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Environmental Significance Statement

Terrestrial ecosystems are a major sink for manufactured nanomaterials either through 
unintentional releases or intentional use in agrochemical formulations. Nanomaterials can be 
taken up by plants and transferred to herbivores.  Recently, it has been shown surface 
chemistry of manufactured nanoparticles has a profound impact on their uptake and 
translocation in plants; however, there is a limited understanding of the tissue, cellular and 
subcellular basis for this.  We used a novel hard X-ray nanoprobe with unprecedented spatial 
resolution (<15 nm) to reveal details about the cellular basis for the effect of surface chemistry 
on nanoparticle uptake and translocation in plants.  This information will greatly enhance our 
ability to predict how nanomaterial properties influence the uptake, transformations and 
subsequent trophic transfer of nanomaterials in terrestrial food webs. 
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Abstract

Using recent advances in X-ray microscopy, this study aimed to elucidate mechanisms of uptake, 

subcellular distribution, and translocation of functionalized CeO2 MNM (manufactured 

nanomaterials), having different charges, by tomato plants (Solanum lycopersicum cv Micro-Tom). 

We found that plant growth and Ce concentrations tissues were functions of surface charge and 

exposure concentration with root to shoot translocation being much greater for negatively charged 

CeO2 than positive or neutral CeO2. Mechanisms of entry into roots and translocation within plants 

were examined using X-ray nano- and microprobes. There were dramatic differences in the tissue 

and subcellular distributions of Ce in plant roots exposed to dextran-coated CeO2 nanoparticles 

conjugated with positive, neutral and negative functional groups.  Positively charged CeO2 remained 

mainly bound to the epidermis of the root with little present in the apoplast or cytoplasm.  

Negatively charged CeO2 was found in the cytoplasm throughout the root cross section, and 

negatively charged CeO2 was found within the apoplast in the cortex and both the apoplast and the 

cytoplasm in the vasculature. Neutral CeO2 likely entered through the gaps between epidermal cells 

being sloughed off during root growth and penetrated deeper into the interior of the roots 

(vasculature) via a combination of apoplastic and symplastic transport. Evidence of symplastic Ce 

transport was observed with the neutrally and negatively charged particles. We observed evidence of 

endocytosis as the mechanism for entry into the symplast allowing for entry into the xylem. This 

study provides critical information on how particle surface chemistry influences the biodistribution 

and cellular localization of nanomaterials in plants and is to date the highest resolution X-ray imaging 

of nanomaterials in plant cells.

Key words: CeO2 nanoparticles, surface charge, plant uptake, biodistribution
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Introduction

In recent years, there has been intense interest in understanding how manufactured nanomaterials 

(MNM) interact with plants1-10. This interest initially developed over concerns about entry of 

manufactured nanomaterials into terrestrial food chains11, but more recently, there has been a 

surge in interest over the use of nanomaterials as targeted fertilizers and pesticides8 12 13.

Identification of the properties that dictate how MNM interact with plants is crucial to both 

assessing ecological risks and developing agricultural applications for nanomaterials 

(phytonanotechnology). Evidence of bioaccumulation of metal and metal oxide MNM by plants 

is abundant, which usually shows nano-specific effects which differ from treatments with metal 

ions or bulk materials that are of the same chemical composition 14, 15. 

There is still much to be learned about mechanisms behind uptake of nanomaterials in plants and 

how nanomaterial properties influence these mechanisms. Uptake and translocation of MNM 

applied to roots requires entry into the xylem. For MNM to move from soil to the xylem, they 

must cross multiple biological barriers, such as the mucilage and the Casparian strip 16. The path 

from the periphery of the root towards the vascular tissue in the center, is critical for 

translocation of MNM into the leaves and other above ground tissues in a plant. There are three 

potential routes for movement of water and associated materials from the soil to the xylem: 

apoplastic, symplastic and transcellular 17. Many have suggested that the apoplastic route through 

the extracellular spaces in root is the primary route of transport of MNM to the xylem 18, given 

that this route is the path of least resistance without entry into the cells; however, the presence of 

particles within intracellular compartments has also been observed 19-24. Further, the Casperian 
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strip, a water impermeable barrier located in the endodermis which blocks apoplastic transport, 

makes it likely that MNM must at some point enter the protoplast of cells to gain entry to the 

xylem and be transported to aerial portions of the plant. It should be noted, however, the 

Casparian strip is poorly developed in growing roots, so its effectiveness as a barrier is unclear.

