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Abstract Zn is an essential element for plants yet

some soils are Zn-deficient and/or have low Zn-

bioavailability. This paper addresses the feasibility

of using ZnO nanoparticles (NPs) as soil amend-

ments to improve Zn levels in the plant. The effects

of soil properties on phytotoxicity and Zn bioavail-

ability from the NPs were studied by using an acidic

and a calcareous alkaline soil. In the acid soil, the

ZnO NPs caused dose-dependent phytotoxicity,

observed as inhibition of elongation of roots of

wheat, Triticum aestivum. Phytotoxicity was miti-

gated in the calcareous alkaline soil although uptake

of Zn from the ZnO NPs occurred doubling the Zn

level compared to control plants. This increase

occurred with a low level of Zn in the soil solution

as expected from the interactions of Zn with the soil

components at the alkaline pH. Soluble Zn in the

acid soil was 200-fold higher and shoot levels were

tenfold higher than from the alkaline soil correlating

with phytotoxicity. Mitigation of toxicity was not

observed in plants grown in sand amended with a

commercial preparation of humic acid: growth, shoot

uptake and solubility of Zn from the NPs was not

altered by the humic acid. Thus, variation in humic

acid between soils may not be a major factor

influencing plant responses to the NPs. These

findings illustrate that formulations of ZnO NPs to

be used as a soil amendment would need to be tuned

J.-L. Watson � T. Fang � C. O. Dimkpa �
A. J. Anderson (&)

Department of Biology, Utah State University, Logan,

UT 84322-5305, USA

e-mail: anne.anderson@usu.edu

J.-L. Watson

e-mail: jeanluc.watson@gmail.com

T. Fang

e-mail: tommy.fang12@gmail.com

C. O. Dimkpa

e-mail: cdimkpa@vfrc.org

Present Address:

C. O. Dimkpa

Virtual Fertilizer Research Center (VFRC) of the

International Fertilizer Development Center (IFDC), 1331

H Street NW, Washington, DC 20005, USA

D. W. Britt

Department of Biological Engineering, Utah State

University, Logan, UT 84322, USA

e-mail: david.britt@usu.edu

J. E. McLean

Utah Water Research Laboratory, Utah State University,

Logan, UT 84322, USA

e-mail: joan.mclean@usu.edu

A. Jacobson

Department of Plants Soils and Climate, Utah State

University, Logan, UT 84322, USA

e-mail: Astrid.Jacobson@usu.edu

123

Biometals (2015) 28:101–112

DOI 10.1007/s10534-014-9806-8



to soil properties to avoid phytotoxicity yet provide

increased Zn accumulations in the plant.

Keywords Bioavailability � Humic acid �
Nanoparticles � Soil �Wheat � Zn

Introduction

Zinc (Zn) is an essential element for plant growth and

human health. The ultimate source of Zn for most

plants, and in turn animals, is soil. Crops-especially

cereals-grown in soils with low concentrations of total

or bioavailable Zn, contain correspondingly low Zn

concentrations (Li et al. 2007; Alloway 2009). Con-

sumption of crops deficient in Zn has a negative

impact on human growth and health and affects one-

third of the human population (Roy et al. 2006;

Alloway 2009; Borill et al. 2014). A study highlight-

ing a negative correlation between Zn concentrations

in crops and atmospheric CO2 concentrations suggests

that the problem of crops low in dietary Zn will be

exacerbated if atmospheric levels of CO2 continue to

rise (Myers et al. 2014). In other soils Zn occurs at high

concentrations either naturally, where there are depos-

its of Zn-rich minerals (Martı́nez et al. 2007), or due to

contamination from mine spoils, biosolids, or smelt-

ing. Phytotoxicity is observed when crops are grown in

such elevated Zn- soils (Martı́nez et al. 2007; Beyer

et al. 2013; Boussen et al. 2013).

