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List of Acronyms:

Light microscope (LM), Fluorescence microscope (FM), Confocal laser scanning
microscopy (CLSM), Scanning electron microscopy (SEM), (high resolution)
transmission electron microscopy ((HR)TEM), Energy dispersive spectrum (EDS),
Scan transmission electron microscopy (STEM), Inductively coupled plasma optical
emission spectrometer (ICP-OES), Inductively coupled plasma mass spectrometry
(ICP-MS), Single-particle ICP-MS (SP-ICP-MS), Laser ablation ICP-MS (LA-ICP-
MS), Multicollector ICP-MS (MC-ICP-MS), Micro-X-ray fluorescence microscopy
(u-XRF), Micro-X-ray absorption near edge structure (u-XANES), Micro-proton
induced X-ray emission (u-PIXE), X-ray absorption spectroscopy (XAS), Scan
transmission X-ray microscopy (STXM), Synchrotron Fourier transform infrared
microspectroscopy (SR-FTIR), X-ray computed nanotomography (nano-CT), Nano
secondary ion mass spectrometry (nano-SIMS), Confocal Raman mapping (CRM),

Hyperspectral microscopy (HSI)



Table S1 Literature summary of Ag NPs and Au NPs uptake and translocation, transformation in plants

Exposure Exposure media
NPs Plants Size/nm Analytical methods Uptake and translocation, transformation™f
concentration  and time
AgNPs adsorb to plant root surfaces, that oxidative dissolution leads to the insertion of
Hydroponic, 5- LM, ICP-OES,
GA-Ag Ryegrass 6,25 1- 40 mg/L Ag across the cell membrane, and that once internalized Ag can be translocated between
7d u-XRF, p-XANES
tissues. Silver is oxidized within plant tissues.!
PVP-Ag P. diversifolius, Microcosm, In the presence of plant, 25% of the Ag present as an oxidized form resembling Ag-
12, 50 AF4-ICP-MS, XANES
GA-Ag E. densa 90d cysteine.?
Bare Ag Wheat 10 0-5 mg/kg Sand, 14d TEM Ag NPs were observed in shoots of plants.’
Hydroponic, AgNPs accumulated in: border cells, root cap, columella and columella initials. NPs
Ag Arabidopsis 20,40,80  67-535 mg/L TEM, STEM, CLSM
28d were apoplastically transported in the cell wall and found in plasmodesmata.*
PEG-Ag Poplars, Hydroponic, Arabidopsis accumulated silver primarily in leaves, whereas poplars accumulated silver
5, 10,25 0.1-100 mg/L ICP-MS
C-Ag Arabidopsis 42d at similar concentrations in leaves and stems. °
Hydroponic, SP-ICP-MS, XANES, p- Plants take up Ag,S NPs without a marked selectivity in regard to particle size and
Ag,S Cucumber, wheat 20-25 10 mg/L
7d XRF without substantial transformation during translocation from roots to shoots.°
(-) NPs were able to translocate into the apoplast, (+) NPs produced higher mucilage
(-, +) Au Arabidopsis 12 10 mg/L Agar, 10d Nano-CT, HSI
which prevented NPs translocation into the root tissue.”
Negatively charged CYS-AuNPs were more efficiently absorbed in roots and
CA-, CYS-, Hydroponic,
Rice, tomato 8-12 500 ug/L ICP-MS, HRTEM transferred to shoots. CYS ligand probably facilitated the endocytosis of AuNPs and
TGA- Au 1d
increased the internalization of NPs in plants. 8
5-100 nm NPs are not directly accumulated by plants. Au NPs were only observed in
Au Arabidopsis, alfalfa ~ 7-108 25-100 mg/L Agar, 8d TEM

plants exposed to ionic gold in solution.’
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Table S1 Literature summary of Ag NPs and Au NPs uptake and translocation, transformation in plants (Continued)

A. caroliniana
M. simulans

Egeria densa

Tomato, wheat

Tomato

Rice

Tomato

Poplar

10, 30, 50

3.5, 18

40

15, 25, 50

250 mg/L

30 mg/L

48,76 mg/L

1.6,

0.14 mg /L

0.2, 5 mg/L

250-500 pg/L

Hydroponic,
1d

Hydroponic,
3-7d
Hydroponic,
12d

Hydroponic,
5d, 90d

Hydroponic, 4d

Hydroponic, 6d

TEM, SEM, STEM

LA-ICP-MS, u-XRF

SEM, HRTEM, EDS,
p-XANES, p-XRF

LA-ICP-MS

SP-ICP-MS

ICP-MS, TEM

Absorption of AuNPs through root uptake was size and species dependent. 4-nm and 18-
nm AuNPs were absorbed by A. caroliniana, whereas only 4-nm AuNPs were absorbed by
M. simulans. Egeria densa did not absorb AuNPs of either size.!?

All AuNPs were bioaccumulated in tobacco, but no bioaccumulation of AuNPs was
observed for any treatment in wheat. !!

