in the biological responses

to the NPs. Liu et al. (2011) demonstrated the impact

of Si and P oxyanions on the point of zero charge

(PZC) of TiO2. The PZC decreased with increasing

concentrations of Si and P present as contaminants in

several commercial preparations of TiO2. Despite

aggregation, the CuO NPs inhibited wheat growth and

changed root structure when the plants were grown in

the sand matrix. Our studies in sand confirmed the

inhibition by ZnO NPs of wheat growth in an

agricultural soil recently described by Du et al.

(2011). The larger size of NP aggregates shown by

DLS than by AFM in water suspensions of the NPs

could be attributed to factors inherent in DLS-based

analysis (see also Montes-Burgos et al. 2010). Mixing

with wetted sand promoted structural rearrangements

of the ZnO NPs to elongated particles approaching

micron size, whereas most of the aggregated particles

of CuO NPs retained a round appearance. The factors

from the sand that contributed to the change in

morphology of the ZnO NPs discussed below are

under further study.

Concentrations of Ca, Mg, or Na and organic matter

in the sand were too low to influence aggregation of

the NPs. Previously, we showed that aggregation to

micron sizes of these NPs in aqueous suspensions did

not eliminate their ability to alter metabolism in soil

bacteria (Dimkpa et al. 2011b; Gajjar et al. 2009).

Despite aggregation, the particles released ions into

the wetted sand. However, the ion release levels

decreased with time, and we suggest that increased

aggregation may have reduced the dissolution of the

NPs. We speculate that the morphological change in

the ZnO NPs in the sand was due to a mineral

transformation of ZnO. Both the observed mor-

phology in AFM (Fig. 2) and the decrease in Zn

solubilization with time were consistent with precip-

itation of hydrozincite [Zn5(CO3)2(OH)6] in a solution

with a pH of 7.9 and in equilibrium with ambient CO2

(Ghose 1964; Preis and Gamsjäger 2001).

A 

B 

C 

Fig. 6 Effects of CuO and ZnO NPs on systems that regulate

oxidative stress in planta. a Peroxidase (POD) activity measured

by absorbance at 570 nm due to transformation of 4-chloron-

apththol (4-CN) and catalase (CAT) activity in root extracts

from wheat plants grown with and without exposure to CuO and

ZnO NPs. b Levels of oxidized glutathione (GSSG) in extracts

from roots and shoots of plants grown with and without exposure

to CuO and ZnO NPs. c Assessment of IAA oxidase activity in

extracts from wheat shoots and roots grown with and without

exposure to CuO and ZnO NPs. Different letters on bars
represent significant differences (p = 0.05) in each figure,

differently for POD and CAT assays (a) and differently for root

and shoot samples (b, c). RLU relative light unit
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Transformation of ZnO to secondary phases in con-

taminated soil has been found previously (Voegelin

et al. 2005), and may provide an important control on

the fate of ZnO NPs. As discussed by Du et al. (2011)

in their soil studies with ZnO NPs, the NPs used here

acted as sources of soluble metal. Although metal

solubilization varied between NPs and the bulk

particles initially, overall release levels were similar

over time.

The levels of metals released from the CuO and

ZnO products were far below the levels of Cu and Zn

ions reported to be phytotoxic to wheat and other plant

species in a sand matrix: 120 mg/l Cu (in wheat), and

82–214 mg/l Zn (in forbs species) (Paschke and

Redente 2002; Paschke et al. 2006). Many of our

observations correlated with similar findings occur-

ring with Cu or Zn ion treatments, and generally

supported the greater toxicity of Cu than Zn (Warne

et al. 2008). For instance, the proliferation of lateral

roots observed with the NPs, bulk CuO and Cu ions

(data not shown) agreed with this being a common

plant response to metal stress at toxic levels (Potters

et al. 2007 and references therein).

