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Environmental Significance Statement

Nanoparticles are increasingly used in agriculture by the advance in nanotechnology 

to improve plant health, plant growth, and food security. Many kinds of metallic 

nanoparticles could benefit the plant health as foliage nano-fertilizers without any 

abiotic stress at proper concentrations. The understanding of the mechanisms on their 

transport, dissolution, and distribution in plant leaves is important, however, the 

related investigation is rather limited. This work reports the process of ZnO NPs 

uptake, dissolution, and distribution in wheat seedling leaves. The results will help to 

understand the mechanism of ZnO NPs uptake and distribution in plant leaves and 

provide important information on the sustainable use of ZnO NPs and potentially 

other soluble NPs in agriculture.
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ABSTRACT: Nanoparticles (NPs) are increasingly used as agrochemical components 

through foliar spraying such as foliage-fertilizers or pesticides. However, an understanding 

of the mechanisms of nanoparticle absorption and translocation from the leaf surface is 

limited. In this study, ZnO NPs (30 nm) labeled with fluorescein isothiocyanate (FITC) were 

foliarly applied to wheat leaf tissues to investigate the process of attachment and absorption. 

Using laser confocal microscopy, we observed that FITC-ZnO NPs cross the leaf epidermis 

through the stomata and accumulate first in the apoplast, followed by subsequent transport 

to mesophyll cells. The Zn concentrations in wheat leaf apoplast and cytoplasm decreased 

33.2% and 8.3% with stomatal aperture diameter reduction, respectively; the apoplastic Zn 

concentration is influenced more by stomatal aperture than the cytoplasmic Zn level. 

Scanning electron microscopy with energy-dispersive X-ray analysis was used to map Zn in 

the wheat leaves and data suggest a different Zn distribution for ZnO NPs and ZnSO4. Zn 

ions in ZnO NP-treated samples are heterogeneously distributed in comparison with ZnSO4 

treated samples. The results indicate that the main route to cross wheat leaf epidermis for 

ZnO NPs is via stomata, then these nanoparticles accumulate and release Zn ions in the 

apoplast, and the released Zn ions and ZnO NPs are absorbed by mesophyll cells. Our 

findings demonstrate how ZnO NPs cross the wheat leaf epidermis, distribute within 

mesophyll tissues, and enter into plant cells; and this information is useful for the 

development of sustainable nano-enabled platforms for nanoscale micronutrient delivery. 

KEYWORDS: ZnO NPs, foliar application, absorption pathway, translocation, Zn 

distribution, wheat leaves
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Introduction

Nanotechnology offers broad developments in agricultural applications.1 There are several 

possible pathways for nanoparticle use in agriculture including as nano-fertilizers,2 nano-

pesticides,3 and nano-enabled environmental restoration.4 A large number of studies have 

demonstrated that at an appropriate dose, nanoparticles may have positive effects on seed 

germination,5 plant growth, yield,6 and resistance.7

Zn is an essential mineral nutrient for plant growth and is involved in a broad range of 

physiological processes, including reproductive organ development, secondary metabolism, 

and tolerance to biotic/abiotic stress.8 The background concentration and high variability of 

Zn and the growing conditions have important effects on the fate of Zn in plants.9 Several 

studies with wheat have demonstrated that Zn can improve seed germination, seedling 

growth and productivity, chlorophyll and grain Zn concentration, leaf area, and the 

photosynthetic rate.10-13 Foliar and soil applications are the two primary methods for zinc 

fertilizer.14 Compared to soil application, foliar application of zinc fertilizer is a potentially 

more effective way to deliver the nutrient to plants.15 At present, zinc oxide and zinc sulfate 

are the primary forms of zinc fertilizer used with plants.14,16 Zinc sulfate has the 

characterizations of high solubility and high rate of absorption, which could induce 

phytotoxicity.17 In fact, this is a problem encountered for most fertilizers and pesticides. Zinc 

oxide nanoparticles (ZnO NPs) are one of the common forms of zinc addition in agriculture, 

and a number of previously published studies indicated that ZnO NPs have greater positive 

impact and accumulation in plants (wheat, coffee, peanut and maize) than ZnSO4.8,18-20 

Several studies have demonstrated positive effects on plant growth at relatively low 
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concentrations.18,21,22 For example, foliar spray of ZnO NPs (13 nm) to Arachis hypogaea 

(peanut) at 10-30 mg L-1 increased Zn concentration (4.5-5.6 folds), as well as other growth 

parameters such as plant height (1.2-1.4 folds) and fresh weight (1.7-2.4 folds).23 Significant 

increases in shoot height (31.51%), root length (66.29%), and plant biomass (27.1%) of 

cluster bean were observed after receiving a foliar application of 10 mg L-1 ZnO NPs (3.8 

nm).24 Under field conditions, Subbaiah et al.8 observed that the yield of maize grain and the 

zinc concentration were increased by foliar application of 400 mg L-1 ZnO NPs (25 nm). 

Based on these studies, it seems likely that ZnO NPs at the appropriate dose may serve as a 

kind of nano-fertilizer which can benefit plant growth with minimal abiotic stress. 

