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Abstract
Correlative imaging is a powerful tool for revealing information on cell-type structures and their biochemistry, with the potential to inform healthier 
food choices and improved dietary recommendations. Determination of plant structures and their structural biochemistry advances our 
understanding of specific structures designed to store different biomolecules within cells and tissues. Compared to the classical biochemical 
separation techniques, the key advantage of sequential correlative imaging techniques is in relating spatial plant (micro)structures to their 
biochemistry in a nondestructive manner. Sequential imaging reported here comprises six methodologies on a single sample, a cross-section 
of a Tartary buckwheat (Fagopyrum tataricum) grain, namely, bright-field and autofluorescence microscopy, fluorescence microspectroscopy, 
MeV-secondary ion mass spectrometry, micro-particle-induced X-ray emission, scanning electron microscopy coupled with energy dispersive 
X-ray spectroscopy, and laser ablation-inductively coupled plasma-mass spectrometry. Results confirm that the stepwise addition of the 
desired information across several classes of biomolecules and several spatial scales informs the quality and safety of plant-based produce 
across scales. Therefore, a viable workflow is proposed, enabling sequential spatial analysis of grain and highlighting plant structures’ in situ 
specificity. The advantages and disadvantages of the selected methodologies were critically evaluated.
Key words: autofluorescence, correlative molecular imaging, element distribution, Fagopyrum tataricum, grain tissues, Tartary buckwheat
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Introduction
Plants are the basis of our diets, providing vital sources of 
energy-rich compounds, mineral nutrients, vitamins, essential 
amino and fatty acids, and a plethora of bioactive compounds 
beneficial to our health and well-being (Eckardt, 2011; White 
et al., 2013). Food crop quality, however, is a highly complex 
concept due to a large number of plant characteristics and the 
various genetic and exogenous factors that control them 
(Murphy et al., 2011). While the cultivation of new, high- 
yielding crop varieties, along with the increasing use of mineral 
fertilizers and crop protection chemicals, resulted in an enor
mous increase in crop yields, little attention was paid to the nu
tritional quality and safety of food crops (White & Broadley, 
2005; Murphy et al., 2008; Mayer et al., 2022; Miner et al., 
2022). Furthermore, multiple environmental challenges of the 
21st century, including climate change, environmental pollu
tants, and shifting population demographics, threaten global 
food sustainability and nutrition security. Therefore, innovative 
solutions must be developed to inform decisions across the food 
chain toward improved nutritional and health status of plant- 
based foods (Khoo & Knorr, 2014). Notwithstanding the 
importance of plants as a source of exploitable and essential 
biochemicals, we still have remarkably limited knowledge of 
where these metabolites are produced and stored within plants, 
presumably due to the scarcity of suitable analytical tools al
lowing the determination of their localization within organs 
and tissues (Etalo et al., 2015).

A single analytical technique cannot capture the detailed 
structural biochemistry of a complex biological (Walter 
et al., 2020, 2021) or soil (Lippold et al., 2023) sample. 
Therefore, coupling different imaging techniques, preferably 
on different spatial scales, known as the correlative imaging 
workflow to visualize and relate comprehensive plant spatial 
biochemical composition to plants’ anatomical, physiological, 
and genetic traits needs to be developed. Such integrative re
search has the potential to advance biomedical and plant sci
ences, although, in the latter, it is much less routinely 
practiced (Jahn et al., 2012) due to complex sample prepar
ation demands and potential sample damage induced by the 
imaging technique(s) applied. Integrating bright-field micros
copy (BFM), fluorescence microscopy (FM) and electron mi
croscopy (EM), mass spectrometry imaging (MSI), and 
elemental spatial-resolution imaging (ESRI) techniques for de
tailed analysis of biological samples offers the potential to sim
ultaneously reveal information on plant tissues and their 
biochemical and elemental compositions in a spatially re
solved manner. The integration of all these techniques holds 
great potential to become the next-generation bioimaging 
strategy and represents an innovative analytical approach in 
plant and food science comparable to zoology and medicine 
(Zhao et al., 2021). Among those, microscopies such as 
BFM and EM are readily and routinely used techniques to cap
ture the morphology of a sample at the micro- and nanoscale, 
respectively. When EM is coupled with an energy dispersive 
X-ray spectrometer (EDS), the relationship between plant 
ultrastructure and their elemental composition is determin
able, but with sensitivity in 0.1% concentration range, exem
plified by demonstrating the importance of plant cuticles, 
stomata, trichomes, and overall foliar surface free energy on 
the adhesion, uptake, and translocation of metal nanoparticles 
in plants (da Silva et al., 2006; Schreck et al., 2012; Kranjc 
et al., 2018). By contrast, MSI and ESRI are less easily 

