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Abstract

The increasing use of nanoparticles (NPs) in the world has raised significant concerns
about their potential impacts on ecosystems, food safety and human health, leading to an
emerging research theme about the interaction between crop plants and NPs. Therefore,
a full understanding of plant-NP interaction and phytotoxicological mechanism is
required for accurate risk assessment to ensure the safe use of nanoparticle. A range of
analytical techniques have been developed to detect and characterize the uptake, trans-
location, cellular internalization and intracellular biotransformation of nanoparticles in
plants. Imaging methodologies, including various electron microscopy, spectrometry-
based techniques, together with ICP-based techniques such as ICP-OES, ICP-MS and
SP-ICP-MS, have been widely used to obtain information about NPs size, morphology,
size distribution, cellular localization, elemental speciation, mass concentration and so
on. Due to the complexity of biological samples to be analyzed, these techniques are
often combined accordingly to provide complementary information regarding plant-NP
interaction. This review provides an introduction to the most widely used techniques in
the study of interactions between plants and nanoparticles. In addition, applications of
these techniques in the study of plant-NP interaction from recent works are exemplified
to illustrate how the understanding of plant-NP interaction is achieved through these
techniques.

Keywords: nanoparticles, microscopy, X-ray, mass spectrometry, plant, uptake,
biotransformation

1. Introduction

Over the past decades, nanotechnology has been widely applied on commercial products
on the market, including biosensor, catalysts to optics, antimicrobial activity, computer tran-
sistors, electrometers, and wireless electronic logic and memory schemes. In the agriculture
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sector, nanoparticles are often incorporated into nano-formulated pesticides, fertilizers, and
nanobiosensors for crop protection [1]. Therefore, the application of engineered nanomateri-
als worldwide inevitably caused the release and accumulation of nanoparticles in the envi-
ronment [2].

As the basic components of the ecosystem, plants are sessile and their roots absorb nutrients
and water as well as contaminants from their environment. Accumulating evidence dem-
onstrated that engineered nanoparticles could be released from some commercial products,
further be taken in and accumulated in plant tissues. As plants may serve as a potential path-
way for the transportation of nanoparticles through the food chain [3], the increasing appli-
cations of engineered nanomaterials in the world have raised a growing concern about their
potential adverse impacts on ecosystems, food safety and human health [2, 4]. Therefore, to
evaluate potential environmental risks imposed by nanoparticle application, it is important
to understand the interaction between nanoparticles and plants, as well as NP’s behavior
and toxicity in plants. However, the behavior of NPs in plants and phytotoxicity mechanism
are so complicated that contradictory results regarding the effects of nanoparticles on plants
were obtained from various studies during the past decade [5-9]. These conflicting results
indicate that impacts of nanoparticles on plants largely depend on the type and concentration
of nanoparticles, plants species, tissue exposed, and the experimental conditions [6, 10, 11].

There are various engineered nanoparticles with different size, morphology, and proper-
ties. Engineered nanoparticles also exhibit distinct physical and chemical properties with
different environmental behaviors and toxicity in comparison with their bulk counterparts,
which could be attributed to the small size at nanoscale (1-100 nm) and high surface-to-vol-
ume ratios of nanoparticles [12]. Upon nanoparticle exposure, the directly contact between
nanoparticles and roots leads to the uptake of nanoparticles by roots and translocation of
nanoparticles in plants [10, 13]. Different types of nanoparticles exhibit distinct behaviors and
translocation characteristics. During interaction with biological environments, nanoparticles
can also be transformed by plants, which in turn alter environmental fate and toxic proper-
ties of nanoparticles [14, 15]. Therefore, the toxic effect and behavior of nanoparticles are
determined by not only the initial properties (such as particle size, shape, structure, charge,
elemental composition, mass concentration, and state of aggregation etc.), but also by the
physicochemical evolution [16-18]. Hence, in order to accurately assess the phytotoxicity of
nanoparticles, it is necessary to determine the original characteristics of NPs before treatment,
uptake and translocation, cellular internalization and intracellular biotransformation during
interaction with plants.

Approaches to detect and characterize NPs during plant-NP interaction are thus becoming
crucial in our studies. Nowadays, a variety of analytical techniques have been developed
to provide the necessary information regarding plant-NP interaction, including micros-
copy imaging, chromatography, spectrometry-based techniques, and so on. In this review,
we describe the advantages and limitations of a selection of current most frequently-used
methods in the study of uptake, distribution, translocation and biotransformation of NPs
in plants. We also exemplify the usage of these analytical techniques with instances from
recent studies.
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2. Techniques for nanoparticle detection

2.1. Imaging techniques
2.1.1. Transmission electron microscopy/scanning electron microscopy

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are con-
sidered to be the most popular techniques for the analysis of nanomaterials. Electron micros-
copy straightforwardly captures projected area of the particles, providing visualization of
true particle size dimensions.

In TEM process, a focused electron beam is transmitted through a specimen, an image is
formed from the interaction of the electrons with the sample. The image is then magnified and
focused onto an imaging device. TEM is capable of imaging at a significantly higher resolu-
tion (down to the sub-nanometer) than light microscopes, it can visualize as small as a single
column of atoms, which is thousands of times smaller than a resolvable object seen in a light
microscope.

