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Abstract: Metal-based nanoparticles (MNPs) are increasingly prevalent in the environment due
to both natural processes and human activities, leading to direct interactions with plants through
soil, water, and air exposure that can have beneficial and detrimental effects on plant growth and
health. Understanding the uptake, translocation, and transformation of MNPs in plants is crucial
for assessing environmental risks and leveraging nanotechnology in agriculture. However, accurate
analysis of MNPs in plant tissues poses significant challenges due to complex plant matrices and the
dynamic nature of nanoparticles. This short review summarizes recent advances in analytical methods
for determining MNP-plant interactions, focusing on pre-processing and quantitative nanoparticle
analysis. It highlights the importance of selecting appropriate extraction and analytical techniques to
preserve nanoparticle integrity and accurate quantification. Additionally, recent advances in mass
spectrometry, microscopy, and other spectroscopic techniques that improve the characterization of
MNPs within plant systems are discussed. Future perspectives highlight the need to develop real-time
in situ monitoring techniques and sensitive tools for characterizing nanoparticle biotransformation.
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1. Introduction

Plants inevitably come into contact with nanoparticles (NPs), which are widely present
in the environment from both natural and anthropogenic sources [1]. The production of
nanotechnology products has surged in the past few decades, resulting in 11,172 commercial
products available on the market [2]. Due to their excellent optical, electromagnetic, and
mechanical properties, metal-based NPs (MNPs) have become the most widely used
nanomaterials, with diverse applications in medicine, catalysis, environmental remediation,
antibacterial applications, and agricultural production [3-7]. Engineered MNPs can be
intentionally or unintentionally released into the environment, such as through wastewater
and sludge discharge or as nano-fertilizers applied to soil [8,9]. Considerable amounts of
natural NPs are also formed in the environment each year [10], including MNPs and their
oxides, hydroxides, and sulfides derived from wind erosion, weathering, volcanic activity,
cosmic dust, biomineralization, and biomass combustion [1].

MNPs exhibit relatively high bioavailability, specifically those smaller than 20 nm. Com-
pared to bulk materials, they can penetrate physiological barriers of plants such as the cuticle
layer, stomatal pores, cell walls, cytomembranes, and plasmodesmata channels [11,12]. More-
over, when compared to metal ions or chelated forms, MNPs have a greater tendency to
adhere to and remain on leaves and gradually absorbed [13].

The exposure of plants to MNPs can have positive or negative effects on their growth,
resistance, and overall health [14-16]. The biological behavior of MNPs within plants—
specifically uptake, translocation, and transformation—is a critical factor contributing to
these effects. On the one hand, the design of MNP-based agricultural products should
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consider this. For instance, a stomata-targeted nano-pesticide based on gold nanoparti-
cles (AuNPs) coated with LM6-M, an antibody with affinity for stomata, was used to kill
pathogens that penetrate open stomata and spread to other parts of the plant [17]. On the
other hand, the potential risks associated with MNP exposure are also a concern. Both
foliar and root uptake of MNPs can interfere with a plant’s physiological health [16,18-20].
For example, foliar exposure to ceria oxide nanoparticles (CeO, NPs) can disrupt photo-
synthesis, perturb nutrient acquisition, and reduce fruit firmness in cucumbers [21]. After
root exposure, ytterbium oxide nanoparticles (Yb,O3 NPs) can inhibit root elongation and
decrease the biomass of cucumber plants [22]. MNPs can also be translocated through the
phloem or xylem and ultimately accumulate in edible plant parts, potentially resulting
in trophic transfer and toxicity to higher trophic organisms [23-26]. Several studies have
demonstrated that MNP transfer between lettuce and terrestrial snails, lettuce and horn-
worms, and algae—brine shrimp-guppy fish can cause oxidative damage to targeted organs,
inhibit the individual activity of animals, reduce feces excretion, decrease embryo and larva
numbers, and even lead to death [27,28].

