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Abstract Little is known about the relationships

between Zn bioavailability in ZnO nanoparticle (NP)-

spiked soil and the implications to crops. The present

pot culture experiment studied Zn bioavailability in

soil spiked with different doses of ZnO NPs, using the

diethylenetriaminepentaacetic acid (DTPA) extraction

method, as well as the toxicity and Zn accumulation in

maize plants. Results showed that ZnO NPs exerted

dose-dependent effects on maize growth and nutrition,

photosynthetic pigments, and root activity (dehydro-

genase), ranging from stimulatory (100–200 mg/kg)

through to neutral (400 mg/kg) and toxic effect

(800–3200 mg/kg). Both Zn concentration in shoots

and roots correlated positively (P\ 0.01) with ZnO

NPs dose and soil DTPA-extractable Zn concentra-

tion. The BCF of Zn in shoots and roots ranged from

1.02 to 3.83 when ZnO NPs were added. In most cases,

the toxic effects on plants elicited by ZnO NPs were

overall similar to those caused by bulk ZnO and

soluble Zn (ZnSO4) at the same doses, irrespective of

some significant differences suggesting a higher

toxicity of ZnO NPs. Oxidative stress in plants via

superoxide free radical production was induced by

ZnO NPs at 800 mg/kg and above, and was more

severe than the same doses of bulk ZnO and ZnSO4.

Although significantly lower compared to bulk ZnO

and ZnSO4, at least 16 % of the Zn from ZnO NPs was

converted into DTPA-extractable (bioavailable)

forms. The dissolved Zn2? from ZnO NPs may make

a dominant contribution to their phytotoxicity.

Although low amounts of ZnO NPs exhibited some

beneficial effects, the accumulation of Zn from ZnO

NPs into maize tissues could pose potential health

risks for both plants and human.

Keywords Nanoparticles � Bioavailability � Maize �
Nanoparticle pollution � Phytotoxicity

Introduction

ZnO nanoparticles (ZnO NPs) have a wurtzite crystal

structure that leads to their unique optoelectric
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properties (Wang 2004), and are widely used in

various products including plastics, ceramics, glass,

cement, rubber, lubricants, paints, pigments, foods

(source of Zn nutrient), batteries, fire retardants,

personal care products, etc. (Ma et al. 2013). They

can enter natural ecosystems through direct applica-

tion, biosolid application, accidental release, con-

taminated soil/sediments, or atmospheric fallout (Rico

et al. 2011). Environmental levels of ZnO NPs are

expected to increase because of their widespread

application (Rico et al. 2011), and thus, their environ-

mental behavior and fate, toxicity, and potential risk to

ecosystems have attracted more attention (Klaine et al.

2008; Ma et al. 2013; Navarro et al. 2008).

Recent studies have shown that NPs, such as

metal or metal oxide NPs, may lead to accumulation

of themselves and/or the component metal in edible

plants, and have detrimental or beneficial effects on

the agronomic traits, yield, and productivity of crops

(Gardea-Torresdey et al. 2014; Rico et al. 2011).

Consequently, concerns are increasing over the

effects of NPs in agricultural ecosystems and their

subsequent health risks. Numerous studies have

shown the toxic effects of ZnO NPs to many

organisms, including bacteria, algae and plants,

aquatic and terrestrial invertebrates, and vertebrates

(Ma et al. 2013). ZnO NPs have been found to cause

phytotoxicity in a limited number of crops, such as

Raphanus sativus, Brassica napus, Lactuca sativa,

Zea mays and Cucumis sativus (Lin and Xing 2007),

Cucurbita pepo (Stampoulis et al. 2009), Glycine

max (López-Moreno et al. 2010), Allium cepa

(Kumari et al. 2011), and Vicia faba (Manzo et al.

2011). However, these studies were all conducted in

hydroponic systems. Because most food crops are

mainly grown in terrestrial environment in most

agricultural countries, the effects of ZnO NPs in soil

ecosystems deserve more attention. High doses of

ZnO NPs generally produced negative effects on

agricultural ecosystem, such as declines in soil

quality (Du et al. 2011; Priester et al. 2012), reduced

growth and biomass/yields of Triticum aestivum (Du

et al. 2011), Z. mays (Zhao et al. 2013), and G. max

(Yoon et al. 2014), and excess Zn accumulation in

plant tissues of C. sativus (Kim et al. 2011) and

Pisum sativum (Mukherjee et al. 2014), and even in

seeds of G. max (Priester et al. 2012). Overall, ZnO

NPs may adversely affect crop growth, yields, and

quality, and further pose risks to environment and

human health, but the underlying mechanisms are

far from being well known.

The phytotoxicity of ZnO NPs generally varied with

their dose and particle size, soil properties, and plant

traits (Handy et al. 2008). Contradictory evidences

have been obtained in several soil culture experiments.