In SEM process, a focused beam of electrons scans the surface of the sample; interaction
between electrons and atoms in the surface of sample produces various signals that con-
tain information about the sample’s surface topography and composition. Then an image
is formed upon focusing of scattered electrons. SEM can achieve resolution better than 1 nm
[19]. It can be used to image intact sample as well as sectioned sample [15].

Through visualization of nanoparticle position within a cell or tissue, TEM/SEM can provide
the precise nanoparticle information about their size, structure, shape, morphology, disper-
sion or aggregation state, which is informative for assessing in vitro nanoparticle uptake and
localization. Nanoparticle sizes are calculated and expressed as a sphere diameter having
a similar projected area as the projected image of the nanoparticle. Particle size analysis is
carried out by manually using a marking device to move along the nanoparticles. A mean
linear dimensional measure of the nanoparticles is obtained by dividing the total length of the
nanoparticles by the total number of nanoparticles counted [20]. In addition, when combined
with spectroscopic methods, characterization of the composition of the internalized nanopar-
ticles became possible [21]. Owing to the high lateral resolution of TEM, it could also be used
to trace the dynamics of individual NPs in a living cell or plant tissues.

2.1.2. Scanning transmission electron microscope

Scanning transmission electron microscope (STEM) is a type of transmission electron micro-
scope (TEM). A typical STEM is a conventional TEM equipped with additional scanning coils,
detectors and necessary circuitry. Like a conventional TEM, images are formed by electrons
transmitting through a thin specimen. The difference is that in STEM the electron beam is
focused to a fine spot (with spot size 0.05-0.2 nm), then it scans over the sample in a raster.
The rastering of the beam across the sample makes STEM suitable for combination with ana-
lytical techniques such as annular dark-field imaging and spectroscopic mapping, to obtain
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information on the structure of nanoparticles with sub-nanometer resolution and their chemi-
cal composition [22, 23].

Dark-field microscopy with a STEM, such as high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), can be used to distinguish elements with high
atomic number (Ag, Au, etc.) from the major elements in organisms (C, N, O, etc.) with a high
spatial resolution (down to 1 nm) [24].

2.1.3. Dynamic light scattering

Dynamic light scattering (DLS) technique is the most commonly employed high-throughput
technique to measure nanoparticle size and determine aggregation state of nanoparticles in
aqueous suspensions. In DLS analysis, the Brownian movements of the NPs in aqueous sus-
pensions cause constructive and destructive interference, which results in time-dependent
fluctuations in scattering intensity. Then the average particle size can be calculated from these
time-dependent fluctuations in scattering intensity by application of the autocorrelation func-
tion and subsequent calculation of the exponential decay [25]. Meanwhile, the zeta potential,
a key indicator of the stability of colloidal dispersions, is measured rapidly using DLS. DLS is
able to analyze samples containing very broad distributions of species; it can also detect very
small amounts of the higher mass species [25].

2.1.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is used as an analytical technique to analyze
a sample’s elemental composition or chemical characterization. EDS applies a high-energy
electron beam which focuses into the sample of interest to excite in an inner shell an electron
and to eject it from the shell, thus generating an electron hole. Then an electron from the outer
shell with higher-energy fills the hole, which releases the energy in difference in between
the outer shell and the inner shell in the form of X-ray [26]. As each element has a unique set
of peaks on electromagnetic emission spectrum determined by its unique atomic structure,
through measuring the number and energy of the X-rays emitted from the sample by an EDS
instrument, the information about elemental composition of the sample is obtained [26].

2.1.5. X-ray absorption and X-ray fluorescence

There are two main types of X-ray spectroscopy-based techniques that can be used to analyze
speciation and localization of NPs within the plant tissue: X-ray fluorescence (XRF) spec-
trometry and X-ray absorption (XAS) spectrometry. Both of them are based on measuring the
spectra of emission or absorption of X-radiation. The absorption of X-ray photons by element
is controlled by the photo-electric effect.

When sample is subjected to X-ray radiation, incident X-rays (photons) of a definite energy
shine on the samples. If the energy of incident X-rays that reaches the sample is lower than
the binding energy (EO) of the core electrons of the element, the atoms of this element do not
participate in the absorption process. While with increasing energy of the incident X-ray pho-
tons, a point will be reached where their energy is approximately equal to the binding energy
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of the core electrons. At this point a sharp increase in absorption of the X-ray photons occurs
[27]. The energy absorbed by the core electron elevates it into a higher energy state or electron
orbital, which is unoccupied. This excited core electron is referred to as a photoelectron. At
the binding energy (EO), the photoelectron is ejected from the atom into the continuum [28].
As a result, a vacancy in the shell of the core electron is created in a core orbital. In order for
the atom to return to the ground state, an electron from a higher energy orbital (e.g. L or M)
fills the vacancy consequently, emitting X-ray photons in the form of fluorescence with char-
acteristic energy corresponding to the difference between the two electronic levels” binding
energies. These X-ray photons have characteristic energies for each element in the periodic
table, confers element-specificity to the absorption and fluorescence spectroscopy.

During XRF process, the emitted fluorescence signal can be recorded at each position and
used to generate XRF elemental maps. XRF is a nondestructive technique, it can be used to
identify and determine the concentrations of elements present in biological samples, as well
as providing information of in situ localization of elements in the samples.