The fate of MNPs in plants is also influenced by their biotransformation, as they are
highly dynamic and unstable. Changes can occur in size, morphology, surface chemistry,
and speciation, which are classified into three forms: chemical transformation, physical
transformation, and biological transformation [29,30]. Zinc oxide nanoparticles (ZnO NPs,
9 nm) quickly entered the roots of maize and were deposited in vacuoles [31]. The acidic
microenvironment of vacuoles dissolved ZnO NPs into Zn?* ions, which not only allowed
zinc to reach the stems and shoots but also induced toxicity, affecting plant growth, zinc
uptake, dry biomass production, and root morphology.

To gain detailed insights into the interactions between MNPs and plants, it is necessary
to develop suitable methods for determining the content, location, and biological behav-
iors of MNPs. However, traditional analytical tools used in nanotechnology and plant
science face two significant challenges: the complex and polydisperse matrices of plant
tissues, and the heterogeneity of MNPs undergoing various unclear transformations during
environmental processes [25]. To overcome matrix interference, MNPs can be extracted
from plant tissues before analysis, but preserving their properties during extraction is
crucial [32]. Alternatively, in situ analysis with high selectivity and sensitivity is a viable
choice [33,34]. To effectively analyze the complex MNPs in plants, the highest possible
spatial and chemical resolution is necessary, and multiple analytical techniques are usually
required in most cases.

This review focuses on the most recent advances in analytical methods for determining
MNP uptake by plants, emphasizing the importance of extraction and other pre-processing
techniques. The applications of various analytical methods—including mass spectrometry
(MS), microscopy, and spectroscopy—in studying MNP interactions with plants will be
discussed and compared with specific examples. Additionally, the main challenges for
future research are analyzed.

2. Extraction of MNPs from Plant Tissues

Quantitative analysis of MNPs in plants requires effective extraction of NPs from com-
plex biological matrices while preserving their physicochemical properties. The choice of
extraction method significantly impacts the accuracy of quantification and characterization.

2.1. Acid Digestion

Acid digestion is commonly used for releasing and collecting metals from plant tissues,
particularly for total metal quantification using inductively coupled plasma optical emission
spectroscopy (ICP-OES) or mass spectrometry (ICP-MS) [35]. Concentrated acids such as
nitric acid (HNO3), hydrochloric acid (HCI), hydrofluoric acid (HF), or their mixtures are
employed based on the specific MNPs, plant materials, and instrument parameters [21,36].
Acid digestion [37] was used to release molybdenum disulfide nanoparticles (MoS, NPs)
from soybean plant roots, shoots, and nodules. By using a mixture of HNO3 and H,O5, the
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study authors were able to dissolve the plant tissues and analyze the total molybdenum
content using ICP-MS. The study highlighted that while acid digestion is effective for total
metal analysis, it may not preserve the NP form of labile MNPs like MoS; NPs.

2.2. Enzymatic Extraction

Enzymatic extraction utilizes enzymes such as cellulase, hemicellulase, and pectinase
to digest plant cell walls gently, effectively releasing MNPs in their particulate form [38-40].
A multi-component enzyme mixture, Macerozyme R-10, is commonly used for sample
digestion. For example, AuNP particle recovery of 96% was achieved from lettuce leaves,
with size distributions matching those of the original NPs, as determined using single-
particle ICP-MS (spICP-MS) [38]. However, the acidic environment required for enzymatic
activity may lead to the partial dissolution of some MNPs. For example, Macerozyme R-10
extraction from lettuce leaves has been shown to significantly reduce the average diameter
of CuO NPs from 67 nm to 47 nm, as determined using spICP-MS [41].

2.3. Organic Solvent-Based Extraction

Organic solvents, such as methanol (MeOH), have been introduced as alternatives
to enzymatic extraction to avoid issues related to pH and incomplete digestion [32,41,42].
MeOH can disrupt plant tissues and extract MNPs with minimal changes in size distribu-
tion, as shown by a previous analysis of MeOH-extracted copper-based nanoparticles (CuO
NPs and Cu(OH); NPs) from lettuce leaves using spICP-MS [42].