Au NPs entered plants through the roots and moved into the vasculature. The uptake was
size selective, 3.5 nm NPs were detected in plants but 18 nm NPs not.!2

Surface charge greatly affected the AuNP uptake into plant tissues. (+) AuNPs preferential
accumulated in roots but (-) AuNPs were preferential to translocation from roots to
shoots."

Tomato can uptake AuNPs as intact particles without alternating the AuNP properties.'4

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




Table S2 Literature summary of metallic oxide NPs uptake and translocation, transformation in plants

Exposure Exposure media
NPs Plant Size/nm Analytical methods Uptake and translocation, transformation™f
concentration and time
Hydroponic, TiO, NPs capable of passing the cell walls of plant cells, and capable of penetrating deeper into the
ARS-TiO, Arabidopsis 2.8 1 uM FM, p-XRF
24h plant tissues, beyond the surface cell layers.'¢
Wheat, Hydroponic, TiO, NPs were transferred from the exposure suspension to vegetal tissues.Ti is still in the TiO,
TiO, 12 100 mg/L SEM, p-XRF, XANES
Arabidopsis 7d chemical form inside plants.!”
TiO, 20 4307.5 mg/kg TiO, NPs were retained in the soil for long periods and primarily adhered to root cell walls.
Wheat Soil, 6m SEM, TEM
ZnO 40 214.5 mg/kg ZnO NPs dissolved in the soil, thereby enhancing the uptake of toxic Zn by wheat.'$
Hydroponic, TiO, NPs were not biotransformed inside plant, and were transported from the roots to the leaf
TiO, Cucumber 27 100-4000 mg/L w-XRF, p-XANES
15d trichomes.!?
Hydroponic, STEM-EDS, SP-ICP-MS,
TiO, Rice 19-37 5,50 mg/L TiO, NPs penetrated into the plant root and resulted in Ti accumulation in above ground tissues.?
3d ICP-OES
Below 36 nm, NPs accumulate in roots and distribute through whole plant tissues without
Hydroponic, pu-XRF, u-XANES dissolution or transformation; 36-140 nm, NPs are accumulated in wheat root parenchyma but do
TiO, Wheat 14-655 100 mg/L
7d pu-PIXE, TEM not reach the stele and consequently do not translocate to the shoot; above 140 nm, NPs are no
longer accumulated in wheat roots.?!
Hydroponic, ZnO NPs were observed present in apoplast and protoplast of the root endodermis and stele. Little
ZnO Ryegrass 20 10-1000 mg/L SEM, TEM, ICP-MS
12d (if any) ZnO nanoparticles could translocate up in the ryegrass in this study.??
ZnO NPs were observed in the cortex, root tip cells, vascular, and primary root-lateral root junction.
Hydroponic, ICP-OES,TEM, FM,
ZnO Maize 30 0-100 mg/L No ZnO nanoparticle was observed to translocate to shoots. Zn accumulated in plant mainly as the
7d u-XRF, XAS
form of Zn phosphate similar to Zn ion exposure.?
ZnO 8 Hydroponic, CeO, NPs were presented in roots, whereas ZnO NPs were not present, Zn appeared coordinated in
Soybean 500-4000 mg/L XANES
CeO, 7 5d the same manner as Zn-nitrate or Zn-acetate. 24
Hydroponic, Phaseolus takes up Zn bound to both citrate and malate, while entire NPs were only absorbed when
ZnO Phaseolus 40 100, 1000 mg/L u-XRF, XANES
2d roots were injured. 2




Table S2 Literature summary of metallic oxide NPs uptake and translocation, transformation in plants (Continued)

