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Abstract 

Terrestrial plants can internalize and translocate nanoparticles (NPs). However, direct 

evidence for the processes driving the NP uptake and distribution in plants is scarce at the 

cellular level. Here, NP-root interactions were investigated after 10 days of exposure 

of Arabidopsis thaliana to 10 mg·L–1 of negatively or positively charged gold NPs (∼12 nm) in 

gels. Two complementary imaging tools were used: X-ray computed nanotomography (nano-

CT) and enhanced dark-field microscopy combined with hyperspectral imaging (DF-HSI). The 

use of these emerging techniques improved our ability to detect and visualize NP in plant 

tissue: by spectral confirmation via DF-HSI, and in three dimensions via nano-CT. The resulting 

imaging provides direct evidence that detaching border-like cells (i.e., sheets of border cells 

detaching from the root) and associated mucilage can accumulate and trap NPs irrespective 

of particle charge. On the contrary, border cells on the root cap behaved in a charge-specific 

fashion: positively charged NPs induced a higher mucilage production and adsorbed to it, 

which prevented translocation into the root tissue. Negatively charged NPs did not adsorb to 

the mucilage and were able to translocate into the apoplast. These observations provide direct 

mechanistic insight into NP-plant interactions, and reveal the important function of border 

cells and mucilage in interactions of plants with charged NPs. 

Introduction 

Understanding the interactions of nanoparticles (NPs) with terrestrial plants is essential to 

predict their fate in terrestrial environments and their possible accumulation in the food 

chain.(1) Plant roots can internalize and accumulate NPs, presumably primarily via the 

apoplastic pathway along the cell walls and intercellular spaces into the vasculature. From the 

vasculature, NPs may further translocate into stems and leaves.(2, 3) Initial studies on metal-
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based NP interactions with roots suggest a charge-dependent NP uptake and translocation 

rates. Positively charged NPs have been found to associate to a greater extent with roots. 

Negatively charged NPs can be taken up more easily and translocate more efficiently into 

shoots.(4-9) Until now, phytotoxicity of NPs has gained more interest than the underlying 

mechanisms of NP uptake and the associated mobility in plants.(10) 

A major challenge in studying NP-plant interactions is to obtain direct and unambiguous 

evidence of NP uptake.(11) Initial studies assessed NP-root association and translocation via 

metal analysis in roots and shoots, and visualization tools such as electron microscopy to 

confirm the NP uptake. Using a single visualization technique to localize NPs in plant tissue 

often results in conflicting data, especially at low, environmentally relevant concentrations. 

The few observable NPs can be almost indistinguishable from naturally occurring NPs or other 

background signals.(12, 13)Moreover, complex and destructive sample preparation protocols 

as labeling, staining, sputter-coating, and ultrathin cutting, can all introduce artifacts.(14) Less 

invasive sample preparation and the coupling of complementary techniques, e.g., elemental 

analysis coupled with NP identification and mapping techniques, can help to reduce such 

artifacts.(15) 

One emerging technique with great potential to be included in such an interdisciplinary 

approach is the enhanced resolution dark–field microscopy(16) and hyperspectral imaging 

(DF-HSI). This 2D visualization tool requires minimal sample preparation, and can detect and 

map the NP-specific reflectance spectra of a material in complex environmental 

matrices(17) at the nanoscale, in relatively short time (minutes–hours), and in a narrow focus 

plane. The current spectral resolution of DF-HSI is 1.5 nm, and the spatial resolution is about 

90 nm.(16, 17) Importantly, although 3D imaging could be done with the most recent setups, 

DF-HSI mainly enabled 2D visualization and could fail in identifying NPs biological barrier 

crossing. Objects smaller than the spatial resolution (∼10 nm) can also be detected if they 

possess a strong light scattering signal. Dark–field hyperspectral imaging has already been 

used to study NP-organism interactions, e.g., in vitro interactions of NPs with cell;(18, 19) or 

in vivo interactions of NPs with unicellular organisms such as protozoa,(20) bacteria,(21-

23) and green algae,(24, 25) or in entire organisms such as fishes(26) or worms.(27, 

28) Despite its demonstrated usefulness to provide information on NP location in cells and 

small organisms, DF-HSI has not yet been used to detect NPs in terrestrial plants. 