Our work focuses on how plants grown in soil

respond to Zn when applied as ZnO in nanoparticle

(NP) form. ZnO is one of the forms of Zn used in

commercial fertilizers (McBeath and McLaughlin

2014; Alloway 2009; Cakmak 2008). The use of

ZnO may be advantageous in acid soils where leaching

of Zn out of the rooting zone readily occurs (McBride

1994). To date most studies have focused on the

correlation of ZnO NPs with phytotoxicity as observed

in germinating seeds (López-Moreno et al. 2010), as

well as in seedlings growing in sand (Dimkpa et al.

2012) and hydroponically (Ma et al. 2010). However,

the role of soil properties in affecting Zn bioavailabil-

ity from ZnO NPs is little addressed. Phytotoxicity

was not observed in soybean grown in an organic farm

soil where the plants accumulated Zn from ZnO NPs

(Priester et al. 2012).

NPs are particles that have one dimension less than

100 nm; they have a greater surface area compared to

bulk products. ZnO NPs are already documented to be

present in sewage treatment plant effluents and in

sludge-treated soils (Ma et al. 2013). Thus, formula-

tions containing ZnO NPs could be applied to

agricultural as contaminants, such as sludge-bearing

NPs (Ma et al. 2013). However the NPs could also be

applied purposely in formulations as a fertilizer. The

greater surface area of the NPs and their smaller size

could promote Zn bioavailability over that of the bulk

product with less chemical application (Milani et al.

2010). This aspect is important because nontarget

effects from the large scale applications of fertilizer/

pesticides occur in agriculture (Li and Schuster 2014).

Another anticipated formulation of ZnO NPs for

agricultural applications could be as a pesticide

because of their antimicrobial properties (e.g. He

et al. 2011; Kairyte et al. 2013; Dimkpa et al. 2013b).

In this paper we compared responses to ZnO NPs of

hard red wheat, Triticum aestivum, seedlings raised in

two agricultural native field soils differing in pH.

Previously using sand as a growth matrix, to limit the

extent of chelation, complexation, and sorption of

metal ions released from the NPs, we found phyto-

toxicity manifested as inhibition of root elongation

(Dimkpa et al. 2012, 2013a, b). Consequently in this

paper we examined the dose–response effects on

growth and morphology of the seedlings when raised

in the soils with and without challenge from ZnO NPs.

Plants growing in the presence of ZnO NPs would be

responding to both the NPs and Zn ions released from

the NPs. There are debates on the relative importance

of the nano-sized particles versus the solubilized ions

in eliciting cellular responses (Ma et al. 2013;

Fernandez et al. 2013). Previous studies with wheat

(Dimkpa et al. 2013a) find that most of the Zn

accumulating in the shoots is present as Zn phosphate

suggesting that ion release from NPs supplied is

important. Indeed Lin and Xing (2008) working with

ryegrass demonstrate that ZnO NPs had little upward

mobility from the apoplastic spaces of the root

endodermis and steele. Thus, factors that affect the

solubility of Zn from the NPs could be important in the

plant responses. Consequently we compared the levels

of Zn accumulation in wheat shoots and the concen-

trations of soluble Zn in the aqueous fractions

prepared from soils after plant harvest.
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We also studied the effects of adding a commercial

humic acid material (to the sand to determine the role

of this type of organic material on the plant responses

to ZnO NPs. Humic acid (HA)—like materials are

used as commercial soil amendments because they

improve plant growth and quality, as reported for

wheat (Malik and Azam 1985). Reduced phytotoxicity

of heavy metals has been attributed to HAs (Stevenson

1994). In part this is due to changes in cation

availability because of interactions with functional

groups such as the phenolic and carboxylic acids of

HAs (Adani et al. 1998; Kopek 2000; Karakurt et al.

2009; Li et al. 2011; Bian et al. 2011). Studies with

NPs show adsorption of HA to ZnO NPs (Yang et al.

