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Summary

The ability to provide a fast and multielemental analytical response directly from a
solid sample makes both laser-induced breakdown spectroscopy (LIBS) and X-ray
fluorescence spectrometry (XRF) very versatile tools for plant nutrition diagnosis. This
review focuses on the main developments and advances in LIBS and XRF in the analysis of
plant materials over the last ten years. Fundamental aspects and instrumentation are given
for both techniques. The developments in the quantitative analysis of plant leaves are
discussed, with special emphasis on the key aspects and challenges concerning field
sampling protocols, sample preparation, and calibration strategies. Microchemical imaging
applications by LIBS and XRF (including synchrotron radiation) are also presented in a
broader selection of plant compartments (e.g., leaves, roots, stems, and seeds). Challenges,
expectations and complementarities of LIBS and XRF towards plant nutrition diagnosis are

thoroughly discussed.

Page 2 of 80



Page 3 of 80

oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

1 - Introduction

Macro- (C, H, O, N, P, K, Ca, Mg, S) and micronutrients (Fe, Cu, Mn, Zn, B, Mo,
Cl, Ni)"? are required for healthy plant growth and can decrease crop yields if not present
in appropriate mass fractions in the different plant tissues.’” Additionally, beneficial
elements (e.g., Al, Co, Na, Se and Si) promote growth and may be essential to particular
taxa, but are not required by all plant species.” The functions and mass fractions of these
elements vary substantially among plant species.” For instance, Si-based fertilizers have
provided considerable improvements in productivity of crops from the Poaceae family,
such as sugar cane, maize, wheat, and rice.® Supplementary information on the roles of
macro-, micronutrients and even beneficial elements on several crops are given elsewhere."
7

The mineral nutrition status of plants is often assessed by foliar diagnosis. By
applying this strategy, plant production can be optimized by the correction of any
deficiency that may limit the adequate development of e.g. cereals, vegetables and fruits.’
Elemental analysis of plant tissues is an important tool not only from the agronomic point
of view, but also in ecological and physiological studies.®’

For instance, the first action in agricultural management practices towards plant
nutrition diagnosis is the inspection of plant leaves in the field, which may reveal
characteristic visual symptoms of nutrient(s) deficiency(ies), or even toxicity. However,
there are some cases where the plants do not develop deficiency symptoms when an
essential nutrient is poorly available, being not possible to determine any visual difference

between healthy and unhealthy plants. A less expressed deficiency (i.e., a hidden
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deficiency) can only be identified with the assistance of advanced spectroanalytical
techniques appropriate for in situ plant nutrition diagnosis, such as X-ray fluorescence
spectrometry (XRF), laser-induced breakdown spectroscopy (LIBS), near infrared
spectroscopy (NIR), and chlorophyll (Chl) a fluorescence.'” Those fast-response
spectroscopy approaches offer rapid and easy-to-use means for assessing plant nutritional
status; their feasibility and applicability (i.e., special features, drawbacks, and validity of
results) to be used either in the lab or directly in the field were recently reviewed by van
Maarschalkerweerd and Husted. "

For plant nutrition diagnosis, the nutrients mass fractions in plant leaves are usually
compared to reference values, which are commonly expressed as either sufficiency ranges
(SR) or critical threshold concentrations (CTC). SR are the nutrient mass fractions at which
plants are adequately nourished,'® whereas the CTC closely match the inferior limits of the
SR, and correspond to the conditions wherein plants are more likely to produce 90 percent
of their maximum theoretical yields.* Table 1 presents the SR of macro- and micronutrients
in selected crops.

The most common approach for routine analysis of plant leaves aiming at the
evaluation of their mineral content involves acid digestion followed by inductively coupled
plasma optical emission spectrometry (ICP OES)® or inductively coupled plasma mass
spectrometry (ICP-MS)’ measurements. Modern sample preparation procedures used for
plant materials are based on microwave-assisted digestion with HNO; + H,0, in closed
vessels. Nonetheless, even for these methods, sample preparation is generally the most
critical step demanding much of the total analysis time. In this aspect, efforts have been
made towards the direct analysis of plant materials by analytical techniques such as LIBS

and XRF, among others.>
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The direct analysis of solids diminishes the number of steps in the analytical
sequence and minimizes or even eliminates the generation of chemical waste.'? In addition,
other advantages have also been emphasized, such as the reduced risks of contamination
and analyte losses due to the minimal sample manipulation. Furthermore, this strategy
provides better laboratory safety practices and can reduce the number of uncertainty
sources.”

In the past few years, LIBS and XRF have been experiencing a boost of applications
in the extensive scenario of agricultural and environmental sciences. While LIBS has
emerged in the contemporary market due to its promising features aiming at direct analysis

of solid samples,"*'®

XRF has been used in several fields of applications for many decades,
featuring well-established methods (including dozens of ASTM standard test methods) and
commercially available instruments since the 1950s. Both techniques have been playing
important roles on the recent developments in the agricultural sciences, mainly targeting at
plant nutrition diagnosis.* "%

LIBS and XRF can provide useful information on the elemental composition of
solid samples, presenting attractive features such as fast analysis, high sample throughput,
little or even no sample preparation, multielemental and simultaneous capabilities, non-
destructiveness (particularly for XRF), and the appeal of portability.'® ' ' 23 The
possibilities to perform microchemical imaging by both LIBS and XRF provide useful
information on elemental distribution within plant tissues. Recent findings have
demonstrated that both techniques can be reliable alternatives to the well-established

methods aiming at the determination of macro- and micronutrients in plant materials, such

as ICP OES after microwave-assisted acid digestion.'” Notwithstanding, calibration is still a
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critical issue for both LIBS and XRF, which can be properly carried out when
recommended boundary conditions, such as matrix-matched standards, are used. ' %

This review focuses on main developments in LIBS and XRF in the analysis of
plant materials over the last ten years. No attempt has been made to thoroughly quote all
literature published in this period, but pioneering studies published before this period are
also be considered. After introducing the fundamental aspects and instrumentation available
for both techniques, this paper presents the developments in the quantitative analysis
focused on the analysis of plant leaves, wherein the key aspects and challenges concerning
field sampling protocols, sample preparation, and calibration, are approached.
Microchemical imaging applications by LIBS and XRF (including synchrotron radiation
source) are also presented in a broader selection of plant compartments (e.g., leaves, roots,

stems, and seeds). Challenges, expectations and complementarities of LIBS and XRF

towards plant nutrition diagnosis are thoroughly discussed.

2 — Instrumentation

2.1 — Laser-induced breakdown spectroscopy

LIBS is an analytical technique that uses a laser-induced plasma as the vaporization,
atomization, and excitation source to determine the elemental composition of a sample by
optical emission spectrometry (OES).”” Assorted different LIBS experimental
configurations have been described in the literature.'® The basic components of LIBS setup
include: pulsed laser source(s), optical components to focus the laser energy on the sample

surface and collect the radiation emitted from the excited species (i.e., atoms, ions and
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molecules) within the laser-induced plasma (LIP), a spectrometer coupled to a suitable
detector to resolve the incoming radiation and record the emission spectra, and an
electronic processing unit to synchronize the laser source and gated spectrometer.

The most used laser source applied for the analysis of plant materials is the
nanosecond (ns) Q-switched Nd:YAG laser operating at the fundamental wavelength (1064
nm);’ the second (532 nm) and fourth (266 nm) harmonics have been less employed,
although benefits concerning the minimization of matrix effects and increase of
measurement precision can be derived from ultraviolet (UV) laser ablation.” Commercially
available Nd:YAG lasers present a wide pulse energy spanning range (from few mJ up to 1
J) with low shot-to-shot energy fluctuation. Femtosecond (fs) lasers can provide higher
spatial resolution analysis due to lower thermal effects on sample surface and lower lateral
damage after laser ablation.”®

Plano-convex lens(es) is(are) often employed for laser focusing onto sample
surface. The laser pulse energy and the optical focusing setup determine the laser fluence
and irradiance on the target surface, which in turn affect the LIBS performance and
detection capabilities. For a better understanding of these effects, readers are invited to read
the comprehensive review from Aguilera and Aragén,”” and specific literature concerning

plant materials.* **

The emitted light from the plasma is generally collected by using either
plane-convex quartz lenses or mirrors, which is then focused into fibre optic cables coupled
to the entrance slit of a spectrometer or directly into it. For spectral analysis and signal
detection, a large variety of spectrometers is available; they are assembled e.g. either with
Czerny—Turner or Echelle optics, and CCD (charge-coupled device) or ICCD (intensified

charge-coupled device) detectors. Spectra acquisition parameters (delay time - #4; and

integration time gate - #;) should be properly defined for appropriate time-resolved analysis.

7
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The choice of more suitable spectrometers for plant analysis depends on the spectral
selectivity and sensitivity required. For instance, spectrometers designed with Echelle
optics and ICCD detectors offer better spectral resolution at a broad wavelength range (e.g.,
200 to 1000 nm) and sensitivity, being suitable for the determination of micronutrients
(e.g., B, Cu, Fe, Zn, Mn) at mg kg'1 mass fraction contents (Table 2).3 On the other hand,
compact spectrometers assembled with Czerny—Turner optics and CCD present lower
performance but they are very attractive in terms of flexibility, lower cost and portability.
They can be assembled as a compact multi-channel spectrometer covering a broad
wavelength range (e.g., from 200 to 1000 nm) with an intermediate spectral resolution (e.g.,
0.1 nm),'® being suitable for portable instruments.

Besides the detector capabilities, laser fluence plays an important role on sensitivity.
It has been observed that higher laser fluences (e.g., 50 J cm™, at 750 pum laser spot size)
increase the ablated mass, providing a larger LIP volume and higher sensitivities.” This is
one of the main reasons that limits the performance of portable instruments equipped with
relatively low-energy lasers (e.g., < 50 ml] per pulse) for the determination of
micronutrients in plant materials. The same is valid for fs-LIBS systems that provide
smaller LIP volumes (less intense spectra) and, consequently, higher limits of detection
(LOD) (Table 2). Of course, the development of compact high-energy lasers and high-
performance spectrometers should contribute to the availability of more sensitive portable
instruments in a near future. A review of the development of portable laser-induced
breakdown spectroscopy and its applications is given elsewhere.”’ Typical commercial
LIBS systems were compiled by Peng et al.'®

In the last ten years, a great effort has been devoted for increasing sensitivity in

LIBS, such as double-pulse LIBS (DP-LIBS), spatial-confinement LIBS, and resonance-

8
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enhanced LIBS approaches.'”® DP-LIBS is the most commonly strategy for signal
enhancement in the analysis of plant materials;**>" it employs a first laser pulse for ablating
the sample and generating a LIP, followed by a second laser pulse (few ps interpulse delay)
for re-exciting the pre-formed LIP, at collinear or orthogonal configurations.”> For more
information on DP-LIBS, readers are invited to consult the comprehensive review from
Tognoni and Cristoforetti.*”” No attempt has been devoted herein to systematically discuss

the LOD, which may vary substantially with the experimental setups employed.

Nevertheless, the LODs from selected applications will be given in Section 3.

2.2 — X-ray fluorescence spectrometry

The basic XRF setup consists of a source for the excitation, optical elements to guide,
shape or focus the X-ray beam on the sample and a detection system to analyse, record and
register the XRF spectrum. Depending on the type of detector, features of the source,
optical elements employed and the angle between them, different variants for the technique
arise. In general, XRF instrumentation can be divided into two groups regarding the
detection mode. The first and oldest one is the wavelength dispersive (WDXRF) detection
mode and the second is the energy dispersive detection (EDXRF). WDXRF employs a
crystal analyser yielding high energy resolution and sensitivity, whereas EDXRF employs
detectors that are able to discriminate the energy of the X-rays that reach the detector.
Energy dispersive detection is also sometimes abbreviated as EDS or EDX especially when
it is coupled to scanning electron microscopes.™

WDXRF presents lower LODs, higher precision, accuracy and resolution in terms of
differing the position and shape of transition peaks. The higher energy resolution is result

of the crystal analyser that select the wavelength of the X-ray photons that will reach the

9
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detector. This feature allows chemical speciation analysis,>* improves the limit of detection
and circumvent spectral line interferences, such as P Ko versus Zr La, Ti Ko versus Ba La,
and As Ka versus Pb Lao.