We observed that the commercial NP products

caused oxidative stress (root lipid peroxidation,

decreased chlorophyll levels in shoots, increased

GSSG) agreeing with reported changes caused by

both NPs and metal ion treatments. Zn ions

(&14–13,600 mg/l, as ZnCl2) induced free radical

formation in wheat, resulting in increased MDA and

lower levels of reduced glutathione (GSH) (Panda

et al. (2003) and reduced chlorophyll contents (Aarti

et al. 2006). The role of GSH as a major protectant

against ROS (Apel and Hirt 2004; Pompella et al.

2003; Sies 1999) agreed with our finding of higher

levels of GSSG in the NP-exposed plants. Our results

also supported that roots have higher GSH levels than

shoots as previously discussed by Zaets et al. (2010).

Increased production of enzymes to counteract oxida-

tive stress, CAT and POD activities, as we observed

with CuO NP treatment, occurred with exposure to Cu

ions (&12 mg/l, on the basis of anhydrous CuSO4) in

hydroponic conditions (Gajewska and Sklodowska

2010). The lack of an increase in CAT or POD

activities with ZnO NPs agreed with the non-respon-

siveness of these enzymes to Zn ions in wheat (Panda

et al. 2003). Hernandez-Viezcas et al. (2011) also

reported no increase in CAT activity by treatments

with ZnO NPs at 500 mg/l in hydroponically grown

mesquite; activity was increased at 4,000 mg/l. Plant

growth in soil polluted with an array of different heavy

metals, including Cu (50 mg/kg) and Zn (72 mg/kg)

(Dimkpa et al. 2009) and in vitro growth with Cu ions

(Chaoui and El-Ferjani 2005) increased IAA oxidase

activity as we observed with the NP-exposed plants.

The changes in chlorophyll levels also agreed with

studies of NP treatments in hydroponic conditions:

reduced chlorophyll levels occurred with core–shell

CuO NPs (&10–20 mg/l) in the green alga, Chla-

mydomonas reinhardtii (Saison et al. 2010) and CuO

NPs (400 mg/l) in Lemna gibba plants (Perreault et al.

2010). It is difficult to extrapolate the extent to which

metal ions released from the NPs caused the changes

to plant growth we observed with the NPs. The

reduced root growth and biomass seen with the Cu ion

treatment suggested that this was instrumental in the

plants’ response to the CuO NPs. The Zn ions did not

duplicate the responses. However, for both NPs, we

postulate that increased oxidative stress, and possibly

decreased IAA levels due to enhanced IAA oxidase

(Potters et al. 2007), contributed to impaired wheat

growth.

We deduced that the findings of altered shoot

metabolism correlated with abnormal accumulations

of these metals (for Cu 20-fold and for Zn 24-fold

above control) when plants were grown with NPs.

Wheat meristematic tissues have a high requirement

for Zn and its translocation is effective (Haslett et al.

2001), such that Zn is better accumulated in shoots in

comparison to Cu (Haslett et al. 2001; Page and Feller

2005). Other plants species also accumulate large

amounts of Zn in aerial parts (Hernandez-Viezcas

et al. 2011; Paschke et al. 2006; Qu et al. 2011).

The XANES data showed that CuO was detected in

the shoots of wheat seedlings grown from roots

exposed to the CuO NPs. Using LC analysis of the

XANES spectra from plants grown with CuO NPs, we

found that the majority (64 ± 10 %) of the Cu was in

the original form as CuO and the rest (36 ± 10 %)

was bound to sulfur as a reduced Cu(I)–S species.