An other promising technique for NP imaging in plants providing valuable complementary 

information besides DF-HSI is X-ray computed tomography (CT). This mature 3-dimensional 

(3D) imaging technique is based on the X-ray attenuation by a sample. CT requires neither 

cutting nor labeling or staining of the samples, which greatly reduces the risk of artifacts from 
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sample preparation. CT imaging techniques have resolutions of ∼1 μm and ∼50 nm for micro- 

and nano-CT, respectively. Micro-CT has been successfully used to visualize microscopic plant 

features in 3D with a resolution of few μm.(29) Nano-CT was first developed on synchrotron 

beamlines,(30)and has recently been adapted to benchtop systems.(31, 32) Nano-CT could 

provide valuable 3D information with a good resolution on the roots-NP interaction 

(adsorption vs internalization), and the scanning of large volumes can simplify the detection 

of low NP concentrations. However, unambiguous identification of NPs can become 

challenging in natural heterogeneous sample potentially composed of impurities with X-ray 

attenuation similar to that of metal-based NPs. A cross-validation identification with a NP-

specific technique is then required. 

In the present study, a novel methodology based on these two complementary 2D and 3D 

imaging techniques (DF-HSI and nano-CT) was proposed to perform the characterization of 

NP-plant interactions at the cellular level. We aimed to explore the capabilities and limitations 

of the combination of DF-HSI and nano-CT to obtain two and three-dimensional and cross-

validated information on distribution of small (∼12 nm in diameter) Au-NPs on and in plant 

roots. Arabidopsis thaliana served as a model plant and was exposed to negatively and 

positively charged gold NPs (∓Au-NPs). This approach allowed an evaluation of hypotheses on 

NP uptake mechanisms at the cellular level. 

Experimental Section 

2.1 Au-NPs 

Negatively ((−)Au-NPs) or positively ((+)Au-NPs) charged Au-NPs stabilized by a coating of 

citrate, or branched polyethylenimine, respectively, were purchased from nanoComposix Inc., 

Czech Republic. Diameters of (∓)Au-NPs provided by the manufacturer were 13.4 ± 1.3 nm, 

and 12.1 ± 0.8 nm, respectively. TEM images and distribution histograms are shown in Figure 

S1 of the Supporting Information (SI). Zeta potentials and hydrodynamic diameter of the NPs 

were measured by electrophoretic- and dynamic light scattering (Zetasizer nanoZS, Malvern 

Inc., U.K.). The resulting hydrodynamic diameters and zeta potential for (−)Au-NPs and (+)Au-

NPs at pH 7 ± 0.2 in stock suspensions diluted in ultrapure water, were 18.6 ± 7.1 nm and 

−32.1 mV; and 47.6 ± 11.3 nm and +46.3 mV, respectively. The latter measurements confirmed 

those provided by the manufacturer. 

2.2 Plant Culture, Exposure to Au-NPs and Growth 

Arabidopsis thaliana (Columbia ecotype) seeds were grown in gel as described 

elsewhere.(33)Seeds were surface-sterilized for 5 min in Tween 20, rinsed twice with ethanol, 

and air-dried sterilely. Ten seeds were sown in square plates (12 × 12 cm2) containing sterile 
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one-half-strength Hoagland’s solution solidified with Phytagel (Sigma-Aldrich, United States). 

Recipes of these solutions are shown in Table S1 in the SI). 

Au-NPs were mixed with the nutrient/Phytagel solution prior to solidification to obtain a 

concentration of 10.0 mg Au-NPs·L–1. Control plants without exposure to Au-NPs were also 

prepared. The plates were sealed with Micropore tape (3M, U.S.A.) to limit water evaporation 

and allow gas exchange, and incubated vertically for 10 days at a photon flux from the top of 

150 μmol·m–2 s–1 and under a light/dark cycle of 16:8 h and 21:19 °C. The germination rate 

was determined on ten seeds 10 days postsowing, and the length of the roots measured using 

digital images and ImageJ software.(34) 

2.3 Preparation of Roots for Analysis 

Per treatment, five plants were analyzed in total: two plants by DF-HSI, one by nano-CT, and 

two by μ-XRF. For DF-HSI, the roots were separated from the shoots using a sterile razor blade 

immediately prior to analysis, rinsed 3 times with a sterilized solution containing 10–3 mol L–

1 KCl, and were directly mounted between a glass slide and coverslip with a 200 μL drop of the 

KCl solution. 