The whole spectrum can be recorded at once by using EDXRF; in the WDXRF mode
the monochromator scans through the desired narrow wavelength range. This feature makes
EDXREF an ideal choice for exploratory screening. Additionally, the higher speed can be
useful for high throughput systems, for samples that suffers from radiation damage, or for
handheld equipment, since this detection device does not have mobile parts such as the
WDXREF.

Among the X-ray-based methods, EDXRF is the most employed one for the analysis
of plant materials aiming at the determination of macro- and micronutrients due to its
inherent simplicity and relatively lower cost of benchtop instrumentation when compared to
WDXREF. Modern high-performance benchtop EDXRF spectrometers offer several
advantages, such as automated analysis, spectral deconvolution and fundamental parameter
algorithms.”> They are assembled with special chambers designed to operate under air,
vacuum or helium atmosphere, being suitable for the determination of micronutrients (e.g.,
Fe, Zn, Mn, Cu) at mg kg'1 mass fraction range (Table 2), with appropriate energy
resolution.'” ** 3> A systematic discussion concerning the instrumentation of both WDXRF
and EDXRF for the analysis of plant materials is given in the comprehensive review of
Margui et al."

Only excitation by X-rays is covered herein; nevertheless the readers must keep in
mind that this process can also be accomplished using particles such as electrons, positrons
or ions.”® The excitation by X-rays can be performed using radioactive sources or X-ray

tubes; the latter one is far more used than the first. The X-rays generated by these tubes can

10
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directly excite the sample; this is the most common approach in commercial equipment.
However, intending to reduce the background due to X-ray scattering, the primary beam
can be polarized through reflection on metallic surfaces or excite a second metallic
target. Perhaps, the most important and recent innovation on X-ray tubes regards the
production of the called microfocus tubes.’’ In these tubes, electromagnetic lenses focus
the electron beam generated in cathode, and a smaller spot collides against the anode
therefore producing a brighter X-rays beam. Additionally, XRF measurements can be
carried out in synchrotron radiation facilities. These sources present higher brilliance,
smaller beam size and polarized radiation, which in turn means higher sensitivity, lower
LODs and higher spatial resolution than that provided by X-ray tubes."

The X-ray beam can be even shaped or focused on the sample. Decreasing the beam
size allows one to analyse a specific area of the sample, usually this is called micro-X-ray
fluorescence spectrometry (-XRF). The simplest optical elements that delimit the analysed
area are collimators or slits; their main drawback is the reduction of photon flux. This can
be circumvented using bended mirrors, e.g. Kirkpatrick-Baez systems,*® or capillaries.*
Mono and polycapillaries are currently found in benchtop systems dedicated to
microanalysis. In synchrotron beamlines one can also find microbeams produced by Fresnel
zone plates.*’ In benchtop instruments, the X-ray beam size on the sample can reach tens of
micrometers whereas in synchrotron beamlines spot sizes are in the range of tens of nm.*'

Once a p-X-ray beam is available, one can perform pinpoint analysis or carry out
scans in one or two dimensions, i.e. line or map scans, in order to create a microchemical
image; the same is possible for LIBS. A combination of two polycapillaries focusing the

incoming beam on the sample and collecting the outgoing X-ray photons result in confocal

11
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measurements, i.e. in this geometry one can probe specific volumes of the sample under
analysis.*

There are several types of energy dispersive detectors; they are based on
semiconductors such as lithium-doped silicon detector [Si(Li)], PIN diode or silicon drift
detector (SDD). Si(Li) can be manufactured thicker than SDD detector making them more
suitable for higher energies, however they need to be cooled by liquid N,. Most of current
benchtop instruments are equipped with either [Si(Li)] or SDD detectors. PIN diode is
cheaper and can be produced with larger area providing larger solid angle for photon
detection, whereas SDD presents higher energy resolution, ca. 125 eV for Mn Ka compared
to 140 eV of Si PIN. There are also arrays of energy dispersive detectors forming a
pixelated detector that allows to record chemical images without scanning the sample, such
as the colour X-ray camera.®

The miniaturization of X-ray tubes and detectors allowed the manufacturing of
reliable handheld portable XRF (P-XRF) spectrometers, which are equipped with Peltier-
cooled SDD detectors and X-ray tubes with 50 kV maximum voltage. Portable vacuum
pumps can enhance sensitivity for the detection of low atomic number (Z) elements. At the
moment, P-XRF instruments present similar analytical performance to benchtop units in the
analysis of plant materials.? Noteworthy, P-XRF also provides appropriate LOD values
aiming at plant nutrition diagnosis (Table 2). Notwithstanding, the detection of low Z
elements such as Si, P and S, which is limited by their low fluorescence yields, may be

improved by using X-ray tube anodes made from low Z elements (e.g., Cr).**

12
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3 — Quantitative analysis of plants

Substantial progress has been reached towards quantitative plant analysis by both
LIBS and XREF, i.e., the appropriate mathematical conversion of the emission intensities of
the selected emission lines and X-ray characteristic energies, respectively, into elemental
mass fractions for the corresponding analytes. Despite the use of matrix-matched standards
has been recommended,* obtaining accurate results encompasses the strictly usage of some
boundary conditions concerning e.g. sample presentation and instrumental conditions in
order to compensate for undesirable matrix effects. In case of LIBS, these effects arise from
the complex nature of laser-sample interaction, which depends on both the laser
characteristics (e.g., pulse duration, wavelength, fluence) and test sample properties (e.g.,
matrix composition, particle size distribution)."*"> In case of XRF, the X-ray absorption
and enhancement, as well as physical properties of the test samples (e.g., thickness, and
surface uniformity), are relevant variables.'**°
When key requirements concerning sample presentation (e.g., pellets prepared

from particles < 100 um),* suitable operational conditions***

and calibration (e.g.,
multivariate modelling **") are met, LIBS and EDXRF can be recommended for the
quantitative determination of elemental mass fractions in plants aiming at plant nutrition
diagnosis. As already mentioned, quantitative analysis can be properly carried out with
calibration standards in the form of pressed pellets presenting similar physical and chemical
matrix composition and known analytes mass fractions. This section highlights the most

recommended boundary conditions for obtaining reliable results and presents selected

contributions on quantitative analysis of plant materials by LIBS and XRF.

13
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3.1 — Field sampling protocols

According to Roy et al.,* representative sampling should be done from specific
plant parts at a growth stage that closely associate with the corresponding crop critical
levels. Sampling criteria and the detailed procedure for individual samples collection
should be representative of the field and may vary substantially in accordance to the crop
under investigation. Table 3 presents the recommended sampling protocols for plant
nutrition diagnosis of selected crops, such as rice, sugar cane, citrus, maize, soybean, and
wheat. Complementary information concerning the sampling protocols for other crops is

. 11,48
given elsewhere. -

3.2 - Sample preparation for quantitative analysis

The analysis of plant materials by XRF and LIBS encompasses some key sample
preparation steps when quantitative analysis is required. In general, the direct determination
of essential and beneficial elements in plant materials is carried out in leaves properly
collected, and requires, at least, three sample preparation steps, namely cleaning (washing),
drying and homogenization; the latter being attained after grinding and, if necessary, a
further comminution step. Pelletizing is often recommended for quantitative analysis by
LIBS, whereas one should also consider the possibility of analysing test samples in the
form of loose powder by XRF.

As plant materials are intrinsically inhomogeneous at a microscopic scale,
comminution procedures are generally mandatory for improving matrix homogenization.**
* This is a critical issue especially for LIBS and p-XRF, wherein the small mass of the test

portions (e.g., 0.001-10 mg) may not represent the bulk sample composition.3’ 50

14
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. . 49,51, 52
Several types of instruments can be used for plant material comminution, ™ ~"

including knife, ball (e.g. agate, tungsten carbide, stainless steel, zirconia devices),”
cryogenic,” and air jet milling systems.”® The choice of grinding method should be done in
accordance with sample properties like fiber, lignin and cellulose contents,”® and target
analytes to avoid contamination from grinding devices.’® Detailed information on grinding
methods for plant materials can be found elsewhere.** **

On the other hand, when dried (unground) or in natura plant leaves are under
investigation, a simple cleaning step (superficial washing) is recommended.'” This issue
will be described in Section 4.1. Also, readers must keep in mind that moisture content is a
relevant variable that limits the performance of both LIBS and XRF methods (e.g., shot-to-

shot fluctuation in LIBS and attenuation of low energy X-ray photons), and should be

54
corrected for.

3.2.1 - LIBS

The direct analysis of powdered test samples fixed onto an adhesive tape can be
regarded as a simple and straightforward strategy for LIBS analysis;>> however, the most
recommended procedure is the analysis of test samples previously pressed as pellets.” In the
pelletizing step, the powdered laboratory sample (0.5 to 1.0 g) is transferred to a stainless
steel die set being firmly pressed into a hydraulic press for obtaining a rigid pellet, with
uniform surface.’

When aiming at quantitative results, pressed pellets should be prepared from
laboratory samples presenting narrow particle size distribution with particles usually
smaller than 100 um, which is of key importance for appropriate sample presentation for

45, 49

analysis. In order to reach such requirements, either cryogenic grinding or planetary

15
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ball milling are adequate choices.” For most plants,” this approach provides cohesive
pellets, with appropriate mechanical resistance against the shock wave formed during
expansion of laser-induced plasma.45 The cohesion plays an important role on measurement
precision because the more compact the pellet, the more reproducible the laser-sample
interaction.*” °° Substantial changes in the morphology of craters formed on the surface of
pellets prepared from different particle size distributions have been reported elsewhere.> *

Readers should be aware about the risks of elemental fractionation associated to
sieving procedures (i.e. chemical segregation),” which should be carefully evaluated for
each plant species.

When the ground test sample cannot be properly pelletized, a binder agent should be
added for increasing the cohesiveness and mechanical resistance of the pellet, minimizing
the variability between test samples.”” Among the different binders used for pellets
preparation (e.g., polyvinyl alcohol, Ultrabind®, polyethylene, KBr, starch, boric acid,
epoxy resin’®), cellulose is the most recommended for the analysis of plant materials by
LIBS. It is added from 10 to 50 % mass fraction, and should be thoroughly homogenized
with the laboratory sample before pressing. A general overview on sample preparation

aiming at LIBS analysis is given by Jantzi et al.”

3.2.2 - XRF

Most of the aspects concerning the sample preparation for LIBS analysis of plant
materials also applies for XRF. Notwithstanding, particle size distribution is not as critical
as for LIBS. Since no laser ablation takes place in XRF analysis, the requirements of
mechanical resistance are less relevant. Omote et al.*’ observed that the measured X-ray

intensity became constant when particles of plant material were smaller than 710 pm, and

16
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recommended to press as pellets laboratory samples presenting particles smaller than 500
pm. Once the material is appropriately converted into a fine powder, the obtained test
sample can be presented to the XRF analysis as a loose powder or after preparing a pressed
pellet.’!

At the same fashion for LIBS, the addition of a binder can be helpful for some
applications. The desired characteristics of a binder are: high-purity, low X-ray absorption,
and good stability under the normal operating conditions (i.e. vacuum and the irradiation
beam)."” Wax,* * cellulose,* boric acid,® and epoxy resin® are the most commonly used
binding agents in the analysis of plant materials by XRF.

Alternatively, the loose powder can be simply poured into a sample holder®’
previously sealed by a thin-film, which is commercially available in different polymeric
materials, such as Etn0m®, Kapton®, Mylar®, Prolene®, Ultralene®, Ultra—Polyester®,
Zythene®, as well as those made of polycarbonate and polypropylene.”® The procedure is
simpler and allows the re-utilization of test samples. Notwithstanding, test sample
presentation in the form of pressed pellets generally offers more reproducible conditions,

and the possibility to perform cross-validation between XRF and LIBS methods.**

3.3 - Calibration strategies

Calibration is still a challenging task when dealing with direct solid analysis. This
is particularly true for matrix-dependent calibration methods such as LIBS and XRF, as
well as for other techniques such as laser ablation inductively coupled plasma optical
emission spectrometry / mass spectrometry,” especially when appropriate certified

reference materials (CRMs) are not available.**

17
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3.3.1 — External calibration

The flowchart in Figure 1 summarizes the calibration strategies commonly
employed in the quantitative determination of analytes mass fractions in plant materials by
LIBS and XRF. For instance, external calibration using univariate methods is the first
choice due to the simplicity in terms of number of calibration samples and data handling.
On the other hand, better predictive ability can be derived from multivariate modelling,
which attains better flexibility and robustness for such complex spectra, especially when
dealing with a heterogeneous population of test samples.”> Nonetheless, both uni- and
multivariate approaches are recommended, especially when matrix-matched standards are
available.”’

