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Section S1. Additional Data Associated with the Isolated Particulate Matter.

HAADF Cr Fe Ni

Figure S1 (partl). Additional scanning transmission electronic microscopy (STEM) images
obtained by high-angle annular dark-field (HAADF) techniques and elemental maps obtained
by energy dispersive X-ray spectroscopy (EDS) of individual Cr-Fe-Ni nanoparticles (A-C)
isolated from the leaves of Dittrichia viscosa. The vertical scale bar indicates the relative
abundance of each element at each pixel within the EDS-based maps (i.e., red is associated with
the highest concentration). These samples were obtained in proximity to an area associated with

steel manufacturing activities.
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Figure S1 (part2). Additional STEM images obtained by HAADF techniques and elemental

maps obtained by EDS for a series of Cr-Fe-Ni nanoparticles (A-D) isolated from the leaves
of Dittrichia viscosa. These samples were obtained in proximity to an area associated with

steel manufacturing activities.
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Figure S2 (partl). Additional STEM images obtained by HAADF techniques and EDS-

based maps of Cr, Fe, and Ni species within nanoparticles (A-C) isolated from the stems
of Dittrichia viscosa. These samples were obtained from an area in proximity to steel

manufacturing activities.

S6



100
pixels

Figure S2 (part2). Additional STEM images obtained by HAADF techniques and EDS-
based maps of Cr, Fe, and Ni within nanoparticles (A-B) isolated from the stems of

Dittrichia viscosa. These samples were obtained from an area in proximity to steel

manufacturing activities.
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Figure S3. Photographs of (A) the rural rhizosphere with a metal content of [Ni] < the

limits of detection (LOD), [Fe] = 23 446 ppm + 322, [Cr] = 86 = 5 ppm, and (B) the
industrial rhizosphere where metal content was [Ni] = 127 £35 ppm, [Fe] = 150 683 + 35

171 ppm, and [Cr] = 300 +£92 ppm.
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HAADF Cr Fe

Figure S4. Images obtained by STEM-HAADF techniques and EDS-based mapping of
individual Cr and Fe particulate matter isolated from (A) the leaves and (B) the
rhizosphere of Dittrichia viscosa. Samples were collected from a region near steel

manufacturing activities.

S9



HAADF Fe Ni
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Figure S5. Additional images obtained by STEM-HAADF techniques and EDS-based
mapping of individual Fe and Ni particulate matter isolated from the roots of Dittrichia
viscosa. This sample was collected in proximity to an area associated with steel

manufacturing.
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Section S2. Analyses by X-ray Fluorescence (XRF) Spectroscopy

Table S1. Assessment of significant differences in the Cr, Fe, and Ni content as determined
by XRF spectroscopy for each plant organ and rhizosphere when comparing samples

obtained near an industrial site to those samples obtained from a rural area.

plant organ and rhizosphere - rhizospheres roots stems leaves
P value for Cr content 0.008" 0.0649 0.1032 0.0495"
P value for Fe content 0.0002" <10°" 0.6824 0.0039"
P value for Ni content 0.0027" 0.8145 0.0208" 0.9372

*P values indicate the reported significance (tested by Im.nb) for the content of Cr, Fe, and Ni in each plant organ and
rhizosphere collected from the industrial and rural area.
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Section S3. Analyses by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

3.1. Experimental Methods for the ICP-MS Analyses

The same filters measured by XRF were further inspected for their Cr, Fe, and Ni content
using inductively coupled plasma mass spectrometry (ICP-MS) as a semi-quantitative assessment.
Special care was taken for cleaning the sample preparation area and the tools used during both the
cutting of the filters and of the digestion of the samples. Filters containing the solids isolated from
each plant organ and soil sample were cut into two equal pieces. Since ICP-MS is a destructive
technique, only one section of each filter was initially digested for analysis by ICP-MS. Half of each
of the filters were placed into separate, clean glass scintillation vials. Each of these sections of filter
were digested with a 2 mL solution of concentrated nitric acid (Sigma Aldrich, HNO3, 60% purity)
for 2 h at 65°C. Caution: Take appropriate precautions when handling nitric acid as it is corrosive.
A 1 mL aliquot of each acid digestion was diluted 50 times with ultrapure water (18 MQ-cm water)
to reach a final nitric acid concentration of 2% v/v, suitable for analysis on the ICP-MS instrument.
Following this dilution, the samples were each filtered through polytetrafluoroethylene (PTFE) filters
with a nominal pore size of 25 um, and analyzed by ICP-MS using a Thermo Fisher Scientific iCAP
Q. A survey mode was used to analyze all of the elements present in each of the samples. This survey
scan enabled us to assess the relative changes in elemental composition of the control samples, the
rural and industrial plant specimens, and within the different plant organs. Absolute concentrations
of each element were not obtained in this study for a few reasons, including the limitations in our
ability to accurately correlate the amount of each element to the total mass of each plant organ or soil
sample due to material losses during the various stages required for isolating the nanoparticles.
During extraction of the nanomaterials, the corresponding rhizospheres of these plant specimens are

also likely to contain an additional fraction of nanomaterials that were not isolated in these