It is widely known that MNM surface chemistry plays a key role in determining the uptake, 

toxicity, biodistribution and subcellular localization of MNM in organisms7, 25-27.   The influence 

of surface chemistry on the mechanisms of uptake and biodistribution in plants has not been well 

explored and deserves systematic investigation28.  Such investigations have been previously 

hampered by a lack of analytical techniques that have the specificity, spatial resolution, and 

sensitivity required for the task. Fortunately, new tools which combine these capabilities have 

recently become available at the newest generation of synchrotron light sources.  We imaged the 

subcellular distribution of MNM in plant roots using a novel hard X-ray nanoprobe (HXN) with 

unprecedented spatial resolution (< 15 nm)29, 30. This was complemented by ultra-high 

sensitivity, spatially resolved X-ray absorption near edge spectroscopy (XANES) to determine 

speciation of the MNM in fixed plant tissues at ng/g dry mass concentrations.

This study utilizes a set of CeO2 MNM with identical cores and surface polymers, differing only

in functional group substitution and resulting impact on zeta potential. Previous research has 

demonstrated that these changes in CeO2 MNM surface chemistry have profound effects on 

uptake, subcellular localization and toxicity 25, 31. CeO2 serves as good model material for 

studying plant-MNM interactions. It is relatively insoluble in typical plant growth media and can 

be easily measured and tracked by a number of different imaging and spectroscopic methods.  
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CeO2 MNM are among the most widely used nanomaterials found in fuel additives, polishing 

agents, industrial catalysts, and have recently received interest for use as plant growth promoters 

in agricultural production 32-35.  In human health research, CeO2 MNM have received attention 

both as a potential therapeutic and as a toxicant. The ability of Ce in CeO2 MNM to undergo 

reversible transitions between III/IV valence states allows them to behave both as either a pro- or 

anti-oxidant depending on context 36.  While adverse effects were suggested for CeO2 MNM in 

various biological systems 37-39, the impact of key physico-chemical properties affecting the 

environmental fate and ecotoxicity of these materials such as size and surface coatings have yet 

to be established 40.  A few in vitro studies have investigated the effects of surface valence state, 

size, and surface charge on the localization, intracellular trafficking and cytotoxicity of CeO2 

nanoparticles 26, 31, 41.  These studies showed that CeO2 MNM with neutral polymers localized 

primarily in the cytoplasm and had minimal toxicity, whereas positively and negatively charged 

particles were found in lysosomes and caused cytotoxicity 31.  Our previous research 

demonstrated that positively charged, diethylaminoethyl (DEAE) dextran coated CeO2 MNM (2-

5 nm) were taken up much more efficiently and elicited far greater toxicity in nematodes 

(Caenorhabditis elegans) than neutral dextran coated CeO2 MNM or negatively charged 

carboxymethyldextran (CM) coated CeO2 MNM. We also demonstrated that the macroscopic 

distribution of neutral and negatively charged CeO2 NPs in the leaves of wheat plants was 

different 25.

The objective of this study was to investigate the mechanisms of uptake and biodistribution of a 

set of well-defined CeO2 MNM, differing only in surface functional groups and by extension zeta 

potential, in the model organism tomato (Solanum lycopersicum CV Micro Tom). This species is a 
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good model vegetable crop which is easily maintained in the laboratory and has a sequenced genome.  

This objective required observing the localization and chemical speciation of the materials across 

spatial scales ranging from the nm scale (10-15 nm) to the mm scale at ng/g concentrations. We 

hypothesized that surface chemistry would have a profound influence on tissue distribution of 

CeO2 MNMs, and that these differences would have a cellular basis.  This study has far 

reaching implications for a general understanding of how surface chemistry influences the 

behaviors of nanoscale objects taken up by plants. It also provides a powerful demonstration of 

how material properties can be tailored to control MNM distribution within plants at the tissue 

and subcellular level for potential phytonanotechnology applications.

Methods

Nanoparticle synthesis and characterization

Dextran coated CeO2 MNM with a nominal 2-4 nm primary particle diameter (DEX-CeO2) were 

synthesized using a previously described procedure25. In this study, primary particle diameter 

was determined by transmission electron microscopy (TEM; JEOL 2010F, Tokyo, Japan) 25. This 

dextran coating was then functionalized with diethylaminoethyl groups to confer either a net 

positive charge (diethylaminoethyl dextran; DEAE-CeO2), or carboxymethyl groups to confer a 

net negative charge (carboxymethyl dextran; CM-CeO2). Details of the synthesis and 

functionalization of the particles can be found in the Supporting Information (SI). Mean 

hydrodynamic diameters and electrophoretic mobilities of the MNM treatment suspensions were 

measured using a Nano-ZS zetasizer (Malvern Instruments, Malvern, United Kingdom) using 

dynamic light scattering (DLS) and phase analysis light scattering (PALS), respectively.  The 

Page 7 of 40 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



measurements were made at a suspension concentration of 30 mg Ce/L CeO2 MNM suspended in 

10% Hoagland’s solution. The zeta potential was calculated using the Hückel approximation 

using the Malvern software. 