Univariate linear regression models are generally built with a set of either CRMs
or standards with similar matrix composition.> ' *7* 7" When CRMs of plant leaves are
employed, the lack of commutability (i.e., the low physical and chemical properties
resemblance) between CRMs and test samples is often the main reason for biased results.>
9-19.72 3 1y addition, given the scarcity of commercially available CRMs of plant materials
presenting elemental mass fractions spanning several orders of magnitude,™ " 7' and the
difficulty in finding standards with similar matrices (e.g., physical and chemical properties)

as for the test samples,® ' 7

alternative calibration strategies have been recommended for
quantitative analysis.

A feasible alternative consists in analysing a selected subset of the samples by a
validated reference method, usually based on microwave-assisted acid decomposition of the

powdered test samples with further analysis by ICP OES.* '* 7477

This strategy has been
successfully employed for the analysis of plant materials by LIBS, such as sugar cane

leaves,” 7 and a assorted plant species,” 2 >" "> 7; and by EDXRF, such as coffee leaves

18

Page 18 of 80



Page 19 of 80

oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

and branches,78 sugarcane leaves,g’ 2 grains of rice,67 Wheat,74 pear millet,67 wheat ﬂour,64
pinna, stipe and root of ferns.”

A novel strategy for calibration aiming at the determination of P, K, Ca, Mg, Cu,
Mn and Zn in sugar cane leaves by LIBS was proposed by Gomes et al.** A blank (or a low
mass fraction standard) was obtained after the analytes extraction from the leaves with 0.2
mol L' HNOj;. Thereafter, a set of matrix-matched standards was prepared by mixing the
raw material with the corresponding blank, at different ratios, and pressed them into pellets.
This approach provided accurate results for the aforementioned elements in a set of test
samples from 17 sugar cane varieties, and it was useful to extend the calibration range
towards lower elemental mass fractions. It should be commented that the application of this
procedure might be extended for XRF analysis (including other direct solid sampling
techniques) and other plant species as well.

Care must be taken concerning the reliability of results generated by the
comparative method, because any difference observed between the reference laboratory
data and the analytical response will be necessarily due to one or more of the following
factors: instrument errors, reference data errors, or the lack of correlation between them. In
the case of XRF and LIBS, the instrument and the lack-of-fit errors tend to be minimal
when optimized operating conditions are selected. Then, the total error will be almost
entirely due to the comparative method. This issue was addressed by Souza et al.® when
searching for a reliable comparative method for silicon determination in sugar cane leaves.
According to these authors, obtaining accurate results by the reference method was decisive
for attaining trueness of LIBS calibration. However, according to Mark,80 one must be
aware that the reliability of calibration is also affected by a chain of interrelated conditions,

such as: (i) the range of the analyte mass fractions and their distribution within the range;
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(i1) the number of calibration samples; (iii) the sample preparation method; (iv) selection of
samples for the calibration set; and (v) the interpretation of the calibration model and data
handling. Additionally, the commutability must be assured when CRMs are chosen for
building the calibration models, which means that the measurement behaviour between the
CRMs and test samples are mathematically equivalent.®"

Another widespread calibration approach in XRF is based upon the preparation of
a set of synthetic standards by spiking cellulose powder with increasing amounts of the

%7083 Robinson et al.** employed this strategy for the determination of sulphur in

analytes.
biomass feedstocks by EDXRF. A calibration set from 2 to 2250 mg kg S was obtained
from the analyte addition to microcrystalline cellulose reaching a limit of detection of 2 mg
kg' S. Notwithstanding, this procedure has not been recommended for LIBS due to the
high dependence of matrix properties on calibration.

Multivariate calibration methods such as partial least squares (PLS) regression have
been used for quantitative analysis of plant materials.”> *°” These advanced methods are
more compatible with the spectra complexity, especially for LIBS, as factors related to
variations in the analytical response can be efficiently regressed against the properties of
interest.” For building multivariate regression models, the spectral regions, the
preprocessing methods, and the number of PLS factors should be optimized for each
analyte.” Ideally, each factor added to the calibration model would describe the variation,
which is relevant for predicting property values.*® Particularly for LIBS, when a high
number of emission lines is available for an analyte, interval PLS regression can be used for
the selection of the best spectral region, as demonstrated elsewhere.*” °7 Spectral

preprocessing (e.g., constant offset elimination, vector normalization) can deliver to the

PLS models not only an improvement in its prediction ability but also a greater flexibility
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for fitting.”> These normalization procedures can be exploited for correcting matrix effects,
fluctuations and instrumental drifts.*> The theoretical basis of the PLS algorithm is given
elsewhere.””

Supervised multivariate classification approaches such as principal component
analysis (PCA)*" and hierarchical cluster analysis (HCA)* are useful for evaluating classes
among test samples in order to select representative calibration and validation sets for
designing and testing the multivariate prediction models. These methods are also useful for
the identification of outliers prior to the multivariate calibrations. Alternative approaches
for outliers identification are described elsewhere.®”” ® Statistical parameters such as the
correlation coefficients of calibration models and the root mean square error of calibration
should be employed to evaluate the quality of the models such as the coherency of the
univariate and multivariate fittings. The prediction ability of the calibration models is often
evaluated using the root mean square error of prediction, the coefficient of regression of
validation samples, the quality coefficient, and the residual predictive deviation parameters,
among others."’

PLS models have been successfully used in the analysis of plant leaves.> " 47 %
Awasthi et al.”” demonstrated that multivariate-based models such as PLS regression and
PLS discriminant analysis (PLS-DA) provided accurate results for Al, Ca, Fe, K and Mg in
different CRMs using LIBS. Although it has not been well exploited up to the moment,
multivariate modelling can be also recommended for XRF, especially for EDXRF that
presents lower spectral resolution.

For instance, internal standardization can correct for random fluctuations of the

emission intensities by normalizing the analytical response of the analyte by the

corresponding one from an internal standard.””®" ** Carbon emission lines (C I 193.090
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and C I 247.856 nm) have been used as internal standards in the analysis of plant materials
by LIBS.”” ** ”* Notwithstanding, the possibilities of potential interference on C I 247.856
nm caused by Fe emission lines should be considered. Normalization of analytes emission
lines by the emission background has been also proposed for the analysis of plant materials
by LIBS.” Of course, by taking into account the well-known advantages of internal
standardization in other atomic spectrometric techniques, this issue should be better
explored in LIBS and XRF. According to Margui et al.,” internal standardization is not

commonly used in XRF analysis of plant materials.

3.3.2 — Standardless calibration

Standardless calibration strategies have been approached for XRF [Fundamental
parameters (FP) and Emission-transmission methods] and LIBS (Calibration free method,
CF-LIBS).

The FP method, which was originally proposed in 1955,”* is also available for
analysis of plant materials by XRF.® This method is based on X-ray physics parameters,
which enables the formulation of a mathematical algorithm that theoretically correlates the
characteristic X-ray emission intensities and the elemental mass fractions of the test
sample.”” A detailed description of the mathematical basis of the FP method can be found
elsewhere.”

Shaltout et al.”® employed the fundamental parameters method for the quantitative
determination of P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, Al, Br, Cl, Na, Ni, Rb, Si, Sr, and Ti in
leaves and stalks from a medicinal plant by WDXRF. Test samples were prepared after
washing, oven drying at 70 °C, sieving through a 32 um sieve, and a pelletizing step. A

CRM of green tea was used for checking the trueness of the method.
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Several XRF instruments are sold with pre-calibrated methods for different
matrices; however, no guarantee related to the accuracy is provided by the manufacturers.”’
In this regard, Andersen et al.”” evaluated the performance of a commercial pre-
calibrated/standardless method commercialized with a WDXRF spectrometer. Thirteen
CRMs of plant materials were analysed allowing the detection of P, K, Ca, Mg, S, Fe, Cu,
Mn, Zn, Mo, Ni, CI, Al, As, Ba, Cr, Na, Pb, Rb, Sr, and V. Relative errors below 20 % to
better than 10 %, depending on the elemental mass fractions, and measurement precision
lower than 5 % (for detected levels higher than 25 mg kg™), were typically observed.
Nevertheless, some elements experienced anomalous relative biases (as high as 40 %),
which advises the analyst for the validation of the method.

The emission-transmission (ET) method is another standardless option for XRF
quantitative analysis, which was originally proposed by Leroux and Mahmud in 1966. It
is based on the measurement of the X-ray radiation from the test sample alone, the test
sample and a solid target positioned just behind it, and only the target.** * The ET method
is a particularly interesting choice, because it can circumvent the matrix effects;'®
however, the test samples must present intermediate thickness. Blonski et al.>> used the
emission-transmission calibration strategy for the determination of the chemical
composition of citrus leaves. An EDXRF method was evaluated to investigate the effects of
the fumagina disease on the mineral profile of samples by comparing the Ca, Ti, Mn, Fe,
Cu, and Zn mass fractions of healthy and infected orange and lemon leaves.

CF-LIBS is an approach to multi-elemental quantitative analysis which does not
require the use of calibration curves and/or matrix matched standards.'®! In CF-LIBS, an
algorithm based on the measurement of line intensities and plasma properties (plasma

electron density and temperature), on the assumption of a Boltzmann population of excited
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levels, is used to determine elemental mass fractions. This method has been evaluated for
the determination of Ca, Fe, N and P in poplar tree leaves, but there is no information

regarding method validation.'"

However, the performance of CF-LIBS is limited by the
uncertainties of results for the major components, which reflect into a high relative error

affecting the minor components.'"'

3.3.3 — Limits of detection

Table 2 presents LOD values for macro- and micronutrients for different
configuration of LIBS (ns- and fs-LIBS setups assembled with ICCD detectors) and
EDXRF (benchtop units and portable system assembled with Si(Li) and SDD detectors,
respectively; all instruments equipped with Rh X-ray tubes). These data were derived from
univariate calibration models built with the same set of sugar cane leaves (Saccharum
officinarum L.) in the form of pressed pellets. With some few exceptions (e.g., Mn in
EDXRF and fs-LIBS), the LODs of both techniques are appropriate for plant nutrition
diagnosis by taking into account the sufficiency ranges of nutrients in selected crops (Table
1). Although these LODs were determined for pellets of sugar cane leaves, they are
representative values for the aforementioned LIBS and XRF configurations, and can be
properly considered for other crops. In addition, a broader collection of LOD values
obtained by different LIBS and XRF instruments in a great variety of applications are given

in Tables 4 and 5.

3.3.4 - Additional remarks

LIBS and XRF techniques can provide complementary information on the

17, 64

elemental analysis of plant materials, as described elsewhere. The non-destructive
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capability of XRF, the fast measurements of LIBS, and the appropriate limits of detection
of both methods are appealing attributes fostering the combination of both techniques for
the routine analysis of plant materials towards plant nutrition diagnosis.'”*

The ability to perform cross-validation'™° for elements that can be commonly
determined by both techniques (e.g., P, K, Ca, Fe, Mn and Si) in the same test sample is a
key feature in the development and validation of quantitative methods. This approach may
improve the quality and reliability of the results. Noteworthy, for appropriate data
comparison, equivalent sampling strategies should be considered, since there are substantial

differences between the analysed area in LIBS (e.g., 100-1000 um spot diameter) and XRF

(e.g., 1-5 mm spot diameter).

3.4 — Selected applications

3.4.1 - LIBS

The improvement in instrumental capabilities and knowledge on fundamental
aspects of laser-induced plasmas have boosted a large expansion into laboratory
applications. As a result, LIBS is now competing with other conventional laboratory
techniques, mainly for solid sample analysis.* ' 19 1%* According to Hahn and Omenetto,"*
quantitative analysis is still an issue for LIBS and it has been considered the Achilles heel
of this technique. The complex nature of laser-sample interaction, causing strong and
undesirable matrix interferences, and the plasma-particle interactions processes are the
main challenges to be overcome.'” The use of adequate calibration strategy associated to

the optimization of instrumental parameters (e.g., laser fluence, wavelength, pulse
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duration), and the adequate presentation of test samples (i.e., pellets prepared from particles
< 100 um), are some important steps to obtain reliable data in the quantitative analysis.”