For μ-XRF and nano-CT root analysis, harvested roots were washed three times for 5 min with 

pure sodium phosphate buffer (PPB, 0.10M, pH 7.2) and fixed using 2.5% (v/v) glutaraldehyde 

in PPB at room temperature for 12 h. Fixed roots were then dehydrated by immersion in 

ethanol series of 25, 50, 70, 90, 90, 100, and 100 (% v/v) for 20 min each. The ethanol-

saturated roots were dried using a CO2 supercritical point dryer (EM CPD 3000, Leica 

Microsystems Inc., U.S.A.) to preserve the cellular structure of the root tissue, and to limit 

drying artifacts.(35) Dried roots were then slipped into a polyimide tube (Kapton, Cole-

Parmer, U.S.A.) mounted on a pin-type sample holder. For μ-XRF measurements, the 

supercritical point dried roots were fixed with polyimide tape on a clean silicon wafer. 

2.4 Elemental Microanalysis of Roots by μ-XRF 

We performed micro-X-ray fluorescence (μ-XRF) on two different roots to identify the root 

regions containing the highest Au content. Semiquantitative analysis of Ca and Au in roots was 

performed using a custom-built laboratory-scale μ-XRF microscope named HERMES (High X-

ray Energy Resolution Microscope for Environmental Sciences). High sensitivity was achieved 

through a high flux incident X-ray beam (Mo rotating anode, 50 kV, 24 mA, 1–2 × 1011 photons 

mm–2 s–1, spot diameter of 400 μm, high-flux optics from XENOCS, Chantilly, U.S.A.), and a 4 

elements X-ray detector (Vortex-ME4, Hitachi, Japan), allowing for the detection of relatively 

low local element concentrations (<50 ppm). 
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Two positions on the root apex were selected and analyzed: (i) the root tip, i.e., the apical 

zone of cell division including the root cap; and (ii) ∼1 cm above the root tip, the elongation 

zone including the young vasculature (Figure S2). μ-XRF spectra were collected using a 

counting time of 1800 s. In our case, X-ray fluorescence was not able to discriminate between 

sorption on the root surface vs root internalization because (i) at this energy, the incoming X-

ray beam fully penetrated the samples, and (ii) the X-ray spot diameter (400 μm) was bigger 

than the root diameter (about 100 μm). 

Semiquantitative comparison was performed between the apex and the elongation zone by 

integrating the emission peaks for Ca (Kα: 3692 eV) and Au (Lα1:9713 eV) after subtraction of 

the sample holder (silicon wafer) and matrix background spectrum. The intensity of Au was 

normalized by the intensity of Ca for a semiquantitative relative comparison. Calcium is 

ubiquitous in plant tissue,(36) and relatively evenly distributed along plant root apexes 

(observed by μ-XRF mapping, data not shown). The relative standard deviation of each 

emission line intensity was calculated from the background noise measured after and before 

each line position (ΔE of ±75 eV). 

2.5 Hyperspectral Mapping of Au-NPs Associated with Plant Tissue (DF-HSI) 

The NPs were visualized in fresh roots using a DF-HSI system (CytoViva Inc., U.S.A.). This 

enhanced resolution dark–field microscope system (BX51, Olympus, U.S.A.) was equipped 

with a 150 W halogen light source (Fiber-Lite, Dolan-Jenner, U.S.A.), and a hyperspectral 

camera (CytoViva Hyperspectral Imaging System 1.4). The roots were observed at 60× and 

100× magnification (immersion oil, numerical aperture 1.25 and 1.30, respectively). 

Hyperspectral images were acquired using 75% light source intensity and 0.25 s acquisition 

time per line. Each pixel of the hyperspectral image (datacube) contains its light reflectance 

spectrum ranging from 400 to 1000 nm with a step of 1.5 nm. 

Spectral libraries were built from datacubes of Au-NPs embedded in the gel (Figure S3) using 

ENVI 5.2 software (Exelis Visual Information Solutions, CO, United States), as described in an 

earlier article(17) and in the SI section “Hyperspectral Library Building”. The specificity of the 

Au-NP libraries was confirmed by mapping Au-NPS in negative controls (gels without Au-NPs, 

control roots), resulting in no matches (SI Figure S3). 

The Au-NP libraries were used to map the Au-NPs in hyperspectral images of dosed roots. A 

spectral angular mapping algorithm (SAM, ENVI 5.2) was used to identify the pixels in the 

dosed roots matching the Au-NP library spectra (angles ≤0.085 rad were considered similar). 