2.4. Challenges, Method Comparison, and Future Directions

The current extraction methods and their typical applications are summarized in
Table 1. The main challenges in extracting MNPs from plant tissues include preserving NP
integrity, preventing dissolution or aggregation, and achieving complete recovery from
complex matrices.

Table 1. Extraction methods for investigating MNP uptake by plants.

Matrix MNP Extraction Agent Recovery Comments Ref.
Soybean plants  MoS, NPs HNOs, H,O, 98.1% (Mo total - [37]
mass)
HNOj, HCI The size c@lst.rlbutlon of extracted NP was
Rice plants TiO, NPs - more similar to the NP control after [43]
Macerozyme R-10 enzymatic treatment than acid treatment.
79-96% (particle The size distribution of extracted
Tomato plants AuNPs Macerozyme R-10 o \par particles matched well with the [38]
concentration) .
spiked NPs.
Potato, radish, TMAH 97.2-101.8%
carrot, and AuNPs (Au mass) - [44]
lettuce crops Macerozyme R-10 <1% (Au mass)
AuNPs 100% (Au mass)
80.8-98.6% Based on spICP-MS or ICP-TOF-MS, size
Lettuce, corn CuO NPs ' oy distribution, experimental detection
’ ’ Methanol (Cumass) o [41]
and kale leaves limits, and other parameters
7nO NPs 68.8-94.9% were evaluated.
(Zn mass)
Following 2 h extraction, the morphology
Spanish leaves AgNPs 4-MBA - and size of the extracted AgNPs were [32]

largely preserved.

Acid digestion effectively releases total metals but often alters or dissolves NPs,
making it unsuitable for studies requiring intact NPs [43]. Enzymatic extraction is gentle
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and preserves NPs’ properties better than acid digestion. However, it may not fully digest
lignin-rich tissues and can cause dissolution of sensitive MNPs at low pH [41,44]. Organic
solvent-based extraction offers an alternative that avoids low pH conditions and can
preserve NP integrity, but its efficiency may vary depending on tissue characteristics and
NP properties [41].

Developing effective standardized extraction protocols across a wide range of plant
tissues and NP types remains a significant challenge. Future research should optimize
extraction conditions, such as enzyme mixtures, solvent compositions, and mechanical
disruption techniques, to improve recovery rates and preserve NPs’ properties. Addition-
ally, understanding the interactions between NPs and plant matrix components will aid in
developing more effective extraction methods. With effective extraction and pre-processing,
quantitative analytical methods are needed to investigate how MNPs interact with plants.

3. Mass Spectrometry-Based Analysis

MS is a powerful analytical technique for quantifying and characterizing MNPs due to
its sensitivity, specificity, and ability to provide information on the mass-to-charge ratios of
atoms and molecules [45]. Various MS-based techniques have been developed to analyze
MNPs in plant tissues.

3.1. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS combines an inductively coupled plasma source with MS, enabling multi-
elemental detection with high sensitivity (detection limits reaching pg/g levels) [46].

3.1.1. Single Particle ICP-MS (spICP-MS)

spICP-MS allows for the detection and characterization of individual NPs in a suspen-
sion by introducing a dilute sample into the ICP-MS, enabling particles to be detected one
at a time [47-49]. A previous study used spICP-MS to quantify the particle size distribution
and concentration of CeO, NPs extracted from radish plants, revealing differences in NP
uptake and translocation within the plant [50].

3.1.2. Laser Ablation ICP-MS (LA-ICP-MS)

LA-ICP-MS enables spatially resolved analysis of elements within solid samples by
ablating material from the sample surface and analyzing the emitted ions [51-53]. LA-ICP-
MS was used to map ZnO NPs in tomato leaves and rice roots [51,54]. Using Zn as a tracer
element, the study authors visualized NP distribution and translocation pathways within
the plant tissue, demonstrating the utility of LA-ICP-MS in the in situ imaging of MNPs
(Figure 1) [51].