Recently, Peng et al.'® have drawn attention to key aspects towards consolidation of
LIBS as a reliable technique for the analysis of agricultural samples, such as: (i) the use of
chemometrics for improving performance of calibration and classification; (ii) integration
of LIBS data with those from others analytical techniques, such as Raman spectroscopy or
NIR spectroscopy (data fusion approach); (iii) development of more compact and reliable
fieldable instruments; and (iv) better understanding of the mechanisms underlying the laser-
sample interaction.

Variations in emission signal intensities as a function of particle size are one of
the main reasons for biased results. The incomplete decomposition of larger particles
increases the number of atoms in the laser-induced plasma that remain in a non-emitting
phase bound within the solid particulate, resulting in lower emission signal intensities.* '
This aspect was investigated for pellets of sieved plant materials (passed through 150, 106,
75, 53 and 20 um sieve apertures), wherein it was demonstrated that matrix effects were
minimized, or even eliminated, when pellets were prepared from particles smaller than 100
um.” In addition to the similarity of the chemical matrix, close resemblance between
particle size distribution of standards and test samples is also recommended.

One must also consider that the physical processes involved in laser-sample
interaction, as well as in dynamic expansion of plasma, are dependent on the matrix
composition and experimental conditions, such as laser wavelength, fluence, spot size, and

23, 45, 105

plasma volume. The choice of appropriate laser fluence (i.e., 50 J cm?

Nd:YAG@1064 nm) can overcome variations within test sample properties,” and was
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decisive for obtaining accurate measurements of Ca, K, Mg, P, Al, B, Cu, Fe, Mn, Zn 3
and Si ® in the analysis of pellets of sugar cane leaves from 23 varieties.

A systematic comparison between analytical performance of a nanosecond (6 ns
Nd:YAG laser at 1064, 532 and 266 nm) and femtosecond (60 fs Ti:Sapphire at 880 nm)
LIBS systems was carried out for the analysis of a heterogeneous set of samples, composed
by pellets from 31 plant species.”> HCA was performed to select representative calibration
(nca = 17) and validation (ny, = 14) datasets. Predictive functions based on univariate and
multivariate modelling of optical emissions associated to macro- (Ca, Mg, and P) and
micronutrients (Cu, Fe, Mn and Zn) were built. fs-LIBS provided accurate results on the
determination of analytes mass fractions, whatever the modelling approach. Although
predicted values by ns-LIBS multivariate modelling exhibit better agreement with reference
mass fractions as compared to univariate functions, fs-LIBS conducts better quantification
of nutrients in plant materials since it is less dependent on the chemical composition of the
matrices.

A protocol for the quantitative direct analysis of dried leaves was proposed by
Guerra et al.'” The proposed sampling protocol (Figure 2) relied on the rastering of 3
equally spaced sampling lines in each leaf fragment (9 mm x 9 mm area) with 48
accumulated laser pulses per line (Nd:YAG at 1064 nm, 5 ns, 10 Hz, 50 J cm'z)
perpendicular to the leaf midrib. This strategy enabled the simultaneous determination of P,
K, Ca, Mg, Fe, Cu, Mn, Zn, B and Si by LIBS. Cross-validation between LIBS and
EDXRF for P, K, Ca, Fe, Mn and Si predicted mass fractions presented high linear
correlation coefficients of up to 0.9778 (selecting 15 leaf fragments per diagnostic leaf
from 10 different sugar cane varieties). According to the authors, the results provided

insights into a novel and promising strategy for direct and fast plant nutrition diagnosis,
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fostering further studies for in situ analysis of fresh leaves, strengthening the
implementation of Precision Agriculture and Green Chemistry concepts.

Recently, Jull et al.'®

evaluated the feasibility of LIBS for the analysis of fresh
pasture (ryegrass and clover leaves) samples. PLS regression was used to build models for
macro- (N, P, K, S, Ca and Mg), micronutrients (Fe, Mn, Zn, Cu and B) and Na. Authors
highlighted some key aspects that limit obtaining accurate results in the in situ analysis of
fresh leaves when comparing to the analysis of dried test samples (i.e., pellet), such as the
ablation atmosphere and the moisture content. The latter one varied substantially between
fresh test samples and affected emission lines intensities, since the higher the moisture
level, the weaker the emission spectra intensity. Although the predictive abilities of
calibration models designed for fresh leaves have been inferior to those created for pellets,
they were appropriate for semi-quantitative analysis (i.e., estimation of nutrient levels),
being able to identify whether nutrient levels are within a certain range or not. These
findings are relevant for real time decision making on the type of fertilizer needed in
specific areas of a field. According to the authors, the implementation of an in sifu LIBS
instrument would require some technical progresses towards an autofocus system to
mitigate the variabilities caused by lens-to-sample distance, and mechanical assemblies to
reduce vibrations, for example.

Table 4 summarizes selected applications of LIBS analysis of plant leaves

published in the last 10 years. Additional contributions regarding other plant tissues are

. . . . 3
given in the comprehensive review from Santos Jr. et al.

3.4.2 - XRF
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X-Ray fluorescence spectrometry (XRF) has been widely regarded as a powerful

10, 19, 70, 110 .60
- 19:70. 110 [t non-destructive,® simultaneous and

analytical tool in plant nutrition diagnosis.
multielemental capabilities19 combined with the simple sample preparation steps 60-70 have
paved the way towards its adoption in several routine analytical laboratories.”

Margui et al.”’ employed a WDXRF instrument for the quantitative determination of
macronutrients (P, K, Ca, Mg, S), micronutrients (Mn, Fe, Zn) and non-essential elements
(As, Al, Co, Na, Sr, Pb) in pellets of plant materials. According to the authors, the
combination of plant CRMs and synthetic standards made of cellulose spiked with
appropriate amounts of analytes was effective for obtaining calibration curves that
predicted reliable results. In another contribution, the same research group 7% obtained
accurate results by EDXRF in the analysis of leaves of higher plants cultivated in a
contaminated area. The CRM orchard leaves (NIST SRM 1571) was used for accuracy
evaluation, and the results for K, Ca, Mn, Fe, Cu, Sr, Pb and Zn were in good agreement
with the corresponding certified mass fractions.

Portability is an appealing attribute offered by XRF analysis. In this sense, several
recent studies have demonstrated the analytical performance of portable XRF (PXRF)
spectrometers in the analysis of Vegetation,g’ 2277 110 1L pYRE (handheld) systems are a
cost-effective and an option for those who intend to carry out faster in situ and laboratory
analysis with equivalent performance of the benchtop units.”

Mclaren et al.''" described pioneering investigations demonstrating the feasibility of
PXRF systems in plant nutrition diagnosis. Samples from important crops (i.e., corn,
cotton, soybean and wheat) were analysed by the loose powder method with measurement

times varying from 120 to 420 s. Linear correlations were observed between reference mass
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fraction data obtained by a validated ICP OES method and the X-ray emission intensities
from P, K, Ca, S, Fe, Mn, Zn, Co, Cr, Ni, and Si.

Reidinger et al.” also evaluated a PXRF system for the determination of Si and P in
pellets prepared from ground leaves of plants from the Poaceae family. The calibration
approach was based on the preparation of standards of spiked methyl cellulose as a way to
simulate the plant matrix. Calibration curves from 2.5 to 10 g kg™ P and from 5 to 100 g kg’
' Si were successfully obtained from measurements carried out under helium atmosphere to
avoid the attenuation of the low-energy P and Si photons by the air. The estimated detection
limits were similar for both analytes: 0.13 and 0.14 g kg™ for P and Si, respectively. High
accuracy and analytical throughput, enabling processing up to 200 test samples a day, as
well as the small amount of sample required for analysis in a non-destructive way, were
pointed as outstanding benefits of the proposed method. In addition, the authors highlighted
other advantages of the PXRF spectrometers such as their lower purchasing prices with the
possibility to perform in vitro and in situ studies.

A systematic comparison between analytical performance of a benchtop and a
handheld PXRF system was carried out by Guerra et al.”* They reported quantitative data
for P, K, Ca, S, Fe, Mn, and Si from the analysis of pressed pellets of previously ground
sugar cane leaves from 23 varieties. The similar analytical figures of merit of both
instruments reinforced the suitability of PXRF equipment in plant tissue analysis,
especially for future promising studies related to its application for in situ and real time
plant nutrition diagnosis.

Table 5 summarizes the sample preparation and calibration strategies employed in

selected applications of XRF in the analysis of plant leaves.
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3.4.3 - In situ foliar diagnosis

There are few attempts towards the in sifu foliar diagnosis by using handheld P-
XRF spectrometers. To the best of the authors’ knowledge, Dao'** was the first to
contribute in this emerging research topic. In this study, fresh corn leaves were directly
analysed in the field, and linear correlations between P Ko emission line intensities (after
normalization by the Ag La scattered line) and the elemental mass fractions were obtained.
The evaluated normalization strategy was effective for improving accuracy because it
corrected for the variations in leaf composition related to the different moisture contents.
The author qualified this novel spectroscopic method as a “new paradigm in nutrient
management” given its outstanding features, namely non-destructiveness and high speed of
analysis.

Dao'? provided another important contribution on the use of P-XRF for the direct
analysis of fresh corn leaves from phosphorus-amended soils. In this study, the uppermost
leaves of plants were directly analysed by P-XRF under helium atmosphere. Some of the
XRF measurements were performed in situ in selected plants on the 22", 31, and 43" day
after planting (DAP), while they were in the ground. For the remaining samples (DAP 16,
18, 25, 39, and 51), plants were harvested and scanned at fresh conditions, and after oven-
drying. Leaves from plants at similar phenological stages were also harvested for the
determination of moisture content. The author raised an important conclusion from this
study: “X-ray fluorescence methods may alleviate the technological shortcomings and
information gaps about inorganic macronutrients status in plant and soil. These proximal
sensing methods can provide greater density of compositional measurements, and
timeliness of the analytical information for precision nutrient management to fulfill some of

the critical knowledge gaps. Spectral scanning of plant canopy under field conditions
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vielded multi-element concentration profiles almost instantaneously. Knowing in real time
and being able to respond rapidly to changes in P availability and variable plant needs
during a growing season can enhance plant productivity, farming profitability by matching
nutrient inputs to actual levels needed by the crop, while minimizing agricultural impact on
the surrounding environment.”

More recently, Guerra et al.'> investigated the suitability of a handheld P-XRF for
real time foliar diagnosis. They proposed a sampling protocol for sugar cane crop involving
the direct in situ analysis of fresh leaf fragments (n = 20 per diagnostic leaf). Calibration
models for K, Ca, S, and Si were built from the analysis of a set of pellets of sugar cane
leaves from 23 varieties, whose elemental mass fractions were previously determined by
ICP OES after microwave-assisted acid digestion. The proposed method can be regarded as
a promising tool for fast plant mineral analysis, especially when looking at the obtained

LODs, which were at least two-fold lower than the recommended critical nutrient levels.

4 — Microchemical imaging: space-resolved analysis of plant tissues

The most commonly employed chemical imaging methods are those coupled to
scanning and transmission electron microscopes. The main advantage of these systems
consists in the high spatial resolution (e.g., nanometer range) offered by the electron beam
and the detection of elements with Z < 11.** On the other hand, pu-XRF offers lower
detection limits for Z > 11, the usage of vacuum is not mandatory, and sample preparation

is much simpler. One of the crucial difference between these two chemical imaging
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approaches resides on the probed depth. Due to the interaction with matter, electron beams
are more surface sensitive than X-rays.33

The development of microanalytical probes allows accessing the spatial distribution
of mineral nutrients along a nonhomogeneous plant tissue, for example. Therefore,
microsampling may not be representative of the whole tissue composition.'” Nevertheless,
the information obtained with these tools allows accurately assigning tissues, or structures,
responsible for either translocation or storage of nutrients. Thus, microanalytical techniques
have assisted in the establishment of structure-function relationships in plants. According to
Wu and Becker,'** revealing the uptake, translocation, storage and speciation of both
essential and toxic elements in plants is important for understanding plant homeostasis and
metabolism, providing insights into food and nutrient studies, agriculture activities and
environmental sciences.