Each pixel in the images matching the hyperspectral signature of Au-NPs was highlighted in 

red. All the hyperspectral images were acquired at cross-section focus. Because of the narrow 
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depth of field (less than a μm), signals of Au-NPs were only mapped by SAM in the focus plane 

inside of cells, and out-of-focus Au-NPs adsorbed on top or under the cells were not mapped, 

in agreement with previous studies.(18, 24, 25) 

2.6 3D X-ray Imaging of Control and Exposed Roots by Nano-CT: Acquisition, Histogram 

Normalization, and Image Analysis 

Gold beads (1.2 ± 0.3 μm in diameter, 99.96% in purity, Alfa Aesar, A. Johnson Matthey 

Company, U.S.A.) were deposited on the mounted root using a prealignment microscope 

(Zeiss, Pleasanton, U.S.A.). The gold beads served for post-treatment of sample drift 

correction. Nano-CT of the roots (control root and roots exposed to 10 mg·L–1 of (∓) Au-NPs) 

was performed using an UltraXRM-L200 X-ray microscope (Zeiss, U.S.A.) equipped with a 

rotating anode X-ray source (Cu, Kα, 8048 keV, acceleration voltage of 40 kV, current 30 mA) 

and Fresnel zone plates allowing imaging at 150 nm spatial resolution. 901 projections were 

acquired in absorption contrast imaging mode, during a 180° rotation of the sample (angle 

step of 0.19°), for a total scan time of 17 h (exposure time of 60s/projection). The field of 

view of each scan was of 65 × 65 × 65 μm3 with an isotropic voxel (i.e., 3D pixel) of 63.5 nm 

(x = y = z). The resulting 901 projected images of each scan were corrected for vertical and 

horizontal drifts of the sample during acquisition by tracking the gold bead position using the 

software Autoalign 2.0.4 (Xradia Inc., U.S.A.). The volume reconstruction of the 901 drift-

corrected projections was performed using the nano-CT built-in software XMReconstructed-

Parallel beam-9.0.6445 (Xradia Inc., U.S.A.) using a filtered back-projection algorithm. The 

software package Avizo Fire 8 (FEI, U.S.A.) was used for visualization of reconstructed data 

(volume rendering, virtual 2D slice), gray level histogram extraction and normalization, 

segmentation, and any further image analysis. 

Histograms showing the number of voxels at each different gray level value were extracted 

from each reconstructed image. Each gray level ranging from 0 to 65535 can be attributed to 

an X-ray attenuation intensity that is proportional to the electronic density of the scanned 

materials in the sample. Here, three to four different materials were expected from X-ray 

absorption contrast: air, root tissue, gold, and Au-NPs. The contributions in the total 

histogram of (i) air, (ii) root tissue (also containing some air), and (iii) gold beads were 

identified by selecting subvolumes of each material in the 3D images, and extracting the 

corresponding histograms (see example in Figure S5). 

The gray levels in the histograms are relative values that vary between different 

measurements. To normalize these histograms for comparisons, histograms of the air 

surrounding the root volume were used as an internal standard to normalize the gray levels 
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between different measurements. Details on this normalization procedure are provided in 

the SI section “Histogram Gray Level Normalization”. 

The voxels containing Au-NPs were isolated based on a segmentation procedure: The gray 

level threshold above which the X-ray attenuation was due to Au-NPs was set to the 

maximum gray level value observed in the control root histogram (Figure 1, black dotted 

line). All voxels in Au-NP exposed roots volumes above this threshold were operationally 

defined to contain Au-NPs. 

 
 

Figure 1. Normalized histograms of the root tissues subvolumes of the control (a in blue), or 

(∓)Au-NP exposed roots (b in yellow and c in red, respectively), and their respective extracted 

air subvolumes (a′, b′, c′). The Gaussians of the air subvolumes have equal means 
μair,control = μair,(−)Au-NPs = μair,(+)Au-NPs. Dotted line: gray level threshold used to identify Au-NPs in 

the normalized histograms. 

Results 

 

3.1 Growth and Elemental Microanalysis of Roots 

After 10 days of growth, the germination rate of A. thaliana was 8 out of 10 for the control 

plants, and 6 out of 10 and 7 out of 10 for plants exposed to (−) or (+)Au-NP, respectively (not 

significantly different, ANOVA, p > 0.05). After 10 days, the average root length and their 

standard deviation were 2.47 ± 0.47 cm for the control root, 2.60 ± 0.57 cm for the (−)Au-NP 

exposed root and 4.25 ± 2.37 cm for the (+)Au-NP exposed root. 
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μ-X-ray fluorescence (spot analysis of 400 μm) was primarily used to detect the presence of 

Au associated with the roots. Two zones were analyzed: the apical zone including the root cap, 

and the root tip ∼1 cm above the elongation zone. No Au was detected in the control roots. 