 

Measurement of dissolution from CeO2 in media

The nanoparticle treatments were suspended in 10 mL 10% Hoagland’s media at the same

concentrations used for the experiment (10, 30 and 100 mg/L) and incubated for 24 hours. 5mL 

of the mixture was filtered through centrifugal devices (Amicon Ultra-4, pore size 3kD 

equivalent to 1 nm) and the filtrate was collected. To avoid binding of Ce ions to the filter media, 

which could reduce recovery, the filter was pre-conditioned with 1mM CuSO4 before use. 

Ultrapure HNO3 was then added to the filtrate to a final concentration of 0.15 M HNO3. The 

unfiltered aliquot was digested by the microwave-assisted method described in the exposure 

section below. Ce content of the filtrate (5mL) as well as the unfiltered aliquot was analyzed 

using ICP-MS using previously described methods25. The dissolved Ce fraction was calculated 

as (ng Ce/L in filtrate)/(ng Ce/L in the unfiltered suspension)*100%.

Exposures

Tomato (Solanum lycopersicum cv Micro-Tom) plants were germinated on a Phytagel plate 

(Phytagel, Sigma-Aldritch, St. Louis, MO USA) after which they were transferred and grown 

hydroponically in 10% Hoagland’s solution with a photoperiod of 12 h under fluorescent lights 

(135 ± 3 μmol photon m−2 s−1 light intensity) at 25°C.  Treatments started with two-week post 

germination with particles surface-modified with polymer coatings (DEX-CeO2, DEAE-CeO2, 

CM-CeO2).  Exposure media contained high (100 mg/L) medium (30 mg/L) and low (10 mg/L) 
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concentrations of Ce and the exposure duration was 14 d. Fifteen independent biological 

replicates per treatment were performed. These exposure concentrations were chosen based on 

the principle that a broad range of sub-lethal concentrations could be tested which caused 

detectable Ce accumulation in the tissues. The plants were also exposed under the same conditions to 

various concentrations of CeCl3 to determine the uptake of ionic Ce from the media. Plants were then 

rinsed with DI water and tissues were collected for determining bulk metal concentrations using 

ICP-MS and for imaging using synchrotron light sources. Untreated plants were maintained in 

the same conditions as negative control.

ICP-MS analyses

Freeze-dried plant tissues (roots and shoots collected separately) were digested with 0.75mL 

concentrated ultra-pure nitric acid and 0.25mL hydrogen peroxide using a microwave system. 

Samples were then diluted with 5% ultra-pure nitric acid for ICP-MS (Agilent, 7500cx, Santa 

Clara, CA) analysis. Details of our analytical methods have been described in detail 

previously25.

Synchrotron XRF and XANES

Tissues within 1 mm of the tip of the primary roots were dissected with a razor blade, fixed in 

sodium acetate buffer (pH 7.2) containing 4% glutaraldehyde and 1% formaldehyde and 

embedded in epoxy resin. Thin sections were cut from the embedded samples at ~1 µm thickness 

and mounted on a specially made silicon dioxide slide with a platinum finding grid for ultra-

high-resolution X-ray fluorescence imaging using the Hard X-ray Nanoprobe (HXN) Beamline 3-

ID at NSLS-II, Brookhaven National Laboratory (BNL). NSLS-II is a medium-energy 
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synchrotron operating at 3 GeV.  Beamline 3-ID uses multi-layer Laue lenses (MLLs) for final 

focusing to provide a minimum focus size smaller than 15 nm. For this work, we used various 

sampling resolutions of 10~100 nanometers per pixel, depending on the resolution and 

throughput needs for the experiment, albeit for a field-of-view of a few µm. For a complete 

picture, root tissue cross-sections were imaged at ~1 m resolution using the GSECARS 

beamline 13-ID-E at (Advanced Photon Source) APS, Argonne National Laboratory (ANL). The 

APS is a high energy ring operating at 7 GeV. In addition, spatially-resolved X-ray absorption 

near edge structure (XANES) spectroscopy was performed at 13-ID-E to interrogate the Ce 

speciation in root cells. Lastly, the second leaf that emerged from plants in three treatments were 

clipped intact and mounted with metal-free Kapton tape to aluminum mounts for analysis at 

Submicron Resolution X-ray Spectroscopy (SRX) Beamline at beamline 5-ID at NSLS-II, BNL.  

The SRX had a focus size of slightly less than 1 m.  Details are provided in the supplementary 

information.  All three beamlines use undulator insertion devices as the X-ray source.