S12



procedures. The solutions obtained during the isolation of the nanomaterials were decanted to remove
large debris, and only 2 mL of each supernatant was filtered to obtain the isolated fractions of each
sample. Additionally, there might be some fraction of nanomaterials that were not released or
digested from the filters during their work-up for ICP-MS analysis; optimizing this sample digestion
was beyond the scope of this study. Although not all of the isolated particulates were analyzed by the
ICP-MS techniques, these analyses do yield a semi-quantitative assessment of the fractions of each

element present in the sample and support the quantitative analyses by XRF.

A series of pristine filters were prepared and processed in the same manner as the treatment
given to each sample, but without the introduction of the solids isolated from the plant organs or
rhizospheres. This process created a series of “blank” filters that served as additional control samples,
such as to monitor for the introduction of contamination from the method (e.g., from the reagents

and/or filters used in the process).

3.2. Results and Further Discussion from the ICP-MS Analyses

The ICP-MS analyses were used as a complementary analysis to the use of XRF for studying
the solid fractions collected by extraction and filtration processes from each of the plant specimens
and their rhizospheres. A survey scan performed by ICP-MS was utilized for a semi-quantitative
analysis of the presence of the heavy metals of interest. This analysis was used as an additional
confirmation of the presence of the heavy metals of interest within the plants and their corresponding
rhizospheres (Figure S6). The metal content on three separate filters obtained from each plant organ,
as well as three samples obtained from the corresponding rhizosphere of each plant specimen were

each analyzed by ICP-MS.
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The plant specimens and rhizospheres obtained in proximity to the steel manufacturing site
had a similar trend as the specimens collected in a rural area when analyzing for the Cr, Fe, and Ni
content. This data was confirmed statistically. In general, there were no significant differences
observed in the Fe, Cr, and Ni content of the plant organs and the rhizospheres of the plants collected
near the industrial site and those harvested from the rural site (Table S2). A significant difference
was observed for the Fe at the rhizosphere level between these two sites. Note that the ICP-MS
equipment we had access to measures the concentrations of dissolved elemental species in an acidic
solution, but was not able to measure the concentration of metals present as suspended micrometer
sized or nanometer sized particles. There could, as a result, be contributions from both particulate

matter and ionic species present in these analyses.
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Figure S6. Results from the inductively coupled plasma mass spectrometry (ICP-MS) analyses of
Fe, Cr, and Ni found within each plant organ and rhizosphere of Dittrichia viscosa, which were
harvested from the industrial and rural regions of interest. Three distinct replicate samples (n=3) were
used for each set of measurements. The + indicates an overlap of replicate measurements. (Primary
symbols: 1 — industrial site and r — rural site; and secondary symbols: rh — rhizosphere; r — roots; s —

stems; and 1 — leaves).
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Iron was present in higher amounts relative to the other metals of interest in all the plant specimens
and plant organs. The root organ of the plant specimens collected in proximity to the steel
manufacturing site and in the rural area had higher Fe counts than the other plant organs associated
with these samples. The stems and leaves of specimens collected from both the industrial and rural
regions exhibited a similar total Fe content. These results suggest that the plants were translocating
similar amounts of iron from either the soil through root uptake or from the leaves through foliar
uptake. The availability of a wide range of Fe species that can be present in the environment may
enhance their uptake. Speciation and transport processes are largely dictated by the pH of the soil.!
These results from the ICP-MS analyses agree with what has been observed by XRF, which further

suggests that the root-rhizosphere interface was not a barrier to iron uptake.

Table S2. Assessing the statistical significance between the different Cr, Fe, and Ni content of each
plant organ and rhizosphere as determined by ICP-MS when comparing samples obtained near the

industrial site and those from a rural area.

plant organ and rhizosphere - rhizospheres roots stems leaves
P value for Cr content 0.0375" 0.1748 0.7927 0.8968
P value for Fe content 0.5006 0.4155 0.5633 0.2749
P value for Ni content 0.4025 0.4096 0.6074 0.2889

*P values indicate the reported significance (tested by Im.nb) of Cr, Fe, and Ni content in each plant organ and rhizosphere collected
from the industrial and rural area.