For example, 400 or 800 mg/kg ZnO NPs significantly

reduced the root and shoot biomass production of Z.

mays (Zhao et al. 2013); however, 500 mg/kg ZnO NPs

slightly stimulated plant growth of G. max (Priester

et al. 2012). In another study, soybean development

was delayed by ZnO NPs, and those plants grew in soil

added with 500 mg/kg ZnO NPs did not produce seeds

(Yoon et al. 2014). Thus, it seems that the effects of

ZnO NPs on crops are still inconclusive (Gardea-

Torresdey et al. 2014). Moreover, to the authors’

knowledge, little is know about relationships between

Zn bioavailability in ZnO NP-spiked soil and the

toxicity and Zn accumulation in plants.

Here, a soil microcosm experiment was conducted

(1) to investigate the effects of different doses of ZnO

NPs after entering soil on maize growth, nutrient

acquisition, physiological responses, and Zn bioavail-

ability, and (2) to compare the effects and Zn

bioavailability in soil spiked with three forms of Zn

(ZnO NPs, bulk ZnO, and ZnSO4) at the same dose.

Materials and methods

Soil

The test soil was sampled from an experimental field

(0–15 cm depth) at the Henan University of Science and

Technology. To eliminate the uncertain influences of soil

microbes on NPs behavior, the soil was autoclaved at

121 �C for 2 h after sifting through a 2-mm sieve, and

then air-dried. The soil is classified as Aquic Ustochrepts

(US soil taxonomy) and soil texture is loamy, with a pH

(1:2.5 soil/water) 8.2, 2.08 % organic matter, 1.03 g/kg

total N, 65.2 mg/kg alkali-hydrolyzable N, 1.82 g/kg

total P, 9.02 mg/kg Olsen P, 19.2 g/kg total K, and

278.64 mg/kg 1 M NH4OAc-extractable K, 48.46 mg/

kg total Zn, and 0.47 mg/kg DTPA-extractable Zn.

Zno NPs, standards and reagents

ZnO NPs (mean particle size 90 ± 10 nm, purity

99.9 %) were purchased from Nanjing Aipurui
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Nanometer Materials Co. Ltd., China. Bulk ZnO

(particle size 0.5–1.5 lm, purity 99 %, AR) and

ZnSO4 powders (purity 99.5 %, AR) were all pur-

chased from Tianjin Bodi Chemical CO. Ltd., China.

The size and morphology of ZnO NPs and bulk ZnO

were determined using transmission electronic mi-

croscopy (TEM) (JEM-2100, JEOL Ltd., Japan) with

an accelerating voltage of 200 kV. TEM images of

ZnO nanoparticles and bulk ZnO powders are shown

in Fig. S1 (see supporting information). Standard plant

materials [GBW-07603 (GSV-2) were purchased from

China Standard Materials Research Center, Beijing,

PR China. HNO3 (65–68 %) and HClO4 (70–72 %)

were guaranteed reagent (Luoyang Haohua Chemical

Reagents Co. Ltd., China) and other reagents were all

analytical grade.

Experimental design and procedure

The powders of ZnO NPs, bulk ZnO, and ZnSO4�7H2-

O were used to directly mix with soil following the

method described by Priester et al. (2012). Consider-

ing the uncertain release of NPs to environments

(Keller and Lazareva 2014; Lazareva and Keller

2014), a wide range of ZnO NPs concentrations were

designed as 100, 200, 400, 800, 1600, and 3200 mg/kg

respectively. Each pot was filled with 2000 g air-dried

ZnO NP-spiked soil. Additionally, the same amount of

Zn as the 800 mg/kg ZnO NPs in its non-nanoparticles

(bulk ZnO) and ionic form (ZnSO4�7H2O) was used to

compare the effects of different Zn forms. The control

treatment received no ZnO NPs, bulk ZnO, or ZnSO4.

Soils were watered and maintained at about 70 % of

water-holding capacity. Each treatment replicated

three times.

Seeds of maize (Zea mays L. var. Zhengdan958)

were surface-sterilized with 0.5 % NaClO solution

and subsequently washed several times with distilled

water and germinated at 28 �C (about 48 h) in dark

until the radicles appeared. Six uniform germinated

seeds were transplanted into each pot. The seedlings

were arranged in a non-environment-controlled

greenhouse with a day/night (14–15/9–10 h) tem-

perature (25–35/18–24 �C) and irrigated with tap

water to maintain about 70 % of field water-holding

capacity. Soil moisture was monitored by weighing

the pots every 3 days and adjusted as required with

tap water.

Plant and soil analysis

After 8 weeks of growth, shoots and roots were

harvested separately. The shoots were rinsed with

deionized water for three times. The roots were

removed by carefully breaking apart the soil and then

rinsed with deionized water. Then their fresh weights

were determined. A sub-sample of fresh root was

taken to evaluate root activity. Fresh leaves (the third

or fourth leaf from the top of the plant) were sampled

to determine the contents of chlorophyll and ROS.

Remaining shoots and roots were weighed after oven

drying at 70 �C for 48 h. The ratio of dry weight to

fresh weight of the remaining plant materials, and total

fresh weight of shoots and roots were used to estimate

total dry weights. The whole pot of soil was

thoroughly mixed and then sampled for analysis of

DTPA-extractable Zn.