2009) and effects on Zn solubility from ZnO NPs at

alkaline but not acidic pH (Bian et al. 2011). Work by

Omar et al. (2013) reveals that HA form coronas

around ZnO NPs modifying their stability and degree

of aggregation. Consequently we also investigated the

effects of the HAs on seedling growth in the presence

of NPs and any impacts on Zn accumulations in shoot

tissue and Zn solubility. The modification of the ZnO

NPs by the HAs was studied by imaging with atomic

force microscopy and the size of particles determined

by dynamic light scattering.

Materials and methods

Sources of materials and characterization

The ZnO NPs were obtained from Sigma-Aldrich

Chemical Company, and were described by the

manufacturer as having an average diameter of less

than 100 nm. Physical and chemical properties of

these particles are published in Dimkpa et al. (2011,

2012, 2013a) and Fang et al. (2013). These studies

demonstrate the purity of the product by metal analysis

using acid digests processed by inductively coupled

plasma spectrometry (ICP-MS), chemical and physi-

cal attributes by XRD and SEM with EDAX analysis;

aggregation and surface charge of particles in water

and medium as well as release of soluble Zn under

different conditions.

The calcareous agricultural soil was obtained from

the top 10 cm of a field in northern Utah at

41�4706.1000 N 111�4902.9400 W. The soil had been

used to raise potatoes. The acidic soil was from the

Okefenokee swamp flat woods area of SE Georgia at

30�59022.400N 82�37045.400W from fields under com-

mercial blueberry production.

Soils were air dried, sieved to\2-mm and stored in

closed containers at 4 �C until used. Soil properties

were determined by the Utah State University Ana-

lytical Laboratories using standard soil procedures

(Gavlack et al. 2003). Soil pH was determined in

saturation paste extracts, and bioavailable trace ele-

ments were assayed from extractions using ICP

emission spectroscopy. Bioavailable K and P were

extracted with sodium bicarbonate with analysis by

atomic absorption spectroscopy for K and colorimet-

rically for P. Nitrate-nitrogen was determined after a

KCl extraction with colorimetric analysis. Organic

carbon was assessed by the Walkley–Black procedure.

Particle size distribution was by the pipette method.

When used as a control solid growth matrix, white

silica sand was washed extensively with distilled

water and dried in an oven at 120 �C before use. The

elemental composition of the sand described in

Dimkpa et al. (2012) showed Zn was present at less

than 0.01 mg/kg.

Plant growth

Triticum aestivum seeds (Handy Pantry Organic

Sprouting Seed Hard Red Wheat, Utah) were surface

sterilized in 10 % hydrogen peroxide for 10 min with

shaking. The seeds were washed with sterile double-

distilled (dd) water five times before planting into the

native agricultural soil in 20 cm-high Magenta boxes

(Sigma Aldrich) or into sterilized sand. The micro-

cosms created in each box used 200 g of growth

matrix with 35 mL sterile distilled water for the soils

and 50 mL sterile distilled water when sand was used.

These levels were below water saturation. Water was

present to similar extents (30 ml/200 g of matrix) at

the end of the 7 days growth period.

Three seeds were placed at equidistant points in

each Magenta box at depths of approximately 0.5 cm.

Boxes were incubated at 26 �C under fluorescent

lamps with daily rotations in a random manner to

minimize light-gradient effects. Each treatment was

run with at least three replicates and each study was

repeated at least three times. After 7 days, wheat

seedlings were harvested by gentle removal from the

growth mix and the roots rinsed by immersion into

sterile water. Microscopic analysis of the roots

revealed little breakage during their removal and
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examination of the growth matrices found no broken

root segments. The seedlings were washed gently in

sterile water and measured for growth characteristics:

shoot height and root length.

Soil or sand was amended with ZnO NPs at 125,

250 and 500 mg Zn/kg; previous studies had shown

that 500 mg/kg dose was phytotoxic in sand, with

reduced root elongation being a visible symptom

(Dimkpa et al. 2012). The ZnO NPs were dispersed in

dry sand or soil by thorough shaking before adding

sterile water at volumes noted above. The similarity of

the values of soluble Zn between samples taken from

one box was evidence of homogeneity of loading the

NPs in the growth matrix.

