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Abstract

Poplar plants (Populus deltoides × nigra, DN-34) were used as a model to explore vegetative 

uptake of commercially available gold nanoparticles (AuNPs) and their subsequent translocation 

and transport into plant cells. AuNPs were directly taken up and translocated from hydroponic 

solution to poplar roots, stems and leaves. Total gold concentrations in leaves of plants treated 

with 15, 25 and 50 nm AuNPs at exposure concentrations of 498±50.5, 247±94.5 and 263±157 

ng/mL in solutions were: 0.023±0.006, 0.0218±0.004 and 0.005±0.0003 µg/g dry weight, 

respectively, which accounted for 0.05, 0.10 and 0.03%, respectively, of the total gold mass 

added. The presence of total gold in plant tissues was measured by inductively coupled plasma 

mass spectrometry, while AuNPs were observed by transmission electron microscopy in plant 

tissues. In solution, AuNPs were distinguished from Au(III) ions by membrane separation and 

centrifugation. AuNPs behaved conservatively inside the plants and were not dissolved into gold 

ions. On the other hand, Au(III) ions were taken up and reduced into AuNPs inside whole plants. 

AuNPs were observed in the cytoplasm and various organelles of root and leaf cells. A distinct 

change in color from yellow to pink was observed as Au(III) ions were reduced and precipitated in 

hydroponic solution. The accumulation of AuNPs in the plasmodesma of the phloem complex in 

root cells clearly suggests ease of transport between cells and translocation throughout the whole 

plant, inferring the potential for entry and transfer in food webs.
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INTRODUCTION

Wide commercial and industrial applications of engineered nanoparticles (NPs) have 

inevitably led to their release into the environment, raising concerns about the potential for 

ecological effects, entry and transfer in food webs, and human exposure (1). Because of their 

small size and unique properties, NPs may cross cell barriers and interact with intracellular 

structures to cause potential cellular and genetic toxicity (2–4). However, the exact 

mechanisms of uptake, intercellular transport and toxicity of NPs in biota are largely 

unknown. Several reviews (5–8) summarized the cellular toxicity, genotoxicity, and 

transmission of engineered NPs in plants and animals. Gold nanoparticles (AuNPs) were one 

of the most frequently studied NPs because of their many commercial applications, ease of 

synthesis, different sizes and shapes, various coatings (9, 10, 11), chemical stability, unique 

optical properties (12), ease of quantitation (13), and relatively low toxicity (14–16, 17) for 

medical applications. Therefore, the interactions of AuNPs and biota have been of 

significant interest (18).

Biotransformation of gold [Au(III)] ions into AuNPs was reported in plants in vivo and in 

vitro. Gardea-Torresdey et al. (19) illustrated the formation of AuNPs from Au(III) ions by 

living plants (alfalfa), which suggested new and exciting ways to fabricate nanoparticles. In 

addition, 5–50 nm AuNPs were produced from Au(III) ions within Brassica juncea (20), 

and, Au(III) ions were reduced to AuNPs in vitro in alga and oat biomass (21, 22). Different 

sizes, with or without coatings, surface charges and various shapes of AuNPs had great 

influence on their transport in whole plants or plant cells (15, 23–25). Transfer and 

biomagnification of AuNPs in the food chain raise the risk of exposure of human to AuNPs. 

For example, detritivores took up AuNPs from soil and distributed them among various 

tissues (26), and trophic transfer and biomagnification of AuNPs from a primary producer to 

a primary consumer were characterized by mean bioaccumulation factors of 6.2, 11.6, and 

9.6 for treatments with 5, 10, and 15 nm AuNPs, respectively (27). Another study showed 

that AuNPs could be transferred from soil media to invertebrates and then to secondary 

consumers (28). Because of their chemical stability and ease of detection, AuNPs have been 

used as the probes for the behavior of NPs within biological systems. However, most 

research has been performed on AuNPs in herbaceous plants (29) rather than woody plants, 

which have clearly defined vascular systems and multiple membranes. In this research, we 

investigate the uptake, translocation, transformation and transport mechanisms of 

commercial AuNPs and Au(III) ions into the cytoplasm of root and leaf cells in whole 

woody poplars.

MATERIALS AND METHODS

Reagents

Potassium gold (III) chloride (99.995%) was purchased from Sigma-Aldrich. Three sizes 

(size distribution <15%) of water soluble bare gold nanoparticles (15nm with a particle 

concentration of 1.88×10−9 M, 25 nm with a particle concentration of 2.69×10−10 M and 50 

nm with a particle concentration of 4.41×10−11 M) were purchased from Ocean Nano Tech, 

LLC (Springdale, AR). The deionized water (18.3MΩ) was from an ultrapure water system 

(Barnstead International, Dubuque, IA, USA). The reagents (nitric acid, hydrochloric acid 
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and hydrogen peroxide) in inductively coupled plasma mass spectrometry (ICP-MS) 

methods were trace-metal reagents. All other chemicals and reagents used in this experiment 

were of analytical reagent grade or better.