Importantly, the mechanisms of ZnO NP attachment, dissolution, absorption, and 

translocation in plants remains poorly understood. 

A number of studies have focused on the effects of nanoparticles on plants, including 

reports on the foliar absorption of nanoparticles such as mesoporous silica nanoparticles,25 

fullerenes,26 titanium dioxide nanoparticles (TiO2 NPs),27 and copper oxide nanoparticles 

(CuO NPs).28 Some plants like soybean could absorb fertilizers by trichomes, but most crops 

have two main potential routes for foliar-applied NPs entry: the stomata and the cuticle. It 

was reported that stomata aperture generally ranges from 3.5 to 100 μm.29 Several reports 

have focused on the stomatal pathway as the probable route for the absorption of 

microparticles30 and nanoparticles22,28 by leaves. These studies indicated that the 

nanoparticles may be absorbed by plant leaves through stomata. Pores in the cuticle are small 

(ranging from about 0.2 to 2 nm) and have a reported size-exclusion limit in the nanometer 

range.31 This means that ions can transport through the hydrophilic cuticular pores,32 but 
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most nanoparticles are hard to be absorbed through these pores. Maybe some nanoparticles 

in a very small size could expand the cuticular pores, but the evidence is limited. However, 

particle dissolution on the plant surface could also be a part of the absorption process and has 

been described for ZnO NPs, copper oxide nanoparticles and cerium dioxide nanoparticles 

(CeO2 NPs).19,32-34 As such, the absorption of insoluble NPs such as silica NPs, fullerene, 

gold nanoparticles (Au NPs) and titanium dioxide nanoparticles is more straightforward, and 

the accumulation of soluble NPs may occur by multiple pathways.

Because ZnO NPs are relatively hydrophilic and little evidence supports that NPs could 

enlarge cuticle pores, we hypothesize that the main route for ZnO NPs entry into wheat leaves 

is via stomata. To address these mechanistic questions about the absorption, translocation 

and distribution of ZnO NPs in wheat seedling leaves, we foliarly applied ZnO NPs onto 

wheat leaves under different degrees of stomatal aperture to investigate the processes of 

absorption and translocation over time. Elucidation of the uptake and translocation pathways 

for ZnO NPs into wheat leaves will provide valuable and necessary information for the 

development of nano-enabled agricultural applications.

Material and methods

Chemicals and plants preparation

ZnO NPs were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd (30 ± 10 

nm, purity≥99%). TEM and SEM images indicate that the size of ZnO NPs is around 30 nm 

(Fig. S7†). Fluorescein isothiocyanate (FITC), dimethyl formamide (DMF) and 3-
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6

aminopropyl triethoxy silane (APTES) were purchased from Shanghai Sangon Biotech Co., 

Ltd. ABA was purchased from Sigma-Aldrich Corporation (purity≥98%). MTs were 

purchased from Shanghai Yuanye Bio-Technology Co., Ltd (purity≥95%). RNAiso Plus, 

primescriptTM RT Master Kit and TB® Premix Ex Taq™ II were purchased from Takara, 

China. Primers for HA1 (GenBank: FB811310.1), Metallothionein (class II) (GenBank: 

X68289.1) and Actin (GenBank: AB181991.1) were synthesized by Shanghai Sangon 

Biotech Co., Ltd. 

Wheat (Triticum aestivum L. cv. NAU 9918) was chosen as the model plant for this work; 

3% H2O2 was used to sterilize wheat seeds for 5 min, followed by rinsing thoroughly with 

deionized water. Seeds were then germinated in dark surroundings at 25 oC for 2 days. The 

germinated seeds were grown in vermiculite in a growth chamber (14 h light, 25 oC)/10 h 

dark (20 oC) and relative humidity of 75% with a light intensity of 400 μmol m-2 s-1). After 5 

days, all the wheat seedlings were transferred into aerated Hoagland nutrient solution (pH 

5.5) in a growth chamber with the same growth conditions as the aforementioned for 

additional 5 days (at the two to three-leaf stage).

Fluorescent labeling of ZnO NPs

The labeling of ZnO NPs was performed as previously reported.35 Twenty mg of bare ZnO 

NPs were dispersed in 15 mL anhydrous dimethylformamide (DMF). A solution of 2.5 μL 

3-aminopropyl triethoxy silane (APTES) dissolved in 125 μL DMF was then added to the 

ZnO NPs suspension, followed by sonication and stirring for 24 h in the water bath (25 oC, 

100 W, 40 kHz). The functionalized ZnO NPs were collected by centrifugation (3000 g, 15 
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min) and were re-suspended in 2.5 mL DMF prior to mixing with a solution of 5 mg FITC 

in 5 mL DMF. The suspension was sonicated and stirred for 4 h in the water bath (25 oC, 100 

W, 40 kHz). After thoroughly washing the stained ZnO NPs with DMF, 30 mL of deionized 

water was added to the FITC-labeled ZnO NPs. The process was repeated until no 

fluorescence was detected in the supernatant; the labeled nanoparticles were then dried under 

vacuum and stored as dry powders in the dark at 4 oC.