The soluble aromatic material in the alkaline soil

(selected because the organic content was higher than

the acidic soil) was estimated by determining the

absorbance at 280 nm characteristic of phenolics of

water extracts of a soil–water saturation paste. Sterile

water was added 1 mL at a time to 200 g of the

agricultural soil to reach complete saturation but with

no ponded water: 35 mL were added and 8.5 mL was

recovered as filtrate passing through a GFA filter by

application of a vacuum. Aliquots (1 mL) of filtrate

were centrifuged at 8,000 g for 15 min and absor-

bance (280 nm) of the dilutions measured. A standard

curve of absorbance at 280 nm for the commercial HA

(0.1 mg/mL) was generated to deduce the concentra-

tion that equaled that of the soluble soil fraction.

Consequently sand in the microcosms was amended

with an aqueous solution of HA (1, 4 and 16 mg/box)

to represent this concentration (4 mg/box) as well as

higher (16 mg/box) and a lower (similar to the acid

soil) levels.

Determination of soluble metal levels

Levels of soluble zinc in the experimental microcosms

were determined after plant harvest by removing three

20 g samples of sand or soil from each box. Each

sample was suspended in 50 mL sterile distilled water

with shaking at 120 rpm for 30 min. The suspensions

were allowed to settle for 30 min and approximately

30 mL the solution was centrifuged at 10,0009g for

20 min to generate a supernatant. After two centrif-

ugations of the supernatants at 15,0009g to pellet

NPs, soluble metals were determined using ICP-MS

with an Agilent 7500C.

Determination of shoot accumulated Zn

Shoots from the harvested plants were excised by

cutting at the root-shoot interface. The residual wheat

kernels were removed but coleoptiles were retained. The

tissues were air dried, cut into small pieces, and weighed

before digestion in nitric acid according to Jones and

Case (1990). The samples were diluted as needed with

dd water and analyzed for metals using ICP-MS.

Effects of HA on particle size of ZnO NPs

HA (4 mg/L) was incubated without shaking at 26 �C

under room lighting for 7 days with or without

500 mg/L ZnO NPs. These conditions were to model

potential interactions between HA and the ZnO NPs

that could occur in the aqueous phase of the micro-

cosms. Samples were examined for particle size by

atomic force microscopy (AFM) and by dynamic light

scattering (DLS) using a DynaPro NanoStar (Wyatt

Technology Corporation, Santa Barbara, CA) as

described previously (Dimkpa et al. 2012). Data

shown are from two replicates with four samples

taken from each replicate.

Results

Characterization of the field soils

The calcareous alkaline field soil, a Millville series

soil, was a loam with particle size distribution of 13 %

sand, 59 % silt and 28 % clay. The acid soil, a Mascotte

series soil, was a loamy sand (85 % sand 7 % silt and

8 % clay). Carbonates were present in the Millville soil

(16 % calcium carbonate equivalent) but none were

detected in the acid Mascotte soil. Compositions of the

soils with respect to plant nutrition are provided in

Table 1. Both soils had an array of culturable microbes

at planting. Culturable microbes also were obtained

from wheat seedling root surfaces at similar numbers

(6 ± 1 9 108/g root) after harvest with and without

amendments with ZnO NPs (data not shown).

Effect of NPs on wheat growth in the acidic

and alkaline soils

Wheat seedlings grew in both field soils; shoots were

not chlorotic (Fig. 1). The addition of ZnO NPs over
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the dose range of 125–500 mg/kg had no effect on

shoot or root length in the alkaline soil (Fig. 1a).

Although the number of roots did not change and

varied between four and five, the addition of ZnO NPs

in the alkaline soil increased lateral root production

(e.g. control soil (11 ± 2) alkaline soil with 500 mg/L

ZnO NPs 18 ± 5). However, addition of the ZnO NPs

to the acid soil resulted in dramatic decreases in root

growth (Fig. 1b, c), although shoot growth was little

affected (Fig. 1b). Weights were not recorded because

we currently are unable to reproducibly strip the root

surfaces of associated NPs and soil particles without

using chemicals that cause plant cell damage (data not

shown). The extent of surface particle contamination

varied between roots and the particles would influence

weight.