Root activity was measured using triphenyl tetra-

zolium chloride (TTC) method. TTC can be reduced

by dehydrogenase when it is added to a plant tissue,

and so it has been widely used for studying the vitality

of different plant tissues, including root activity

(Clemensson-Lindell 1994). Reduction of TTC and

formation of red triphenyl formazan (TTF) were

quantified spectrophotometrically at 485 nm after

acetic ester extraction. The root activity was defined

as the product of TTF per hour and per gram fresh

weight (FW) of the root. Chlorophyll (chl) and

carotenoid were estimated by extracting fresh leaf

materials in 80 % acetone, and the absorbances were

recorded at 470, 646, and 663 nm. Chl a, chl b, and

carotenoid concentrations were calculated as de-

scribed by Arnon (Arnon 1949). The cleaned leaves

were cleaned and cut, and 1.0 g was mixed and

homogenized in dry-ice with 4 mL of phosphate

buffer (50 mmol/L, pH 7.8) containing 1 % PVP (V/

V) and a little amount of quartz sand using a pre-

chilled pestle and mortar. The homogenate was

transferred to centrifuge tubes and centrifuged at

4 �C for 15 min at 10,0009g. Superoxide free radical

(O2
-) production was assayed using the supernatant

according to the method of Wang and Luo (1990).

Briefly, the supernatant (1 mL) was added with

0.9 mL of 65 mM phosphate buffer (pH 7.8) and

0.1 mL of 10 mM hydroxylamine hydrochloride, and

then incubated at 25 �C for 30 min. The incubated

solution (1 mL) was added to 1 mL of 17 mM

3-aminobenzenesulfonic acid and 1 mL of 7 mM
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1-naphthylamine, and then kept at 25 �C for 20 min.

The absorbance was recorded at 530 nm. The O2
-

production rate was calculated based on a standard

curve from the reaction equation of O2
- with

hydroxylamine. The O2
- production rate was ex-

pressed as nmol/g FW.

Diethylenetriaminepentaacetic acid (DTPA) ex-

traction provides a useful method to evaluate Zn

bioavailability in calcareous soil (Bidwell and Dowdy

1987; Hooda and Alloway 1994), and this method was

used to evaluate the bioavailability of Zn derived from

ZnO NPs, bulk ZnO, or ZnSO4. Briefly, 5 g (dry wt.)

of soil sample in each pot was added into 100-mL

plastic bottle with 50 mL of 0.005 M DTPA, 0.01 M

CaCl2, and 0.1 M TEA (triethanolamine) buffered at

pH 7.3, and shook for 2 h at 25 �C (Lindsay and

Norvell 1978). The extracts were centrifuged at

3000 rpm for 10 min, and supernatants were filtered

with a Millipore 0.025-lM filter and then used for

analysis.

The dried plant materials were wet-digested in a

mixture of concentrated HNO3 and HClO4 (4:1,

v/v). Then concentrations of Zn, K, and other

microelements in plant tissues, as well as soil

DTPA-extractable Zn concentrations, were deter-

mined by inductively coupled plasma atomic emis-

sion spectrometry (ICP-AES, Varian AA240, USA).

The concentration of P in the digested solution was

measured using vanadium–molybdenum yellow col-

orimetry. Subsamples of plant tissues were digested

in a mixture of H2SO4 and H2O2, and then N

concentrations were determined using Kjeldahl

method (Lu 1999). For quality assurance of Zn,

N, P, K, and other elements, blanks and standard

plant materials [GBW-07603 (GSV-2)] and external

certified standard were used. The recoveries were

between 95.0 and 100.5 %.

Data analysis

Data (mean ± SD, n = 3) were subjected to a one-

way ANOVA using SPSS 13.0 (SPSS, Inc., Chicago,

IL, USA). Tukey’s multiple-range test (P\ 0.05) was

used to compare the significance among all the

different treatments. Pearson correlation coefficients

were calculated to evaluate the strength of the

relationship between ZnO NPs dose, soil DTPA-

extractable Zn concentration, and other parameters.

According to Bose and Bhattacharyya (2008),

translocation factor (TF) and bio-concentration factor

(BCF) were calculated.

Translocation factor is the ratio of metal concen-

tration in aerial parts and metal concentration in plant

root,

i:e.: TF ¼ Cshoot=Croot;

where Cshoot = conc. in plant’s aerial part and

Croot = conc. in plant’s root.

BCF is the ratio of concentration of trace element in

plant tissue (mg/kg) at harvest and concentration of

trace element in soil before plant growth.

Results

Plant biomass production

Compared with the control, the dry weights of plants

did not change significantly from 100 to 400 mg/kg

ZnO NPs, while decreased gradually from 800 to

3200 mg/kg (Fig. 1). At the highest dose, the dry

weights of shoots and roots decreased by 67 and 59 %,

respectively. Root/shoot ratio significantly increased

at 1600 and 3200 mg/kg. Plant height increased at 100

and 200 mg/kg, did not change at 400 mg/kg, but

decreased from 800 to 3200 mg/kg.