Assays for the characterizations of ZnO and FITC-ZnO NPs

Zeta potential, hydrodynamic and dissolution of ZnO and FITC-ZnO NPs were determined 

by previously reported methods.36 ZnO and FITC-ZnO NPs (100 μmol L-1) were suspended 

in deionized water. The suspensions of ZnO and FITC-ZnO NPs were dispersed by ultrasonic 

treatment (25 oC, 100 W, 40 kHz) with stirring for 1 h to achieve a stable dispersion. After 

that, the hydrodynamic diameter and zeta potential of ZnO and FITC-ZnO NPs dispersed 

solutions were determined with a Zetasizer system (Malvern Instrument Ltd., Worcestershire, 

UK). The pH and conductivity of NPs suspension and ZnSO4 solution (100 μmol L-1) were 

measured by the pH/conductivity meter (Thermo scientific Orion star, USA). 

The time-dependent dissolutions of ZnO and FITC-ZnO NPs were measured in deionized 

water.37 The solutions of ZnO and FITC-ZnO NPs were dispersed with ultra-sonicator (25 

oC, 100 W, 40 kHz) with stirring for 1 h before use. Samples were collected at five time 

points (2, 4, 8, 16 and 24 h); the samples were filtered through 0.45 μm glass filter after being 

centrifuged at 8000 g for 15 min and then acidified with 1 mol L-1 HNO3. The time-dependent 

dissolutions of ZnO NPs at pH 5.8 and 7.5 were measured in this study, and the preparation 
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of determined solution was the same as the above. The yields of ZnO NPs (solid) after 

centrifugation at different pH values were shown in the table (Table S2†). Due to the high 

solubility of ZnO NPs in acid solution (Fig. S6†), the yield at pH 5.8 was lower than that at 

pH 7.0 or 7.5. Zn2+ concentrations were determined with a flame atomic absorption 

spectrophotometer (FAAS) (AAS, Z-2000, Hitachi, Japan). The working curve of FASS is 

shown in the Supporting Information (Fig. S8†).

Measurement of stomatal aperture

The measurement method for stomatal aperture was taken from the literatures with some 

modifications.38,39 Wheat leaves were treated with 100 μmol L-1 ABA (spraying) under the 

light conditions for 2 h. The wheat leaves were cut into rectangular sections. The lower 

epidermis from the middle of leaf was peeled with a tweezer along the edge, and then put 

into the buffer (10 mmol L-1 KCl, 5 mmol L-1 2-(N-morpholino) propanesulfonic acid (MES), 

and pH 6.5). Afterward, the sample was transferred on microscopy slides with a coverslip on 

the top of the hypodermis. Images of each treatment were taken under a light microscope 

(Nikon ECLIPSE 80i, Japan) attached with a CCD (charge coupled device) camera. ImageJ 

software was used to measure the stomatal aperture. 30 stomata were selected and measured 

for each treatment. 

Imaging of ZnO NPs in wheat leaf tissues by confocal laser scanning microscope

A method of wheat leaf tissue sectioning was used from the literature with modifications.40 

Specifically, the wheat leaves with similar chlorophyll content and size were divided into 
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9

two groups. The control and treated groups were sprayed with deionized water and 100 μmol 

L-1 ABA solution (40 μL per exposed leaf) on the leaves, respectively. After 2 h, 100 μmol 

L-1 FITC-ZnO NPs suspension (40 μL per exposed leaf) was sprayed on wheat leaves in all 

groups. All the solutions/suspensions were sprayed with small hand-held spray bottles. Most 

of the spray reached the wheat leaves by this application method.41 Sampling was performed 

by using a cork borer at different time points (2, 4, 8, 16 and 24 h) after foliar application. 

Then, all leaf tissues were mounted on microscope slides after being rinsed with deionized 

water and dried. Very few ZnO NPs were found on the washed surface of wheat leaves (Fig. 

S9†). An observation gel well (5 mL neutral resins for every 1 mL xylene, 1 mm thin) was 

made for mounting the wheat leaf discs. The leaf tissue was placed in the center of the 

observation gel. Afterward, a coverslip was placed on the top of the leaf tissue carefully to 

seal it into the well, ensuring that no bubbles remain trapped underneath. All the prepared 

sample slides were evaluated with a white light laser confocal microscope (TCS SP8, 

Germany). A 40× objective was used in the observation. The excitation/emission 

wavelengths for FITC and chloroplast were 488/519 nm and 488/650 nm in the laser confocal 

microscopic observation, respectively. Five sample slides from each treatment were used for 

observing.

Scanning electron microscope and energy disperse spectroscopy image 

Zn distribution in wheat leaf tissues was investigated by an ultra-high resolution (1.0 nm) 

scanning electron microscopy (Hitachi SU8010, Japan). Specifically, fresh wheat leaf tissues 

were treated with 1 mmol L-1 ZnO NPs and ZnSO4 by small sprayers for 24 h and 48 h, 
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10

respectively. All suspensions and solutions were sprayed with the same volume (40 μL per 

exposed leaf) at the uniform rate by small hand-held spray bottles. The majority of the spray 

reached the wheat leaves through this application method.41 Thereafter, all samples were 

washed with deionized water and cut into small pieces (about 10 mm long). These tissue 

segments were frozen in liquid nitrogen, shifted into a vacuum sample exchange chamber. 