During XAS process, the energy of the incident X-ray beam is progressively increased beyond
the binding energy, thus the emission of fluorescence and absorption of the incident X-ray
progressively increases, generating a characteristic X-ray absorption spectrum by detecting
and recording the absorption or fluorescence at each energy point. The main feature of the
XAS spectrum is a sharp, step-like curve called the absorption edge [28, 29].

The XAS spectrum is conventionally divided into two parts according to the energy region.
The region comprising the pre-edge, the edge-jump and post-edge covering the energy range
from approximately —-50 to +50 eV of the absorption edge is defined as X-ray absorption
near edge structure (XANES). The region from +50 to +1000 eV above the edge is defined
as extended X-ray absorption fine structure (EXAFS) [28]. XANES is particularly sensitive
to the oxidation states of elements and the electronegativity of the ligands, and it provides
electronic structural information about the oxidation state and local geometry of the absorb-
ing metal atom. EXAFS can provide information about the element coordination such as the
identity and number of the coordinating atoms, and the interatomic distance between the
central absorbing atom and its next nearest neighbors.

XAS is an element specific spectroscopic technique that provides specific qualitative informa-
tion about chemical species at very high (subatomic) spatial resolution and is able to analyze
almost any type of samples including amorphous (non-crystalline) materials in situ, requir-
ing minor or no sample preparation prone to modify the chemical species. XAS experiments
require an intense and polychromatic X-ray source. Synchrotron radiation is a very intense,
collimated and polarized X-ray source, with a continuous band of wavelengths from around
the um (infrared) to the pm (hard X-ray) range [30]. Nowadays, owing to the development of
synchrotron radiation facilities, the combination of synchrotron radiation with XAS is proved
to be a powerful technique for speciation analysis of chemical elements.

XAS spectroscopy can be performed as bulk analyses to assess the overall speciation of the
chemical of interest in the sample (usually homogenized). For bulk-XAS experiment, a beam
in the size range of a few hundred um? to a few mm? is used to illuminate sample, the XAS
spectra obtained are generally representative of the average speciation of the chemical in the
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sample [28, 31]. Whereas, the signal of minor species in the sample, which accounts for less
than 5-10% of the total analyte, is insufficient to be resolved and quantified from the bulk
spectra. In this case, bulk-XAS analysis is insufficient for us to obtain specific information
from a complex and heterogeneous mixture of biological sample. This limitation can be over-
come by decreasing the beam size to the range of tens of nm to a few um, and using thin sec-
tion of sample. This kind of laterally-resolved XAS analysis is referred to as u-XAS.

From p-XAS spectra, the information attained at each point of analysis is only representa-
tive of the spot probed and not of the overall speciation in the sample. Therefore, a trade-off
exists between detecting minor species and obtaining the overall speciation of the analyte in
the whole sample. A strategy to solve the problem is coupling bulk XAS analyses with later-
ally resolved techniques such as pu-XRF, u-XAS and p-XRD. In a typical work flow, laterally
resolved p-XRF elemental maps are first collected to identify spots of interest, which are then
further probed by pu-XAS analysis [28].

Recently, a new approach termed XANES imaging has been developed with the capac-
ity to analyze element speciation and full lateral distribution over large areas of sample.
In a XANES imaging process, an elemental map of the sample will be firstly generated
to identify interesting areas, then the p-X-ray fluorescence signals from the interesting
areas are collected repeatedly over progressively increased incident X-ray energies and
scan across the characteristic absorption edge of the target element. These resulting maps
can be aligned and stacked, then the XANES spectra can be extracted from individual pix-
els or groups of pixels over regions of interest, eventually, the spatial distribution of both
major and minor species within the sample will be obtained [28]. A detailed information
regarding comparison among bulk-XANES, u-XANES and XANES imaging is provided in
a review by Grafe et al. [28].

2.1.6. X-ray diffraction

X-ray diffraction (XRD) is a nondestructive technique for characterizing crystallographic
structure or elemental composition of crystalline materials. It can reveal information about
the crystal structure, crystalline phase, preferred crystal orientation (texture), average crys-
tallite size and strain of materials. The constructive interference of a monochromatic beam
of X-rays diffracted at specific angles from each set of lattice planes in the crystalline sample
will produce X-ray diffraction peaks, intensities of which are determined by the distribution
of atoms within the lattice, therefore, an X-ray diffraction pattern will be generated which
reflects the periodic atomic arrangements in the sample.

For synchrotron-based X-ray diffraction (SR-XRD) technique, the high intensity and well-
defined wavelength of the incident synchrotron radiation will generate a better resolution
of diffraction peaks and make SR-XRD capable in detecting minor constituents in a sample
[27]. In addition, XRD is capable of 20 um lateral resolution with minimal sample prepara-
tion requirements, can be used as a valuable complementary or alternative methods to XAS
analysis. A limitation of this method is that it's not applicable for amorphous materials; it can
only characterize crystalline samples.
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2.1.7. X-ray computed microtomography

X-ray computed microtomography (uCT) uses X-ray to create cross-sections of a sample that
can be used to produce three-dimensional digital images of the sample’s internal structure at
a micron level spatial resolution without destroying the original sample [32].