accessible and require extensive operational and sample prep
aration skills. Of MSI available, recently developed secondary 
ion MSI using heavy ions with MeV energy (MeV-SIMS) pro
vides information on the mass-to-charge (m/z) ratio of mole
cules and molecular fragments in a plant sample with a high 
yield and spatial resolution (Nakata et al., 2008; Jenčič 
et al., 2019). A close relationship between plant metabolites 
and specific plant tissues (structures) has been demonstrated 
on a cannabis leaf (Jenčič et al., 2016). However, despite the 
tremendous progress in MS-based metabolomics platforms, 
metabolite annotation and identification remain a bottleneck 
(Hamany Djande et al., 2020). Among ESRI, micro-particle 
Induced X-ray emission (micro-PIXE) provides information 
on the presence and location of an extensive range of elements 
(sodium to uranium) in both freeze-dried and frozen-hydrated 
states (Vogel-Mikuš et al., 2008; Vavpetič et al., 2015). 
Quantitative distribution maps enable correlating elemental 
composition to specific plant structures. For the elements pre
sent in trace and ultratrace concentrations (e.g., <1 μg g−1) 
such as mercury (Hg), cadmium (Cd), arsenic (As), and selen
ium (Se) (Nielsen, 1984), better sensitivity is required; there
fore, synchrotron radiation micro-X-ray fluorescence-based 
spectrometry and laser ablation inductively coupled mass 
spectrometry (LA-ICP-MS) are better choices, also when im
aging distribution of low Z elements present in low concentra
tion in plants, such as aluminum (Al) and silicon (Si) (Yamaji 
& Ma, 2019) are required. In addition, Se and As can also be 
determined using nano-SIMS (Moore et al., 2011).

One of the main challenges in correlative imaging is prevent
ing damage to the sensitive biological tissues during imaging 
and optimizing the sequence of analyses to avoid misinterpret
ation due to potential artifacts. Optimization of the method
ology sequence must ensure that the subsequent techniques 
are “blind” to the potential artifacts occurring in the previous 
analyses. Therefore, the sequence should begin with the least 
damaging to the most damaging analytical technique (Costa 
et al., 2022). In addition, the sample preparation protocol 
must ensure the preservation of structural and biochemical fea
tures in vivo to the highest degree possible (Vogel-Mikuš et al., 
2014). To demonstrate the advantage of correlative imaging in
formation for plant and food quality and composition, we ap
plied six consecutive techniques in the following order: BFM, 
FM, MeV-SIMS, micro-PIXE, SEM-EDS, and LA-ICP-MS to 
a single section of Tartary buckwheat (Fagopyrum tataricum) 
grain. Tartary buckwheat is a gluten-free crop with numerous 
health-promoting effects, whose grain has a distinctive morph
ology with a tissue-specific element profile (Pongrac et al., 
2013). Its health-beneficial effects comprise prebiotic and anti
oxidant activities, anti-inflammatory and antidiabetic effects, 
reduction in cholesterol levels, and improvements in hyperten
sion conditions, as well as neuroprotection and anticancer ac
tivity (Giménez-Bastida & Zieliński, 2015). Rutin represents 
90% of the flavonoids and is one of the key antioxidants in 
Tartary buckwheat grain, although quercetin and isoorientin 
are also present (Morishita et al., 2007; Lee et al., 2016). 
Rutin and resistant starch are linked to attenuated oxidative 
stress of the liver and small intestine and are among the com
pounds by which Tartary buckwheat extracts contribute to 
the beneficial effects of whole grain foods (Luo et al., 2019). 
Still, the visual confirmation of the microstructures of the 
Tartary buckwheat grain tissues containing the most effective 
biomolecules and their allocation within the grain is lacking. 
Therefore, a method development approach was performed 

2                                                                                                                                          Microscopy and Microanalysis, 2025, Vol. 31, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/m
am