The samples were cut by a knife installed in the vacuum sample exchange chamber, and then 

kept under vacuum for 30 min to evaporate the ice. The cryo-based techniques retained the 

structural integrity of leaf cells. Scanning electron microscopy–energy dispersive X-ray 

spectroscopy (SEM-EDS and elemental mapping) was then used to detect and map the 

distribution of Zn in wheat leaf tissues.42

Assays for Zn concentration in wheat leaves

The measurement of Zn concentration in wheat leaves was conducted as described in the 

literature with modification.43,44 The wheat leaves with similar chlorophyll content and size 

were employed. The selected wheat seedlings were divided into four groups. Group one was 

treated with deionized water (40 μL per exposed leaf); group two was treated with 100 μmol 

L-1 ABA solution (40 μL per exposed leaf); group three was treated with deionized water (40 

μL per exposed leaf) for 2 h, and then treated 100 μmol L-1 ZnO NPs suspension (40 μL per 

exposed leaf); and group four was treated with 100 μmol L-1 ABA solution (40 μL per 

exposed leaf) for 2 h, and then treated with 100 μmol L-1 ZnO NPs suspension (40 μL per 

exposed leaf). All suspensions and solutions were sprayed with small hand-held spray bottles. 

Most of the spray reached the wheat leaves using this application method.41 All groups were 
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11

sampled at different time points (2, 4, 8, 16 and 24 h) after spraying ZnO NPs, and then were 

successively washed by deionized water to minimize the ZnO NPs adsorbed on the leaf 

surface (Fig. S9†) on the clean experimental table. The sampled wheat leaf tissues (1 g) were 

put in 50-mL glass beakers and were infiltrated three times with 50 mmol L-1 MES-Tris 

buffer solution (pH 6.5) at 0.1 mol L-1 Pa for 15 min. The leaf tissues were then transferred 

into 5 mL-plastic needle tubes which were then placed into 15-mL plastic centrifuge tubes 

with the point side down. All tubes were centrifuged at 4000 g for 20 min at 4 oC to collect 

the apoplastic fluids.44 After repeating the extraction process for three times, the leaf tissues 

in needle tubes were then frozen at -20 oC for 72 h. The cytoplasmic fluid 1 was collected 

from the frozen-thawed samples by centrifugation at 4000 g (4 oC) for 20 min. The tissues 

were homogenized in 1 mL MES-Tris buffer solution (pH 6.5) for 5 min. After centrifuging 

(4000 g, 4 oC), supernatants were collected as cytoplasmic fluid 2. The combined two 

supernatants represented the cytoplasmic fluids. Subsequently, all apoplastic and 

cytoplasmic fluids were digested with a 10-mL mixture acid of HClO4 and HNO3 (14׃) at the 

controlled temperature of 160 oC.45 After filtration through 0.45 μm glass filters, the Zn 

concentration in apoplastic and cytoplasmic fluids was determined by FAAS as the above 

described.

Quantitative real-time PCR analysis, enzyme activity determination

Primers for target genes HA1 (GenBank: FB811310.1), Metallothionein (class II) (GenBank: 

X68289.1) and the reference gene Actin (GenBank: AB181991.1) were synthesized by 

Shanghai Sangon Biotech Co., LTD. The total RNA was isolated by using Total RNA 
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Extractor (Takara Bio, China). The cDNA of target genes for quantitative detection was 

transcribed from total RNA using the PrimeScriptTMRT reagent Kit (Takara Bio, China). 

After real-time PCR amplification (ABI 7500/7500 Real-Time PCR System), the data were 

collected and the expression level of target genes was calculated by the 2-△△Ct method.46 

The activity of P-type ATPase was measured according to the previous study.47 Wheat leaf 

tissues were homogenized in a buffered medium (pH 8.0, 0.25 mol L-1 sucrose, 10% glycerol, 

0.1 mol L-1 Mops,1,3-bis(tris [hydroxymethyl] methylamino) propane (BTP), 2 mmol L-1 

EDTA, 2 mmol L-1 dithiothreitol, 2 mmol L-1 phenylmethylsulfonyl fluoride, 0.4% 

polyvinylpyrrolidone-40T, 0.3% bovine serum albumin, and 0.1 mol L-1 KCl). A miracloth 

membrane was used to filter the homogenate. The filtrate was then collected and used for 

centrifugation to obtain the microsomal fraction. After centrifugation, the microsomal 

fraction was transferred into a separate centrifuge tube and dissolved in a buffer (15% 

glycerol, 20 mmol L-1 Tril-HCl (pH 7.6), 1 mmol L-1 EGTA, 1 mmol L-1 dithiothreitol, and 

1 mmol L-1 phenylmethylsulfonyl fluoride). The activity of P-type ATPase was determined 

by the release of phosphate during PPi or ATP hydrolysis according to the previous method.48 

The determination was performed using the reaction medium of 20 mmol L-1 Mops-BTP (pH 

8.0), 50 mmol L-1 MgSO4, 200 μmol L-1 Na2MoO4, 1 mmol L-1 ATP. One U of P-type 

ATPase activity was expressed as μmol Pi mg-1 protein h-1. 