Effects of soluble metals in aqueous fractions

from the growth matrices

Soluble Zn in the aqueous fraction extracted at the

time of plant harvest increased when the NPs were

present in soils, confirming findings in sand (Table 2).

There was a dose dependent increase in the levels of

soluble Zn. However the extent of release varied with

soil type; release in the acid soil was at a level similar

to that in sand (about 3 mg/L extracting solution from

the 500 mg/L dose) compared with the 100-fold lower

solubility (less than 0.03 mg/L with the 500 mg/kg

dose) observed in the alkaline soil (Table 2). The pH

of the extracts (Table 2) from the acid soil remained

acidic but those of the alkaline soil were buffered near

pH 8 by the high carbonate content (Table 1) of the

soil. Analysis of the soil extracts also showed, as

anticipated (Alloway 2009), that the levels of other

soluble metals (Ca, Mg and K) were higher in the

alkaline soil than for the preparations from the acid

soil and sand (Table 2).

Uptake of Zn into shoot material

Only shoot material was assayed for metal uptake

because of the visible presence of clumps of ZnO NPs/

soil on the root surface when examined microscopi-

cally; these attached materials were not removed by

washing in water. The shoot tissue included the

coleoptile sheath from which the true leaves erupt as

the seedlings were grown for 7 days. The data

summarized in Fig. 2a) show that shoots had increased

Zn when grown with the ZnO NPs even in the alkaline

soils, although there was little effect of dose. Tissues

showed about a twofold increase in Zn loading from

growth with the NPs over the levels in the control plant

to achieve levels about 100 mg Zn/kg.

In the acid soils (Fig. 2b), Zn loading into the shoot

tissue was about tenfold higher than with the alkaline

soils and there was no notable effect of the challenge

dose of NPs. Levels of about 1,000 mg/kg were

recorded in the total shoot tissue.

Interactions between HA and ZnO NPs

The acid and the alkaline soils differed in organic

content and to explore the role of humic like materials

sand was amended with a commercial source of HA to

determine whether phytotoxicity of the NPs would be

altered. Soluble aromatic compounds were present in

the filtrate of the alkaline soil saturation paste at an

equivalent of 4 mg commercial HA/box. The HA

solution at the concentration of 4 mg/50 mL used in

Table 1 Selected soil properties relevant to plant available

nutrients

Soil test Millville

series

Mascotte

series

pH 7.8 4.5

Organic matter (% sample) 4.1 1.6

Clay (%) 28 8

Calcium carbonate equivalent (%) 16 0

Sulfate–Sulfur—S (mg/kg) 3.3 6.2

Nitrate–Nitrogen—N (mg/kg) 10.4 1.5

Olsen extractable

Phosphorus—P (mg/kg) 19.3 2.1

Potassium—K (mg/kg) 369 17.2

Water extractable

Calcium (mg/kg) 33.4 2.7

Magnesium (mg/kg) 9.7 1.7

Ammonium acetate extractable (exchangeable)

Calcium (mg/kg) 4,769 85

Magnesium (mg/kg) 561 12

DTPA extractable

Zinc—Zn (mg/kg) 1.62 0.78

Iron—Fe (mg/kg) 10.5 110

Copper—Cu (mg/kg) 0.92 0.73

Manganese—Mn (mg/kg) 13.8 1.76
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the microcosm had a pH 8.04 and thus was similar to

the pH of the pore water from the alkaline soil, pH

8.00. Plants grown in sand amended with HA at this

level, as well as above (16 mg/box) and below this

level (1 mg/box) showed no consistent differences on

shoot height. Root length was little altered by the

amendment of sand with HA (Fig. 3a). However,

seedling roots did not elongate to the lengths observed

in the alkaline soil-grown plants (Fig. 1a). Although

there was no change in the number of primary roots in

each of three studies, there was increased formation of

lateral roots (P = 0.10) compared with control plants

when HA alone was present.