/article/31/4/ozaf057/8202678 by knjiznica user on 07 N
ovem

ber 2025



using a sequence of six techniques to meaningfully capture the 
spatial biochemistry of a sample, namely, Tartary buckwheat 
grain. When performed on the cryo-preserved dehydrated plant 
specimens, the proposed sequential imaging workflow can 
be applied to a wide variety of plant specimens and has the 
potential to fill the gap in our knowledge of structural plant bio
chemistry across scales, in situ, e.g., with no chemical altera
tions in a nondestructive manner. The imaging setups used 
are available within the Slovenian Correlative Bioimaging 
Node (SiMBION), a partner of the Euro-BioImaging platform 
(https://www.eurobioimaging.eu/), which is dedicated to all as
pects of imaging. The nodes of Euro-BioImaging provide open 
access to biomedical and biological imaging technologies and 
training on the optimized sample preparation techniques, the 
proper handling of state-of-the-art technologies, and data ana
lysis, thus bridging the specific challenges of interdisciplinary 
research (Pfander et al., 2022).

Material and Methods
Sample Preparation
Grain of Tartary buckwheat (F. tataricum [L.] Gaertn.) cv. 
Zlata from the 2019 harvest was obtained from a local farm 
and mill Rangus (Rangus Mlinarstvo in trgovina, Dol. 
Vrhpolje d.o.o., Dolenje Vrhpolje 15, 8310 Šentjernej, 
Slovenia). Between harvest and use, the grain was kept in 
closed glass jars in a dry and dark place at room temperature. 
On the day of sample preparation, grains were soaked in pre
cooled Milli-Q at 4°C for 4 h and cut transversely using a 
sharp stainless-steel platinum-coated razor blade (Science 
Services, Germany). Sections were carefully packed between 
several layers of tin foil (to ensure the flatness of sections) 
and plunge-frozen in liquid nitrogen and freeze-dried (Alpha 
2-4 Christ, Martin Christ Gefriertrocknungsanlagen GmbH, 
Osterode am Harz, Germany) for 3 days at 0.012 mbar and 
−40°C (Supplementary Fig. 1). Dried sections were inspected 
under the stereomicroscope (Leica MZ8, Leica Camera AG, 
Wetzlar, Germany) and those with intact embryonic axis 
and outer layers (i.e., pericarps) present were selected, placed 
on double-sided carbon tape (SPI Supplies, USA) on polished 
Si wafer (Sitronic AG, München, Germany), and kept in glass 
Petri dishes until analyses. Three independent Tartary buck
wheat grain sections were analyzed using the sequence of six 
imaging methods described below, selected based on their ba
sic characteristics, performance, advantages, and disadvan
tages summarized in Table 1.

Correlative Sample Imaging
Morphology of the grain was imaged using BFM and FM, fol
lowed by molecular imaging (MeV-SIMS), element distribu
tion imaging at micrometer scale (micro-PIXE), morphology 
and element distribution imaging below micrometer scale 
(SEM-EDS), and element distribution imaging for elements 
present at low concentrations (LA-ICP-MS).

BFM and FM and Fluorescence (Micro-)Spectroscopy
Tartary buckwheat grain sections were imaged with an 
AxioImager Z.1 (Zeiss, Oberkochen, Germany) microscope 
using reflected light without the coverslip and photographed 
with an AxioCam HRc camera (Zeiss, Oberkochen, 
Germany). In addition, autofluorescence of sections was im
aged using a MZFLIII stereomicroscope (Leica, Wetzlar, T
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Germany) with a Plan Apo 1.0× objective with three different 
epifluorescence excitation wavelengths, namely, 395–455 nm 
(emission light 480 nm), 490–510 nm (emission 520– 
550 nm), and 540–580 (emission 592–667 nm), without a 
coverslip. These images were recorded with a Leica DFC425C 
color camera as RGB TIFFs (frame size 2,592 × 1,944 px).