In both (∓)Au-NP exposed roots, Au was detected (Table 1 and Figure S2). When normalizing 

the Au XRF signal by the Ca signal, the Au distribution within the root was different for the two 

Au-NPs. While the Au signal of the (−)Au-NP exposed root was equally distributed between 

the two analyzed regions, Au in the (+)Au-NPs exposed root was mostly detected in the apical 

zone, while in the elongation zone, the Au signal was 5 times lower. 

Table 1. Normalized μ-XRF Intensities (XRF, a.u.) in Roots of Arabidopsis thaliana, Means 

and Standard Deviationsa 

 

a The roots were analyzed in (i) the apical zone including the root cap; and (ii) ∼ 1 cm above 

the root tip in the elongation zone. n.d.: not detected. The limit of detection was 0.2 a.u. 

Groups presenting different letters (a, b, c) are significantly different (ANOVA, Turkey HSD 

test, p < 0.05). 

3.2 Hyperspectral Detection of Au-NPs in Gel and in Exposed Roots 

The collected spectral libraries of the (∓)Au-NPs were clearly distinguishable from libraries 

obtained from the gel culture medium with no NPs (Figures 2 and S3). The specificity of the 

(±)Au-NPs libraries was assessed by mapping spectral libraries on negative controls (Figure 

S3). The spectral libraries of (∓)Au-NPs differed in terms of mean absorption maxima ((−)Au-

NPs: 633.8 ± 8.0 nm; (+)Au-NPs: 605.2 ± 1.8 nm), and reflectance intensities, being ∼2 times 

lower for (−)Au-NP library despite the similar Au-NP concentrations in gel. 
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Figure 2. Spectral libraries used for the nanomaterial mapping of A. (−)Au-NPs and B. (+)Au-

NPs. a–c: Dark–field microscopy images of Arabidopsis thaliana roots exposed to 10 mg·L–1 of 

(−)Au-NPs (left), and (+)Au-NPs (right). Red pixels: (∓)Au-NPs mapped using the spectral 

angular mapping algorithm (SAM; 0.085 rad). Images of different root compartments as 

illustrated in the top root scheme are shown. a: root cap with border-like cells and mucilage. 

b: detaching border-like cells. c: lateral root cap and epidermis. More hyperspectral images 

and SAM results of control or exposed cells are shown in Figures S3 and S4. At least 10 

datacubes were acquired in 2 plant replicates per treatment. All images were acquired in 

cross-section focus. Scale bar: 20 μm. 

For all roots (control and exposed), DF-HSI allowed visualizing the root architecture.(37) Note 

the yellow transparent layer outside of root cap cells, especially in Figure 2a+b in (+)Au-NP 

exposed roots. This layer is known as border cell mucilage consisting of negatively charged 

secretions that form a root extracellular trap.(38) In all cases, some detaching border-like cells 

(i.e., sheets of border cells, still attached but detaching from the root tip) were visualized 

(see Figures 2, S3, and S4). 

The coating of the (∓)Au-NPs visibly affected their distribution along the roots. The (+)Au-NPs 

mainly accumulated in the symplast and on the detaching border-like cells, outside the root 

mucilage (transparent brown layer visible around the root cap), and on the symplast and in 
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the epidermal cells (Figure 2a+, b+, and c+). A thick root mucilage layer was visible in the (+)Au-

NP exposed root (Figure 2a+), and mucilage was abundant around their border-like cells 

(Figure 2b+). For the (−)Au-NP exposed root, some Au-NP were also associated with the 

detaching border-like cells. No root cap mucilage layer was visible (Figure 2c−), and no NPs 

adsorbed to it. Overall, less (−)Au-NPs than (+)Au-NPs was detected in all the root 

compartments. Unlike (+)Au-NPs, (−)Au-NPs were rarely localized in cells symplast, and 

instead mostly lined up along cell walls or lateral cell junctions and along the walls of border-

like cells. Further, the (+)Au-NPs were preferably found in larger accumulations (either 

agglomerates or aggregates) than the (−)Au-NPs. Similar observations were made in two 

different roots for each treatment (see Figure S4 for replicates). 