MTs concentration was measured according to the published study.49 Fresh wheat leaf 

tissues (1 g) were ground into homogenate with Tris-HCl buffer (0.1 mol L-1, pH 8.6), and 

then the homogenate was allowed to rest for 24 h. After centrifugation at 10,000 g for 10 min 

at 4 oC, the supernatant was collected, and heated in a water bath for 3 min at 90 oC. 
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13

Subsequently, the cooled solution was centrifuged at 10,000 g for 15 min at 4 oC. A three 

times volume of absolute ethanol was added to the collected supernatant, and then the mixed 

solution was stored at -20 oC for 24 h. After that, the solution was centrifuged at 10,000 g for 

15 min at 4 oC, and the supernatant was discarded. After adding 5 mL Tris-HCl buffer (0.1 

mol L-1, pH 8.6) to dissolve the precipitate, the solution was again centrifuged at 10,000 g 

for 10 min at 4 oC and the MTs concentration was determined. First, 0.5 mL 5 μmol L-1 

DTNB (5,5′-dithiobis-(2-nitrobenzoic acid)) solution and 2.5 mL Tris-HCl buffer (0.1 mol 

L-1, pH 8.6) were added to 1 mL of the MTs supernatant, and the absorbance value was 

measured at 412 nm. MTs concentration (μmol·g−1 fresh weight) was calculated according 

to a constructed standard curve (Fig. S10†). 

Statistical analysis

A one-way analysis of variance (ANOVA) and Duncan's test was performed to analyze the 

data. Statistical analyses were carried out using the statistical analysis software (Version 9.2, 

SAS Institute Cary, NC, 2010). All data were expressed as mean ± standard deviation (SD). 

Statistical significance was based on p<0.05.

Results and discussion

Characterization of ZnO NPs and FITC-ZnO NPs

The zeta potential, particle size and dissolution of ZnO NPs and FITC-ZnO NPs were 

measured in deionized water at the same concentration. The average hydrodynamic particle 
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14

diameters of ZnO NPs and FITC-ZnO NPs were statistically equivalent at 341.2 and 363.9 

nm, respectively (Table S1†). Similarly, no significant differences were found in zeta 

potential (-16.3 and -19.4 mV), suspension pH (7.56 and 7.50) and conductivity (1.70 and 

1.67 μs cm-1) for the unlabeled and labeled ZnO NPs suspensions, respectively. The time-

dependent dissolution of ZnO NPs and FITC-ZnO NPs in deionized water was measured (Fig. 

S1†). The concentration of released Zn2+ reached a maximum of 1.31 and 1.22 mg L-1 at 24 

h for ZnO NPs and FITC-ZnO NPs, respectively. No significant difference between the two 

treatments was observed at the same time point. These results indicate that FITC has no 

apparent influence on ZnO NPs hydrodynamic diameter and zeta potential in deionized water. 

Our results (Fig. S2†) displayed that the FITC could stay on the NPs over 24 h at different 

pH solutions (pH 5.8 and 7.0). As such, FITC is a suitable label to investigate ZnO NPs 

detection, absorption and localization in wheat leaves.

Absorption pathway of ZnO NPs in crossing the leaf epidermis

We hypothesize that the absorption of NPs by plant leaves occurs primarily through the 

stomata; the stomatal pore diameter varies with species and other factors but is approximately 

3.5-100 μm.50 It is well known that abscisic acid (ABA) amendment can affect the stomata 

aperture.51,52 To evaluate our hypothesis, an ABA solution (100 μmol L-1, estimated volume: 

40 μL per exposed leaf) was sprayed on wheat leaves to induce stomatal closure. Treatment 

of 100 μmol L-1 ABA significantly decreased the stomatal aperture of wheat leaves by 39.4% 

compared to controls (Fig. 1).

To investigate the main route of ZnO NPs absorption and translocation, an experiment 
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was designed as follows. The control and treated groups were sprayed with deionized water 

and 100 μmol L-1 ABA solution (40 μL per exposed leaf) on the leaves, respectively. After 

2 h, 100 μmol L-1 FITC-ZnO NPs suspension (40 μL per exposed leaf) was sprayed on 

wheat leaves in all groups. All samples were observed with a Leica confocal laser scanning 

microscope. Previous studies have displayed that the FITC labelling method is mature and 

reliable, and has no significant effects on the behavior of NPs in plant leaves.53,54 Although 

leaf tissues auto-fluoresce, the Leica confocal laser scanning microscope is able to eliminate 

it and readily discern the guard cells. With consideration of a previous study35 and our 

experiments (Fig. S3†), FITC molecules alone do not result in a cellular staining profile. 