Fluorescence microspectroscopy was used to capture fluor
escence spectra of the Tartary buckwheat grain tissues (prior 
to all analyses and after) and reference standards (rutin hy
drate, quercetin, catechin, ferulic acid [all Sigma-Aldrich, 
Burlington, USA], and starch [Merck, Darmstadt, 
Germany]). All samples were covered with a 1.5# cover glass 
and imaged by an inverted microscope Axio Observer Z1, 
LSM 800 (Zeiss, Germany), operated by ZEN 2.6 software, 
using the lambda stack function. The spectral resolution was 
set to 20 nm (standards) or 9 nm (samples) and 405 nm laser 
light for excitation. In this setting, the variable dichroic mirror 
is sequentially shifted so that the split wavelength of fluores
cent light shared between the two GaAsP-Pmt detectors is 
shifted for a set spectral resolution after each acquisition 
step. The final acquisition result is the stack of images from 
both detectors (lambda-stack), where each image contains 
fluorescence light of a limited wavelength range. By subtract
ing the fluorescence intensities of two images obtained in 
two consecutive steps, one can obtain the fluorescence inten
sity in the predefined spectral resolution. Although the 
GaAsP-Pmt detectors are sensitive to light from 400 to 
700 nm, not all the emission light in this spectrum reaches 
them. This is due to the LSM 800 design, in which a fixed 
main beam splitter blocks the reflected excitation light from 
four available laser lines (405, 488, 561, and 640 nm), gener
ating “blind spots” on the detector. To circumvent this obs
tacle, transmittance/reflectance data provided by the 
microscope manufacturer were taken into account, and the in
tensities of emitted light at wavelength intervals correspond
ing to detector “blind spots” were omitted in the graphs of 
fluorescence spectra. The intensities of emitted light at wave
length intervals that partially overlapped with “blind spots” 
were corrected by calculating the total transmittance factors. 
The objective used was EC Plan-Neofluar 10x/0.3 NA. 
Pinhole size was set to 1 AU. Frame size was set to 1,024 ×  
1,024 pixels with 12-bit depth. Frame time was 10 s. The ac
quired lambda stack was processed by Fiji software 
(Schindelin et al., 2012). The mean pixel intensity was ex
tracted from the region of interest of 200 × 200 pixels in size 
from the lambda stack of raw images. The obtained pixel in
tensities from images obtained in sequential steps in the lamb
da scan were then subtracted in MS Excel to obtain the 
fluorescent intensities with 20 nm spectral resolution. To test 
for statistical significance between different pairs of fluores
cence spectra in fluorescence microspectroscopy, the modified 
χ2 method was applied as described by Hristova and Wimley 
(2023). p-value ≤ 0.05 was considered statistically significant. 
The means and standard errors of each of the measurement 
points in the fluorescence spectra of the grains were calculated 
from three replicates based on different regions of two to three 
individual grains.

Metabolite Distribution Imaging Using MeV-SIMS
Molecular distribution imaging of Tartary buckwheat grain 
cross-section was performed by 5 MeV Cl5+ primary ions, fo
cused to a 10 µm spot size, which bombarded the surface of 

the sample across the 2,000 × 2,000 µm2 scan size to desorb 
secondary molecules. Among those, positively ionized par
ticles were accelerated with a 5 kV bias voltage and analyzed 
in a linear time-of-flight mass spectrometer, whose character
istics have been described in detail previously (Jeromel et al., 
2014). Each sample was analyzed for 8 h at a beam intensity 
of 5,000 ions s−1, corresponding to a beam fluence of 5 ×  
109 ions cm−2, much below the static SIMS limit (1012 ions 
cm−2) to prevent any significant chemical alteration. For the 
comparison between different measurements, all spectra 
were normalized to the intensity of the potassium (K) peak.

The identification of biomolecules in the sample was per
formed by the analysis of the reference standards of rutin- 
hydrate and quercetin (both Sigma-Aldrich). Both standards 
were dissolved in methanol (1 mg mL−1), and approximately 
30 µL of each was deposited on a polished Si wafer and spin- 
coated and analyzed as described previously (Jenčič et al., 2023).

Element Distribution Analysis at Micrometer Scale Using 
Micro-PIXE
Element distribution imaging of the Tartary buckwheat grain 
cross-sections was performed at the nuclear microprobe of the 
Jožef Stefan Institute, Ljubljana, Slovenia, as described in detail 
previously (Pongrac et al., 2011; Lyubenova et al., 2012). In 
short, protons with 3 MeV energy were focused to a beam of ap
proximately 1 × 1 µm2. The proton beam was raster scanned 
over a 2,000 × 2,000 µm2 large sample area yielding 
1.8588 µC total proton dose in the measurement lasting 
6.25 h. Emitted X-rays of magnesium (Mg), phosphorus (P), 
sulfur (S), chlorine (Cl), K, and calcium (Ca) were detected by 
a Si drift detector (e2v SiriusSDVR; High Wycombe, UK) and 
manganese (Mn), iron (Fe), and zinc (Zn) by high purity Ge de
tector (Canberra Packard Central Europe GmbH, Schwadorf, 
Austria). Spectra were collected using OM-DAQ software 
(Oxford Microbeams Ltd., Oxford, UK) and processed in 
GeoPIXE II software (Ryan, 2000). Proton dose was determined 
using a rotating, in-beam chopper (Vogel-Mikuš et al., 2009). 
Cellulose was used as a matrix for element quantification.