Spectral Fitting and Image Processing HXN and SRX imaging data

Spectral fitting of HXN and SRX data was performed using the PyXRF spectral fitting 

program42. Briefly, a summed spectrum fit by a user-assisted fitting approach determined global 

fitting parameters, including the position and peak width of fluorescence peaks, background, 

pileup and escape peak and Compton and elastic scatter peaks. Then, elemental maps were 

generated based on the integrated fluorescence intensities determined by the spectral fitting.

Collection of XANES spectra and data reduction

All XANES spectra were plotted and normalized to the region 15-150 eV post edge (the Ce L3
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edge at 5726 eV) using Athena43. For the root sections, XANES spectra were collected from 

regions of interest across the entire root and were presented as merged spectra for each treatment. 

For leaf samples, three XANES spectra were acquired for multiple regions of interest. With the 

DEAE-CeO2 and CM-CeO2 treatments, spectra were merged for all spots examined. We used 

bulk CeO2 and CeCl3 as standards for Ce (IV) and Ce (III), respectively. The standards were 

finely ground to a particle size which corresponded to less than one absorption unit thickness (to 

avoid self-absorption effects) and mounted on cellulose acetate adhesive tape. Layers of the 

adhesive tape were stacked until the standards resulted in an approximately 1 absorption unit 

edge-step.

Statistical analyses

The SAS software package was used for statistical analysis. The data were tested for normality 

using the Shapiro-Wilk test. The distribution if shoot concentrations of Ce was non-normal hence 

a non-parametric Kruskal−Wallis one-way ANOVA was used followed by pairwise comparison 

using the Mann−Whitney U-test. Data points for biomass and root Ce concentrations were found 

to be normally distributed and were analyzed by one-way ANOVA followed with post-hoc 

Tukey’s test for pairwise comparisons. Difference with p<0.05 was considered to be statistically 

significant. We used 15 replicates per treatment and all were included in statistical analyses.

Results and Discussion

Nanoparticle synthesis and characterization.

We utilized a set of CeO2 MNM that differed only by zeta potential, as conferred by substituting
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different functional groups on their surface polymers. The synthesis and characterization of these 

MNM has been described previously25. We synthesized dextran coated CeO2 MNM (DEX-

CeO2) and then substituted diethylaminoethyl groups (DEAE) into the dextran to confer positive 

charge or carboxymethyl groups, (CM) to confer negative charge. The primary crystallite size of 

the CeO2 cores, as measured by transmission emission microscope (TEM), ranged from 2-4 nm. 

Dynamic light scattering (DLS) and phase analysis light scattering (PALS) showed that the 

hydrodynamic diameters of the particles were similar in the exposure media (ranging from 16-22 

nm), but the apparent zeta potentials differed as expected (Table 1).  The zeta potentials were 

+13, -3 and -15 for the DEAE-CeO2, DEX-CeO2, and CM-CeO2 treatments, respectively. 

Dissolution of the CeO2, as determined by ultrafiltration (1 nm nominal pore size) and 

inductively coupled plasma mass spectrometry (ICP- MS), showed that negligible dissolution 

(<0.31%) occurred in the exposure media for all three particle types over the timescales of the 

experiments (Table 1).  

Toxicity

One-week after germination, tomato seedlings were transferred from germination plates to 

exposure solutions containing 10, 30, and 100 mg Ce/L in the forms of DEX-CeO2, DEAE and 

CM-CeO2 for 14 d. Compared to control, tissue dry mass was significantly reduced in particle-

treated groups for both roots and shoots after two weeks of exposure (Fig 1). Positively charged 

DEAE-CeO2 treatment caused significantly greater growth inhibition than the other two 

treatment groups. Light microscopy of the root tips from the highest exposure concentrations 

revealed cell damage (Fig 2). Lesions resulting from cell death can be clearly seen in the root tip 

regions of plants in the DEAE-CeO2 treatment. Cell shrinkage was observed in roots from the 
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DEX treatment. Such cellular injury can severely hamper the function of the roots, such as the 

ability to absorb and transport minerals, which might explain the chlorotic symptoms observed in 

the leaves (Fig. S1).

In contrast to our observations, previous studies have shown moderate toxicity for CeO2 NPs in 

various plant species 44-46. Sometimes, even beneficial effects were noted for these particles on 

seed germination and seedling growth 45. However, particles used in these studies were without 

surface coatings and considerably larger in size (>20 nm) as compared to particles used in this 

study (2-4 nm) 44-46. The increased toxicity of our materials relative to those used in previous 

studies may relate to increased reactivity of CeO2 particles of <10 nm in diameter, enhanced 

colloidal stability of polymer coated CeO2 and/or the charged functional groups, particularly the 

positively charged DEAE groups.