Hence, the green fluorescence was all from the FITC-ZnO NPs. Fig. 2 shows the confocal 

images of ZnO NPs treated wheat leaves with or without ABA treatment at different time 

points over 24 h. The chloroplast emits red fluorescence under the condition of green 

excitation and can serve as a reference to identify the penetration depth (Z dimension) of 

ZnO NPs (green fluorescence) in the wheat leaf tissues. Due to the effect of ABA on 

reducing the stomatal aperture, the amount of ZnO NPs in the ABA-treated groups was 

notably less than the controls at equivalent time points. This demonstrates that there is a 

positive correlation between stomatal aperture and the amount of ZnO NPs entry. From the 

images, it is clear that the ZnO NPs initially accumulate below the stomata but then begin 

to spread in all directions over time. Most of the particles rapidly accumulate in the space 

between cell walls near the stomata (labeled with yellow boxes and words in Fig. 2), 

suggesting that the mobility of ZnO NPs was limited in the leaf tissues. At 24 h, it is clear 

that just a few ZnO NPs were transported into the cytoplasm. We did not observe the process 
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of how they cross the cell wall and enter into the cytoplasm. However, some studies showed 

that NPs can induce new and larger pores in the cell wall, thereby facilitating subsequent 

entry into the cell through this route.27,55 

No significant differences in transfer rate of nanoparticles were observed after leaf wax 

was removed by 60% in mass,56 and the cuticle could encapsulate the nanoparticles.57 This 

suggests that nanoparticle entry into leaf epidermis through the cuticle is likely highly 

restricted. For the undissolved nanoparticles such as Au NPs, stomata are an important 

pathway to enter into plant leaves.58 Avellan et al.59 found that polyvinylpyrrolidone-coated 

Au NPs could be absorbed by cuticle, but the entry of negatively charged citrate-coated Au 

NPs was observed through stomata. It seems that the properties of the particles have an 

important effect on the stomatal absorption pathway. When the ZnO NPs aqueous 

suspension was applied on the leaf surface, a hydraulic connection between the inside and 

outside of stoma was easily established by a thin film of water, and it enhanced the transfer 

of ZnO NPs in the suspension.29,60,61 Hence, the negatively charged ZnO NPs could be 

transported through stomatal pathway. Given this and our current findings, the stomatal 

pathway appears to be the main route for ZnO NPs absorption by wheat leaves.

Translocation and distribution of Zn in leaf mesophyll 

The distribution of Zn in wheat leaf tissue vertical cross-sections was determined by an ultra-

high resolution (1.0 nm) scanning electron microscopy (SEM). Due to the low level, no Zn 

element was found in the reference (wheat leaves treated without ZnO NPs and ZnSO4) by 

SEM elemental mapping (Fig. S4†). The concentrations of both ZnO NPs and ZnSO4 were 
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increased to 1 mmol L-1 to facilitate detection; a number of studies have reported no 

phytotoxicity in wheat at this concentration.18,58 From the SEM elemental mapping (Fig. 3), 

Zn is clearly evident in all treated sample cross-sections, and the concentrations of Zn in the 

tissues of both treatments increases over time. Interestingly, Zn occurred at low amounts in 

the cross-sections of the NPs treatments at 48 h; there was greater occurrence in the leaf 

tissues treated with ZnSO4. In addition, the distribution of Zn in wheat leaves exposed to 

ZnO NPs was heterogeneous relative to the more homogeneous distribution evident with the 

salt exposure at 48 h. Specifically, most Zn was distributed in the upper and lower mesophyll 

tissues in ZnO NPs treatment, and the tissue close to the lower epidermis had higher Zn 

amounts than did the upper epidermis. In addition, ZnO NPs was present primarily in the 

intercellular space at 24 h combined with the confocal laser scanning microscopy images, 

and then a fraction of the particles diffused to the cytoplasm at 48 h. The salt exposure 

became homogeneously distributed over time. In addition, Zn would likely be non-detectable 

in the control cross-sections. 

There are several possible explanations for the distribution of ZnO NPs in wheat leaf tissue 

cross-sections. It is known that soluble nanomaterials such as ZnO can dissolve on or in plant 

tissues over time.31 The in planta translocation of nanoparticles is primarily affected by both 

charge (for undissolved particles, a corona will form and the protein or biomolecular corona 

can impact transport as much as or perhaps more than size)62 and particle size; importantly, 

the particles need to traverse a series of barriers with specific size exclusion limits.31

Accordingly, after crossing the leaf epidermis, ZnO NPs would be restricted by the cell 

wall, likely accumulating in the intercellular space and starting to dissolve. At that same time, 
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a biomolecular corona will likely continue to form, having unknown impacts on particle fate 

and transport. Important, the SEM elemental mapping indicated that Zn was mainly 

distributed in the upper and lower mesophyll tissues for ZnO NPs treatment. However, the 

spread of Zn was most in the middle of leaf tissue vertical cross-section for ZnSO4 treatment 

at 24 h. Combined with the results (Fig. S5†), one probable reason for this phenomenon is 

that salts could not be limited by cell wall and their diffusion in apoplast and cytoplasm 

occurs more quickly than nanoparticles. Because the lower epidermis has more stomata,63 Zn 

concentration in the tissues close to lower epidermis is greater than that in the upper 

epidermis. As time passes, the quantity of ZnO NPs in the leaf tissues increases, as does the 

amount specifically in both apoplast and cytoplasm. Hence, the distribution of Zn in leaf 

tissues becomes more homogeneous over time.