Element Distribution Analysis Below Micrometer Scale 
Using SEM-EDS
Tartary buckwheat grain cross-sections were carbon-coated 
(10 nm thick layer) using a sputter coater BAL-TEC SCD 005 
(BAL-TECH Inc., Balzers, Lichtenstein), and the detailed mor
phological makeup of the Tartary buckwheat grain was visual
ized using a scanning electron microscope (JEOL JSM-5800, 
Jeol, Ltd., Tokyo, Japan) with 20 keV beam energy at 10 mm 
working distance in high vacuum mode. Regions of interest 
(starch granules in the endosperm, globoids in the cotyledons 
and of the pericarp) were analyzed for element composition us
ing Si(Li) X-ray detector (ISIS 300 EDS, Oxford Instruments 
plc, Abingdon, UK) with the following conditions: process 
time 5, acquisition time 60 s, count rate 1,000 cps, dead time 
30%, and magnification of 2,700×.

Element Distribution Analysis for Elements Present at 
Low Concentration by LA-ICP-MS
Distribution of Al and Si (both found in common buckwheat 
grain below 100 µg g−1 dry matter; Vogel-Mikuš et al., 2009) 
and P (found in common and Tartary buckwheat grain, much 
above 1,000 µg g−1; Vogel-Mikuš et al., 2009; Pongrac et al., 
2016, 2013) was determined by LA-ICP-MS (Agilent 7900x, 
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Agilent Technologies, Palo Alto, USA and Analyte G2, 
Teledyne Photon Machines Inc., Bozeman, USA). The laser 
ablation system contains a HelEx II 2-volume ablation cell 
with an integrated Aerosol Rapid Introduction System. The 
imaging parameters for best image quality were set at a square 
10 μm beam size, 250 Hz, dosage 10, and fluence 0.52 J cm−2 

and ICP-MS acquisition time 40 ms and dwell time of 4 ms. 
Sampled depth for each of the 10 pulses was between 150 
and 200 nm (Mervič et al., 2024), making the technique in
sensitive to the 10 nm carbon layer on the sample surface ap
plied for the SEM-EDS analysis.

Data Processing and Statistical Analysis
The main challenge in direct correlative imaging is the perfect 
alignment of pixels. Because samples were moved between 
analyses with different techniques and often to different facil
ities, postanalytical alignment of pixels was performed. The 
distribution of elements obtained with micro-PIXE was used 
as the baseline, and data from SEM, MeV-SIMS and 
LA-ICP-MS were aligned to it. Transformation of 
MeV-SIMS and LA-ICP MS maps was achieved through rota
tion, translation, and stretching using the following formulas:

x′ = (x Cos[φ] + y Sin[φ] + Tx)
1
Sx

, 

y′ = (y Cos[φ] − y Sin[φ] + Ty)
1
Sy

, 

where x′ and y′ were new positions of pixels x and y from the 
center of the image (ranging from −128 to +127 for 256 × 256 
pixel maps), φ is the rotation angle on x–y plane, Tx,y was the 
translation in x/y axis, and Sx,y was stretched in x/y direction.

Twelve characteristic points of all maps (micro-PIXE, 
MeV-SIMS, and LA-ICP MS) were considered to determine 
optimal values of five parameters through the least squares 
method. Optimal values were determined with a precision of 
1 pixel for Tx,y, π/256 π for φ, and 0.01 for Sx,y.

The final values for MeV-SIMS-PIXE conversion were 
φ = −7π

256, Tx = 25, Ty = −1, Sx = 1.17, and Sy = 0.71. Since 
Mev-SIMS measured the sample rotated 53° in regard to the 
primary ion beam, this led to x axis being stretched by 1/ 
Cos (53°) = approximately 1.66. The value of the ratio Sx/Sy 

was similar at 1.65, indicating the squeezing/stretching of 
the image was solely due to the rotation of the sample during 
the measurement. Values of LA-ICP-MS–micro-PIXE conver
sion were φ = −1π

256, Tx = −20, Ty = −22, Sx = 1.30, and 
Sy = 1.22.