The plants treated with bulk ZnO and ZnSO4 had

similar dry weights to the controls, except for a

significant but lower shoot dry weight in bulk ZnO-
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treated plants (Fig. 1). Shoot dry weight of plants in

800 mg/kg ZnO NPs treatment was similar to those

treated with bulk ZnO, but significantly lower than

those treated with ZnSO4. No significant differences

were observed in root dry weight and plant height

among ZnO NPs (800 mg/kg), bulk ZnO, and ZnSO4.

Mineral nutrition of maize plants

Compared with the control, P uptake increased in

shoots at ZnO NPs doses from 100 to 400 mg/kg, and

in roots at 200 mg/kg, while decreased both in shoots

and roots from 1600 to 3200 mg/kg (Table S1). The

total uptake of most of these mineral elements in

plants showed a similar parabolic trend, that is, it first

increased and reached a peak at 200 mg/kg ZnO NPs

and thereafter decreased gradually with ZnO NPs dose

(Table S1). The lowest mineral uptake of plants was

observed at 3200 mg/kg.

Bulk ZnO and ZnSO4 produced no different effects on

shoot and root P uptake, but showed a significant

increase in shoot P uptake when compared to ZnO NPs at

800 mg/kg (Table S1). In most cases, ZnONPs (800 mg/

kg), bulk ZnO, and ZnSO4 produced no different effects

on shoot and root N, K, Ca, Mg, and Fe uptake.

Photosynthetic pigments, root activity, and O2
-

concentration

The concentrations of chl a, chl b, and carotenoid in

leaves did not change significantly from 100 to

1600 mg/kg, but decreased markedly at 3200 mg/kg

(Fig. 2). Root activity showed a similar trend: it did

not change from 100 to 800 mg/kg and decreased from

1600 to 3200 mg/kg (Fig. 3). O2
- showed an opposite

trend with the lowest value at 200 mg/kg and the

highest at 3200 mg/kg (Fig. 3). ZnO NPs (800 mg/

kg), bulk ZnO, and ZnSO4 produced no different

effects on photosynthetic pigments and root activity;

however, O2
- concentration in ZnO NPs treatment

was significantly higher than that in bulk ZnO and

ZnSO4 treatments.

Zn accumulation by maize plants

Concentration and uptake of Zn in maize roots and

shoots showed an increasing trend as the ZnO NP dose

increased (Fig. 4). Zn concentration varied from 438

to 2664 mg/kg in shoots and from 492 to 2668 mg/kg

in roots, respectively, when soils were spiked with

different doses of ZnO NPs (from 100 to 3200 mg

NPs/kg soil). All treatments showed higher Zn con-

centration than those in the control plants (36 mg/kg in

shoots and 114 mg/kg in roots, respectively); howev-

er, TF did not change markedly and BCF for shoots

and roots decreased with the increasing ZnO NPs dose

(Table 1).

Shoot Zn concentration in the plants treated

with different Zn forms varied from ZnO NPs

(800 mg/kg)[ bulk ZnO[ZnSO4, while root Zn

concentration showed no significant difference. There
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were no significant differences in Zn uptake of the

plants treated with ZnO NPs (800 mg/kg), bulk ZnO,

or ZnSO4 (Fig. 4). The plants treated with the three Zn

compounds had similar TF and BCF of Zn in roots,

while those treated with ZnO NPs (800 mg/kg) had

higher BCF in shoots than those treated with ZnSO4.

DTPA-extractable Zn concentration in soil

Soil DTPA-extractable Zn concentrations after harvest

increased as ZnO NPs dose increased (Fig. 5). Soil

DTPA-extractable Zn concentration was positively

correlated with ZnO NPs dose (Table 2). As shown

from the linear regression equation in Fig. 5, after

plant harvest, about 16 % of the Zn from ZnO NPs was

converted into DTPA-extractable forms in soil. At

800 mg/kg, soil DTPA-extractable Zn concentration

varied significantly from ZnO NPs\ bulk ZnO\
ZnSO4.

Correlation between ZnO NPs, soil DTPA-

extractable Zn, and other parameters

Pearson correlation analysis revealed that both ZnO

NPs dose and soil DTPA-extractable Zn concentration

were correlated negatively with plant biomass pro-

duction, plant height, P nutrition, photosynthetic

pigments, and root activity, but positively with O2
-

concentrations in leaves, Zn concentrations in shoots

and roots, and root Zn uptake (Table 2). Furthermore,

both ZnO NPs dose and soil DTPA-extractable Zn

concentration were correlated negatively with the

uptake of P, N, K, Ca, Mg, and Fe in shoots and roots

(data not shown).

Discussion

Our present results confirm a high Zn bioavailability in

ZnO NP-spiked soil and to maize. The first evidence

comes from Zn concentrations in maize plants, which

have significant positive correlations with ZnO NPs

dose, indicating the Zn in plants is at least partly from

ZnO NPs. The Zn absorbed by plants is surely

‘‘bioavailable.’’ The second evidence comes from

the comparison with ZnSO4. Undoubtedly, among the

three compounds, the soluble Zn salt ZnSO4 is highly

bioavailable in soil, because it can release Zn2?.