The presence of HA with NPs in the sand did not

change the soluble Zn (Fig. 3b) from levels measured

in samples of sand with NPs after plant harvest.

Neither was there a statistical change caused by HA in

the accumulation of zinc into the shoots of the 7 day-

old seedlings (Fig. 3c). Lateral root numbers were

increased in the treatments of HA with ZnO NPs

(Fig. 3a).

Physical interactions between HA and ZnO NPs

DLS and AFM analyses of the HA solution incubated

for 7 days at 26 �C revealed discrete particles as

illustrated in Fig. 4. Particles with two size distribu-

tions were observed for the HA preparation: the

smaller particles in the four replicates showed were

below 100 nm and the larger particles over 300 nm

(Fig. 4a). For ZnO NPs suspended in water, single

peaks showing aggregation were found, with diameter

about 400 nm (Fig. 4a). In contrast the mix of HA

with 500 mg/L ZnO NPs again showed particles in

two size ranges with means of about 400 nm and much

larger aggregates of greater than 2,500 nm (Fig. 4a).

AFM analysis (Fig. 4b) showed particles with nano-

scale height for HA, and with greater height for the

Fig. 1 Effects of ZnO NPs

(500 mg Zn/kg soil) on

wheat growth in acid (a) and

alkaline (b) soils. Plants

were grown in soil for

7 days prior to harvest and

measurement of shoot

height, root length, and

numbers of lateral roots

developing from those roots.

Images of roots typical of

those grown in the acid soil

at the different ZnO NPs

doses are shown. Different

letters for the bars indicate

statistically significant

results based on 2-way

ANOVA with P = 0.05.

Each treatment involved at

least three growth boxes

each with three plants. Data

are typical of two separate

studies
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ZnO NPs. Very large aggregates were imaged for the

suspension of HA and ZnO NPs.

Discussion

Phytotoxicity of ZnO NPs, exhibited as the inhibition

of root elongation of wheat, occurred when seedlings

were raised in a native, acid soil. Inhibition of root

elongation also occurred in sand (Dimkpa et al.

2013a). In contrast in an alkaline calcareous loam

phytotoxicity was mitigated. These plants grew as well

with NPs in the alkaline soil as without. However

shoot accumulations of Zn increased about twofold, to

about 100 mg/kg dry tissue, from growth with the

NPs. Welch (1995) and Welch and Graham (2002)

indicated Zn levels between 20 and 50 mg/kg dry

tissue were typical for normal growth, with toxicity to

wheat growth arising with Zn levels above 500 mg/kg.

Leaf toxicity, visible as chlorosis, was apparent in

seedlings grown for 14 days in sand with 500 mg Zn/

kg from ZnO NPs, when levels of Zn at

2,076 ± 670 mg/kg dry shoot tissue were recorded

(Dimkpa et al. 2012). These symptoms were typical of

the phytoxic symptoms observed after high Zn ion

treatments (Potters et al. 2007).

Table 2 Metal solubility (mg/L) and pH of water extracts of the growth matrix after plant growth

Treatment ZnO

NPs (mg/kg)

Soluble Zn

(mg/L)

Mean pH of

extract solution

Soluble Ca

(mg/L)

Soluble Mg

(mg/L)

Soluble K

(mg/L)