3.1.3. Other ICP-MS-Based Techniques

The hyphenation of ICP-MS with separation techniques, such as chromatography,
allows for the differentiation of ionic and particulate metal forms. HPLC-ICP-MS has
developed to separate AuNPs from ionic gold in algal cell lysates [55]. This approach
enabled the study authors to evaluate changes in NP size and speciation after uptake by
the algae, highlighting the potential of chromatographic separation coupled with ICP-MS
in studying NP transformations.
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Figure 1. LA-ICP-MS imaging for the distribution of MNPs in tomato stems. (a) LA-ICP-MS image
of Zn near the phloem and xylem tissues of the petiole connected to a leaf dosed with ZnO@MSN.
(b) The area of the LA-ICP-MS scan with the phloem (blue) and xylem (yellow) regions. (c) Overlay
of the LA-ICP-MS Zn signal (in red) with the microscopy image (b), the area of the sample that
LA-ICP-MS analyzed in (a) is marked in the red square frame of (c). Reprinted with permission
from [51]. Copyright 2023 American Chemical Society.

3.2. Secondary lon Mass Spectrometry (SIMS)

SIMS utilizes high-energy primary ion beams to bombard sample surfaces, generating
secondary ions for mass spectrometric analysis [56-58]. High-resolution secondary ion
mass spectrometry (NanoSIMS) was used to investigate the uptake and localization of
cadmium sulfide nanoparticles (CdS NPs) in chilis in a comparative foliar and root exposure
experiment (Figure 2) [59]. The NanoSIMS images showed that Cd was mainly enriched in
the leaf, stem, and root cell walls, providing insights into NP distribution and potential
accumulation sites.

3.3. Challenges, Method Comparison, and Future Directions

Key challenges in MS-based analysis include differentiating between nanoparticu-
late and ionic forms of metals, detecting NPs within complex matrices at low concen-
trations, and preserving NP integrity during analysis. Interference from plant matrix
components and the need for specialized instrumentation can also limit the applicability of
certain techniques.

spICP-MS provides particle size and number concentration information but requires
NPs to be in suspension, limiting its use for solid tissues unless coupled with appropri-
ate extraction methods. LA-ICP-MS enables spatial mapping without extensive sample
preparation but may have lower sensitivity for certain elements. SIMS offers high spatial
resolution and can analyze solid samples directly but may have limitations in quantification
and require complex data interpretation.

Developing methods that can accurately quantify and characterize NPs within intact
plant tissues without extensive sample preparation is a significant challenge. Enhancing the
sensitivity and specificity of MS techniques, as well as improving data analysis algorithms
for complex matrices, will be important. Integration of MS with other analytical methods,
such as imaging techniques, could provide more comprehensive insights into NP behavior.
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Figure 2. NanoSIMS imaging of the distribution of MNPs in chili plants. NanoSIMS elemental maps
(10 pm x 10 pum) of chili (a,b) leaf, (e f) stem, and (i,j) root tissues after foliar CdS NP exposure
obtained using O~ beam polarities to map 40Cat* and 114Cd~. (c,d,g,h k1) show the composite (multi)
elemental maps of the chili leaf, stem, and root, respectively, showing the relative locations of Cd
(red), Ca (blue), and Zn (green). Reprinted with permission from [59]. Copyright 2023 Elsevier.

4. Microscopy-Based Imaging Techniques

Microscopy offers high spatial resolution for visualizing MNPs within plant tissues,
providing insights into their localization and interactions at cellular and subcellular levels.