Although LA-ICP-MS has been in the forefront of chemical imaging applications in
biological materials,'*> '*° due to its attractive features such as multielemental and isotopic
analysis, excellent limits of detection and good resolution, no attempt has been devoted to

this technique in this review.

4.1 — Sample preparation for microchemical imaging

Ideally, biological phenomena or features of plant leaves should be studied in vivo
while they are taking place. Nevertheless, in most cases this is not feasible, and the choice
of the sample preparation method is a compromise among several factors, including the
imaging approach desired (e.g. pu-XRF 2D mapping, u-XRF tomography or LIBS
mapping). The lateral or spatial resolution may require samples sliced in thin layers. The

type of X-ray source, for example, synchrotrons are much brighter than anodes and
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therefore samples may have to be frozen during measurements to avoid burning or radiation
damage. Hence, sample preparation in chemical imaging seeks to preserve the sample for
future analysis, avoids elemental redistribution and matches the sample features, such as
thickness and size, to the lateral or spatial resolution provided by the imaging technique.m’
128

The procedures are nearly the same as those employed in electron microscopy; the
most common methods are chemical fixation and cryofixation. Additionally, in u-XRF and
LIBS imaging techniques, samples can be analysed in pristine form or in vivo conditions
without sample preparation. In the case of LIBS, it is essential the preparation of test
samples presenting flat surfaces to ensure reproducible laser ablation conditions; although
ablation chambers assembled with laser auto-focus may overcome this issue. Table 6
presents assorted sample preparation strategies that have been employed in the analysis of
several plant compartments (e.g., leaves, roots, stems) by p-XRF.

The chemical fixation is a process that keeps the tissue structure and avoids
putrefaction. It is achieved by the creation of chemical bonds that connect the
macromolecules and therefore maintaining the tissue architecture. The most common
fixative chemical groups are aldehydes, alcohols, and oxidizing agents such as osmium

. 1 127, 151-
tetroxide. 27 131133

Besides preservation, chemical fixation also enhances the mechanical
properties of the tissues, thus facilitating the cutting. One of the main risks involved is
related to the alteration of the elemental distribution due to the possible leaching of weakly
bound elements by the fixative solution. This can be critical in chemical imaging at cellular
level.

Cryofixation consists in a rapid freezing of the sample to temperatures in the order of

magnitude of liquid nitrogen. The flash freezing process solidifies the water and therefore
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154 . . .
Metabolic reactions cease, tissue

prevents the molecular and ionic transportation.
structures are preserved, and the mechanical properties of the sample are strengthened
allowing it to be properly sliced. Cryofixation can be performed by plunging the sample
and cryogen or through high pressure freezing.'”> The latter procedure requires special
apparatus and is not as common as the immersion cryofixation and therefore it will not be
addressed here. In immersion cryofixation, the tissue can be dipped and frozen directly into
liquid N, or supercooled isopentane. Another strategy consists in firstly embedding the
sample into a resin, such as optimal cut resin or acrylate, and then rapid freeze it in the
liquids above mentioned. Once the sample is frozen, it can be stored in liquid N, until
analysis.

However, Mishra et al.'*

showed that freezing the sample directly in liquid N;
changed the spatial distribution of As at micrometric level. It happened because liquid N,
boils when the sample is immersed into it, thus the heat transfer from the sample to the
cryogen is not fast enough to prevent the formation of ice crystals. These crystals can
damage the membranes and allow the migration of elements between cell compartments.
To circumvent this issue, the cryofixation by immersion should be performed with
nonvolatile liquids such as isopentane.

Once the sample is cryofixed, it can be sectioned in a cryostate; the procedure is called
cryosectioning. Alternatively, the frozen water can be replaced by acetone ' or sublimated

through lyophilization."””” Finally, the cryofixed sample can be embedded into resin to

facilitate the slicing or be analysed as it is.

4.2 — Microchemical imaging by X-ray fluorescence spectrometry
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Most of the elemental mapping studies of vegetal tissues by p-XRF aims to

elucidate the mechanisms that control the distribution patterns within hyperaccumulating

79, 129, 133 95158, 159

plants. The term “hyperaccumulators was proposed to refer to plants that are
able to handle high levels of potentially toxic elements (e.g., As, Cd, Mn, Ni, Se, and Zn)160
inside their tissues, reaching more than 1000 pg g on a dry-weight basis. These peculiar
organisms have been used in clean-up initiatives aiming at removing contaminants from the
soil, as well as in other applications, such as those where they can be harvested for

exploiting valuable metals from the environment.'®!

X-Ray Absorption Spectroscopy
(XAS) can perform chemical speciation analysis along with the elemental mapping by p-

XRF. This approach provides crucial information for designing and optimizing both

162, 163 164-166 167-169 A

phytoremediation and phytomining studies with these vegetal species.
detailed review about the available X-ray elemental mapping methods for investigating
ecophysiological processes in hyperaccumulating plants was recently prepared by van der

Ent et al.'”®

In this study, the advantages and limitations of the X-ray methods applied to
reveal the metal(loid) homeostasis in plants was critically compared.

Campos et al.”’ investigated the spatial distribution of As and P in an As-
hyperaccumulator fern, Pityrogramma calomelanos, using a benchtop p-EDXRF. Ferns
were hydroponically grown without and with 1.0, 10 or 30 x 10° mol L As during three
weeks. The microchemical maps revealed that As was preferentially accumulated in the
pinna midrib, secondary veins, apical and marginal regions of the pinnule of the fern. The
high levels of As in the plant tissues led to drastic alterations in the P distribution. Figure 3
clearly shows the antagonistic behavior of both elements since the higher levels of As in the

apical portions of the pinna caused a noticeable decay of the P content in this area.

Chemical imaging of biological samples by u-XRF is a challenging task, especially when
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dealing with intermediate-thickness specimens.'” To overcome this drawback, a correction
strategy based on the scattered radiation method'® was successfully used for As taking into

account the Rh Ko Compton peak. Surowka et al.'”'

recently addressed the necessity of
correcting matrix effects in order to obtain accurate quantitative imaging of biological
tissues by XRF. The authors also reinforced that the use of Compton intensities is an
appealing strategy for the quantitative imaging of heterogeneous thin-sections of biological
test samples.

Punshon et al.'”” reviewed the literature on the applications in the plant sciences of
micro X-Ray Fluorescence Spectrometry with Synchrotron radiation source (u-SRXRF).
They highlighted u-SRXRF as a convenient method for the high spatial resolution mapping
of in vivo specimens avoiding tedious sample preparation steps involving fixation, coating,

drying or even cutting. Vijayan et al.'”

also emphasized the attractive features of
synchrotron radiation, ie. its brightness, polarization and pulse properties.
Notwithstanding, they pointed out that synchrotron-based analytical methods are still
underused in plant science applications. On the other hand, Wu and Becker,'** reviewed the
analytical techniques (SIMS, LA-ICP-MS, SRXRF, and XAS) applied in the chemical
imaging and speciation studies in plant materials, emphasizing some limitations of
synchrotron-based methods, such as: 1) damaged derived from the interaction of X-rays
with biological materials, and ii) restricted access to beamline time for conducting
experiments. Most recently, Zhao et al.'™ reviewed the advantages and limitations of the
analytical techniques available for the microchemical mapping of plant tissues. Regarding

SRXRF, a promising future could be foreseen with probes capable of reaching below 100

nm resolution for the chemical investigation at a subcellular level.
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A novel and ever-increasing area of study of pu-XRF mapping is presently dedicated
to the investigation of the accumulation and biotransformation pathways of engineered
nanomaterials (ENMs) inside plant tissues.'*® This current trend is clearly correlated with
the increased utilization of ENMs in a myriad of applications in the modern society
including, but not limited to, cosmetics,'” medicine,'’® food packing,177 and agriculture,178
which inadvertently cause contamination to the environment.'* '*” Hernandez-Viezcas et
al."’” evaluated the distribution patterns and the chemical forms of Zn and Ce by u-SRXRF
and pu-XANES in soybean tissues from plants grown in soils treated with ZnO and CeO,
nanoparticles (NPs) at mass fraction levels of 500 and 1000 mg kg™, respectively. They
observed that most of the CeO, NPs remained unchanged within the plant tissues owing to
the small percentage of biotransformed Ce (II) species as revealed by u-XANES data. On
the other hand, they reported that the Zn species were not present in the form of ZnO NPs
inside the plant tissues. A recent and comprehensive review made by Castillo-Michel et
al.'® provided some promising perspectives on the use of synchrotron techniques in the
investigation of the ENMs fate in plants. According to the authors, this active research area
can be highly benefited by the advances observed in the new generation of SR sources,
which can offer outstanding analytical figures of merit, such as better spatial resolution,
down to the nanometer range, lower detection limits and higher analytical throughput.

Few studies have explored the synergy between chemometrics and the wealth of
information obtained from the maps of vegetal tissues by p-XRF. Verbi Pereira and Milori
179 analysed leaves from healthy and infected orange trees with citrus greening (citrus
Huanglongbing), a disease presenting a long asymptomatic period that impairs the citrus
crop production. The combination of the p-SRXRF maps and chemometric tools (PCA,

SIMCA, KNN, and PLS-DA) allowed the correct classification of up to 98 % of the

38

Page 38 of 80



Page 39 of 80

oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

samples. The most important spectral regions that enabled appropriate classification were

related to the signals of K, Ca, Fe, Cu and Zn and the coherent and incoherent scatterings.
Table 6 presents an overview of recent studies focused on the pu-XRF mapping of

plant tissues emphasizing the analytes under scrutiny, as well as the instrumentation used,

sample preparation strategies, and the main objectives of the investigation.

4.3 — Microchemical imaging by laser-induced breakdown spectroscopy
High lateral resolution, down to few micrometers, combined with its capacity to
assess the elemental profile of specimens in a fast and reproducible way are special

attributes of this chemical imaging technique.lgo’ 181

LIBS gives an instantaneous signal
directly related to the location at which a single ablation event occurred.'®
Notwithstanding, the number of application of LIBS for chemical imaging of plant tissues
is limited by the relatively low sensitivities for the micronutrients at a high-resolution
experimental setup. It is expected DP-LIBS approach may improve sensitivity and extend
the number of chemical imaging applications.

According to Kaiser et al.,'”

resolution in chemical imaging by LIBS can be
defined as the smallest distance between two ablation spots on which any potential changes
in composition can be registered at a certain level of significance. Besides, the test sample
properties (e.g., hardness, flatness), the lateral and profile resolutions are affected mainly
by the laser properties, such as the spot size on the sample surface, the pulse energy and its
duration. It should be also noticed that LIBS analytical outcomes may be influenced by the
re-deposition of particles from surrounding ablated craters on the fresh surface, if no buffer

gas flow is used. In general terms, using low-energy (few mlJ), short wavelength (i.e., UV)

or ultrashort duration (ps, fs) laser pulses, ablation craters with micron-scale sizes laterally
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and nm scale sizes in depth can be produced.'® ' One should keep in mind that analytical
sensitivity decreases as resolution increases; the production of smaller craters led to the
vaporization of a lower amount of ablated particles within the laser-induced plasma.'®

Femtosecond laser ablation can provide nanometer-range spatial resolution, either
laterally or in depth,'® ' being the most recommended approach for high-resolution
chemical imaging by LIBS' and LA-ICP-MS."® The ability of fs laser pulses to couple
energy into material faster than energy dissipation such as heat diffusion or shock waves,
enables laser ablation with less collateral damages than longer pulses,'’ being able to
produce craters without high rims and other irregularities (e.g., droplets), which are usually
observed for nanosecond laser ablation.' This unique feature allows the determination of
depth profiling of multi-layer samples,' as well as the analysis of individual plant cells.*
Nonetheless, there are few applications in the spatial analysis of plant materials by fs-
LIBS,* 1! which may be attributed to poor sensitivity achieved by these systems and
high cost of instrumentation.