In an absorption-edge synchrotron radiation-based pCT process, a high flux, monochromatic
X-ray beam passes through the sample, a scintillator converts the transmitted X-rays into visi-
ble light and the resulting absorption projection is captured by a photodetector to produce 2D
radiographs. The sample is then rotated (or the X-ray source and detector are rotated about
the object) by a small angle, a series of 2D X-ray absorption images is captured successively
between 0° and 180°. Using mathematical principles of tomography, this series of images is
then reconstructed to produce a 3D image, thus a 3D distribution of the element of interest
within the sample is obtained [27, 32].

2.1.8. Scanning transmission X-ray microscopy

Scanning transmission X-ray microscopy (STXM) is a type of X-ray microscopy that allows in
situ mapping of elements at high lateral resolution within a specimen. STXM uses a Fresnel
zone plate to focuses synchrotron soft X-ray absorption beamline into a small spot, the sample is
placed at the focus of the zone plate and scanned by X-ray, then a film or charged coupled device
detector is used to detecting the transmitted X-rays intensity that pass through the specimen [33].

STXM-XAS, a technique that in-situ conditions of a XAS experiment with a STXM microscope,
is capable of determining chemical speciation with a spatial resolution of 10-30 nm [34]. STXM-
XAS can handle samples with thicknesses up to 20 micron at 1.5 keV, which makes it possible
to study a wider and more flexible range of materials, including various plant tissues [33].

2.1.9. Nano secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) uses an energetic ion beam to bombard a sample,
particles from the top few atomic layers of the sample surface are then removed, resulting in
the consequent liberation of ions, known as secondary ions. These secondary ions are then
sorted on the basis of their energy in the instrument’s electrostatic sector and later dispersed
in a mass spectrometer to produce a map giving information about the elemental or molecular
distribution within the sample [29, 35].

Nano secondary ion mass spectrometry (NanoSIMS) is a nanoscopic scale resolution chemi-
cal imaging mass spectrometer based on SIMS [35]. The main advantage of NanoSIMS over
other SIMS is the ability to operate at high mass resolution, while maintaining both excellent
signal transmission and high lateral resolution (down to 50 nm) with a low detection limit
(mg/kg range). It is capable of measuring most elements in the periodic table, from hydrogen
to uranium, as well as their different isotopes. These advantages of NanoSIMS make it one of
the most powerful tools to quantitatively investigate elemental distribution in organisms at
the cellular level [36, 37]. It is reported that Nano-SIMS has been used for the analyses of NPs
in biological samples including plant tissue [36].
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Technique Information provided

Spatial
resolution  limit

Detection

Advantages

Limitations

Examples of
application

TEM

SEM

STEM

DLS

EDS

XAS

XRF

XRD
uCT

Size, size distribution, >0.1 nm
shape, distribution,
aggregation state,

structure

mg/kg

Size, size distribution, 1 nm to
shape, distribution, 1 pm
aggregation state,

structure

mg/kg

Size, size distribution, <0.1 nm
shape, distribution,
aggregation state,

structure

mg/kg

Size distribution, zeta
potential, hydrodynamic
diameter

3 nm-pum

Elemental composition,
distribution

Oxidation state, ppm
elemental composition,
structure

mg/kg

Solid state speciation,
quantitative bulk
analysis, isotope ratios,
morphology

mg/kg

Structure, size 1-3 wt%

Distribution

High resolution, in vivo

High resolution, in vivo

Atomic resolution, analysis
of low concentrations
(ppm), in vivo

In situ and real-time
measurement, rapid and
simple analysis

Nongquantitative analysis

In vivo, minor species can
be investigated

Nondestructive, in vivo

Nondestructive

In vivo, nondestructive, 3D
visualization

Destructive, sample preparation, high vacuum
condition, insensitive to light elements

High vacuum, sample preparation, insensitive to
light elements

Sample preparation, insensitive to light elements

Difficult to interpret heterogeneous size
distributions, aggregates, dust particles can ruin
the measurements on nanoparticles, multiple
scattering and particle interactions in high
concentrations, limited capability on polydisperse
samples

Cause beam damage artifacts

Cucumber [54]

Eichhornia crassipes
[50]

Chlamydomonas
reinhardtii [36]

Capsicum annuum
L. [47]

Romaine lettuce
[48]

Cucumber [54]

Landoltia punctata
[51]

Wheat [52]
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Technique Information provided  Spatial Detection Advantages Limitations Examples of
resolution  limit application
STXM Size, shape, 30 nm In vivo, no sample Cucumber [59]
visualization preparation,
nondestructive, liquid
conditions
NanoSIMS  Distribution, elemental =~ 50 nm In vivo, high mass Destructive, difficult to analyze some elements Chlamydomonas
composition, surface resolution, high lateral with poor secondary ion yield, such as Zn, Cd, reinhardtii [36]
properties resolution and Mn
ICP-OES  Elemental composition, Not ug/1 Quantitative analysis Do not provide information on particle shape or Rice [53]
concentration available diameter
ICP-MS Bulk elemental Not ng/l Quantitative analysis, high Do not provide information on particle shape or Arabidopsis thaliana
composition, number available sensitivity, low background diameter, minimum particle size is limited by [49]
concentration, mass signal, rapid and simple ICP-MS sensitivity, background and dissolved
concentration analysis element content, narrow optimum range of
particle number concentrations
SP-ICP-MS Concentration, number  Not ng/l Quantitative analysis, high Do not provide information on particle shape or Soybean and rice
concentration, mass available sensitivity, low background diameter, minimum particle size is limited by [55]

concentration

signal, rapid and simple
analysis

ICP-MS sensitivity, background and dissolved
element content, narrow optimum range of
particle number concentrations

Arabidopsis thaliana
[44]

Table 1. Overview of analytical techniques discussed in this review with examples of application.
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A limitation of NanoSIMS technique is that it is difficult to analyze elements with poor second-
ary ion yield, such as Zn, Cd, and Mn [37]. In addition, it is a destructive technique, which can
be a disadvantage for some samples. This problem can be overcome by using high-pressure
freezing followed by freeze substitution to preserve cellular and subcellular structures as well
as elemental distributions of plant cells [29].