3.33D-location of Au-NPs Accumulation Zones in Roots by nano-CT 

The (+)Au-NP exposed root histogram (Figure 1C, (c)) exhibited a significantly larger fraction 

of denser voxels attributable to (+)Au-NPs than the (−)Au-NP exposed root histogram. The 

volume renderings and virtual 2D sections (cross and lateral sections) of the reconstructed 

nano-CT images of control and (∓)Au-NP exposed A. thaliana root tips (the first ∼60 μm of 

the root) are shown in Figure 3. The voxels isolated by thresholding and attributed to Au-NPs 

are highlighted in red (constant color). The images show the root cap, the dried mucilage on 

the lateral and root cap cells, and the first cells of the apical meristem above the root cap (for 

more explanation on the plant anatomy refer to the Figure S2). 
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Figure 3. Reconstructed nano-CT images of A. thaliana root apexes. Pixels and voxels 

attributable to Au-NPs are shown in red. a–d: control. e–h: (−)Au-NP exposed. i–l: (+)Au-NP 

exposed. a, e, i: Volume renderings. b, f, j (orange): Virtual long section. c, g, k (purple): Virtual 

cross section ∼10 μm above the root tip. d, h, l: zoom. Scale bar = 20 μm, voxel/pixel size = 

63.5 nm. The above shown virtual cross sections are averages of 20 slices. 

The volume renderings of the control, and roots exposed to (−) or (+)Au-NPs (Figure 3a,e, (i) 

indicate slightly different morphology. The control root and the (−)Au-NPs exposed root 

exhibited little or no mucilage associated with border-like cells retracting around the root tip. 

The two type of NPs were located differently within the roots: the (+)Au-NPs mainly remained 

trapped as large agglomerates in the outermost root mucilage layer, which had dried during 

the supercritical point drying to a relatively electron dense uniform coating around the 

outermost root cap cells (Figure 3i–k). In agreement with the DF-HSI results, this mucilage 

layer was remarkably thicker and slightly denser in roots exposed to (+)Au-NPs compared with 

the other roots, as apparent from the round, cap-like amorphous layer. No (+)Au-NPs were 

observed inside the root. At the opposite, the (−)Au-NP were almost exclusively distributed 

inside the root as small accumulation zones between cells, near cell walls or intracellular 

spaces (Figure 3f–h), all along the scanned volume. 

 

Discussion 

 

The present work provides direct evidence that detached border-like cells and plant mucilage 

can trap and accumulate large amounts of both negatively or positively charged NPs. 

Contrariwise, border cells on the root cap behaved charge-specific: They largely adsorbed 

positively charged NPs preventing further uptake or translocation, but allowed passage of 

negatively charged NPs into the apoplast. These new mechanistic insights on differential 

interactions of charged Au-NPs with roots confirm previous hypotheses about the uptake 

mechanisms of NPs in plants at the cellular level. Our study also demonstrates that the 

coupling of the two emerging techniques nano-CT and DF-HSI extends our capability to detect 

NPs in complex media, here plant tissues. With minimal sample preparation, we were able to 

screen large volumes of samples for NPs mapping in the plant tissue, in 3D using X-ray 

attenuation, or in 2D using light scattering information. 

4.1 Au-NPs Border-Like Cell Mucilage Trapping and Immobilization Mechanism 

In the combined results of DF-HSI and nano-CT, we observed a charge-dependent trapping 

process of NPs, which was probably mediated by border-like cells and mucilage. This is 
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supported by the facts that (i) both (∓)Au-NP were strongly associated with border-like cells 

(Figure 2b), (ii) (+)Au-NP were mainly trapped in the associated thick root tip mucilage, 

(Figures 2a and 3i–l), and (iii) a higher (+)Au-NP concentration was in the apical zone than in 

the elongation zone (Table 1). It is known that upon contact with water, plant roots release 

border cells as individual cells(38) or sheets of attached cells, called border-like cells in A. 

thaliana.(37) These cells remain alive several days after being separated from the root and 

secrete mucilage, acting as an interface between roots and the surrounding 

environment.(38) Root cap and border cells can trap plant pathogens,(38) sense microbes and 

are involved in plant immune response.(39) Mucilage-producing border cells can also trap 

metals such as Cu, Ni, Zn, Fe, Cd, and Al,(40-44) and were observed to interact with silver NPs 

in alfalfa (Medicago sativa)(45) or A. thaliana(46) and CuO-NPs in wheat (Triticum 

aestivum).(47) 

Both imaging techniques show that both (∓)Au-NPs were stuck in the mucilage of detaching 

border-like cells and internalized in the root cap. Clearly, negative charges on the NP surface 

did not prevent interactions with detached root border-like cells, whose surface and mucilage 

should be mostly negatively charged at the exposure pH.(48, 49) Furthermore, the washing 

procedures prior to analysis (in the case of nano-CT: KCl rinsing, PPB rinsing, glutaraldehyde 

fixation, several ethanol bathes, and supercritical point drying) did not remove all the NPs 

present at the root surface, demonstrating a strong NP sorption to the root cell surface. 