Compared with bulk ZnSO4, ZnO NPs produced

similar plant Zn uptake or even higher shoot Zn

concentration, indicating that the bioavailability of Zn

released from ZnO NPs is similar to or higher than that

from ZnSO4. Another evidence is that soil DTPA-

extractable Zn concentrations (this form often repre-

sents bioavailable nutrient fractions) correlate sig-

nificantly with ZnO NPs dose and Zn concentrations in

plants, indicating ZnO NPs indeed released Zn2? or

other exchangeable forms into soil.

The bioavailability of Zn derived from ZnO NPs

can also explain their beneficial, neutral, or toxic

effects at different doses. Zn is an essential micronu-

trient for plants but toxic when in excess. At low doses,

ZnO NPs may serve as a zinc fertilizer and supply
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Zn2? for plant growth, but at high doses, they will be

toxic because they release excess amount exceeding

plant requirement. As a result, the effects of ZnO NPs

varied closely with their dose and the DTPA-

extractable Zn concentrations in soil. Also, soil

DTPA-extractable Zn correlated negatively with

maize growth, and nutritional and physiological

parameters, but positively with tissues Zn concentra-

tions. Thus, it can be speculated that dissolution of

ZnO NPs to Zn2? dominates their toxicity to maize.

Unfortunately, so far it is still uncertain whether

ZnO NPs phytotoxicity is due to the ZnO NPs

themselves, dissolution to Zn2?, or some combination

thereof. Compared with bulk ZnO and ZnSO4, ZnO

NPs produced lower DTPA-Zn concentration in soil,

but a higher toxicity and higher shoot Zn concentration

e
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Table 2 Pearson correlation coefficients between ZnO NPs

dose, soil DTPA-extractable Zn concentration, and other

parameters

ZnO NPs dose Soil DTPA-Zn

Shoot dry weight -0.958** -0.934**

Root dry weight -0.909** -0.884**

Plant height -0.950** -0.928**

Shoot P conc. -0.842* -0.844*

Root P conc. -0.927** -0.909**

Chl a conc. -0.966** -0.966**

Chl b conc. -0.907** -0.904**

Carotenoid conc. -0.969** -0.966**

Root activity -0.950** -0.911**

O2
- conc. in leaves 0.888** 0.928**

Shoot Zn conc. 0.977** 0.976**

Root Zn conc. 0.983** 0.982**

Shoot Zn uptake 0.638ns 0.624ns

Root Zn uptake 0.788* 0.780*

Soil DTPA-Zn conc. 0.997** –

Significant levels * P\ 0.05; ** P\ 0.01; ns non-significant

effect

Table 1 TF of Zn from root to shoot (S/R) and BCF of Zn in shoots and roots

Nominal dose (Zn calculated) (mg/kg) TF BCF in shoots BCF in roots

ZnO NPs 0 0 (0) 0.33 (0.07)b 0.74 (0.10)g 2.36 (0.40)bc

100 100 (80) 0.91 (0.09)a 3.41 (0.04)a 3.83 (0.39)a

200 200 (160) 1.06 (0.00)a 2.80 (0.02)b 2.65 (0.01)b

400 440 (320) 1.15 (0.10)a 2.12 (0.03)c 1.88 (0.18)bcd

800 800 (640) 0.93 (0.04)a 1.40 (0.00)d 1.52 (0.06)cd

1600 1600 (1280) 1.04 (0.03)a 1.30 (0.02)de 1.25 (0.04)d

3200 3200 (2560) 1.00 (0.05)a 1.02 (0.01)f 1.02 (0.06)d

Bulk ZnO 800 800 (640) 0.97 (0.03)a 1.29 (0.02)de 1.33 (0.06)d

ZnSO4 800 800 (640) 1.06 (0.11)a 1.14 (0.01)ef 1.09 (0.11)d

Zn calculated is based on the spiked doses and the percentage of Zn in the compounds. It is important to note that the ZnSO4 added

had as same amount Zn as ZnO NPs (800 mg/kg). Its nominal dose was noted as 800 mg/kg just for comparison, which is not the

actual dose. BCF was calculated based on the total Zn concentrations in soil which included the sum of the natural and the spiked Zn.

Different letters following means (±SE) in the same column indicate significant differences (P\ 0.05)
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(Figs. 1, 4, 5). If Zn2? release is the sole toxicity

pathway, ZnO NPs must be less toxic than bulk ZnO

and ZnSO4. So, it can be inferred that the dissolved

Zn2? cannot solely account for the observed toxicity

of ZnO NPs, and there must be some toxicity relative

to nanospecific properties. The lower phytotoxicity of

ZnSO4 is perhaps partly due to nutritional effects of

the concomitant SO4
2-. ZnO NPs have smaller

particle size than bulk ZnO NPs and may migrate

further and dissolve more easily, and then they and

their derivatives may exert adverse impacts on soil

structure and properties, and seed germination and

root elongation, as well as the seedling growth and

mineral nutrient uptake. Under soil culture conditions,

both ZnO NPs and Zn salt (ZnCl2) (500 Zn mg/kg) had

no phytotoxicity to Vigan unguiculata and produced

similar biomass and tissues concentration (Wang et al.