Poplar growth and treatment

Six-inch cuttings (Segal Ranch, WA) of hybrid poplar plants (Populus deltoides × nigra, 

DN34) were used in exposure experiments after the plants had grown for 25 days in ½-

strength Hoagland solution. The preparation of cuttings, their growth, and exposure method 

were similar to those described previously (30). In brief, healthy vigorously growing poplar 

plants were selected for the AuNPs and Au(III) ion exposure experiments. The exposure 

reactors consisted of 250-mL glass conical flasks with a PTFE-faced septum sampling port. 

All the exposure reactors and deionized water for Hoagland nutrient solution were 

autoclaved prior to being used. Then, different concentrations of AuNPs and Au(III) ions 

were added to 200 mL of DI water in the reactors. The 3 mL of 15 nm, 25 nm or 50 nm 

AuNP standard solution was added in each reactor except for the blank poplar controls 

without AuNPs. As shown in Table S1, the approximate initial exposure concentrations 

were measured as 498±50.5, 247±94.5 and 263±157 ng/mL for the 15 nm, 25, and 50 nm 

exposures, respectively. The final exposure concentration of Au(III) ions into each reactor 

was 5.0, 10.0 and 20.0 mg/L, respectively, except for the blank poplar control without 

Au(III) ions. Blank plant controls were three whole poplar plants without AuNPs and 

Au(III) ions; whole poplar plants [three whole, growing, intact poplar plants with AuNPs 

and Au(III) ions] were used to test the transport and biotransformation in poplar plants. All 

exposure reactors were wrapped with aluminum foil and kept at 23±1°C. The photoperiod 

was set to 16 h per day under fluorescent lighting with a light intensity between 120 and 180 

µmol m−2 s−1 and DI water saturated with oxygen was injected into the reactors twice per 

day to compensate for the evapotranspiration loss, which was determined by monitoring the 

weight loss of the reactors. Cumulative evapotranspiration for each poplar plants was the 

sum of the evapotranspiration during the 6 day exposure.

Method for Transmission Electron Microscopy (TEM) and gold determination by ICP-MS

Methods of AuNPs for TEM and determination of gold concentrations by ICP-MS in leaf 

and roots are shown in the Supporting Information in detail.

RESULTS AND DISCUSSION

The toxicity of AuNPs and Au(III) ions to poplars was inferred by measuring the rate and 

extent of evapotranspiration. Decreased rates of evapotranspiration are a reliable indicator of 

decreased biomass growth and toxicity to the plant (31). Poplars exposed to 15, 25 and 50 

nm AuNPs had evapotranspiration rates statistically equivalent to those of the controls, 

suggesting that AuNPs did not have any adverse effects on poplar at the experimental 

concentrations (Figure S1A of the Supporting Information). However, water cumulative 

evapotranspiration volumes decreased sharply for poplars treated with 5 to 20 mg/L (25.4 

µM to 101.5 µM) of Au(III) ions (Figure S1B of the Supporting Information), which 

suggested that Au(III) ions exerted toxicity to poplars at high concentrations. When exposed 

hydroponically to Au(III) concentrations of 20 mg/L, the poplars experienced a great 
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decrease in the level of cumulative evapotranspiration compared to that upon exposure at 10 

mg/L. However, the plants survived the 6 day exposure even at 20 mg/L Au(III) ions. A 

decreased rate of evapotranspiraton at 20 mg/L resulted in reduced gold concentrations in 

leaves as measured by ICP-MS. Thus, more gold actually accumulated in the leaves of 

plants exposed to 10 mg/L Au(III) because there was less inhibition (greater 

evapotranspiration).

Gold concentrations were measured in filtered and unfiltered samples by ICP-MS to assess 

transformation between AuNPs and Au(III) ions from the hydroponic solutions (Figure 1A–

C and Table S1 of the Supporting Information). Centrifugal filtration was used to 

operationally define Au(III) ion concentrations as those that pass the centrifugal filter 

(Amicon Ultra-4 3K centrifugal filter devices). First, we noticed that AuNPs were quickly 

removed from the solution (Figure 1A) by poplar uptake, and gold was not detected in the 

corresponding filtered samples (Table S1 of the Supporting Information), suggesting that 

AuNPs did not oxidize and release Au(III) ions. In separate experiments, Au(III) ions were 

also quickly taken up by poplars from solution (Figure 1B). A comparison of total gold 

concentrations in the filtered and unfiltered samples (Figure 1B, C) infers that >90% of 