The Cr content within the aerial organs was larger than in the roots. In addition, the
rhizospheres from the plant specimens sampled near to the steel manufacturing also had higher Cr

counts relative to that in the rhizosphere of the plants in the rural region. Similar counts for Cr were
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observed between those found in the stems and those in the leaves. It is possible that the chromium
species in the rhizosphere, stems, and leaves were present as particulate matter containing Cr-Fe-Ni.

The data from the ICP-MS survey scans (Figure S6) indicate that the Ni was sequestered in a
similar manner among the plant organs of Dittrichia viscosa sampled from the rural area and the plant
species that were collected near the area of steel manufacturing. The availability of Ni in the
rhizosphere of the plants growing in the rural area could increase its accessibility to the corresponding
plant organs via relatively efficient translocation pathways. It is possible that the Ni species are
transported as either coordination complexes or particulate matter, which could also be transported
through the air. If airborne fractions are a dominant form of transport, the aerial plant organs could
have more Ni content in comparison to the shoot organs from the plant when in proximity to industrial
activities. Compared to the rural area, the relatively low count of Ni in the leaves of the plant species
collected near to the industrial activities may be due to the heterogeneous distribution of the isolated
solid particles collected on the surfaces of the filter. A similar Cr, Fe, and Ni content was confirmed
through a statistical analysis of the results and was found to also be consistent between the plant
specimens collected from either type of site (industrial or rural). It is likely that these results do not
correlate with the results of the XRF analyses due to an incomplete digestion of the samples in
preparation for the analysis by ICP-MS techniques. If only a small fraction of the total particulate
matter isolated from the rhizospheres and plant organs was digested, the quantification by ICP-MS
would be inaccurate as a result.”? This might be due to Cr-Fe-Ni particles that were not sufficiently
digested when using nitric acid for sample preparation in contrast to when microwave digestion
methods are used along with a mixture of acids such as hydrochloric, hydrofluoric, and/or nitric acid
(e.g., HCI mixed with HNO3 or HF mixed with HNO3).? It has been reported that nitric acid alone

can be less effective towards dissolution of some metals than when using mixed acids for the
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digestion of particulate matter.? For example, iron oxide based minerals are not efficiently attacked
with nitric acid alone to liberate any other metals associated with these minerals (e.g., metals
incorporated as dopants or inclusions). This could extend to the inability of the methodology to
effectively release Cr and Ni within the Cr-Fe-Ni particulate matter identified through the TEM
analyses. In addition, the silica and alumina present within the matrices of the isolated nanomaterials
could also occlude the detection of metal species by ICP-MS. Hydrofluoric acid is often required to
release metal content that would otherwise be contained within a silica or alumina based matrix. Only
nitric acid based digestions were permitted for use on the ICP-MS system we had access to in a shared
facility, which was not equipped to handle other acids such as hydrofluoric acid. In addition, as
mentioned above, this system was not equipped to accurately detect the relatively small particulate
matter present in the samples that might have not been thoroughly digested or retained by the filtration
step prior to ICP-MS analysis. Thus, these ICP-MS based results are likely to be under representing
the content of the isolated samples. In the future studies it is recommended to use a system that can
handle a wider range of acid digestions and/or a system that can adequately analyze nanoparticle

fractions suspended within the sample matrix.

The abundance of Cr-Fe-Ni containing particles in the stems and leaves of the plant specimens
collected in proximity to the steel manufacturing activities suggests the uptake of airborne Cr-Fe-Ni
particulate matter from processes such as foliar uptake.** The internalized Cr-Fe-Ni nanoparticles
could be subsequently translocated throughout the plants, including to the roots, through the phloem
sap.*% Alternatively, these nanoparticles could have been biosynthesized by the plant tissues from
smaller individual Fe, Cr, and Ni nanoparticles from atmospheric deposition or uptake through the
stomata of the leaves. Separate Cr, Fe, and Ni containing nanoparticles could be first assimilated by

the aerial parts, and/or the root organs of the plant species, and subsequently transformed into the
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irregularly shaped Cr-Fe-Ni nanoparticles observed within the plant tissues. Individual nanoparticles
of Cr, Fe, and Ni or nanoparticles of Cr-Fe-Ni can each be present in the exhaust following

combustion processes, smelting activities and mechanical processing during steel manufacturing.
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Section S4. Abbreviations and References

Abbreviations

EDS Energy Dispersive X-ray Spectroscopy

HAADF High-Angle Annular Dark-Field

ICP-MS  Inductively Coupled Plasma Mass Spectrometry

SEM Scanning Electron Microscopy

STEM Scanning Transmission Electron Microscopy

TEM Transmission Electron Microscopy
XRF X-ray Fluorescence
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