2013), while ZnO NPs induced more toxicity/stress

compared to bulk ZnO for P. sativum plants (Mukher-

jee et al. 2014). Our results seem to be partly consistent

with the latter.

Moreover, it is still unclear whether the Zn

accumulated in maize plants is in forms of NPs

themselves, or Zn2? released from them, or both,

because the parameters determined correlating with

ZnO NPs also correlated significantly with soil DTPA-

extractable Zn. Several studies show that ZnO NPs

were not observed within roots of plants exposed to

ZnO NPs (De La Rosa et al. 2011; Hernandez-Viezcas

et al. 2011, 2013; López-Moreno et al. 2010). In pure

kaolin suspensions, ZnO NPs rapidly dissociate to

Zn2? within 1 day of reaction (Scheckel et al. 2010).

In another study, ZnO NPs were found to dissolve

rapidly following their entry into the soil, and could

not be detected after incubation for 1 h in soil; the

speciation of Zn was similar in shoot tissues of V.

unguiculata for both ZnCl2 and ZnO NPs, and no roots

to shoots translocation of ZnO NPs was observed

(Wang et al. 2013). The free Zn ion (Zn2?) is generally

considered as the main bioavailable species preferen-

tially absorbed by plants (Kalis et al. 2007). The

DTPA-extractable Zn mainly consists of water soluble

and exchangeable zinc ions, as well as the adsorbed

and organically bound fractions (Lindsay and Norvell

1978). Therefore, to say the least, even though ZnO

NPs and Zn2? coexist in soil, plants would preferen-

tially take up Zn2?, but not NPs. Based on Figs. 4 and

5, total DTPA-Zn in soil could provide enough Zn

sources required for plants. Indeed, Zn NPs have been

observed within plant tissues (Priester et al. 2012;

Zhao et al. 2012). However, it is still unclear that these

nano-sized Zn NPs in plants are directly from the ZnO

NPs, or synthesized by plants themselves using the

Zn2? released from ZnO NPs, because plants can also

synthesize metal or metal oxide NPs within their

tissues (Iravani 2011; Qu et al. 2011). In our study, the

ZnO NPs have a particle size of 90 nm, and they are

unlikely to be absorbed directly by plants. Thus, it

could be inferred that the Zn accumulated in plants

mainly comes from the Zn ions derived from ZnO

NPs, but not the ZnO NPs themselves.

Usually, biomass production and plant height are

useful indicators of plant health. Different, even

conflicting ZnO NPs effects on plant biomass have

been reported under soil culture condition, varying

with ZnO NPs dose, soil condition, and plant species

(Du et al. 2011; Kim et al. 2011; Lee et al. 2012;

Manzo et al. 2011; Priester et al. 2012; Zhao et al.

2013). ZnO NPs with a larger particle size may have a

lower solubility and thus a lower phytotoxicity. Also,

organic matter can directly or indirectly improve plant

growth through releasing nutrients to plants (serve as

fertilizers), and influencing the bioavailability and

toxicity of ZnO NPs to plants (Aiken et al. 2011). In

our present study, the particle size of ZnO NPs we used

was about 90 nm, and the organic matter content was

up to 2 %, which may partly explain the differences of

our findings with others.

ZnO NPs have been found to alter the nutritional

value of soil cultivated G. max plants (Peralta-Videa

et al. 2014). Less P uptake was also observed in ZnO

NP-treated plants compared to those treated with bulk

ZnO and ZnSO4. All the three compounds can release

Zn2? and decrease the phytoavailability of P via

forming phosphate precipitation such as Zn3(PO4)2,

but soil pH also influences the availability of P and

other micronutrients. Soil pH after harvest was 7.9,

7.9, and 7.6 for ZnO NPs, bulk ZnO, and ZnSO4

treatment, respectively (data not shown). Dissolution

of ZnO generally produces OH- and results in higher

soil pH, while ZnSO4 often leads to a little lower soil

pH. This may explain a higher P (and higher biomass)

in ZnSO4-treated plants. Furthermore, ZnO NPs are

small enough to fit into smaller spaces between soil

particles and might therefore migrate further than bulk

ZnO particles, and thus display a more pronounced

effect on P availability. Because of their smaller

particle size, ZnO NPs in soil may display different
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behaviors and deserve more attention compared with

larger particles, such as aggregation, transport and

deposition, sorption and desorption, and stabilization

and dissolution, which potentially affect soil proper-

ties and plant growth.

Numerous studies have shown that ZnO NPs can

induce oxidative stress and change activity of an-

tioxidant enzymes (Hernandez-Viezcas et al. 2011;

Kim et al. 2012; Mukherjee et al. 2014; Zhao et al.