 

Tissue distribution

Root Ce concentrations were drastically different among the treatments (Fig 3), with the DEAE-

CeO2 (positive) and DEX-CeO2 (neutral) treatments having much higher Ce concentrations than 

CM-CeO2 (negative). The outermost surface of roots is a mucilage layer which consists of 

polysaccharides and proteinaceous substances. Under typical soil pH values, this layer gives the 

root a negatively charged surface, which would therefore have a greater affinity for neutral and 

positively charged MNM than negatively charged MNM. This result is consistent with a similar 

trend of root association as influenced by surface coating and charge noticed in previous studies 

47-49, suggesting a consistent mechanism governing the interaction. Our previous study with the 

same particles used in this study revealed a similar trend of tissue distribution and similar root 
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masses of Ce within wheat plants (Triticum aestivum) exposed for up to 34h 50.

Analysis of the shoot tissues revealed that accumulation in the roots did not predict the extent to 

which Ce was translocated to the aerial part of the plants. Despite having lower root 

concentration, a greater quantity of the CM-CeO2 (negatively charged) coated MNM were 

translocated to the shoots than the other two treatments (Fig. 3C). This, together with the fact that 

only a small fraction of Ce was translocated from the roots to the shoots, indicates that the 

majority of Ce associated with the root tissue did not enter the xylem, which is the only route by 

which materials are carried from root to shoot. 

We also examined the consequences of exposure to ionic Ce using dissolved CeCl3 (Fig S2). 

Growth retardation from the ionic Ce (III) treatment was insignificant when exposure 

concentrations were below 5 mg Ce/L. Given the low dissolution rate of CeO2 in exposure  

media shown in Table 1, the toxicity and Ce bioaccumulation are not likely due to uptake of 

ions from bulk solution, although dissolution at the root surface is possible. Furthermore, under 

the highest CeCl3 exposure concentration (15 mg Ce/L), which was toxic to the plants, less Ce 

was translocated to the shoots, whereas for the particle treatments, translocation rates remained 

high even with plants suffering from the most severe toxicity (DEAE-CeO2-treated). Given that 

the Hoagland’s medium contains phosphate, it is possible that CePO4 precipitate formed in the 

CeCl3 treatment, limiting uptake.

 

Subcellular distribution and speciation of Ce in root tips

Numerous previous studies have demonstrated that a variety of plant species take up various 
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types of MNM. However, the mechanism of uptake has remained enigmatic. A recent study 

investigating exposure of alfalfa (Medicago sativa) to Ag and Ag2S nanoparticles indicated that 

the root tip is the site where nanoparticles likely enter the plant 18. Data for the overall 

distribution of Ce in cross sections of the root tip was obtained at ~1 µm resolution showed that 

distributions of Ce in the tissue are different for the three treatments. Ce appears to be co-

localized with the cell wall/cell membrane boundaries in DEX-CeO2-treated root at this 

resolution (Fig. 4 A, B). In the CM-CeO2-treated root, Ce was found almost across the entire root 

cross section. Scattered hotspots were visible as well as regions with a more diffuse distribution 

(Fig. 4 F,G). For the DEAE-CeO2-treated root (positive charge), Ce was found primarily on the 

epidermis, with little in the interior of the root (Fig. 4 K,L).

Images showing the cellular and subcellular distribution of Ce within the root tips using the HXN 

are shown in Fig 4 C, D, E, H, I, J, M and Fig. S4. These images entry of Ce into plant roots at 

the cellular level. Clearly observed in the DEX-CeO2 (neutral) treatment, is Ce present within 

spaces between the epidermal cells that are partially separated from the epidermis, presumably as 

a result as cells are being shed from the epidermis during root tip growth (Fig. 4C, S4). The 

presence of Ce in the apoplastic spaces between cells (Fig 4D, E and Fig. S4), which are 

approximate 100-200 nm across, suggests that movement through these spaces is the route of 

passage from the epidermis to the vascular tissue. The presence of intracellular Ce hotspots in the 

cytoplasm of cells near the vascular bundle in the center of the root suggests that Ce was actively 

internalized by the cells within this region (Fig.4E). Within the stele itself, cells appear to show 

Ce both within the apoplast and throughout the cytoplasm within intracellular vesicles which are 

likely endosomes (Fig 4E and Fig 5).  The Casparian strip is a barrier in the endodermis that 
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prevents mass transfer from the cortex into the xylem. It has been an open question as to how 

particles traverse this barrier. One hypothesis was that they move through poorly developed 

regions of the Casparian strip in the root tip. Without completely ruling out that hypothesis, we 

conclude based on the evidence presented here that the particles are also endocytosed within the 

inner regions of the cortex and transferred across the endodermis symplastically.