Au(III) ions were transformed into AuNPs in the hydroponic solution. This phenomenon 

was confirmed by TEM images (Figure 2) and by observations of the change in color from 

yellow to pink [a redox reaction from Au(III) to Au(0)]. A large number of AuNPs were 

produced from Au(III) ions (20 mg/L) within 2 days in this solution in the presence of 

poplars. These AuNPs had relatively uniform sizes, ranging from 20 to 40 nm. AuNPs were 

also observed on the surface of bacteria in the solution, similar to CdNPs on the surface of 

bacteria found previously (32). Similar phenomena were observed in the hydroponic 

solutions of poplars exposed to 5 and 10 mg/L Au(III) ions. Because no AuNPs were formed 

in sterile medium without poplars, we postulate that this transformation is due to the 

exudates from plant roots, including mucilage, enzymes, sugars, phenolics, and amino acids 

(33), which could reduce Au(III) ions to elemental AuNPs. Therefore, Au(III) ions can be 

transformed into AuNPs; However, the reaction is not reversible, and AuNPs were not 

transformed into Au(III) ions in the hydroponic solution with poplars.

Total gold concentrations in the leaves of poplar plants exposed for 6 days were analyzed to 

evaluate the translocation of AuNPs and Au(III) ions from solutions (Figure 1D). Total gold 

concentrations in leaves exposed to AuNPs were much lower than those in leaves exposed to 

Au(III) ions. Total gold concentrations in leaves of plants treated with 15, 25 and 50 nm 

AuNPs were 0.023±0.006, 0.0218±0.004 and 0.005±0.0003 µg/g of dry weight, 

respectively, which accounted for 0.05, 0.10 and 0.03%, respectively, of the total gold mass 

added. Higher total gold concentrations were found in leaves treated with 5, 10 and 20 mg/L 

Au(III) ions, reaching 2.05±0.96, 15.9±8.87 and 1.55±0.41 µg/g of dry weight, which 

accounted for 0.78, 2.59 and 0.04%, respectively, of the total gold mass added. Higher total 

gold concentrations accumulated in the leaves of trees exposed hydroponically to 10 mg/L 

Au(III) ions than in the leaves treated with 20 mg/L Au(III) ions because of an increased 

toxicity and decreased rate of evapotranspiration (inhibition) exerted by the latter (Figure S1 

of the Supporting Information).
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TEM images proved the presence and distribution of AuNPs in roots and leaves of poplars 

exposed to AuNPs and Au(III) ions. AuNPs adhered to the external surface of the primary 

roots and secondary roots, which was visible to the naked eye by the pink coloration of 

white roots. In addition, AuNPs were found in the specific cells of roots and leaves of plants 

exposed to 15, 25 and 50 nm AuNPs (Figures 3 and Figures S2–S4 of the Supporting 

Information), such as the phloem complex (including companion cells and sieve tube 

members) and xylem cells of the roots. The specific sites where AuNPs accumulated inside 

the root cells were the cytoplasm, cell wall, plastid, mitochondria, and especially the 

plasmodesmata. In the leaves, AuNPs were observed mainly inside the xylem cells and on 

xylem cell walls, indicating translocation from roots through xylem. The size distribution of 

the AuNPs appears to be somewhat modified (less uniform) during uptake and transport 

with the exception of 50 nm AuNPs, which maintained their diameter but were surrounded 

by some unknown substances in leaf xylem cells (Figure S4 of the Supporting Information). 

In addition, AuNPs were more abundant in the roots than in the leaves because the roots 

directly contacted AuNPs in the solution, but only a small fraction of the AuNPs added to 

the solution were translocated to the leaves.

The sites and sizes of AuNPs in the roots and leaves exposed to Au(III) ions varied greatly 

(Figures 4 and Figures S4–S12 of the Supporting Information), ranging from extremely 

small AuNPs (<1 nm) to large AuNPs (aggregated particles). In addition, AuNPs were 

distributed throughout the plant. Small-diameter AuNPs precipitated around the cell 

membranes and inside the cells (Figures 3–4 and Figures S7–S9 of the Supporting 

Information). AuNPs were observed in cell membranes, cytoplasm, mitochondria, 

chloroplast and other unidentified organelles. Furthermore, AuNPs in poplar roots showed a 

difference from those in poplar leaves.

Although NPs, including AuNPs, have been previously observed in plants, their mechanism 

of uptake and transport into the plant cells is not well understood. Generally, transport of 

NPs into plant cells is hindered by the plant cell wall, which has pore sizes ranging from 2 to 

20 nm and represents a barrier (along with the cell membrane) for cellular uptake. 

Therefore, it is difficult for the larger NPs to penetrate.