2013). Increased O2
- in leaves induced by higher ZnO

NPs doses confirms that the toxicity of ZnO NPs is

partly due to the production of ROS. Higher Zn levels

suppress leaf chlorophyll synthesis and root activity

(Yang et al. 2011). Excess Zn2? may replace the

central Mg2? of chlorophyll and such substitution will

lead to impairment of photosynthesis. ZnO NPs may

interfere with the synthesis of photosynthetic pig-

ments. Meanwhile, ZnO NPs (800 mg/kg) and ZnSO4

produce similar photosynthetic pigments and root

activity, indicating that ZnO NP-induced toxicity may

be mainly due to the dissolved Zn2?.

The TFs of Zn under all ZnO NP treatments

(0.91–1.15) were similar to the results obtained using

soil culture (0.78–0.91) (Zhao et al. 2013), but

significantly higher than those reported in a previous

study using a hydroponic culture system (0.02–0.01)

(Lin and Xing 2008). The possible reason is that ZnO

NPs dissolved rapidly in soil, but only released less

Zn2? (lower than 8 mg/L) in solution (Lin and Xing

2008), while ZnO NPs are not easily transported from

root to shoot. The plants treated with ZnO NPs, bulk

ZnO, and ZnSO4 all had similar TF of Zn, which may

be explained by that the Zn fraction absorbed and

translocated by all the plants is probably the same form

(i.e., Zn2?). Comparing with the control (0.33), all Zn

treatments increased TF. In the control treatment, soil

bioavailable Zn was inadequate (0.47 mg/kg), Zn may

not be easily transported from roots to shoots, but ZnO

NPs added to soil released more bioavailable Zn, and

thereby, the transport to shoots was enhanced.

The expected increase in concentrations of ZnO

NPs in biosolid-treated soils is about 2 lg/kg per year

(Gottschalk et al. 2009). If the ZnO NPs input to

agricultural fields keeps so low in future, their

detrimental effects in soil are negligible in the near

future. But ZnO NPs and/or the dissolved Zn can

accumulate in soil, and if their concentrations reach a

level as studied ([800 mg/kg), the negative outcomes

are possible. Even at low doses, their impacts on other

components of terrestrial ecosystems also need further

evaluation. Moreover, although the state of Zn in plant

tissues remains unknown, the accumulation of Zn

from ZnO NPs into crop plants may have important

health implications for both plants and human. Any-

way, considering potential implications of ZnO NPs to

soil fertility and food quality (Priester et al. 2012), and

soil microorganisms (Dinesh et al. 2012; Ge et al.

2014), both their beneficial and adverse effects in

terrestrial ecosystems need much more concerns.

Conclusion

Here, we firstly associated Zn bioavailability in ZnO

NP-spiked soil with the toxicity and Zn accumulation in

crops. ZnO NPs released a large amount of DTPA-

extractable Zn in soil, which was as highly bioavailable

as that from bulk ZnO and soluble Zn salt. ZnO NPs

exerted dose-dependent effects on maize plants ranging

from stimulatory through to neutral and toxic effect,

when their dose increased from 100 to 3200 mg/kg.

Both Zn concentrations in shoots and roots correlated

positively with ZnO NPs dose and soil DTPA-ex-

tractable Zn concentration. High amounts of ZnO NPs

also induced oxidative stress to plants via ROS produc-

tion. The dominant phytotoxicity could be attributed to

the dissolved Zn2? from ZnO NPs. Although the state of

Zn in plant tissues remains unknown, the accumulation

of Zn from ZnO NPs into maize tissues may pose

potential health risks for both plants and human.

Acknowledgments This work was sponsored by the National

Natural Science Foundation of China (41471395, 41171369),

Program for Science & Technology Innovation Talents in

Universities of Henan Province (2012HASTIT014), the

Foundation for University Key Youth Teachers of Henan

Province (2012GGJS-079), and the Key Science and

Technology Program of Henan Province (132102310373).

References

Aiken GR, Hsu-Kim H, Ryan JN (2011) Influence of dissolved

organic matter on the environmental fate of metals, nanopar-

ticles, and colloids. Environ Sci Technol 45:3196–3201

Arnon DI (1949) Copper enzymes in isolated chloroplasts.

Polyphenoloxidase in Beta vulgaris. Plant Physiol 24:1–15

Bidwell A, Dowdy R (1987) Cadmium and zinc availability to

corn following termination of sewage sludge applications.

J Environ Qual 16:438–442

J Nanopart Res (2015) 17:175 Page 9 of 11 175

123



Bose S, Bhattacharyya A (2008) Heavy metal accumulation in

wheat plant grown in soil amended with industrial sludge.