Several research groups have adopted LIBS as a probe for mapping plant materials.
For instance, the Kaiser’s group, from Czech Republic, has been in the forefront of
applications®® ' "7 in this ever-expanding research field. In the same way for pu-XRF
mapping, most of the studies concerning with the use of LIBS are focused on the mapping
of hyperaccumulating plants. Sunflower is the target vegetal species in several studies '
7 where LIBS was the chosen tool for mapping potentially toxic elements. Krystofova et
al.”’ investigated the spatial distribution of Mg and Pb in leaves of maize, sunflower and
lettuce, which were exposed to 0.5 or 1.0 x 10~ mol L™ Pb-EDTA in laboratory conditions

from 3 to 5 days. The obtained results were in a good agreement with LA-ICP-MS data. In

another study, Pb accumulation patterns were also revealed by LIBS in sunflower leaves
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from plants grown in a lead acetate solution. Authors found that the high Pb levels inside
plant tissues affected K and Mn uptake rates and their distribution profiles along the leaves
compartments.

The evaluation of the accumulation pattern of engineered nanomaterials (ENMs)
along vegetation tissues by LIBS is still a poorly explored research field. Most recently,
Krajcarova et al.>® compared the Ag spatial distribution in root cross-sections of Vicia faba
grown in AgNO; medium or in a solution of silver NPs. A double pulse LIBS configuration
was used for analyzing the root test samples previously cut into 40 pm thickness cross
sections. The results shed light on the different uptake behaviours regarding the absorption
profile of Ag" ions and AgNPs into the root tissues of the evaluated plant species,
indicating that AgNPs are absorbed in a much lower rate than the ions.

LIBS can also offer the possibility of performing tridimensional mapping without

198

laborious sample preparation steps.'®" This is particularly relevant when analysing

biological materials, which present inherent heterogeneous elemental distribution and are

very prone to contamination. Zhao et al.'”

exploited this versatility by moving a LIBS
system to a maize field (Figure 4) and performed the pioneering study involving both in
situ and in vivo 3-D elemental mapping. They sprayed an organophosphorus pesticide
(chlorpyrifos, CoH;;CIsNO3PS) on a maize leaf, and analysed the vegetal tissue after 10 h
exposure. Pesticide residues were accurately measured after construction of multivariate
regression models, where samples with known amounts of pesticide composed the
calibration set, and selected P and Cl emission lines were employed as response variables.

The obtained maps (12-pm step in the z-axis) clearly demonstrated that the amount of

pesticide residues significantly decreased along the leaf depth and negligible levels were
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detected from the fifth layer. The simplicity of LIBS systems makes this technique very
promising aiming at in situ analysis.

Microchemical maps of vegetal tissues can also provide useful information for the
analysts interested on the direct determination of macro-, micronutrients and beneficial
elements when aiming at plant nutrition diagnosis. Guerra et al.'” obtained P, Ca, Mg, Fe,
Mn, B and Si maps in dried sugar cane leaf fragments by LIBS. The spatial distributions of
the inorganic nutrients over the leaves were taken into account in the proposition of the
most appropriate sampling protocol for the direct analysis of the unground leaves by both

EDXRF and LIBS systems (Figure 2).

5 — Conclusions and perspectives

Future developments in LIBS and XRF will continue to focus on reducing the
extent of matrix effects on the accuracy of the predictive calibration models. Meanwhile,
alternative external calibration approaches by using matrix-matched standards previously
analysed by a validated reference method are still recommended and should be extended to
other crops, such as citrus, soybean and maize, since it can provide reliable results for both
LIBS and XRF. Although it has been little investigated, the combination of LIBS and XRF
is a promising approach aiming at the routine analysis of plant materials towards plant
nutrition diagnosis. In addition, cross-validation between both techniques is feasible and a
very attractive option, since similar test portions can be analyzed by them either for bulk

analysis or in the microchemical mapping.
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Microchemical imaging measurements have been playing a crucial role on
understanding the fate of elements within plants tissues, being decisive for the
establishment of representative sampling protocols aiming at direct analysis of leaves. It is
evident that u-XRF (especially u-SRXRF) is currently much more consolidated than LIBS
for this purpose. However, it is expected that the DP-LIBS approach might improve the
performance of the latter one aiming at microchemical imaging, which would represent a
great advance in terms of simplicity of instrumentation.

It is expected that the multielemental and simultaneous capabilities of both LIBS
and XRF (e.g., possibilities to handle the entire spectra) may improve the plant nutrition
diagnostic, since the interactions and balances between nutrients may unveil more
comprehensive concepts into plant growth and nutritional status than the mere mass
fraction data of a single nutrient. Although the analysis of pellets is the most exploited and
consolidated to the date, there is a growing trend in applications aiming at the direct plant
analysis for nutrition diagnosis and physiology purposes, which may provide in situ, in vivo
and real time analytical information. In addition, the data fusion approach i.e., the
combination of analytical information gathered from two or more sensors (e.g., LIBS, XRF,
NIR, Raman spectroscopy, Chl a fluorescence) to produce a more complete and specific
database, is a promising strategy that should be deeply investigated in plant nutrition

diagnosis.
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LIST OF ACRONYMS AND ABBREVIATIONS

CCD - charge-coupled device

CF-LIBS — calibration free laser-induced breakdown spectroscopy
Chl - chlorophyll

CRM - certified reference material

DAP - days after planting

ENMs - engineered nanomaterials

EDPXRF — energy-dispersive polarized X-ray fluorescence spectrometry
FP - fundamental parameters

fs-LIBS — femtosecond laser-induced breakdown spectroscopy

HCA - hierarchical cluster analysis

KNN — K-nearest neighbour

ICCD - intensified charge-coupled device

ICP OES - inductively coupled plasma optical emission spectrometry
IR — infrared

LA-ICP-MS - laser ablation inductively coupled plasma mass spectrometry
LIBS — laser-induced breakdown spectroscopy

LIP - laser-induced plasmas

LOD - limit of detection

NPs — nanoparticles

ns - nanosecond

ns-LIBS - nanosecond laser-induced breakdown spectroscopy

OES - optical emission spectrometry
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PCA - principal component analysis

PLS - partial least squares

PLS-DA - partial least squares discriminant analysis
P-XREF - portable X-ray fluorescence spectrometry
SDD - silicon drift detector

SIMCA - soft independent modelling of class analogies
SIMS - secondary ion mass spectrometry

SR - sufficiency ranges

td — delay time

TVD - top visible dewlap

ti — integration time gate

UV - ultraviolet

XAS - X-ray absorption spectroscopy

XRF - X-ray fluorescence spectrometry

WDXRF — wavelength-dispersive X-ray fluorescence spectrometry

7 - atomic number

p-EDXRF - micro energy-dispersive X-ray fluorescence spectrometry

u-SRXRF — micro Synchrotron Radiation X-ray fluorescence spectrometry

n-XANES — micro X-ray absorption near-edge spectroscopy

pu-XRF — micro X-ray fluorescence spectrometry
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LIST OF TABLES

Table 1 - Sufficiency ranges of macro- and micronutrients in selected crops under adequate
nutritional status. Data compiled from ref.'"*®

Nutrient Sugar cane Rice Citrus Maize Soybean Wheat
Macronutrients (g kg™)
N 19 -21 27-35 25-27 28 -35 45 - 55 20-34
20-24 1.8-3.0 1.2-1.6 1.8-3.0 25-50 21-33
K 11-13 13-30 10-15 13-30 17-25 15-30
Ca 8-10 2.5-10 35-45 2.5-10 4.0 -20 2.5-10
Mg 2.0-3.0 1.5-50 23-40 1.5-5.0 3.0-10 1.5-4.0
A 25-3.0 1.5-3.0 2.0-3.0 14-3.0 21-40 1.5-3.0
Micronutrients (mg kg™)
B 15-50 4-25 36 - 100 10 -25 21-55 5-20
Cu 8-10 3-25 5-16 6-20 10-30 5-25
Fe 200 - 500 70 - 200 60 - 120 30-250 51-350  100-300
Mn 100 - 250 70 - 400 25-50 20 - 200 21-100 25-150
Mo 0.15-0.30 0.1-0.3 0.1-1.0 0.1-0.2 1.0-50 03-0.5
Zn 25-50 10 - 50 25-100 15-100 20 -50 20-70
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Table 2 — Limits of detection of LIBS and EDXRF systems obtained from the same set of

ground sugar cane leaves analysed as pressed pellets. Data based on 3.3 ¢

LODs
Nutrient Benchtop Portable Benchtop
ns-LIBS*  fs-LIBS**
EDXRF”?  EDXRF?  u-EDXRF®
Macronutrients (g kg'l )

N - - - - -

0.01 0.4 0.10 0.25 0.50
K 2 - 0.14 0.09 0.31

Ca 0.01 0.007 0.06 0.06 0.45
Mg 0.02 0.02 - - -

S - - 0.09 0.13 0.19
Micronutrients (mg kg'l )
B 0.5 - - - -

Cu 0.4 7 - - -

Fe 0.4 12 20 20 60
Mn 0.3 2 20 20 30
Mo = = = = =
Zn 0.2 80° - - -

* Estimated from calibration model built with bean, citrus, coffee, eucalyptus, grape, lettuce,
mango, pearl millet, pine needles, rubber tree, soy, spinach, sugarcane, and tomato leaves.
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Table 3 - Field sampling protocols of selected crops aiming at plant nutrition diagnosis.
Data compiled from ref."’

Crop Sampling period Plant tissue Number of samples
Rice Tillering season Flag leaf SVlEnEsiio S
plants
Suear cane  Grand erowth period Third leaf or TVD" 40 leaves from 40
8 g p without a sheath plants
Citr Fruitine stages Fully mature leaves 100 leaves from 25
Hrus gstag adjacent to fruit plants
Maize Tasseling to silking Leaf opposite and below 30 leaves from 30
ear plants
Sovbean Prior to or at bloom Upper fully developed 30 leaves from 30
oybea (phenological stage R1) trifoliate leaf plants
Wheat Flowering Flag leaf 30 leaves from 30
plants

* TVD = Top Visible Dewlap (uppermost fully expanded leaf that has a visible dewlap or
distinct collar).

65



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

Table 4 — Selected applications dealing with quantitative analysis of plant leaves by LIBS

Page 66 of 80

Matrix

Analytes

Instrumentation

Calibration strategy

Sample preparation

LOD mg kg'1

Ref

CRMs and
leaves of
Brachiaria,
soya, banana,
coffee, jack,
maize, pepper,
guayava
CRMs and
leaves of soya,
lettuce, endive,
boldo, grass,
jack, Brachiaria,
coffee, mango,
maize and
pepper
CRMs and
leaves of barley,
poppy, wheat
and rape

Sugar cane
leaves

CRMs and
leaves of
Brachiaria,
soya, banana,
coffee, maize,
mango,
pepper
Poplar tree
leaves
Mustard leaves

Ca, K, Mg, P

B, Cu, Fe, Mn,
7n

Ca, K, Mg, P

B, Ca, Fe, K,
Mg, Mn, P, Zn

B, Cu, Fe, Mn,
/n

Ca, Fe,N, P
Pb

Nd:YAG@1064 nm, 10 Hz,
200 mJ/pulse, 23 Jem?, 4.6
W em®, 8 pulses, 2 ps #g 5 us
4

Nd:YAG@1064 nm, 10 Hz,
200 mJ/pulse, 23 Jem?, 4.6
Wem™, 8 and 30 pulses, 2 ps
ta, Spust

Nd:YAG@1064 nm, 20 Hz,
double pulse, 65, 68 and 78
ml/pulse, 30 pulses, 7 ps ¢4, 1
us t;, atmospheric pressure

Nd:YAG@1064 nm, 10 Hz,
110 mJ/pulse, 25 Jcm'z, 25
pulses, 2 ps t5, 4.5 us

Nd:YAG@532 nm, 10 Hz, 70
mJ/pulse, 25 Jem?, 2.0
GWem?, 30 pulses, 1.1 ps #4,
10 us t

Ti:Sapphire@800 nm, 10 Hz,
100 fs, 25 mJ/pulse
Nd:YAG@1064 nm, 10 Hz,

External calibration with
CRMs

External calibration with
CRMs

External calibration with
samples analyzed by a
validated reference method

External univariate and
multivariate (PLS)
calibrations with samples
analyzed by a validated
reference method

External univariate and
multivariate (PLS)
calibrations with samples
analyzed by a validated
reference method

Calibration free method

External calibration with

Drying, cryogenic grinding
and pelletizing

Drying, cryogenic grinding
and pelletizing

Drying, cryogenic grinding
and pelletizing

Drying, cryogenic grinding
and pelletizing

Drying, cryogenic grinding,
mixing with cellulose
binder and pelletizing

Direct analysis of dried and
flattened leaves
Drying, grinding and

10 (Ca), 2500 (K), 20
(Mg), 80 (P)

1.4 (B), 2.5 (Cu), 2.8
(Fe), 1.1 (Mn), 1.0
(Zn)

30 (P), 210 (K), 80

(Ca), 120 (Mg), 6.6

(Mn), 9.5 (Fe), 1.2
(Zn), 0.8 (B)

3 (B), 5 (Cu), 7 (Fe), 4
(Mn), 4 (Zn)

n.r.