XANES spectroscopy is very useful in distinguishing between the two primary oxidation states 

of Ce (Ce(III) and Ce(IV)), with Ce(III) producing a solitary absorption peak or “white line” at 

5722 keV, and Ce(IV) producing two peaks at 5725 and 5732 keV. The particles mostly consist 

of Ce (IV) as-synthesized, although a small percentage of the atoms are in the Ce (III) state due 

to oxygen vacancies as shown in our previous work51.  An important question is whether this 

material is intact DEX-CeO2 or transformation products.  We conclude that at least a portion of 

this material is intact CeO2.  The proportion of Ce (IV) in the epidermis, cortex, and vasculature 

47, 32 and 36 percent, respectively (Fig 6).  Given that the percentage of Ce (IV) is similar in 

the cortex, which where Ce was primarily located in the apoplastic space, was similar to the 

vasculature, where Ce was primarily found in the cytoplasm, it is likely that both intact CeO2 

and transformation products were internalized into cells. However, Fig 5 clearly shows, that if 

present, these transformation products must have been nanoscale or smaller, given that the size 

of the Ce hotspots in the cytoplasm was less than 20 nm.  CePO4 particles seen in previous 

studies as transformation products (Zhang et al.52; Rui et al.53,) are typically larger than this.  

Dextran-coated CeO2 particles within this size range (<5 nm) can accommodate Ce (III) atoms 

within their crystal structure and these atoms can reversibly transition between the +III and +IV 

oxidation states (Perez et al.54; Graham et al.51), so it is possible that these <20 nm hotspots 
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contain CeO2 particles with a large percentage of oxygen vacancies on the surface giving them a 

greater percentage of Ce (III)51.  The presence of Ce ions bound to macromolecules is unlikely 

as they would likely have had a much more diffuse distribution as has been seen with Cu ions in 

tissues versus Cu oxides 55.    

A previous study suggested that the primary site of biotransformation is on the surface of the 

epidermis53.    Given that the percentage of Ce (IV) was similar in epidermis and the 

vasculature, we cannot rule this out. It is important to note that the particles used in our study 

are far smaller at 2-4 nm, than particles used in this previous study53 which used 25 nm 

particles, and are likely more readily reduced51,54, so they may behave differently intracellularly. 

In our previous study, differences in Ce(IV)/Ce(III) ratios were observed for hydroponic 

exposures to wheat plants, with a higher Ce(IV)/Ce(III) ratio being observed in areas with greater 

total Ce concentration, and a lower Ce(IV)/Ce(III) ratio observed in areas with less total Ce 48.  

This suggests differential transport of transformation products within the tissues, relative to 

intact materials.

A very different distribution pattern emerged in the CM-CeO2 (negative) treatment (Fig 4G). In 

addition to the apoplast, Ce was observed in the cytoplasm throughout the cells in the cortex (Fig 

4H&I). High resolution HXN imaging clearly identified multiple circular/spherical structures of 

around 100 nm in diameter within the cells containing Ce (Fig.4 J), again suggestive of the 

presence of particles within endosomes. Thus, it appears that the negatively charged particles are 

more actively endocytosed within all regions of the cortex and exist in both the symplastic and 

apoplastic compartments of the root tissue. This suggests to us that the cortical cells 
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preferentially endocytose negatively charged particles. It is possible that endocytosis of the DEX-

CeO2 particles began within the inner regions of the cortex as they gained a negative charge due 

to the formation of a protein corona. It has been shown that acquisition of a protein corona, or 

surface coating of proteins, confers a net negative charge to nanoparticles with a wide variety of 

initial surface chemistries 56, 57. Alternatively, endocytosis is less charge-specific within the inner 

cortex.

The percentage of Ce (III) in CM-CeO2 treated root tissue decreased from the epidermis (54%) 

to the cortex (49 %) and vasculature (24%) (Fig. 6).  This suggests that untransformed particles 

were preferentially transported to the cortex from the epidermis, and it does tend to support the 

hypothesis that the majority of transformation of the CM-CeO2 particles occurred in the 

epidermis. 

For the DEAE-CeO2 (positive) treatment, the root was completely coated with a thick (>1µm) 

layer containing high concentrations of Ce (Fig 4 K,L, and M), which correlates with the high 

bulk Ce concentration detected in roots by ICP-MS relative to the other two treatments (Fig 3).  