Chemosphere 70:1264–1272

Clemensson-Lindell A (1994) Triphenyltetrazolium chloride as

an indicator of fine-root vitality and environmental stress in

coniferous forest stands: applications and limitations. Plant

Soil 159:297–300
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Michel H, Botez CE, Peralta-Videa JR, Gardea-Torresdey JL

(2010) Evidence of the differential biotransformation and

genotoxicity of ZnO and CeO2 nanoparticles on soybean

(Glycine max) plants. Environ Sci Technol 44:7315–7320

Lu R (1999) Analytical methods for soils and agricultural

chemistry. China Agricultural Science and Technology

Press, Beijing

Ma H, Williams PL, Diamond SA (2013) Ecotoxicity of

manufactured ZnO nanoparticles–a review. Environ Pollut

172:76–85

Manzo S, Rocco A, Carotenuto R, Picione FDL, Miglietta ML,

Rametta G, Di Francia G (2011) Investigation of ZnO

nanoparticles’ ecotoxicological effects towards different

soil organisms. Environ Sci Pollut Res 18:756–763

Mukherjee A, Peralta-Videa JR, Bandyopadhyay S, Rico CM,

Zhao L, Gardea-Torresdey JL (2014) Physiological effects

of nanoparticulate ZnO in green peas (Pisum sativum L.)

cultivated in soil. Metallomics 6:132–138

Navarro E, Baun A, Behra R, Hartmann NB, Filser J, Miao AJ,

Quigg A, Santschi PH, Sigg L (2008) Environmental be-

havior and ecotoxicity of engineered nanoparticles to al-

gae, plants, and fungi. Ecotoxicology 17:372–386

Peralta-Videa JR, Hernandez-Viezcas JA, Zhao L, Diaz BC, Ge

Y, Priester JH, Holden PA, Gardea-Torresdey JL (2014)

Cerium dioxide and zinc oxide nanoparticles alter the nu-

tritional value of soil cultivated soybean plants. Plant

Physiol Biochem 80:128–135

Priester JH, Ge Y, Mielke RE, Horst AM, Moritz SC, Espinosa

K, Gelb J, Walker SL, Nisbet RM, An YJ (2012) Soybean

susceptibility to manufactured nanomaterials with evi-

dence for food quality and soil fertility interruption. Proc

Natl Acad Sci USA 109:E2451–E2456

Qu J, Yuan X, Wang X, Shao P (2011) Zinc accumulation and

synthesis of ZnO nanoparticles using Physalis alkekengi L.

Environ Pollut 159:1783–1788

175 Page 10 of 11 J Nanopart Res (2015) 17:175

123



Rico CM, Majumdar S, Duarte-Gardea M, Peralta-Videa JR,

Gardea-Torresdey JL (2011) Interaction of nanoparticles

with edible plants and their possible implications in the

food chain. J Agric Food Chem 59:3485–3498

Scheckel KG, Luxton TP, El Badawy AM, Impellitteri CA,

Tolaymat TM (2010) Synchrotron speciation of silver and

zinc oxide nanoparticles aged in a kaolin suspension. En-

viron Sci Technol 44:1307–1312

Stampoulis D, Sinha SK, White JC (2009) Assay-dependent

phytotoxicity of nanoparticles to plants. Environ Sci

Technol 43:9473–9479

Wang ZL (2004) Zinc oxide nanostructures: growth, properties

and applications. J Phys Condens Matter 16:R829–R858

Wang AG, Luo GH (1990) Quantitative relation between the

reaction of hydroxylamine and superoxide anion radicals in

plants. Plant Physiol Commun 6:55–57

Wang P, Menzies NW, Lombi E, McKenna BA, Johannessen B,

Glover CJ, Kappen P, Kopittke PM (2013) Fate of ZnO

nanoparticles in soils and cowpea (Vigna unguiculata).

Environ Sci Technol 47:13822–13830

Yang Y, Sun C, Yao Y, Zhang Y, Achal V (2011) Growth and

physiological responses of grape (Vitis vinifera ‘‘Com-

bier’’) to excess zinc. Acta Physiol Plant 33:1483–1491

Yoon SJ, Kwak JI, Lee WM, Holden PA, An YJ (2014) Zinc

oxide nanoparticles delay soybean development: a standard

soil microcosm study. Ecotoxicol Environ Saf 100:131–137

Zhao L, Peralta-Videa JR, Ren M, Varela-Ramirez A, Li C,

Hernandez-Viezcas JA, Aguilera RJ, Gardea-Torresdey JL

(2012) Transport of Zn in a sandy loam soil treated with

ZnO NPs and uptake by corn plants: electron microprobe

and confocal microscopy studies. Chem Eng J 184:1–8

Zhao L, Hernandez-Viezcas J, Peng B, Munoz B, Keller A,

Peralta-Videa JR, Gardea-Torresdey J (2013) Zno

nanoparticle fate in soil and zinc bioaccumulation in corn

plants (Zea mays) influenced by alginate. Environ Sci

Process Impacts 15:260–266

J Nanopart Res (2015) 17:175 Page 11 of 11 175

123


	Bioavailability of Zn in ZnO nanoparticle-spiked soil and the implications to maize plants
	Abstract
	Introduction
	Materials and methods
	Soil
	Zno NPs, standards and reagents
	Experimental design and procedure
	Plant and soil analysis
	Data analysis

	Results
	Plant biomass production
	Mineral nutrition of maize plants
	Photosynthetic pigments, root activity, and O2minus concentration
	Zn accumulation by maize plants
	DTPA-extractable Zn concentration in soil
	Correlation between ZnO NPs, soil DTPA-extractable Zn, and other parameters

	Discussion
	Conclusion
	Acknowledgments
	References