~3

2

29

47

()]

7

102
107
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CRMs and
sugar cane
leaves

Spinach leaves

Sugar cane
leaves

Sugar cane
leaves

Leaves of sugar
cane, soya,
citrus, coffee,
maize, bean,
eucalyptus,
mango, banana,
grape, millet,
rubber tree,
tomato, and
CRMs

Sugar cane

Al, B, Ca, Cu,
Fe, K, Mg, Mn,
P, Zn

Mg, Ca, Na, K

P, K, Ca, Mg,
Cu, Mn, Zn

Si

Ca, Mg, P, Cu,
Fe, Mn, Zn

P, K, Ca, S, Fe,

300 mJ

Nd:YAG@1064 nm, 10 Hz,
50 Jem?, 2.0 GWem?, 20
pulses, 2 ps ¢4, 5 ps 4

Nd:YAG@1064 nm, 10 Hz,
80 and 140 mJ/pulse, 50 laser
pulses

Nd:YAG @1064 nm, 10 Hz,
110 mJ/pulse, 25 Jem™?, 25
pulses, 2 us tq 5 pus 4

Nd:YAG @1064 nm, 10 Hz,
220 mJ/pulse, 50 Jem?, 4.6
Wem?, 25 pulses, 2 ps #4, 4.5
us 4

Ti:Sapphire@800nm, 1 kHz,
1.65 mJ/pulse, 9.5 Jcm'z, 1.6
x 10°GW cm'z, 30 pulses, 35
ns ¢4, 250 ns;
Nd:YAG laser @1064, 532
and 266 nm, 3.3 Hz, 70
mJ/pulse, 6 GWem™, 35 Jem'
%20 pulses, 35 ps tq, 0.75 ps
5

Nd:YAG@1064nm, 10 Hz,
50 Jcm'z, 48 pulses, 2 ps ¢4, 5

samples analyzed by a
validated reference method

External calibration with
CRMs

External calibration with
NIST SRM 1570a (spinach
leaves) mixed with lactose
anhydrous at different ratios

External calibration with
matrix-matched standards

External calibration with
samples analyzed by a
validated reference method

External univariate and
multivariate (PLS)
calibrations with samples
analyzed by a validated
reference method

External calibration with
samples analyzed by a

pelletizing

Drying, cryogenic grinding
(95% of particles < 75um)
and pelletizing

Drying, grinding, sieving
(50 and 200 mesh) and
pelletizing

Drying, cryogenic grinding
(95% of particles < 75um)
and pelletizing

Drying, cryogenic grinding
(95% of particles < 75um)
and pelletizing

Drying, cryogenic grinding,
sieving (75um pore
diameter) and pelletizing

Direct analysis of dried and
flattened leaves

0.1 (Ca), 0.01 (Mg),
1.0 (P), 0.5 (B), 0.4
(Cu, Fe), 0.3 (Mn), 0.2
(Zn), 3.9 (Al), 2000
(K)

30 (Mg), 103 (Ca), 36
(Na), 44 (K)

10 (Ca, Mg), 1400 (K),
30 (P), 0.8 (Mn), 1.0
(Zn), 0.6 (Cu)

20 (Si)

f5-LIBS: 7 (Ca), 20
(Mg), 400 (P), 7 (Cu),
12 (Fe), 2 (Mn), 80
(Zn);
ns-LIBS: 5-10 (Ca),
10-50 (Mg), 100 (P), 1-
3 (Cu), 3-8 (Fe), 1
(Mn), 4-14 (Zn)

23

92

24

25

17
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leaves

Pasture
vegetation

Leaves and
flowers of
Cannabis

Black tea leaves

CRMs of plants

Pasture

Mn, Si

Na, K, Mg, Ca,
Mn, Fe, Cu,
Zn,B, P, S

Al, Ba, Ca, Br,

Cu, Fe, K, Mg,

Mn, Na, P, Rb,
Sr

Fe, Cr, K, Br,
Cu, Si, Ca

Al, Ca, Mg, Fe,
K, Si

N, P, K, S, Ca,
Mg, Fe, Mn,
Zn, Cu, B, Na

us g

Nd:YAG@1064 nm, 200
mJ/pulse, 8 pulses, 1 pus ¢,

Nd:YAG@1064 nm, 10 Hz,
200 mJ/pulse, 5.2 GWem?, 2
pulses, 2 us #4

Nd:YAG@266 nm, 20 Hz,
17.52 mJ/pulse, 317 and
357ns ¢,
Nd:YAG@532 nm, 4 Hz, 20
ml/pulse, 5.24 x 10" Wem™
20 pulses, 1.5 ps t4

Nd:YAG@1064 nm, 9
GWcm'z, 1.27 pus tg, 1 ms ¢;

validated reference method

External multivariate (PLS)
calibrations with samples
analyzed by a validated
reference method

External calibration with
CRMs

External calibration with
samples analyzed by a
validated reference method
External multivariate
calibration (PLS) with
CRMs

External multivariate
calibration (PLS)

Drying, grinding (< 1mm)

and pelletizing

Drying (lyophilization),
grinding and pelletizing

Pelletizing

Pelletizing

Direct analysis of fresh
leaves and pelletizing

4.7 (Al), 0.22 (Ba), 69

(Ca), 0.1 (Br), 0.1 (Cu),

1.6 (Fe), 158 (K), 14.9
(Mg), 3.0 (Mn), 1.4
(Na), 22 (P), 0.1 (Rb),
0.8 (Sr)

22 (Fe), 12 (Cr), 14
(K), 11 (Br), 6 (Cu), 1
(Si), 12 (Ca)

n.r.

10* (N), 3x10° (P), 10*
(K), 10° (S), 2x10°
(Ca), 470 (Mg), 96

(Fe), 25 (Mn), 20 (Zn),

3 (Cu), 4 (B), 10° (Na)

&9

108

109

90

106

n.r. = not reported.
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Table 5 — Selected applications dealing with quantitative analysis of plant leaves by X-Ray Fluorescence Spectrometry

LOD

Matrix Analytes Technique Calibration strategy Sample preparation me keo'! Ref
.. . Analysis of fresh leaves
Orange and lemon leaves Fe, Cu, Mn, Zn, Ti EDXRF e ey and pellets after washing, be), 2 (G, 12 .(Mn), 4 35
method . o (Zn), 69 (Ti)
drying and grinding
EDPXREF - from 1.1 (Pb) to
Higher plants, grasses, P, K, Ca, Mg, S, Fe, Cu, Fundamental parameters; . . 20 (Ca); WDXRF -from
and mosses Mn, Zn, Al, As, Cd, Co, }\3)3/)];)))((1515 spiked synthetic cellulose; X?Eﬁlnihgryéi%’t;ﬂl_ 0.5 (Co) to 400 (K); High 112
Na, Pb, Sr IAEA-QXAS gandp & energy EDPXRF - from
0.18 (Zn) to 0.7 (Cd)
Leaves and stem of Emission-transmission Drying, grinding and
Portulaca oleracia L. L, (O 86, 24, 1N EDXRFE method sieving (20-mesh) o e
Washing, drying, grinding, )
Leaves and roots of K, Ca, Fe, Cu, Mn, Zn, Elemental sensitivities sieving (<75 um):. 1) EDXRF: From 0.48 (Sr) to
L EDXRF L 400 (K); TXRF: from 0.32 114
medicinal plants Rb, Sr method pressed powder; ii) water
. LR . . (Sr) to 25.9 (K)
infusion; iii) solid residues
o 1 (€ £ 1, Cm Ll B D, g, e
Medicinal plants Zn, As, Br, Cl, Cr, Hg, EDXRF eme . f}f Csl vites < 3; s g’r;lg) - g’us fi;ing 115
Ni, Rb, Si, Sr, Ti, Zr ctho K pefichizing
N, P, K, Ca, Mg, §, Fe, Drying, grinding, sievin
Tomato leaves and fruits Cu, Mn, Zn, Ba, Br, ClI, EDPXRF - < rZyOOg’ 1%1 ) and g’ellet‘ini ng - 116
Mo, Rb, Si, Sr K pefietizing
Rhizome, stalk, leaves L3 W), O (Cm), 0
’ ’ Fe, Cu, Mn, Zn, Ba, Cr, External calibration with Drying, grinding (<100 (Mn), 0.4 (Zn), 4.0 (Ba),
and flowers of a . . WDXRF . . 117
. . Ni, Sr, Ti CRMs um) and pelletizing 2.6 (Cr), 0.3 (Ni), 1.7 (Sr),
medicinal plant .
3.4 (Ti)
.. K, Ca, Fe, Cu, Mn, Zn, . . . . .
Leaves of a medicinal Cr, Co, Ni, Pb, Rb, Se, EDXRF External calibration with Drying, grpo1ng and . 118
herb Sr vV CRMs pelletizing
. . K, Ca, Br, Cu, Fe, Mn, . ..
LemvE s Aol o o T s T SRXRF External standard method Doz, Enindiay e 119

and blue honeysuckle 7r

pelletizing
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Corn and wheat plant
tops, cotton leaves, and
soybean grains
Grass, wheat and
Deschampsia caespitosa

(L.)

Leaves and stalks of
Catha edulis

Sugar cane leaves

Coffee leaves and
branches

Sugar cane leaves

Pepper leaves and fruits

Sugar cane leaves

Aquatic plants

Seeds and leaves of
cowpea, croton, pulp and
leaves of mango, saw
dust of cyprus and
mahogany, leaves and
stem of maize, leaves and
bark of prunus

Fresh corn leaves

P, K, Ca, S, Fe, Mn, Zn,
Co, Cr, Ni, Si

Si, P
P, K, Ca, Mg, S, Fe, Cu,
Mn, Zn, Al, Br, Cl, Na,
Ni, Rb, Si, Sr, Ti

P, K, Ca, S, Fe, Mn, Si

P, K, Ca, Mg, Cu, Fe, Zn,
Mn, Ni

P, K, Ca, S, Fe, Mn, Si

P, K, Ca, Mg, S, Fe, Cu,
Mn, Zn, Al, Ba, Br, Ce,
Cl, La, Mo, Ni, Rb, Si, Sr

P, K, Ca, S, Fe, Mn, Si
P, K, Ca, Mg, S, Fe, Cu,

Mn, Al, Cl, Cr, Ni, Pb,
Si, Sr, Ti

Na, Mg, Al, P, S, K, Ca,
Mn, Fe

P-XRF

P-XRF

WDXRF

u-EDXRF

EDXRF

Portable and
benchtop
EDXRF

EDPXRF

EDXRF

WDXRF

P-XRF

P-XRF (in
Ssitu)

External calibration with
samples analyzed by a
validated reference method
External calibration with
methyl cellulose spiked
with Si and P, and CRMs

Fundamental parameters

External calibration with
samples analyzed by a
validated reference method
External calibration with
samples analyzed by a
validated reference method

External calibration with
samples analyzed by a
validated reference method

External calibration with
samples analyzed by a
validated reference method
External calibration with
CRMs and synthetic
standards

External calibration with
samples analyzed by a
validated reference method

Linear correlations between
P Ko emission line
intensities (normalized by

Loose powder (Mylar” thin
film)

Drying, ball-milling and
pelletizing

Drying, grinding, sieving
(< 32 um) and pelletizing

Drying, grinding and
pelletizing

Drying, ball-milling,
sieving (< 500 um). Loose
powder (Mylar® film)