Low concentrations of Ce within the cortex and vascular tissues made it impossible to discern the 

tissue and subcellular level distribution of the DEAE-CeO2 particles. This explains the relatively 

poor translocation efficiency observed for the DEAE-CeO2 treatment. It remains unclear whether 

the necrosis in root tissue observed in this treatment resulted from impairment of water or 

nutrient uptake through the root hairs and epidermis or was primarily caused by internalized 

DEAE-CeO2 particles, which only account for a small fraction of the observed Ce. Necrosis in 

the root tissue is likely  a significant cause of observed decreased growth and foliar symptoms. 

Our previous studies of the same materials with the nematode C. elegans found that the DEAE-
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CeO2 particles were several orders of magnitude more toxic than the CM-CeO2 or DEX-CeO2 

particles, even after factoring in differences in bioavailability among the particle types 25, 58. 

The percentage of Ce (III) was slightly higher in the cortex (34%) than the epidermis (22%) for 

DEAE-CeO2 treated plants (Fig. 6).  This suggests two possibilities, either CeO2 continued to be 

transformed within the cortex, or transformed particles were preferentially transported to the 

cortex from the epidermis.  Although preferential transport of transformation products seems 

unlikely given their larger size, we cannot rule out this hypothesis. 

Cerium distribution and speciation within leaf tissue

Because of the low concentrations of Ce found within the shoots, and even lower concentrations 

in the leaf tissue itself (Fig S3), we required lower detection limits for imaging than were 

possible at HXN. We utilized the Submicron Resolution X-ray Spectroscopy (SRX) Beamline at 

NSLS-II which enabled micron-scale imaging and XANES spectroscopy at low to sub- mg/kg Ce 

concentrations. Again, surface charge greatly affected the distribution of Ce within leaves 

(Fig.7). In the CM-CeO2 treatment, the majority of the Ce was found within the vascular tissue in 

relatively large foci with few smaller foci within the mesophyll. The Ce in the DEX-CeO2 and 

DEAE-CeO2 treatment was distributed primarily as small foci. XANES spectra collected at the 

foci from the DEAE-CeO2 leaf sample, which located primarily in the mesophyll, indicated the 

predominance of Ce (IV) (Fig 7D). In contrast, almost all the Ce regions in the CM-CeO2 leaf 

were shown to contain the reduced form, Ce (III). For the DEX-CeO2 treatment, Ce (III) was still 

the major form in the veins while small spots in the mesophyll produced characteristic Ce (IV) 

peaks. 
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Dissolved Ce3+ is likely released through reductive dissolution of CeO2 and may precipitate as 

relatively large Ce (III) phosphate crystallites. These large elongated hexagonal cerium 

phosphate crystals have been previously observed in the apoplast of cucumber plants exposed to 

CeO2 MNM 52. While Ce L-edge XANES is not capable of discriminating between different Ce 

(III) compounds, Zhang et al.52, used FTIR spectroscopy to confirm that these crystals, which 

they observed using TEM, were CePO4. The spatially resolved XANES spectroscopy presented 

here also show that the untransformed CeO2 is accumulated primarily within the mesophyll, 

while Ce (III) accumulated within the vasculature (Fig 7).  This is most clearly shown for the 

DEX-CeO2 treatment where merged spectra from the mesophyll are 73% Ce (IV), while the 

veins contain only 46% Ce (IV).  These very small Ce (IV) hotspots may be intact particles while 

the larger elongated structures observed in the veins may be the hexagonal CePO4 structures observed 

by Zhang et al.52. 

Conclusion

Surface functionalization had a profound influence on the uptake, tissue and subcellular 

distribution CeO2 MNM in the plants. Endocytosis also appears to be more efficient for 

negatively charged CeO2 than positively charged CeO2 or neutral CeO2 in the plant root tip cells.  

This likely explains the dramatic difference in translocation of these differentially charged CeO2 

MNM.  When MNM age in natural soil, they are likely to ultimately gain a coating of natural 

organic matter, conferring a net negative charge. This may ultimately enhance their translocation 
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to leaves regardless of initial surface chemistry.  Finally, the differential tissue and cellular 

distribution as a function of particle surface chemistry suggests that targeted, MNM-mediated 

delivery of agrochemicals to different biological compartments within the plant is possible at 

both the tissue and subcellular levels.
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Table 1. Size distribution, zeta potential, and dissolution of polymer coated CeO2 nanoparticles in 
10% Hoagland’s medium (DEAE = diethylaminoethyl dextran coated CeO2; DEX = dextran-
coated CeO2; CM= carboxymethyl dextran-coated CeO2). Dissolved Ce measured after 24 hours. 
Data are means with standard deviations in parenthesis. 
 