Mascotte (acid) soil

0 0.03 ± 0.03b 4.5 ± 0.1c 1.4 ± 0.3a 0.78 ± 0.15a 0.68 ± 0.21a

125 1.3 ± 0.2b 4.8 ± 0.0b 0.82 ± 0.19a 0.46 ± 0.07b 0.48 ± 0.10a

250 2.3 ± 0.3b 5.0 ± 0.1b 0.85 ± 0.05a 0.48 ± 0.03b 0.55 ± 0.07a

500 3.8 ± 0.5a 5.4 ± 0.2a 0.69 ± 0.06b 0.42 ± 0.03b 0.55 ± 0.06a

Millville (calcareous) alkaline soil

0 0.005 ± 0.006d 8.3 ± 0.2a 10.1 ± 1.2b 2.8 ± 0.4a 3.9 ± 0.7b

125 0.006 ± 0.001c 8.1 ± 0.2a 12.3 ± 0.4a 3.4 ± 0.1a 6.9 ± 0.2b

250 0.013 ± 0.002b 8.1 ± 0.2a 12.3 ± 0.4a 3.4 ± 0.1a 6.6 ± 0.4b

500 0.021 ± 0.004a 7.8 ± 0.2a 9.1 ± 0.6b 2.7 ± 0.3a 3.7 ± 0.3a

Sand

0 0.020 ± 0.01b 6.3 ± 0.2b \0.25*,b 0.06 ± 0.03b 0.36 ± 0.10a

500 2.7 ± 1.2a 7.4 ± 0.1a 0.97 ± 0.02a 0.23 ± 0.02a 0.59 ± 0.20a

Extracts were generate by shaking 20 g samples of growth medium with 50 ml water and removal of particulates by centrifugation as

described in ‘‘Materials and methods’’ section. Data are the means of three replicates for studies repeated three times

* At or below detection limit

Letters indicate a significant difference (P = 0.05) between treatments with different levels of ZnO NPs for each growth matrix

Fig. 2 Accumulations of Zn in shoot tissues after growth in the

acid (a) or alkaline soils (b) Data are means with the standard

errors of three replicates each with nine plants from one of two

studies with similar results. The different letters indicate

significant differences in load based on ANOVA at P = 0.05

Biometals (2015) 28:101–112 107

123



Fig. 3 a Effects of HA

addition to sand, with and

without ZnO NPs (500 mg

Zn/kg sand), on wheat

growth (shoot height, root

length and lateral

branching). The HA was

added to the sand at 1, 4 and

16 mg/box. The letters

indicate statistical

differences based on 2-way

ANOVA at P = 0.05. Data

are from one of two studies

with similar results. Light

bars are growth in sand and

with HAs at 0, 1, 4 and

10 mg/box from left to right,

and darker bars are sand

with HAs and with ZnO NPs

at 0, 1, 4 and 10 mg/box

from left to right. b Effect of

HA on solubility of Zn from

ZnO NPs after growth of

wheat seedlings in sand. The

HA was present at

concentrations of 0, 1,4 and

16 mg/box. ZnO NPs were

added at 500 mg Zn/kg.

Data are means from five

replicates of each treatment

each with three plants from

one of two studies with

similar results. Letters show

statistical differences based

on 2-way ANOVA with post

hoc testing using Tukey’s

test. c Effect of HA on

accumulation of Zn in

shoots of wheat seedlings

grown in sand with and

without amendments of ZnO

NPs. The HA was present at

concentrations of 0, 1, 4 and

16 mg/box. ZnO NPs were

added at 500 mg Zn/kg.

Data are means and standard

deviations from 25 plants for

each treatment
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This increased level of Zn in the shoots of plants

grown with ZnO NPs in alkaline soil occurred even

although soluble Zn in the aqueous extracts from the

growth matrix after plant growth was very low. Low

Zn solubility was anticipated because of the alkaline

pH and the sorption of Zn onto soil components

including clays, ferric oxides and carbonates

(McBride 1994). For example Spark et al. (1995)

found that Zn was adsorbed by kaolinite. We speculate

that the increased shoot accumulation was the result of

superior delivery of ions released from the NPs at the

root surface and/or from NPs gaining entry into the

root cells. The speciation of Zn primarily as Zn

phosphate within sand-grown wheat shoots (Dimkpa

et al. 2012) agreed with dissolution of ZnO NPs within

the plant or growth matrix.