4.1. Electron Microscopy (EM)

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
are used to observe the morphology and localization of MNPs in plant tissues [60,61]. A
previous study [62] employed TEM to visualize AuNPs of various sizes and shapes in
Nicotiana benthamiana leaf cells (Figure 3). These TEM images revealed that rod-shaped
AuNPs (AuNRs) could penetrate cell walls and enter cells more effectively than spher-
ical NPs (AuNSs), contributing to understanding the mechanisms of NP uptake. High-
resolution SEM was used to observe the internalization of 10 nm AgNPs in green algae [63].
Their images showed NPs localized within cell walls, providing evidence of NP uptake
and potential pathways for entry.
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Figure 3. TEM analysis of the subcellular distribution of MNPs in tobacco leaves. Representative
TEM images of N. benthamiana plants 24 h post-infiltration with DNA-functionalized AuNSs with
diameters of 5nm (a), 10nm (b), 15nm (c) and 20 nm (d). The images show progressive magnifications
from left to right, with the red boxes indicating the magnification areas. Annotations represent the
cell wall (cw) and chloroplast (ch). The filled and open arrows indicate NPs associated with a single
cell wall or found between cell walls. Scale bars from left to right, 5 um, 1 um, 0.2 pm, and 50 nm.
Reprinted with permission from [62]. Copyright 2021 Springer Nature.

4.2. Optical Microscopy

Optical microscopy techniques, such as fluorescence microscopy and confocal laser
scanning microscopy (CLSM), enable the visualization of fluorescently labeled MNPs in
plant tissues [56,62]. A previous study [64] developed fluorescently tagged CeO, NPs by
encapsulating the hydrophobic dye Dil within polymer coatings. CLSM visualized the
distribution of CeO, NPs in cotton and maize leaves, distinguishing NP fluorescence from
plant autofluorescence. A previous study [65] utilized the inherent photoluminescence of
Cuy_,Se NPs to study their uptake in tomato roots. By observing blue fluorescence under
excitation at 405 nm, they confirmed the presence of intact NPs within root tissues.
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4.3. Two-Photon Fluorescence Microscopy (TPM)

TPM uses longer excitation wavelengths, reducing photodamage and increasing imag-
ing depth compared to conventional fluorescence microscopy. Two-photon fluorescence
microscopy was used to observe fresh plant sections exposed to CuO NPs [66—-69]. The
detected fluorescence signals attributed to NPs demonstrate the potential of this technique
for studying NP uptake in thick plant tissues.

4.4. Dark-Field Microscopy (DFM) and Hyperspectral Imaging (HSI)

DFM detects scattered light from NPs, particularly noble MNPs like AuNPs and
AgNPs [63,70,71]. HSI provides spectral information for each pixel, aiding in distinguishing
NPs based on their optical properties. The combination of DFM with HSI was used to
study AgNPs’ interactions with green algae [63]. The strong light scattering from NPs on
the cell surface, and hyperspectral analysis allowed for differentiating between NPs and
other cellular components.

4.5. Challenges, Method Comparison, and Future Directions

Major challenges in microscopy-based techniques include distinguishing NPs from
background signals due to plant autofluorescence or other cellular components, potential
alterations to samples during preparation (e.g., dehydration in EM), and limitations in imaging
depth and resolution. Fluorescent labeling may alter NP properties or introduce artifacts.

Electron microscopy offers high spatial resolution but requires extensive sample
preparation and may not be suitable for living tissues. Optical microscopy techniques
like CLSM and TPM allow for imaging of living tissues and real-time observation but
may suffer from limited resolution and interference from autofluorescence. DFM and HSI
provide label-free detection of NPs but may be limited to certain types of NPs with strong
scattering properties.

Advancing microscopy techniques to achieve higher resolution and deeper imaging
in living plant tissues without introducing artifacts is a significant challenge. Developing
non-invasive, label-free imaging methods that can accurately detect and track NPs within
complex biological systems will be important. Combining microscopy with other analytical
techniques, such as spectroscopy, could enhance the ability to characterize NPs in situ.

5. Spectroscopy-Based Analysis

Spectroscopy involves the interaction of electromagnetic radiation with atoms or
molecules to obtain structural and compositional information.