Zn concentrations in the apoplast and cytoplasm of mesophyll cells

After accumulating in the apoplast, nanoparticles could also begin to dissolve. As shown in 

Fig. 4, the concentration of Zn in the apoplast increased over time in all treatments (ZnO NPs 

alone or with ABA) compared to the control and sole abscisic acid (ABA) (Fig. 4A). With 

co-treatment of 100 μmol L-1 ZnO NPs and 100 μmol L-1 ABA on wheat leaves, the Zn2+ 

concentration was significantly reduced by 33.2% compared to the NP-alone (100 μmol L-1) 

treatment. No significant difference was found between the control and ABA treatments. The 

cytoplasmic Zn2+ concentrations in both the ZnO NPs and ZnO NPs plus ABA treatments 

have similar trend; initially high levels that then gradually decline over time. The Zn2+ 

concentrations reached the highest value at 4 h in ZnO NPs alone (11.31 mg kg-1 FW) and 
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combined ABA treatments (9.63 mg kg-1 FW), respectively. However, concentrations in the 

cytoplasm then decreased over time by an average of 8.3%. As shown in Fig. 4C, the Zn2+ 

concentrations in intact wheat leaves (apoplast and cytoplasm) was similar for the ZnO NP-

alone and combined ABA treatment; levels rose for the first 4 hours but were then stable for 

the remainder of the exposure. Importantly, ABA treatment reduced total Zn2+ concentration 

in wheat leaves by up to 23%.

Foliar application of ZnO NPs can significantly increase Zn concentration in plants;20 ZnO 

NPs are known to be both soluble in plant tissues and to be transformed into other ionic forms 

that may be either bound or free fractions.35 In our study, the Zn concentrations of leaf tissues 

in the NP treatments increased to varying degrees. Although ZnO NPs (particles or their 

aggregation) are smaller than the stomatal aperture, the absorption amount of ZnO NPs will 

be affected by the changes of stomatal aperture as a function of environmental conditions 

and internal physiology (i.e. stomatal dynamical open and close). It means that the flux would 

be affected by the changes in stomatal aperture. Our results displayed that total Zn 

concentration (apoplastic and cytoplasmic Zn) was proportional to the stomatal aperture. Zn 

concentration in apoplast was more significantly affected by the changes of stomatal aperture 

than that in cytoplasm. There are several possible explanations for this result. For example, 

the cell wall may have blocked NPs passage, leading to the accumulation of ZnO NPs in the 

apoplast. The pH of apoplastic fluid is about 5.8,64 which is significantly lower than that of 

cytoplasm (about pH 7.5). This pH difference could lead directly to greater ion dissolution 

from the ZnO NPs (Fig. S6†) into the apoplast.65

The P-type ATPase can transport a variety of cations such as Cd2+, Cu2+ and Zn2+ across 
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membranes.66 These transporters can be found in the membrane system of cells and are 

known to remove toxic or excess metal ions from the cytoplasm. For example, the expression 

of the H+-ATPase gene (HA1) can be induced by metal cations such as Pb2+, Cd2+ and 

Zn2+.67,68 Metallothioneins (MTs) are widely distributed among animal and plant cells and 

have a strong affinity for binding heavy metals.69 This protein can bind to metals through a 

thiol group of cysteine and exerts an important role in heavy metal homeostasis within plant 

cells.70 To better understand the translocation of ZnO NPs from the apoplast to the cytoplasm, 

we measured the relative expression of HA1 and Metallothionein (class II), enzyme activity 

of P-type ATPase, and the concentrations of MTs and Zn at five time points (2, 4, 8, 16 and 

24 h) in three treatments (control, 100 μmol L-1 ZnSO4 and ZnO NPs). The expression level 

of HA1 in the ZnSO4 treatment was significantly up-regulated at the first two time points, 

and declined after 4 h (Fig. 5A). Unlike salt exposure, in the ZnO NPs treatment the HA1 

expression level was most significantly up-regulated only at 8 h. When considering P-type 

ATPase activity within the leaf tissues (Fig. 5C), there are no significant differences among 

the three treatments during the first 8 h. However, enzyme activity levels increased at 16 h 

and 24 h for both the ZnSO4 and ZnO NPs treatments compared to the controls; there was no 

difference between the particle types. For Metallothionein (class II) expression (Fig. 5B), 

ZnO NPs and ZnSO4 treatments exhibited similar trends; significant up-regulation was 

evident at 4 h, but the expression declined over time. Importantly, overall expression levels 

for Metallothionein (class II) were significantly greater for the ZnSO4 treatment as compared 

to ZnO NPs at most time points. Fig. 5D shows that MTs concentration was increased in the 

two Zn treatments at 8, 16 and 24 h compared to the control; levels were highest at 8 h and 
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declined steadily thereafter. Through the results (Fig. S5†) Zn concentration in ZnO NPs 

treatment was higher than that in ZnSO4 treatment in apoplast, and an opposite result was 

shown in cytoplasm.