Alloway (2009) included ion concentration and

organic matter in addition to pH as factors affecting

metal bioavailability in soils. For example, Zn ion

rhizotoxicity in hydroponically-grown wheat was

reduced by micromolar concentrations of Mg and K

ions (Pedler et al. 2004), and Zn uptake was reduced

by the presence of Ca, starting at 0.2 mM (8 mg Ca/L)

(Hart et al. 1998). The ICP-MS analysis of the aqueous

extract from the alkaline soil in the growth box at the

end of the growth period showed Ca to be present well

above the 8 mg/L level in the growth matrix after

factoring the dilution of the soil solution during

preparations of extracts. Consequently, although Ca,

K, and Mg were present in this soil at levels that could

be restricting Zn uptake as a free ion, Zn remained

bioavailable from the ZnO NPs.

Our studies did not support mitigation of toxicity of

ZnO NPs by the commercial HA product we used as an

organic matter amendment to sand. Although DLS and

AFM analyses demonstrated the HA to promote

aggregation of particles when mixed with ZnO NPs,

supporting observations with HA by Omar et al.

(2013). Surprisingly these changes had no effect on

bioavailability under the test conditions where soluble

Zn levels in the growth matrix and shoot accumula-

tions were not altered from controls where plants were

raised with ZnO NPs alone. The effect of Zn may be

related to the observation in Arabidopsis that lateral

root formation has been observed to require Zn

(Richard et al. 2011). The aggregation of ZnO NPs

with the HAs could be advantageous in retention of

bioavailable Zn due to reduced transport of the ZnO

aggregates through soil pores (Uyusur et al. 2010).

Also we did observe stimulation of lateral root

Fig. 4 Effect of HA on particle size of ZnO NPs. The ZnO NPs

were suspended in water or HA (4 mg/L) for 7 days prior to

analysis by DLS (a) or AFM imaging (b) The data shown are of

one representative image of four replicates prepared as

discussed in ‘‘Materials and methods’’ section
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formation with the HA amendments as well as with

exposure to ZnO NPs. Thus, these amendments altered

root morphology to increase root density through

lateral root formation, a factor that could increase

nutrient uptake for the plants (Russel and Sanderson

1967; Drew and Saker 1978; Ma et al. 2001). Increases

in lateral root formation with HA in maize was

correlated with activation of proton pumps in the

plasmalemma (Canellas et al. 2002) and tonoplast

(Zandonadi et al. 2007).

The phytotoxicity observed as severely stunted

plant roots in the acid soil was dependent on dose

which correlated with at least 100-fold higher

soluble Zn in the growth matrix than for the alkaline

soil. The levels of shoot accumulation in the

seedlings grown in acid soil also were about tenfold

higher than in the alkaline soil, and being above

500 mg/L (Welch 1995 Welch and Graham 2002),

were consistent with phytotoxicity. The lower con-

centrations of soluble Ca, Mg and K present in the

acid soil extracts than in alkaline soil solution would

offer lesser competition for Zn uptake. However the

amount of soluble zinc detected in the extracts was

not at the anticipated level from complete solubility.

In other studies we observed complete solubility of

100 mg Zn/L dose of ZnO NPs in 2 days when

suspended at an initial pH of pH 5 with a chelator,

300 mg/L citrate (data not shown). Citrate and other

organic acids, such as malate for wheat, are secreted

from plant roots (Jones 1998) and increased quan-

tities have been correlated with tolerance of the

plant to a metal challenge, such as Al (Pellet et al.

1995). Also whereas solubility of Zn was dose-

dependent, the uptake into shoot tissues was little

affected by dose. These observations suggest that

shoot uptake of Zn from the NPs was not totally

driven by the soluble levels of Zn in the growth

matrix.

In summary, the phytotoxicity of ZnO NPs to young

wheat seedlings was dependent on the soil properties:

phytotoxicity was observed in acid but not alkaline

soils. However, although the extent of solubility of Zn

from the NPs was a 100-fold less in the alkaline than

the acid soil, an increased uptake of Zn into the shoots

from the NPs occurred in the calcareous alkaline soil.

These findings indicate that use of NPs such as ZnO

NPs as a fertilizer or a pesticide would have to be

tuned to the soil being treated to avoid phytotoxic

effects yet retain beneficial Zn uptake.
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