5.1. X-ray-Based Technigues

X-ray-based techniques are ideal for the in situ detection of MNPs within plant tissues
due to their large penetration depths [72-74].

5.1.1. Synchrotron Radiation (SR) Techniques

SR provides intense, tunable X-ray beams for advanced spectroscopic analyses [75-77].
The combination of X-ray absorption spectroscopy (XAS) and micro X-ray fluorescence
mapping (u-XRF) was used to study the speciation and distribution of CeO, NPs in
cucumber plants (Figure 4) [78]. X-ray absorption near-edge spectroscopy (XANES) dis-
tinguished between Ce(III) and Ce(IV) species, indicating the biotransformation of NPs.
u-XRF provided spatial maps showing Ce accumulation in root tips and leaf veins, revealing
translocation pathways.
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Figure 4. Combining p-XRF and XANES techniques for analyzing the distribution and chemical
speciation of MNPs in cucumber plants. (a) u-XRF images of Ce in cucumber roots and leaves
after exposure to 1000 mg/L Cs-nCeO, and PAA-nCeO;. The red area of each map corresponds to
the maximum concentration of the Ce element. The lateral roots are denoted by the white boxes
in the light microscope images. The scale bars for the roots and leaves represent 100 and 500 pum,
respectively. Analyses of Ce XANES spectra (b) and the total contents of Ce(III) and Ce(IV) in the
roots (g/kg) and shoots (mg/kg) (c) of cucumber exposed to 1000 mg/L Cs-nCeO, and PAA-nCeO5.
Reprinted with permission from [78]. Copyright 2019 American Chemical Society.

5.1.2. Proton-Induced X-ray Emission (PIXE)

PIXE utilizes proton beams to induce characteristic X-ray emissions from elements
within a sample [79,80]. The combination of PIXE with Rutherford backscattering spectrom-
etry (RBS) was used to detect Cu and macronutrients in Myriophyllum spicatum exposed
to CuO NPs [80]. Elemental maps showed Cu accumulation in parenchyma and vascular
tissues, providing insights into uptake and internalization mechanisms.

5.2. Infrared and Raman Spectroscopy

Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy provide in-
formation on molecular vibrations, aiding in the analysis of organic components associated
with MNPs [81-86].



Nanomaterials 2024, 14, 1939

10 of 17

5.2.1. FTIR Spectroscopy

Attenuated total reflectance FTIR (ATR-FTIR) spectroscopy was used to examine the
formation of biomolecule coronas on CuO NPs in pumpkin xylem fluid [81]. The spectra
indicated the adsorption of organic molecules onto NP surfaces, affecting their stability
and transport.

5.2.2. Surface-Enhanced Raman Spectroscopy (SERS)

SERS enhances Raman signals through MNP substrates, enabling sensitive detec-
tion of molecular vibrations. An SERS-based method was developed for ultrasensitive
quantification and imaging of AgNPs on spinach leaves [87,88]. By attaching Raman re-
porter molecules to AgNPs, in situ mapping of NP distribution and penetration depth
was achieved, demonstrating the technique’s potential for studying NP interactions with
plant surfaces.

5.3. Laser-Induced Breakdown Spectroscopy (LIBS)

LIBS uses laser ablation to generate plasma emissions from sample surfaces, enabling
rapid, multi-element analysis [89]. LIBS was used to study the distribution of CdTe quan-
tum dots (QDs) [90] and photon-upconversion NPs [91] and in duckweed. For an example
of CdTe-QDs [90], by mapping the elemental distribution of Cd and Te, the uptake and
translocation of QDs within the plant were assessed, highlighting LIBS as a useful tool for
the whole-slide imaging of MNPs.

5.4. Challenges, Method Comparison, and Future Directions

Spectroscopy-based analysis faces challenges such as limited sensitivity for certain
elements, interference from complex plant matrices, and the need for specialized equipment
like synchrotron facilities. Distinguishing between different chemical forms of NPs and
accurately quantifying them within tissues can be difficult.