Drying, grinding and
pelletizing

Drying, grinding (<200
pm) and pelletizing

Direct analysis of dried and
flattened leaves

Drying, grinding (<100
um) and pelletizing

Drying, grinding. Loose
powder with or without
Prolene® thin film

Direct XRF scans were
performed on the first
uppermost true leaf

140 (Si), 130 (P)

From 29 (Mn) to 2271 (Si)

From 2.1 (Zn) to 547 (Mg)

20 (Fe, Mn), ca. 100 (P, K,
Ca, S) and 200 (Si) —
benchtop; 250 (P) and 500
(Si) - Portable

111

96

78

22

120

17

71

110

121

70
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Fresh sugar cane leaves

the Ag La scattered line)
and the elemental mass
fractions
Averaged emission line
intensities from all leaf
fragments were correlated
with the comparative mass
fractions values

P-XRF (in

K, Ca, S, Si i)

Leaf fragments were
cleaned with deionized
water and superficially

dried with a paper towel

K (0.48), Ca (0.24), S
(0.51), and Si (0.35)

123

71
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Table 6 — Chemical imaging of plant tissues employing micro-X-Ray Fluorescence Spectrometry with Synchrotron radiation source
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Matrix Analytes Sp(:tn:;ze Sample preparation Objective Imaging Ref
LEENCHO Cc.l— Ca, Mn, Zn, Cutting, flattening, and covering Investigation of the Cd L.
hyperaccumulating cd 38x1.3 th a Mylar® fil Qualitative 129
plant with a Mylar 1im accumulation mechanism
Ca. K, CLS, Washing, drying on absorbent Investigation of the effec'ts of Fe re-
Leaves of a peach- . . supply on the changes in Fe and .
. Fe, Mn, Zn, 100 paper, and analysis of leaf pieces (3 - . Qualitative 130
almond hybrid plant Cu x 3 mm) chlorophyll concentrations and nutrient
distribution
Roots, stems, and Washi ing between baners Evaluation o'f a benchtop EDXRF
leaves and flowers of *Pb, Zn 200 ashing, przn d dgryingv papers, instrument in phytoremediation Quantitative 131
sunflower and plant biology studies
. . . Investigation of the contribution of
Leaf tissues: washing and freezing di ffergent natural chelates to Fo-
Leaves of tomato Fe, K, Ca, Cu, in liquid N,; freeze-drying under . . .
. 20 ) acquisition, evaluating the Qualitative 132
plants Ni, Zn, Br, Mn vacuum and selection of an area of micronutrient fraction allocated at the
2 mm?’ to analyze. leaf level
Leaves and stems of
a Zn/Cd P o1 diatrin
. . . . Investigation of the spatial distribution
cohyperaccumulator P, K, Ca, S, 3.5x55 Cuttlngf thin seetions preparation speciation of Pb in an accumulator ~ Qualitative 133
and Pb Zn, Pb with a cryomicrotome i
accumulator plant
Roots of cowpea Cu, Zn, Ni 2x2 Root sections were placed between Evaluation of the in sifu distribution Qualitative 134
two pieces of Kapton® polyimide
72
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1
2
3
g film to minimize dehydration and speciation
6 of Cu, Ni, and Zn in roots of a non-
7 hyperaccumulator
8
9 Fsiis Gtk ettt Gt Characterlzatl'on of the. mineral phases
10 . . Ca, K, Fe, Mn, . of Fe coatings on rice roots and ..
Roots and rice grains 5and 15 removal of the husks and thin- . . . Quantitative 135
11 Zn, As . . quantification of plant nutrients and As
12 sections preparation species in roots and grains
13
14 Roots, leaves, and Roots ar}d leaves: cleanir}g, chting, Evaluation of the spatial
15 trichomes of K, Ca, Ti 0.33>0.65 fzﬁ?::’izr?}zidsf:g;g reeusllcril’ C . . . Qualitative 136
i 2
16 . A distribution and speciation of TiO
17 cucumber mounting onto Ultralene™ film
18 . . .
19 Washing, cutting, embedment into Evaluation of the forms of Ce and Zn
20 Roots, nodules, 0.6x1.1and 2 resin, cutting with a within soybean
21 stems, and pods of K, Ca, Zn, Ce ’ x. ) cryomicrotome, mounting onto ) . ) Qualitative 137
2 soybean Kapton® and Ultralene®, freeze-  tissues previously treated with ZnO and
23 drying CeO, nanoparticles
24 Root tips and root hairs were cut
25 Root tips of Cu, Fe, Mn, and fixed on a 3M" tape in liquid Investigation of the spatial distribution o
26 3x3 . . Qualitative 138
%7 cucumber Ca, K nitrogen. Samples were freeze- and speciation of Cu.
dried.
28
29 Roots were cut and placed between . L .
30 ; . £3 um-thick K. ® Evaluation of in situ accumulation
Roots of wheat and TG PIEEES OIf & i 10E S Ao i
g ; rice = o polyimide film and transformation of As within root Qualitative 139
33 to minimize dehydration tissues
34 S Lo
35 Washing, immersion in
Roots and leaves of Phytotoxicity evaluation of CeO, and .
37 cucumber Ce, La Sx7 em‘t?eddlgg medium, .freezmg, La,0O5 nanoparticles Qualitative 140
38 cutting with a cryomlcroto%ne,
fixing onto 3 pm thick Mylar~ film,
39
40
41
42
43 73
44
45
46
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Three fractions of
rice grain (hull, bran,

and white rice)

Pinnae, stipes and

roots of ferns

Nodes and internodes

of rice plants

Roots of maize and

sunflower, and
topsoil

Leaf petioles of

sunflower

K, Ca, Fe, Cu,
Mn, Zn, Cd,
Hg, Se

“As, P

As, K, Ca, Si,
Fe

Zn, Ca, K

50 (diameter)

50

5 um for node
and 2 pm for
internode

drying

Rinsing in the field with drinking
water, cleaning with deionized
water in an ultrasonic bath, and

drying. Cutting, mounting onto a

plastic support, slicing with a
cryomicrotome. The 150pm thick
sections were placed on Kapton®

tape

Fixing with adhesive tape onto a
4pm Mylar® film.

Cutting, placing in MES buffer,
cutting, placing into a planchette
coated with hexadecane and another
planchette was placed on top.
Sections were frozen, embedded in
resin and sectioned.

Drying, embedment into epoxy
casting resin under vacuum, slicing
after drying with a diamond saw
and polishing. The 100 pm-thick
sections were transferred to Mylar®
film.

Mid-sections of leaf petioles were
cut. The 100 pm-thick leaf cross-
sections were cut with a cryotome
and freeze-dried prior to analysis.

Investigation of the speciation and
localization of Hg

Evaluation of the As and P
microchemical mapping in plants
grown in the absence and in As
enriched solutions.

Investigation of the role of rice nodes
in As storage and distribution.

Investigation of the accumulation of
arsenic (As) in and on roots

Evaluation of elemental distribution
and transport following the application
of various Zn formulations.

Qualitative

Qualitative

Quantitative

Quantitative

Qualitative

141

79

142

143

144

74
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1
2
3
g Washing, drying with filter paper
and flattening between two plastic
6 disks. Tmmersion Investigation of the dynamics of Fe
7 Leaves of cucumber Fe 20 accumulation and distribution within Quantitative 145
8 plants in liquid nitrogen and then freeze- leaf tissues of Fe-deficient cucumber
9 dried under vacuum. The intact flat plants.
10 freeze-dried leaves were taped on a
1 hollow aluminum sample holder.
12
13 Washing, transversally cutting,
14 i ing with Ti . . : :
Kernels and leaves of freezing, ﬁxmg with T.1ssue Tek Investigation of interaction of NPs of
15 corn Ca, Fe, Cu, K, and sectioned with a . L.
-—- . . CeO, and ZnO with corn through the Qualitative 146
16 Mn, Zn cryomicrotome. The 30 um-thick .
. life cycle of the plant.
17 sections were mounted onto
18 Kapton® tape and freeze-dried.
19
20 Washlng, cuttlng mt.o 0.2 mm Evaluation of the analytical capabilities
21 tangential and longitudinal sections
% Transversal and usine stainless steel sureical blade of two benchtop XRF systems
23 longitudinal sections P, S, K, Br 25 ultri freezine and Ivo ghilization ’ (EDXREF and p-XRF) for Qualitative 147
of carrots . & yop . multielemental analysis and imaging of
24 Sections were placed on a plastic
vegetal foodstuffs.
25 support.
26 )
27 Evaluation of benchtop p-XRF
28 P, K, Ca, Cl, 25 . . capabilities for mapping and its
29 Wheat grains Cu, Zn, Fe, Emiiingens glulpg G LR potentialities to differentiate element Qualitative 148
foil. e . .
30 S, Mn distribution in biofortified and control
31 wheat grains.
32 . o
33 Fresh roots: cutting and rinsing
34 with deionized water. Root tips and
35 20 maturation zone of fresh roots: Investigation of the in vivo
36 Roots of rice Cu cutting, freezing and freeze-dried. characteristics of Cu distribution Quantitative 149
37 The 40 pm-thick root sections were patterns and its speciation model.
38 cut with a cryotome and then
39 freeze-dried.
40
41
42
43 75
44
45
46
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Cleaning up using water. Roots and

Tomato plants "K. Ca. Fe.S 250 pm and stems: prepared as cross-sections; Investigation of the distribution of
Sr ’Br ’Cl ’Zn’ 650um for the  tomato fruit: cutting in two halves,  several elements in roots, stems, leaves Qualitative 150
(roots, stems, leaves ’Mn’ Cl’l ’ micro cross-sectioned and preparing thin and fruits of Solanum lycopersicum
and fruits) C measurements slices; leaves: no preparation. All plant.
samples: flattening and drying.
* Benchtop micro-X-ray fluorescence spectrometry.
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FIGURES

Calibration strategies in LIBS and XRF for the analysis of
plant materials

oNOYTULT D WN =

10 |
| |

12 t Univariate methods Multivariate methods

Spiking the analytes in

16 Certified reference
a blank (cellulose)

§ PLS
materials

standards

Matrix-matching ’

Calibration curves

Subset of samples
analysed by a validated
reference method

Extraction of the
analytes from the
matrix and mixing with
the raw sample

Calibration curves

Evaluation of the
model fitting

Spectral preprocessing

Calibration curves

Calibration curves

Evaluation of the
model fitting

Evaluation of the
prediction ability and
validation of the
calibration model

Selection of a subset of
calibration samples by
using PCA or HCA

Evaluation of the
model fitting

Evaluation of the
model fitting

Evaluation of the
prediction ability and
validation of the
calibration model

Evaluation of the
model fitting

Evaluation of the
prediction ability and
validation of the
calibration model

Evaluation of the
prediction ability and
validation of the
calibration model

Figure 1 — Calibration strategies in LIBS and XRF analysis of plant materials.

Evaluation of the
prediction ability and
validation of the
calibration model
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Middle third leaf

l washing
l drying

iy { o — il e

Ablated crater

:\‘ .

900 pm LIBS spot size: 750 um  EDXREF spot size: 5.0 mm

Figure 2 - Schematic overview of the sampling protocol for LIBS and EDXRF direct
analysis of sugar cane leaves. Leaf fragment depicts a 9 mm x 9 mm sampling grid (n = 100
sampling spots) used in the chemical mapping, as well as EDXRF and LIBS spot sizes.
Ablation craters obtained after analysis with LIBS by applying 5 consecutive laser pulses
(50 J cm™, 10 Hz, 1064 nm) per site. Reproduced from Ref. 7 with permission from The
Royal Society of Chemistry.
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28 Figure 3 — Microchemical maps obtained by p-XRF for As and P in the pinnules of
29 Pityrogramma calomelanos hydroponically grown with 30 x 10° mol L' As. The Rh Ka
30 Compton peak was used for correcting the As maps. Reproduced from Campos et al.”’ with
permission from The Royal Society of Chemistry.
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Shutter l Mirror

|Pulse Generator | Len
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. B Fiber

1
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B e e e i |

PC i

Spectrograph Maize Leave

Figure 4 — Schematic overview of the LIBS system applied for the in situ and in vivo
elemental mapping of maize leaves previously sprayed with an organophosphorus pesticide
(chlorpyrifos, CoH;;C1sNOsPS). Reproduced from Zhao et al.,'”® with permission from
MDPI Open Access Journals.
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