Electrostatic repulsions, which are often proposed in the literature to govern NP adsorption 

on roots,(4, 6) were apparently overridden in (−)Au-NP trapping by root-like border cells. 

Other physicochemical interactions probably promote the NP-root sorption/uptake process 

as well, such as diffusion into micropores of the mucilage polymers, or hydrogen or covalent 

bonds.(2) Further investigation on the effects of eventual pH variations, mucilage composition 

change, and anion release due to stress(49) on NP trapping is necessary to better understand 

and predict NP-mucilage interaction. 

We also hypothesized a pronounced biological response of the roots in the presence of (+)Au-

NPs, compared to the controls or to the roots exposed to (−)Au-NPs. Indeed, we observed in 

three roots per treatment, both in DF-HSI (on two replicates) and nano-CT, an abundant and 

thick mucilage on the (+)Au-NP exposed root cap that resisted to root washing and fixation in 

the preparation of samples. Even if all roots were treated in the same way, this mucilage was 

less pronounced on the root cap of controls or (−)Au-NPs exposed roots. The amount and 

composition of root mucilage is known to vary as response to some stresses.(49) Aluminum 

for example induces a thicker mucilage layer around detached border cells of 

snapbeans, Phaseolus vulgaris.(41) As response to the pathogen Nectria hematococca, the 
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root cap of pea secretes a complex mixture of proteins in addition to the usual range of high 

molecular weight polysaccharides.(50) In our case, besides other possible defense 

strategies,(51) A. thaliana roots may have altered its mucilage production or composition as 

a response to (+)Au-NP exposure to protect(38) the sensitive root tip. 

Finally, the DF-HSI imaging shows that border cells can play an important role in NP-plant 

interactions by adsorbing NPs. These observations could at least partially explain 

contradictory results observed in previous studies dealing with NP-roots interactions in 

hydroponics.(52) Under hydroponic conditions, border cells often detach from the 

roots.(53) The lack of border cells, and thus of mucilage, may fundamentally change the NP 

uptake and the response of plant to NPs. In the present work, the plant growth medium was 

a gel(54) that allowed for normal development and production of border-like 

cells,(37) providing more realistic insight on NP-root interaction than hydroponic systems. 

Furthermore, in a real rhizosphere, the presence of additional phases (e.g., humic acids, 

microorganisms, and so forth) could alter NP-coating or induce NP transformations,(23, 55, 

56) ultimately influencing mucilage production and NP-root interactions. These effects have 

not been assessed here. Nevertheless, the present results show that gel used as a plant growth 

medium can provide realistic insights into NP-root interaction mechanisms for terrestrial 

plants in solid matrices. 

4.2 Direct Evidence for Charge-Specific Au-NP Translocation Mechanisms 

Previous studies assessing the charge effect of Au-NP on root interaction already showed a 

strong colocation of Au-NPs and root tips, without being able to determine if Au-NP were 

adsorbed on or accumulated in the root.(4, 5) In the present study, charge-specific NP uptake 

into the apoplast was observed both with DF-HSI and nano-CT (Figure 2, Figure 3). The (+)Au-

NPs were rarely observed in the cells (symplast, Figure 2). On the contrary, (−)Au-NPs were 

detected in the apoplast, i.e., within the cell walls and extracellular spaces. This supports 

previous literature hypotheses on the effects of NP charge on their uptake and transport in 

plants, where transport of negatively charged NPs was facilitated—much like for large metal 

complexes(57)—along the apoplast.(2) Positively charged NP uptake seems to happen to a 

small extent, possibly by other endocytic processes such as clathrin receptor-mediated 

endocytosis.(2, 58, 59) 