Potential modes of uptake of NPs by plant cells have been previously summarized (6). NPs 

may be bound to carrier proteins or organic chemicals and enter plant cells through 

aquaporins, or ion channels, or by endocytosis; NPs may be transported apoplastically or 

symplastically inside the cells, and NPs can be transported from one cell to another through 

plasmodesmata, which are consist of three main layers, including the plasma membrane, the 

desmotubule and the cytoplasmic sleeve. Furthermore, because of virtually no cytoplasm in 

sieve tube members, the desmotubule provides a continuum between the parietal 

endoplasmic reticulum (ER) of the sieve tube member and the normal, cortical ER of the 

companion cell. Therefore, NPs may pass through plasmodesmata between sieve tube 

members and companion cells via the ER-mediated mode of the transport pathway (34). In 

this study, plasmodesmata with AuNPs were found in the discontinuous channels around the 

cell wall of companion cells and sieve tube members, which suggests an ER-mediated 

transport pathway. TEM images revealed the plasmodesmata as the primary transport 

mechanism of AuNPs in whole woody poplar plants exposed to AuNPs (15, 25 and 50 nm). 
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AuNPs penetrated the epidermal and root hair cell walls and root caps and entered the poplar 

roots. They were subsequently translocated to leaves via xylem and phloem (Figure 3 and 

Figures S2–S4 of the Supporting Information). Figure 3 illustrates this transport mechanism 

for AuNPs based on the location of AuNPs in the phloem complex. AuNPs accumulated in 

the plasmodesmata, revealing this transport mechanism as a rate determining step. AuNPs 

moved inside the roots via sieve tube members and xylems. Sieve tube members are a 

specialized type of elongated cell in the phloem tissue, and the ends of these cells are 

connected with other sieve tube members to constitute the sieve tube, which transports 

nutrients throughout the plant. Because sieve tube members are living cells (and lack a cell 

nucleus, ribosomes, or vacuoles at maturity), each sieve tube member is normally associated 

with one or more nucleate companion cells to provide proteins, ATP, and signaling 

molecules by plasmodesmata (the channels between the cells). We postulate that AuNPs 

entered into the sieve tube members and xylem of roots and then translocated to leaves along 

the sieve tubes and xylems. AuNPs in sieve tubes were transported to companion cells via 

plasmodesmata on the cell wall, where AuNPs aggregated because of the narrowing of these 

channels. This would explain the observed dark blocks at regular intervals around the cell 

walls (Figure 3A, B).

The aggregation of gold nanoparticles in the plasmodesmata could influence the transport of 

nutrients and other materials from companion cells, which may produce the toxic effect 

observed on poplars from exposure to Au(III) ions. Also AuNPs were found in the plastids 

and p-proteins in the sieve tube members. A small number of AuNPs were found inside the 

leaves and mainly existed in the xylem (Figure 3D, E), suggesting that AuNPs also followed 

the transmission route of water and nutrients through the xylem to the leaves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Total gold concentrations over time in hydroponic solutions of flasks with hybrid poplar 
plants exposed to AuNPs and gold ions
(A) Total gold concentrations in the solution with AuNPs added at time zero. (B) Total gold 

concentrations in the solution with Au(III) ions introduced at time zero. (C) Au(III) ion 

concentrations (filtered samples) from a solution in the experiment used to create panel B. 

(D) Total gold concentrations in leaves (nanograms per gram of dry weight) exposed to 

AuNPs (15, 25, and 50 nm) and Au(III) ions (5, 10, and 20 mg/L).
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Fig. 2. TEM images of AuNPs in the hydroponic solution where poplars were exposed to 20 mg/L 
of Au(III) ion for 2 days
(A) AuNPs in the solution, (B) magnified A, (C) magnified B, and (D) bacterium with 

AuNPs.

Scale bars of (A) 0.5 µm, (B) 0.2 µm, (C) 50 nm, and (D) 0.5 µm.
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Fig. 3. AuNPs in roots (A–C) and leaves (D–F) of poplars exposed to 15 nm AuNPs on day 6
Abbreviation: CC, companion cell; CP, cytoplasm; CW, cell wall; M, mitochondria; P, 

plastid; PL, plasmodesmata; PP, P-protein; STM, sieve tube member; V, vacuole; VP, 

vascular parenchyma cell; X, xylem;

Scale bars of (A) 2 µm, (B) 1 µm, (C) 0.2 µm, (D) 1 µm, (E) 0.2 µm, and (F) 0.2 µm.
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Fig. 4. Precipitation of AuNPs in the roots (A) and leaves (B–E) of poplars exposed to 10 mg/L 
Au(III) ions on day 6
Scale bars of (A) 0.5 µm, (B) 2 µm, (C) 100 nm, (D) 0.2 µm, and (E) 50 nm.
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