2.2. ICP-based techniques
2.2.1. Inductively coupled plasma-optical emission spectrometry

Inductively coupled plasma (ICP) based analytical techniques can provide quantitative ele-
mental composition of a wide variety of sample types, including solids, liquids, and sus-
pensions. Inductively coupled plasma-optical emission Spectrometry (ICP-OES) can be used
to measure nanoparticle number concentration and elemental composition within a sample.
As ICP-based techniques involve the use of liquid phases, suspensions could be analyzed
directly, but solid samples have to be pretreated for the digestion of the matrix [21]. Generally,
solid samples are dissolved or digested using acid in a microwave to get volatile analytic spe-
cies. The sample solution is then nebulized into the core of inductively coupled argon plasma,
where a flame temperature in a range from 6000 to 10,000 K vaporizes the nebulized solution,
thus the analytic species are atomized, ionized and thermally excited. The excited atoms and
ions return to low energy position, emitting electromagnetic radiation at wavelengths charac-
teristic of a particular element, then the analytic species can be detected and quantified with
an optical emission spectrometer (OES) through measuring the intensity of radiation, which
is converted to elemental concentration by comparison with calibration standards.

2.2.2. Inductively coupled plasma-mass spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is an inorganic elemental analysis
technique based on atomic mass spectrometry. ICP-MS consists of an ion source, a sampling
interface, ion lens, a mass spectrophotometer and a detector system [18]. ICP sources are mainly
used for metal analysis. It is an ideal ionization source for mass spectrometry, and can ionize
over 90% of many elements. Mass spectrophotometer (e.g. ion trap, quadrupole or time-of-
flight) covers different mass-to-charge ranges; differ in mass accuracy and achievable resolution.

During ICP-MS process, the ICP source is used to decompose, atomize and ionize a sample
of interest. The ions generated in the high temperature argon plasma core are subsequently
sorted by mass with the mass spectrophotometer and subjected to further elemental and iso-
topic analysis. The identities of the ions are determined by their mass-to-charge ratio using a
mass analyzer, while the ions intensity is measured at ppt to ppm levels using the ion detec-
tor, then the intensity measurements are converted to elemental concentration by comparison
with calibration standards. With the high sensitivity and specificity, ICP-MS has been widely
used for the detection, characterization, and quantification of nanoparticles [38].

2.2.3. Single particle inductively coupled plasma-mass spectrometry

ICP-MS can be used in single particle mode to characterize individual particles, termed sin-
gle particle inductively coupled plasma-mass spectrometry (SP-ICP-MS). During SP-ICP-MS
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process, the sample is first suspended in a nebulized liquid and subsequently carried to argon
plasma, where the sample is sequentially desolvated and atomized and ionized, creating a
plume of ions. The ions pass through the mass spectrometer where they are separated by
mass-to-charge ratio and detected using a time resolved analysis acquisition. The sample
solution needs to be diluted sufficiently to ensure low concentrations (ppt to ppb) that no
more than one particle will enter the plasma at a time. By using sufficiently short integration
(dwell) time which is a duration for the instrument to take a reading, thousands of fast and
individual readings are generated to capture nanoparticle event as a discrete signal pulse,
each pulse is assumed to correlate to one nanoparticle event [39-41]. Based on ionic calibra-
tion standard, the particle mass can be determined by the intensity of the ICP-MS response.
If the density of the elemental constituents of the particle is known, the theoretical size of
the particle can be determined. If the transport efficiency from the nebulizer to the plasma is
known, then the particle number concentration can be further calculated [38, 42].

SP-ICP-MS has been widely applied to measure particle size, size distribution, number con-
centration and elemental composition of nanoparticles in biological samples, demonstrating
it as a powerful tool in quantifying NPs. To deal with biological tissues, a strong acid extrac-
tion procedure is required to release the NPs from the matrix. This introduces the possible
dissolution of metal NPs which challenges the accuracy of the final analytical data. To solve
this problem, Dan et al. studied recoveries of gold NPs when using such a special macerating
enzyme that appeared to release the NPs from plant tissue without changing the size distribu-
tion of the NPs [43]. With the aid of enzymatic digestion, we have applied SP-ICP-MS analysis
to characterize Ag NPs internalized by Arabidopsis, thus having established a new technique
and opened up new research domain in our lab [44]. Overview of these analytical techniques
including advantages and limitations with examples of application in plant-NP interaction
studies is provided in Table 1.