In addition to surface charge, agglomeration may affect NP translocation. The apparent good 

dispersion of the (−)Au-NPs in the gel substrate of the plant may have favored uptake. The 

agglomeration of the (+)Au-NPs in the (negatively charged) gel (Figure S3), even in absence of 

plant exudates, may have limited their mobility and uptake. Theoretically, the different 

hydrodynamic diameter as well as the nature of the coating of the two (∓)Au-NPs (18.6 and 
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47.6 nm, respectively) may have affected their uptake behavior as well. The hydrodynamic 

diameter of (−)Au-NPs was too large to allow any passage through NP-permeable 

plasmodesmata microchannels in the symplast (<3–4 nm), but small enough to pass NP-

permeable longitudinal channels in cell walls in the apoplast in the vasculature of <36–50 

nm.(2, 7) In contrast, based on their hydrodynamic diameter, the (+)Au-NPs were too big to 

cross both symplast and apoplast channels. Thus, the hydrodynamic diameter could have 

favored uptake and translocation of (−)Au-NPs. However, abundant (+)Au-NPs were present 

in the cytoplasm of border-like cells Figure 2c (acquired in cross-section focus), showing that 

the NPs were able to cross cell walls despite their larger hydrodynamic diameter. The 

hydrodynamic diameter—including flexible surface coating polymers and the water hydration 

shell—seemed of less importance here than the TEM diameter of the solid Au core. 

It is not entirely clear if the root cells induced the observed NP agglomeration actively due to 

stress, or if a passive physicochemical sorption process occurred. Previous studies showed 

that positively charged Au-NPs were associated with a greater extent with plant roots than 

negatively charged Au-NPs, which then translocate to a greater extent into the above-ground 

tissue.(60) The present results indicate that the underlying mechanisms can include active or 

passive extracellular trapping of NPs. 

4.3 Complementary Coupling of DF-HSI and Nano-CT 

The distribution of (∓)Au NPs in roots was assessed using two emerging tools, DF-HSI, and 

nano-CT. The results obtained with the two techniques (in total three plants per treatment) 

are consistent, which supports the validity and robustness of the observations. 

The main advantage of DF-HSI is that little sample preparation is required (the rinsed roots 

were directly mounted on a glass slide), avoiding artifacts due to typical sample preparation 

steps required for most imaging techniques (e.g., labeling, staining, drying, icing, or cutting 

steps). As an example, we were able to detect Au NPs on detached border cells, which would 

probably have been lost during any more destructive sample preparation. Another advantage 

is the specificity of the reflectance signal from the NPs. A drawback is that the obtained 

pictures capture the light scattering of the material, and a statistical analysis of the size of the 

small objects is impossible. Furthermore, the obtained images were 2-dimensional, which, in 

some cases, can confound potential internalization. 

Nano-CT has previously been described as promising for the imaging of living tissue 

architecture and morphology.(61) However, its use in laboratory is still scare, and, to our 

knowledge, this study is the first one assessing its use for NP detection in unstained tissues. 

This tool benefits from the high penetrating properties of X-rays through matter that allows 
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the 3D reconstruction of a volume from a stack of 2D X-ray images. This approach may also be 

used for denser matrices.(62) Similar to DF-HSI, which does not provide information about the 

size of the objects, nano-CT voxel size was bigger than the NPs unit size. Therefore, in this 

specific scenario, we cannot draw conclusions about the aggregation state of the NPs. 

However, in contrast to DF-HSI, the entire analyzed 3D volume of the root can be sliced into a 

multitude of 2D sections, providing important information about NP internalization or 

adsorption into/onto the tissues at the micro- and nanoscale. It is important to note that the 

sample needs to be dried prior to analysis to avoid drying effects under the beam that would 

alter the quality of the 3D image. The drying could theoretically dislocate NP to other 

compartments (e.g., symplast vs apoplast). However, the results obtained with the two 

techniques are consistent, which suggests that the supercritical point drying does not 

drastically affect the root architecture and the Au-NP distribution. 

The use of two complementary tools improved our comprehension of AuNP-roots 

interactions. Limitations for DF-HSI mainly exist for opaque matrices because of more 

scattering of the visible light compared to X-rays. For instance, we recently used micro-CT for 

the characterization of photocatalytic cement pastes,(63) whose internal structure cannot be 

probed by DF-HSI. Limitations for X-ray CT exist for NPs possessing low electron density, and 

thus its detection limit mostly depends on the X-ray absorption contrast between the NPs and 

the matrix. Some questions also remain on the detection and quantification limits of these 

tools, which could be affected by NP transformations such as dissolution, oxidation, phase 

transformation, ion release, and agglomeration/aggregation. Although the sensitivity of both 

nano-CT and DF-HSI is system-dependent and should be further investigated in more complex 

systems and using chemically less inert NPs, this approach will be applicable to other systems, 

including other matrices and nanoparticle types. 
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