Similarly, previous XANES analysis with the Cu-

tolerant plant Elsholtzia splendens indicated that most

Cu in shoots was divalent when the plant was provided

with Cu ions (Shi et al. 2008). Recent stable isotope

studies suggested that reduction of Cu in the plants to

Cu(I) was part of the normal uptake process (Jouvin

et al. 2012). Whether the CuO NPs were transported

into the wheat shoot or formed from dissolved Cu ions
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taken into the plant from the roots requires further

investigation. However, given that freshly precipitated

Cu(OH)2 must be heated to form CuO NPs (Haiming

et al. 2004; Topnani et al. 2009), we speculated that the

presence of CuO in the plants was due to uptake and

transport, rather than formation of novel NPs in

planta. The finding of CuO in wheat shoot agreed with

detection of intact NPs of Cu, Ni(OH)2, CeO2, and

Fe3O4 within plant tissues in mung bean, wheat,

mesquite, cucumber, and pumpkin (Lee et al. 2008;

Parsons et al. 2010; Zhang et al. 2011; Zhu et al. 2008).

Navarro et al. (2008) hypothesized that the attachment

of NPs to plant cells induced changes leading to the

potential transport of even more NPs into the cells.

Sites of localized damage were observed in the roots

exposed to CuO NPs as darkened lesions.

In contrast, shoots from the ZnO NP-grown plants

contained a Zn species different from the original ZnO

NPs. The XANES spectrum of shoots of these plants

was closest to the spectrum of Zn-phosphate standard

of the mineral hopeite [(Zn3(PO4)2�4H2O], indicating

solubilization from the ZnO NPs was involved. The

difference in response between the solubility of the

ZnO and the transport of CuO NPs into shoots relates to

the difference in solubility: ZnO (zincite) has a greater

solubility, log K = 11.16, compared to log K = 7.66

for CuO (tenurite) (Lindsay 1979). Slight differences

in the XANES spectrum of the shoot sample and the

phosphate mineral were present (arrows in Fig. 4b).

The differences are likely related to differences

between Zn binding in the mineral standard and

adsorption to phosphoryl functional groups and ligands

such as phytic acid in the wheat plants (Vansteveninck

et al. 1994). The transformation of the ZnO NPs to Zn-

phosphate agreed with previous reports for Arabidop-

sis halleri (Sarret et al. 2002); transformation of ZnO

NPs to Zn ions was observed in soybean and mesquite

plants (Hernandez-Viezcas et al. 2011; López-Moreno

et al. 2010). Our results with wheat differ from those of

Lin and Xing (2008), where little Zn was detected in

shoots of hydroponically grown perennial ryegrass

treated with 1,000 mg/l ZnO NPs, despite identifying

intact ZnO NPs at damage sites in the roots.

Although accumulation of metals at toxic levels in

plants are harmful for the food chain, their uptake from

NPs could permit phytoremediation of soils contam-

inated with NPs, or the actual mining for precious

metals such as silver and gold (Haverkamp and

Marshall 2009). Also, metal loading from NPs could

remedy deficiencies in Zn and Cu in metal-deficient

soils (Alloway 2009; Nair et al. 2010; White and

Broadley 2009). However, our studies were performed

in sand where there was no organic matter or materials

of high ionic strength that could alter NP stability and

transport likely to occur in soil (Lin et al. 2010). Thus,

the extent to which such factors would influence

uptake into plants in soil awaits investigation.

In summary, we demonstrated that CuO and ZnO

NPs in a sand growth matrix aggregated into large

particles, with evolution of structure for the ZnO NPs.

The NPs impaired plant growth more than bulk

particles, although both products (NPs and bulks)

caused similar accumulation of the respective metals,

Cu and Zn, within wheat shoots. The Zn in the shoots

was complexed with phosphoryl moieties, implying that

dissolution of the ZnO NPs was important in the plant. In

contrast, CuO and lower levels of Cu(I)–sulfur com-

plexes were detected in shoot after growth with CuO

NPs. The Cu(I)–sulfur complex was consistent with Cu

release from the NPs and its reduction by plant

processes. Impaired root growth could be a consequence

of dissolved Cu from the NPs. Dissolved Cu and Zn also

could be the cause of the oxidative stress observed in the

wheat seedlings grown with both CuO and ZnO NPs.

How these toxic effects may be modified in soil by

mineral complexation and transformation of NPs that

could not occur in the sand matrix awaits further

chemical, physiological, and biological evaluations.
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