3. Detection and characterization of nanoparticles in plants

Although a range of techniques are available to detect and characterize uptake, translocation
and biotransformation of NPs in plant tissue, no single technique can provide all information
regarding plant-NP interaction. Sufficient information is often obtained by the combination of
these analytical techniques, which could provide complementary information mutually. Here
in this section literature examples from recent studies are used to demonstrate the application
of different techniques in the study of plant-NP interaction.

3.1. Before NPs application

Careful characterization of NPs is critical for accurately assessing the impacts of nanoparticles
on plants and understanding their behavior. When initiate an experiment, NPs will either dif-
fuse or aggregate within certain biological media due to different characteristics of the media (i.e.
pH, ionic strength, concentration and redox conditions) [45, 46], the aggregation state of NPs will
result in quite distinct properties from original NPs. Therefore, the characterization of original
NPs is often the first step before NPs application [45—47]. Zhang et al. used TEM images to observe
the shape and size of nCeO, before applied to romaine lettuce. XRD spectrum confirmed the cubic
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fluorite structure of nCeQ,; then ICP-MS was used to confirm the purity of nCeO,. Measuring zeta
potential and hydrodynamic size of nCeO, by DLS analysis indicated a significant aggregation
of particles after mixing nCeO, with nutrient solution. After nCeO, application, pu-XRF analysis
showed that Ce mostly distributed outside the roots. TEM images confirmed that large amount of
nCeO, aggregates distributed on the root surface [48]. Yang et al. used TEM to measure averaged
size of CeO,-NPs suspended in deionized water, and XRD was employed to detect average pri-
mary particle size of CeO,-NPs in dry powder samples, as well as to confirm the crystal structures
of CeO,-NPs [49]. Vinkovic et al. used DLS, TEM and ICP-MS to characterize AgNPs in ultrapure
water (UPW) and sterilized tap water used for the plant watering (TWW) [47]. By measuring
hydrodynamic diameter, zeta potential and polydispersity index (PdI) of citrate-coated AgNPs,
DLS results showed that the volume size distribution in UPW was bimodal with 90% of smaller
particles (12.9 + 9.1 nm) and only 9% of bigger particles (87.6 + 41.7 nm). The zeta potential value
equal to —16.9 + 0.6 mV indicated electrostatic stabilization of AgNPs in UPW. While after suspen-
sion in TWW, AgNPs aggregation occurred due to higher ionic strength of TWW. Further TEM
analysis confirmed the presence of flocculated and aggregated AgNPs in TWW. ICP-MS was used
to estimate the stability of AgNPs upon dissolution, results showed that total Ag was lower than
0.5% in TWW, which implies that Ag* release was not occurred in TWW [47].

3.2. Uptake and translocation of NPs in plants

In order to understand the uptake mechanism of NPs and their translocation pathway, imaging
techniques are often employed to visualize the distribution and morphology of NPs upon expo-
sure, EDS can provide information on their chemical composition, while ICP-based techniques are
used to measure particle number concentration, size distribution and mass concentration. Zhao
et al. used SEM imaging to find that the root tip of Eichhornia crassipes after CuO NP exposure was
thinner than unexposed root. EDS analysis of the aggregates attached on epidermis showed the
presence of 37.6% (w/w) of Cu, confirmed that CuO NPs presented on the surface of root tips.
Further through TEM imaging, dark aggregates with high electron density were detected in the
intercellular spaces of cortical tissues in roots, and EDS analysis confirmed the presence of Cu on
these aggregates, indicating that CuO NPs were taken up by roots and located in intercellular
spaces [50]. Yang et al. used ICP-MS to find that CeO,-NPs were taken up from root and subse-
quently translocated to shoot tissues in Arabidopsis thaliana, Ce accumulation was much higher in
CeO,-NP treatments than those in CeO,-bulk and ionic Ce treatments, indicated that the toxicity
resulted from the CeO,-NPs per se rather than from the dissolved Ce ions. TEM images showed
the presence of a large number of needle-like particle aggregations in the intercellular regions and
the cytoplasm of leaf cells [49]. Stegemeier et al. used synchrotron-based p-XRF to visualize silver
distribution in duckweed roots exposed to Ag’ NPs or Ag,S NPs, or to AgNO.,. The silver Ko XRF
maps showed clear differences in the distribution of Ag for each type of Ag used. The silver was
distributed throughout the root tip and showed highest concentrations near the apical meristem
after exposure to AgNO,. A similar distribution of Ag in root tip was shown after exposure to
Ag’-NPs. While after exposure to Ag,S-NPs, a hotspot of silver located at the end of the root cap,
suggested that silver was not readily internalized in this case [51]. Pradas del Real et al. firstly used
u-CT to create 3D reconstructed image of wheat root after Ag NPs exposure for in situ 3D visual-
ization, then p-XRF was used to provide 2D elemental distribution [52]. Combination of u-CT and
u-XRF showed the presence of localized Ag accumulation regions with a size of 14 um adhering
on the epidermis. Nano-CT technique capable of higher spatial resolution revealed that these
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AgNPs accumulated preferentially in discontinuities between root epidermal cells. In addition,
many AgNPs were fixed on root hairs. With the methods to study Ag S-NPs treatment, u-XRF
showed that Ag is mainly colocalized with S, u-CT and nano-CT showed that these Ag accumula-
tion regions with a size from 3 to 8 um presented mostly on the root surface. Through ICP-MS
analysis, a higher Ag content in root and shoot was observed after exposure to AgNPs compared
to AgNO, exposure, suggesting a nano-specific accumulation mechanism [52]. Peng et al. used
ICP-OES to measure Cu content in root of rice after adding CuO NPs to the soil. The results
showed that Cu content in roots was significantly increased, with a much higher content than
aboveground parts. u-XRF analysis indicated that Cu accumulated in the aleuronic layer of rice,
but not the polished rice [53]. In another study, In order to study whether CeO, NPs can move
from the roots to shoots in cucumber after the root was exposed to CeO, NPs, TEM and EDS anal-
yses were performed and the presence of Ce particles in the xylem sap was confirmed, suggested
that Ce-containing species could be transported throughout the whole plant by vascular system.
ICP-MS analysis also confirmed the uptake of CeO, NPs from root to shoot [54]. Li et al. used the
macerozyme R-10 tissue extraction method followed by SP-ICP-MS to study the uptake and size
distribution of AgNPs in soybean and rice. Both SP-ICP-MS and TEM measurements indicated
that the size of Ag-containing NPs were 2-3 times larger than the originally dosed AgNDPs after
exposure to AgNDPs, indicating the AgNPs biotransformation processes were involved [55].