Although plants are known to absorb Zn cations by a foliar pathway, the mechanism of 

ZnO NPs absorption is not known.71 The surface properties of plant leaves such as stomatal 

number and diameter, as well as cuticle thickness and chemical composition, control the 

absorption of Zn.72 When a ZnSO4 solution is foliarly applied, Zn2+ may be absorbed through 

stomata and/or cuticle, with transport into leaf apoplast. During this process, part of Zn 

cations will be absorbed by mesophyll cells into leaf cytoplasm, with additional Zn ions being 

transported through the extracellular apoplastic route.7 However, the ZnO NPs suspension 

will result in a different behavior on and in the plant leaves. The differences between the two 

treatments (Fig. S5†) indicate that ZnO NPs are not readily absorbed by the cells. This is 

likely due to the barrier function of cell wall, which results in the accumulation of ZnO NPs 

in the apoplast. Conversely, the ZnSO4 solution has much greater Zn cations which easily 

cross the cell wall and are absorbed by mesophyll cells. Consequently, the ZnSO4 exposure 

leads to greater Zn in the cytoplasm as compared to the nanoparticle treatment. This 

phenomenon is also supported by the gene expression data for HA1 and Metallothionein 

(class II) (Fig. 5). We think that the reason for delayed expression of HA1 may be due to the 

dissolution process of ZnO NPs in the apoplastic fluid. Because it should take some time to 

release Zn ions from ZnO NPs, the genetic response would be delayed and slower. 

Conversely, ZnSO4 could release Zn ions very quickly and the released Zn ions could rapidly 

be absorbed by cells. Because of the above findings, we speculated that ZnO NPs accumulate 
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in leaf apoplast after entry through the stomata, and then partially dissolve over time to 

release Zn2+ that may be absorbed by the mesophyll cells or accumulate in leaf cytoplasm. 

Conclusions

ZnO NPs are a representative soluble nanoparticle readily biotransformed both on and in 

plants. Our results indicate that the main route for ZnO NPs entry to the wheat leaf epidermis 

after foliar spraying is through the stomata (Fig. 6). ZnO NPs largely accumulate below the 

stomata and then move through the apoplast over time. During transport, a fraction of the 

ZnO NPs will dissolve in the apoplast and release Zn cations that are absorbed by mesophyll 

cells. The undissolved ZnO NPs are also partly transferred into the cells. Our study mainly 

focused on the initial entry and distribution in a short time. Over weeks and months of 

subsequent plant growth, dynamic transformation processes will continue to impact particle 

fate in the tissues. These findings will help us to understand the ZnO NPs absorption and 

distribution in plant leaves, including key differences from more traditional forms of the 

nutrient, and will provide valuable information to guide the sustainable use of ZnO NPs and 

potentially other soluble NPs in agriculture.
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Figures

Fig. 1 Stomatal aperture diameter (A) and microscopic images of stomata (B) of wheat lower 

epidermal treated with or without 100 μmol L-1 abscisic acid (ABA). Each histogram bar 

represents the mean value of triplicates. Bars are the standard deviation of the mean. Different 

letters on the top of columns indicate significant difference at P<0.05 according to Duncan`s 

test.
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Fig. 2 Confocal laser scanning microscopy images of wheat leaves treated with (A) or 

without (B) 100 μmol L-1 abscisic acid (ABA) and sprayed with 100 μmol L-1 fluorescein 

isothiocyanate (FITC)-zinc oxide nanoparticles (FITC-ZnO NPs) at different time.
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Fig. 3 Scanning electron microscope elemental mapping of wheat leaf sections treated with 

1 mmol L-1 zinc oxide nanoparticles (ZnO NPs) (A) and ZnSO4 (B) for 24 and 48 h. The top 

of each image is close to the lower epidermis, and the bottom of each image is close to the 

upper epidermis.
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Fig. 4 Zn2+ concentrations in wheat leaf apoplast (A) cytoplasm (B) and wheat leaves (C) at 

different time points. A, NPs, NA and CK present wheat leaves treated with 100 μmol L-1 

abscisic acid (ABA) only, 100 μmol L-1 zinc oxide nanoparticles (ZnO NPs) only, 100 μmol 

L-1 ZnO NPs plus 100 μmol L-1 ABA and deionized water, respectively. FW, fresh weight. 

Data points represent mean and standard deviation values of triplicates. Different letters in 

the same figure indicate significant difference at P<0.05 according to Duncan`s test.
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Fig. 5 Relative expression of HA1 (A) and Metallothionein (class II) (B), P-type ATPase 

activity (C) and metallothioneins concentration (D) in different treatments (control, 100 μmol 

L-1 ZnSO4 solution and 100 μmol L-1 zinc oxide nanoparticles (ZnO NPs) suspension) at 

different time in wheat leaf tissues. Pi, inorganic phosphorus. FW, fresh weight. Each 

histogram bar represents the mean value of triplicates. Bars are the standard deviation of the 

mean. Different letters on the top of columns indicate significant difference at P<0.05 

according to Duncan`s test.
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Fig. 6 ZnO NPs translocation pathways and distribution in wheat leaf with different stomatal 

apertures.
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ToC text: Process of entry for ZnO NPs uptake in wheat leaves.
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