X-ray-based techniques offer deep tissue penetration and the ability to determine
speciation but require access to synchrotron radiation sources and may have limited spatial
resolution. Infrared and Raman spectroscopy provide molecular-level information but can
be affected by fluorescence background and may lack sensitivity for low-concentration ana-
lytes. SERS enhances sensitivity but depends on the availability of suitable NP substrates
and may introduce complexity in sample preparation.

Enhancing the accessibility and sensitivity of spectroscopy techniques for studying
MNPs in plants is a key challenge. Developing portable or laboratory-scale instruments
that can achieve similar performance to synchrotron-based methods would broaden their
applicability. Improving data analysis methods to interpret complex spectra from heteroge-
neous biological samples will also be important. Integrating spectroscopy with imaging
techniques could provide comprehensive insights into NP distribution and transformation.
The current techniques for analyzing MNPs in plants and their typical applications are
summarized in Table 2.
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Table 2. Techniques for analyzing MNPs in plants.
. Morphology,
Technique Plants MNP [Original Particle Size] = Sample Preparation é%‘g&%‘gl [Sp ati];i) ;{a ::r(:)rlluti on] Conéli))(éiiitait(;g;land Ref.
spICP-MS Radish plants CeO; NPs [56.9 + 1.2 nm] Enzymatic digestion nggiiﬁg?:ﬁr - Size distribution of NPs [50]
: : Subcellular location of NPs  Size distribution of NPs
LA_f/IFSICP_ Onion cells AgNIEZ(géﬁ rluzn], A]uNPs Fresh tlsTues Ii).lgced P?éggleigg{?g?r and distribution of ionic and analysis of NPs and [52]
nm on a glass slide forms [3 um] ionic forms
Dried leaf fi L trati P I ificati fL
LA-ICP-MS P. glomerata plants LapyO3 NPs [15-30 nm)] rlegue??tz 1s>1<ie(§1eon a a[rilca)sQS:C& rzlgeﬁlgr/agion La distribution in leaves denti 1ca1t\11(1)3r; of La;03 [53]
Speciation and size
HP]T\S[:;CP_ Green algae AuNPs [10, 40 nm] Ultrasonic disruption - - alteration between [55]
Au(IlT) and AuNPs
. Subcellular distribution of
NanoSIMS Water spinach and CdS NPs Tissue section Mass concentration (sq.) ~ T2CHN, 7325, 40Ca, and - [57]
pak choi plants [130 4 25 x 15 £ 8 nm] +114Cd [200 nm]
) : 3D distribution of Ag and .
T. aestivum, B. napus, ~ AgNPs [17 £ 3 nm], CeO, NPs . . Isotope concentration o . : Aggregate size
ToF-SIMS and H. vulgare plants 29 nm] Frozen tissue section (sq) Cein tissues [LR: 80 nm; distribution [58]
DR: 10 nm]
. DNA/RNA-AuNRs [13 x 68 Tissue section on _ Intracellular location of .
TEM N. benthamiana plants nm], AuNSs [5, 10, 15, 20 nm] copper grids AuNPs Shape and size of AuNPs [62]
CS@CH [15-30 nm], CS@OA Fresh tissue fixed on Adhesion force between
AFM Tomato plants [15 £+ 8 nm] a glass plate B B NPs and root [65]
CLSM thton 1and 11‘17) i_ 6C 52281\:15?)[77,?0%1989, Fixed tissug mounted _ Colocalization of CeO, _ [64]
maize plants 13.6 + 9.0 nm] on slides NPs and chloroplasts
Fresh t 1 thi Ti locati f CuO
TPM Sweet potato roots CuO NPs [10-100 nm] res ;22;‘;?:61 n - 1ssu§P(;C[a6581;1;)n] u - [66]
DFM-HSI AoNPs [10.0 + 1.8, 60.8 4+ 6.6 Fresh (C)rellzs;iisg:nsmn - Subcellular location of NPs NPs’ identification
Green algae B E25. 08 ot nm] : (631
SEM ' e ' Tissue section - NP location on cell Shape and size of NPs
surfaces
. Content of Ce(III) and Transformation between
XANES Dried powder Ce(IV) (sq.) - Ce(IIT) and Ce(IV)
L XRF Cucumber plants CeO;, NPs [7 nm] Fresh plants ] Ce distribution on tissue ] [78]

surface [50/100 um]
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. Morphology,