3.3. Biotransformation of NPs in plants

Biotransformation is defined as biochemical modification by living organisms [16, 56].
Biotransformation of NPs by plant may modify the toxicity, behavior, and fate of NPs in the plant
tissue. Biotransformation process may involve redox, dissolution, sulfidation, aggregation, and
adsorption of macromolecules and ion [10, 57]. XAS and STXM are the most frequently used
techniques to characterize the speciation of NPs during cellular internalization and intracellular
biotransformation. Zhao et al. used EDS technique to find that S present on aggregates in the
intercellular spaces of cortical tissues in Eichhornia crassipes (water hyacinth) roots after CuO NP
exposure, indicating that CuO NPs (or other Cu species) interacted with S-containing compounds
such as cysteine. XANES was employed to identify Cu species in roots and leaves after CuO NPs
internalization. XANES analysis revealed that CuO NPs in roots mainly kept the original pat-
tern (65.7% of CuO). Other Cu species included Cu-Ac (14.2%), Cu,(OH)PO, (8.7%) and 7.6% of
Cu,S. XRD spectrum of original CuO NPs showed that all peaks belonged to CuO, and no peak
on Cu,S was detected, indicating that the observed Cu,S in roots were formed after incubation
with CuO NPs [50]. Zhang et al. used Bulk-XANES technique to study transformation of nCeO,.
XANES spectra of root and shoot showed similar feature as the initial nCeO,; Results showed that
Ce in lettuce mostly presented as CeO,, with a small fraction of CePO, in roots (4.3%) and Ce car-
boxylates (3.5%) in leaves, suggested that nCeO, can release small amount of Ce* with the assis-
tance of organic acids and reducing substances in root exudates [48, 58]. Stegemeier et al. used
EXAFS spectra to determine Ag speciation in duckweed (Landoltia punctata) roots after exposure
to Ag’ NPs or Ag,S NPs, or AgNO,, revealed that more photo-reducible Ag species were gener-
ated after exposure to ionic Ag [51]. In contrast, a higher prevalence of sulfur associated Ag species
(as a mixture of Ag S (64%) and Ag-thiol (53%) were produced after exposure to Ag’ NPs or Ag,S
NPs treatment. Bulk EXAFS analysis of Ag,S-NP treatment indicated that plant is unable to dis-
solve or transform a significant amount of the Ag,S-NPs after 24 h exposure [51]. In another study,
pu-XANES spectroscopy was employed to determine speciation of Ag at root after Ag NPs exposure.
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tu-XANES revealed that Ag was mostly present as metallic Ag in the epidermis, but inside the
roots Ag was homogeneously distributed in the cell walls of the cortex as a mixture of Ag-thiol
species and other ionic Ag species, suggested the biotransformation of Ag occurred. Moreover, no
Ag(0) was observed inside roots, implied that Ag-NPs were completely dissolved and complexed
by organic ligands [52]. Peng et al. used Bulk-XANES to analyze translocation and transformation
of CuO NPs in rice, the results revealed that Cu element mainly existed in the form of copper
citrate, only a small portion of Cu kept original CuO form in roots, stems, and leaves of rice after
CuO NP treatment. During CuO NPs internalization in rice, one-third of Cu(Il) was transformed
to Cu(I) which was mainly associated with cysteine. CuO, copper citrate, and copper (I) acetate all
accounted for nearly 30% of the total Cu in the chaff [53]. Ma et al. combined p-XRF and p-XANES
to detect CeO, NPs or its transformation species in the xylem sap, shoots and roots of cucumber
after exposure to CeO, NPs, revealed that about 15% of Ce was reduced from Ce(IV) to Ce(Ill) in
the roots after treatment, and Ce was transported as a mixture of Ce(IV) and Ce(III) from roots to
shoots through xylem, while was transported almost only in the form of CeO, from shoots back to
roots through phloem [54]. Peng et al. used bulk-XANES to analyze Cu speciation in the tissues of
rice plants after exposure to CuP NPs, indicated that Cu was combined with cysteine, citrate, and
phosphate ligands, and some of the Cu (II) was transformed to Cu (I) during CuO NP uptake, and
confirmed that CuO NPs were transported from the roots to the leaves. In order to further study
Cu biotransformation in cellular level, they firstly used p-XRF to map Cu element distribution in
the root; the results revealed that Cu was mainly localized in the root epidermis and exodermis.
Then p-XANES was employed to determine speciation of Cu element at selected spots in p-XRF
map. In addition, combination of STXM with Cu L3-edge XANES spectroscopy was used to map
the in situ elemental composition of Cu in the root cells, the results confirmed that speciation of
Cu in the root cells and the intercellular space existed in the form of Cu-citrate and CuO NPs,
respectively [10]. Zhang et al. used TEM to detect the uptake and localization of nano-Yb,O, in
cucumber roots after exposure, found that a lot of high electron-dense dark deposits looked like
fine needle-shaped nanoclusters in the intercellular spaces and middle lamellas in the cross sec-
tions of cucumber roots, later EDS analysis confirmed the presence of Yb in these dark deposits. In
order to identify the chemical species of Yb in these dark deposits, the chemical distribution was
mapped by STXM, and NEXAFS spectra were extracted, results indicated that this compound was
inferred to be YbPO,, suggesting that Yb,O, particles and YbCl, were all transformed to YbPO, in
the intercellular regions of the roots, and indicating that biotransformation and internalization of
Yb,O, nanoparticle took place in plant cell, which conferred phytotoxicity to plant [59]. In another
study, Zhang et al. used the same methodology to investigate the biotransformation of CeO, NPs
in cucumber. TEM images showed the presence of needle-like clusters on the epidermis and in
the intercellular spaces of cucumber roots after CeO, NPs exposure. STXM imaging indicated that
the chemical composition of needle-like clusters is CePO,. Further XANES analysis showed that
Ce presented in the roots as CeO, and CePO, while in the shoots as CeO, and cerium carboxylates,
confirming biotransformation of CeO, NPs in plant cells [16]. In order to determine the toxicity
and fate of nanoparticles upon exposure to plants, Wang et al. combined a variety of techniques
to investigate the cellular internalization and intracellular biotransformation of silver nanopar-
ticles in Chlamydomonas reinhardtii. NanoSIMS was firstly applied to analyze the distributions of
Ag in algal cells, silver was observed to accumulate predominantly on the cell walls and in the
cytoplasm of the algae after exposure to AgNPs. Then HAADF-STEM was performed to examine
the accurate localization and morphology of Ag, HAADF image showed that a set of bright spots
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Figure 1. Schematic diagram represent a regular work flow of NPs characterization in plant. A selection of analytical
techniques is shown. Red dots indicate NPs at the moment of application. Yellow and blue dots indicate different
elemental species of NPs after biotransformation in plants. The images of SP-ICP-MS, EDS, TEM, STXM, p-XRF and
pu-XANES are adapted from [16, 18, 44, 60].