Exposure Exposure media and
NPs Plant Size/nm Analytical methods Uptake and translocation, transformation
concentration time
Hydroponic, ICP-OES, pu-  ZnO NPs were not present in mesquite tissues, Zn was found resembe to the spectra of Zn(NOs),. Zn
ZnO Velvet mesquite 10 500-4000 mg/L
15d XRF, XANES was presented in the vascular system of roots and leaves in ZnO NP treated plants. 2627
ZnO NPs aggregates penetrated the root epidermis and cortex through the apoplastic pathway and
ZnO Maize -- 100-800 mg/kg Soil, 30d ICP-OES, CLSM
passed the endodermis through the symplastic pathway.?®
No presence of ZnO NPs within plant tissues, Zn presented in plant in a form resembling Zn-citrat. Ce
ZnO, 10 500 mg/kg ICP-MS, p-XRF, u-
Soybean Soil, 48d remained mostly as CeO, NPs within the plant, a small percentage of CeO, NPs was biotransformed to
CeO, 8 1000 mg/kg XANES
Ce(1I).?
No upward translocation of ZnO NPs from roots to shoots was observed. Zn were similar in stem and
ZnO Cowpea 20-30 500 mg/kg Soil, 28d p-XRF, XAFS
leaf tissues regardless of Zn-treatments, with Zn mainly bound to citrate, histidine, and phytate.3°
Hydroponic, ICP-MS, TEM, CuO NPs were transported from roots to shoots via xylem and could translocate from shoots back to
CuO Maize 20-40 100 mg L/1
15d EDS roots via phloem. During this translocation, CuO NPs could be reduced from Cu (1I) to Cu (I). 3!
pu-XRF, u-XANES, CuO NPs were transported from the roots to the leaves, and that Cu (II) combined with cysteine,
CuO Rice 40 100 mg/L Hydroponic, 14d
XANES, STXM citrate, and phosphate ligands and was even reduced to Cu (I).3?
Elsholtzia Hydroponic, ICP-MS, HRTEM, Accumulated Cu species existed predominantly as CuO NPs in the plant tissues. CuO NPs-like
CuO 43 100-1000 mg/L
splendens. 14d EDS, XANES deposits were found in the root cells and leaf cells.®
CuO <50 Bioaccumulation of Cu, mainly as CuO and Cu(I)-sulfur complexes, and Zn as Zn-phosphate was
Wheat 500 mg/kg Sand, 14d ICP-MS, XANES
ZnO <100 detected in the shoots of NP-challenged plants. 3*
14, 50, Hydroponic, Significant uptake of SiO, NPs (14, 50, and 200 nm) into the root system of A. thaliana was observed,
SiO, Arabidopsis 250, 1000 mg/L TEM, ICP-OES
200 21,42d and the contents of uptake were size-dependent.’
Fe;04 Pumpkin 20 500mg/L Hydroponic, 20d VSM Magnetite NPs can absorb, translocate, and accumulate the particles in the plant tissues.3¢
NPs could enter roots and migrate apoplastically from the epidermis to the endodermis and the
v-Fe203 Maize 21 20-100mg/L Hydroponic, 14d TEM, CLSM

vacuole. But most of NPs existed around the epidermis and did not transport from roots to shoots.??




Table S3 Literature summary of rare-earth oxides NPs uptake and translocation, transformation in plants

Exposure Exposure media
NPs Plant Size/nm Analytical methods Uptake and translocation, transformation
concentration and time
Alfalfa,
maize, Hydroponic,
Ce0, 7 500-4000 mg/L ICP-OES, XAS CeO, were found within root tissues of the four plant species without transformation.®
cucumber, 6-9d
tomato
Only very limited amounts of CeO, NPs could be transferred from the roots to shoots.
Hydroponic,
141Ce0, Cucumber 7,22 2-200 mg/L Autoradiography, TEM However, once they have entered into the vascular cylinder, NPs could move smoothly to the
7d
end of the vascular bundle along with water flow.>
Hydroponic, CeO, NPs were taken up by tomato roots and translocated to shoots and edible tissues. In
CeO, Tomato 20 0.1-10 mg/L ICP-MS
70d particular, substantially higher Ce concentrations were detected in the fruits.*
CeO, NPs were likely dissolved and reducing to Ce(IlI) by root exudates. Ce(Ill) ions were
Hydroponic, ICP-MS, STXM, XANES,
CeO, Cucumber 7 2000 mg/L precipitated on the root surfaces and in intercellular spaces with phosphate, or form complexes
21d TEM, EDS
with carboxyl compounds during translocation to the shoots. 4!
Root surfaces are the sites, and the physicochemical interaction between the NPs and root
Hydroponic, STXM, XANES,
CeO, Cucumber 25 20-2000 mg/L exudates at the nanobio interface is the necessary condition for the transformation of CeO, NPs
7d TEM, EDS
in plant systems.*?
About 15% of Ce was reduced from Ce(IV) to Ce(Ill) in the roots). Ce was transported as a
Hydroponic, ICP-MS, p-XRF,
CeO, Cucumber 25 200, 2000 mg/L mixture of Ce(IV) and Ce(Ill) from roots to shoots through xylem, while it was transported
3d u-XANES
almost only in the form of CeO, from shoots back to roots through phloem.*
A 15-20% reduction from Ce(IV) to Ce(Ill) was observed in both roots and leaves,
Hydroponic,
(+,0,-)CeO;, Wheat 4nm 20 mg/L ICP-MS, u-XRF, XANES independent of NP surface charge. (+) CeO, NPs exposed plants had lower Ce leaf
34h

concentrations.*
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Table S3 Literature summary of rare-earth oxides NPs uptake and translocation, transformation in plants (Continued)

39

15

22

1-50 mg/kg

0.32-2000 mg/L

2-2000 mg/L

Soil, 8d

Hydroponic, 14d

Hydroponic, 5d

XANES

ICP-MS, TEM, EDS,
STXM, NEXAFS

TEM, EDS, STXM

Soil properties controlled Ce uptake. The clay fraction enhanced the retention of the CeO,

nanoparticles and hence reduced Ce uptake, whereas the organic matter content enhanced Ce

uptake.*

In the intercellular regions of the roots, Yb,O3 NPs and YbCl; were all transformed to YbPO,.4¢

La,O; NPs and LaCl; were both transformed to needle-like LaPO4 nanoclusters in the

intercellular regions of the cucumber roots. 47
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