Technique Plants MNP [Original Particle Size] = Sample Preparation é%‘g&%‘gl [Sp ati];i) ;{a ::r(:)rlluti on] Conéli))(éiiitait(;g;land Ref.

EXAFS A. thaliana (wt. and . Bond of CdS NPs with
+XANES mut.) CdS QDs [5 nm] Dried powder B B biomolecules (73]
PIXE/RBS M. spicatum plants CuO NPs [64.9 4 8.5 nm] Freezg;;lggﬂstlssue Cu content (sq.) Tlssuelgézﬂilzl?gt&%?] of Cu, - [80]

Centrifugation and Relative atomic Elemental composition,
XPS §3p§srir;:1a2; abundances of Cyg, Ny, - cforontzfl thl(lzkness, an?
: : CuO NPs p o and Oy [sq.] unctional groups o

Pumpkin xylem fluid [120 + 40 x 900 + 300 nm] gold-coated silicon CuO NPs [81]

. Dynamic evolution of

ATR-FTIR Suspension ) ) chemical bonds of corona
Organic solvent Mass concentration of
AoNP %xtraction AgNPs (sq.) ) Aggregate of AgNPs
SERS Spinach leaves &N Bonds of AgNPs with [88]
[39 £4,50 £ 4,97 + 11 nm] P ion depth of onds of AgINI's wi
Air-dried 1 enetration depth o 1 .
ir-dried leaves - AgNPs [10 pm] sulfur-containing
biomolecules
Cd-based QDs Molded dried leaves ~ Cd spatial distribution in .

LIBS Duckweed fronds [4.05.4, 4.04.4 nm] glued with epoxide fronds [200 pum] 501

LOD: limit of detection, LOQ: limit of quantification, LR: lateral resolution, DR: depth resolution, and sq: semiquantitative. EXAFS: extended X-ray absorption fine structure, XPS: X-ray
photoelectron spectroscopy.
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6. Conclusions and Perspectives

Advancements in analytical methods have significantly improved our ability to study
the uptake, translocation, and transformation of MNPs in plants. Effective extraction and
pre-processing procedures are critical for preserving NP integrity and ensuring accurate
quantification and characterization.

Enzymatic extraction is generally accepted as it removes plant tissues while preserving
MNPs. However, limitations related to pH and incomplete digestion necessitate alternative
approaches, such as organic solvent-based extraction. Acid digestion remains useful for
total metal content analysis but may not preserve NP properties.

MS techniques, particularly ICP-MS and its variants, provide sensitive and specific
quantification of MNPs. Spectroscopic methods offer insights into NP speciation, sur-
face properties, and interactions with biomolecules. Microscopy techniques enable high-
resolution visualization of MNPs within plant tissues, aiding in understanding their local-
ization and dynamics.

Despite these advances, challenges remain:

Real-Time In Situ Monitoring: Developing techniques that enable simultaneous quan-
tification and localization of MNPs in real time is critical for understanding their behavior.
Current methods often require sample preparation that may alter NPs.

Characterization of Biotransformation: During interactions with plants, MNPs may
undergo transformations involving biomolecule adsorption or internalization. Few tech-
niques can analyze the organic components associated with transformed NPs with high
sensitivity and selectivity.

Future efforts should focus on developing novel analytical tools that combine high
sensitivity, selectivity, and spatial resolution without extensive sample preparation. Inte-
grating multiple analytical approaches will enhance our understanding of MNP behavior
in plants, informing safe and effective applications of nanotechnology in agriculture and
environmental management.
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