located mainly in the periplasmic space and cytoplasm, TEM was further used to observe mor-
phology of these bright spots. EDS analysis showed that these bright spots were Ag-containing
substances; moreover, Ag and S always occurred concomitantly. EDS-mapping confirmed that
Ag was almost exclusively co-localized with S in the cytoplasm of algae but not in the periplasmic
space. Later, Synchrotron based Ag K-edge XAS was performed to further identify Ag speciation
after exposure. It was found that Ag glutathione complexes and Ag S represented the main specia-
tion, suggested that Silver was also found to coexist with sulfur inside the cytoplasm in the form of
Ag-GSH and Ag S [36]. A regular work flow of NPs characterization during plant-NP interaction
with the application of the most-frequently used techniques is shown in Figure 1.

4. Conclusion and future perspectives

Although the combination of these techniques described in this review is capable of taking over
most of the task on the characterization of NPs during plant-NP interaction, considerable limita-
tions of these techniques still remain to overcome. Many techniques are destructive, such as TEM,
SEM and nanoSIMS, which means the same sample cannot be analyzed twice or by another method
for validation. Analytical artifacts are sometimes inevitable during some sample preparation



114  New Visions in Plant Science

procedures. Because biological samples is usually hetero-dispersed and multicomponent, with
diverse elemental compositions and sometimes contain multiple types of NPs, the analysis of
NPs in these samples is thus quite complicated and a variety of methodology is utilized to pro-
vide complementary information, while the results measured by these different methods are not
always comparable, which may partially due to different sample preparation procedures in dif-
ferent techniques. Further, instrument operation procedures and statistical analyses are likely to
contribute to the complexity and uncertainty. Another challenge arises when analyze samples
with low concentrations of the analyte. In non-hyperaccumulating plant species, visualizing the
spatial distribution of NPs and detecting reliable in situ information about the chemical specia-
tion of trace elements will be very difficult. In this case, analytical techniques with high sensitivity
are desired to measure low concentrations of NPs. An ideal analytical technique should be able
to simultaneously determine all parameters regarding plant-NP interaction, such as article size,
morphology, structure, size distribution, mass concentration, translocation, elemental speciation
and etc. It should be sensitive and accurate enough for in situ detection and characterization of
trace element in complex biological samples in a non-destructive way. Although none of the exist-
ing techniques are able to solely provide all the information desired, we believe that a promising
evolution of analytical methodology is taking place and will be capable of fulfilling requirements
as much as desired to provide sufficient information about plant-NP interaction.
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