 

Nanoparticle 
treatments 

Volume weighted 
hydrodynamic diameter 

Apparent zeta 
potential 

Dissolved Ce in 
media (%) 

DEAE-CeO2  16 nm (2.3 nm) +13 mV (0.67 mV) 0.22 (0.07) 
DEX-CeO2  22 nm (3.5 nm) -3 mV (0.36 mV) 0.31 (0.06) 
CM-CeO2  20 nm (3.8 nm) -15 mV (1.23 mV) 0.26 (0.04) 
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Figure 1. Reduction in biomass production for shoots (A) and roots (B) upon treatment with 
CeO2 nanoparticles coated with diethylaminoethyl dextran (DEAE, +), dextran (DEX, N) or 
carboxymethyl dextran (CM, -). Statistical significance detected by post-hoc Tuckey’s tests on 
the coating factor is denoted by * (between treatment groups) and # (treatment vs. control), 
p<0.05 and p<0.01 levels are indicated by single and double symbols. 
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Figure 2. Micrographs showing histological lesions at the root tips. A, control, B, DEAE, C, 
DEX. Damage to the meristem is pointed out by arrows in B&C. There are extensive cellular 
abnormalities and void necrotic regions around the meristem. Scale bar = 50 µm. 
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Figure 3. Bulk tissue concentration of Ce in root and shoot was determined for treatment groups 
DEAE, DEX, and CM after two weeks of treatment. See text for details. The same statistical 
procedures were used to analyze the data set as in Fig 1. Significant differences detected by post-
hoc Tuckey’s tests on the coating factor are denoted by * (p<0.05) and ** (p<0.01). 
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Figure 4. X-ray fluorescence micrographs of root tip cross sections for DEX (A-E), CM (F-J), 
and DEAE (K-M). B, G, and L are 1 µm resolution coarse maps of Ce distribution throughout the 
root collected at Advanced Photon Source sector 13. Images C, D, and E represent magnified 
view of the rectangular regions in B, and were collected at the Hard X-ray nanoprobe (HXN) 
beamline of the National Synchrotron Light Source II at a 60 nm sampling resolution. Image E is 
further described in Figure 5. These images show subcellular features near the epidermis, cortex 
and stele, respectively. Images H, I are 60 nm sampling resolution images of the rectangular 
regions in G, showing distribution in the cortex and at the endodermis, respectively. The squared 
region in J was mapped with ultra-high 15 nm resolution (H), showing signs of endocytic 
transport of Ce (putative vesicular structures indicated by arrows). Image M is a 60 nm 
resolution image of the rectangular region in L, at the epidermis. A, F and K are light 
micrographs of the root sections. Scale bars: B,G, and L-50 µm, C,D,G,H and L- 5 �m, E- 2 �m, 
I- 200 nm.  Cy = cytoplasm; Ap = apoplast; Va = vacuole; En = endosome. 
 
 
 
(Figure on next page) 
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Figure 5. A 60 nm sampling resolution image collected at NSLS-II from near the stele of the root 
from a DEX treated plant. Brighter areas indicate areas of increased Ce La fluorescence 
intensity. Clearly visible in this image is Ce within the apoplast and within endosomes located in 
the cytoplasm surrounding the vacuole (annotated at the right). 
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Figure 6. In situ Ce L3-edge XANES spectra of the root cross sections. A-C) Merged spectra 
from hot spots in different regions of the section. DEAE: #1-12, epithelium; #13, cortex. DEX: #7-8, 
epithelium; #5,6,9, cortex; #1-4,10, vasculature. CM: #1,2,7-11, epithelium; #3-4, cortex; #5-6, 
vasculature. D) Linear combination was used to fit the spectra with the two standards. The 
respective contributions of Ce (III) and Ce (IV) are not forced to sum to 100%. Quality of the fit 
is denoted by reduced chi-squared. Epi, epithelium; Cor, cortex; Vas, vasculature. Scale bar in 
the XRF graph = 50 µm. Examples of individual fits are shown in the Fig S5. The horizontal 
lines in figure C are from scattered X-rays from the platinum grid on the sample holder, not Ce. 
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Figure 7. XRF scans and in situ Ce L3-edge XANES spectra of the leaf samples from three 
treatments. A) CM, B) DEX, C) DEAE. Signals of Ce and K are represented in the red and green 
channel of the images, respectively. Regions from which XANES spectra shown in Fig. 6 were 
collected are indicated by numbered squares. Scale bar = 20 µm. D) Merged XANES spectra 
from leaf areas denoted by squares. DEX1 are collected from hotspots within veins (#2,3&6 in 
Fig.7B), DEX2 from hotspots in the mesophyll (#1,4,5&7 in Fig 7B). E) Linear combination was 
used to fit the spectra with the two standards. The respective contributions of Ce (III) and Ce 
(IV) are not forced to sum to 100%. Quality of the fit is denoted by reduced Chi-squared. 
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