Once the alignment was concluded, datasets were used for 
multivariate statistics to distinguish grain tissues based on 
their full nutritional profiles. Data for P, S, K, Ca, Mn, Fe, 
and Zn from micro-PIXE, molecules with m/z = 70, 303, 
and 603 from MeV-SIMS and for Si and Al from 
LA-ICP-MS in each pixel were z-normalized (to eliminate 
the differences in value ranges) and statistically processed us
ing k-means clustering with random initialization. The num
ber of clusters was selected based on principal component 
analysis (PCA), in which four principal components explained 
69.4% data variability, of which one was the background and 
three were linked with grain tissues. The PCA, the clustering 
analysis, and the hyperspectral image depicting tissues with 
distinctive nutritional profiles were generated in Orange 

Data Mining 3.13 software using HyperSpectra plugin 
(Demšar et al., 2013; Toplak et al., 2017).

In addition, morphology image (SEM) was fused with dif
ferent distribution images (molecular from MeV-SIMS or 
elemental from micro-PIXE and LA-ICP-MS) by conversion 
as follows ϕ = −1π/256, Tx = −13, Ty = −18, Sx = 1.10, and 
Sy = 1.07. Raw data (matrices of the SEM image and the distri
butions of molecules and elements) to generate custom combi
nation(s) are available in .csv format at https://doi.org/10. 
5281/zenodo.14628251. Fusion of selected matrices can be 
conducted in the Wolfram Mathematica (Wolfram Research 
Inc., Champaign, IL, USA) program, where the user should 
provide paths of two raw datasets selected to be fused and 
start the program by the selection of the first (overlay) image 
and the second (base) image. The opacity of the first image 
can be adjusted so that the best visualization of the combin
ation is achieved. Alternatively, overlay images can be gener
ated in freely available Fiji software (Schindelin et al., 2012; 
https://imagej.net/software/fiji/downloads) by File > Import  
> Text Image to open selected matrices, followed by Image  
> Color > Merge Channels where SEM image, if used as the 
basis for morphology, could be selected as gray channel 
(C4), and other matrices in selected (color-specific) channels 
(up to 6 additional). In the Merge Channels options, “Create 
composite,” “Keep source images,” and “Ignore source 
LUTs” should be checked.

Results and Discussion
BFM, Autofluorescence Microscopy, and 
Fluorescence Spectroscopy
In a cross-section, Tartary buckwheat grain is of triangular 
shape (Fig. 1). It is filled with endosperm, distinctly white 

Fig. 1. Microscopy of a cross-section of a Tartary buckwheat 
(F. tataricum) grain. Bright-field stereomicroscopy image with grain 
tissues labeled (a) and the micrographs obtained with excitation light of 
395–455 nm (emission light 480 nm) (b), 490–510 nm (emission 
520–550 nm) (c), and 540–580 (emission 592–667 nm) (d) indicating the 
presence of diverse fluorophores in specific grain tissues.
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under stereomicroscope, partially encircled with two elon
gated and winding cotyledons, light brown under stereomicro
scope. These not-yet functional cotyledons, which contain 
underdeveloped etiolated chloroplasts and protochlorophyl
lide, are attached to the light-brown semicircular shape in 
the center of the grain, the embryonal axis (i.e., embryo prop
er). It comprises the outer cortical region and the inner pith 
divided by vascular cambium and four equidistantly placed 
vascular bundles. The endosperm, cotyledons, and embryonal 
axis are embedded in a dark brown multilayered husk 
(pericarp).

The autofluorescence images indicate diverse fluorophores 
in tissues of Tartary buckwheat grain, depending on the exci
tation wavelengths (Figs. 1b–1d), based on their autofluores
cence (Table 1). The cotyledons show the most intense 
autofluorescence under blue light (emission at 480 nm; 
Fig. 1b) and green light (emission at 520–550 nm), followed 
by the embryonal axis. At the same time, a faint fluorescence 
signal is observed in the husk (Fig. 1c). Under red light, how
ever, the embryonal axis shows the most intensive autofluores
cence signal followed by autofluorescence of lower intensity in 
cotyledons, indicating differences in the main fluorophores in 
these two tissues and husk (Fig. 1d). Endosperm exhibits the 
lowest fluorescence signal under all conditions. The emission 
spectra of the diverse fluorophores in plant foods have charac
teristic fingerprints and are of great potential for food charac
terization. However, the high complexity of foods hinders the 
analyses, as the conventional fluorescence measurements often 
provide too little information for more detailed analyses, and 
the frequently overlapping emission spectra of the fluoro
phores make their identification difficult (Lenhardt et al., 
2017). The most common endogenous fluorophores in green 
parts of plants are chlorophylls (red fluorescence upon UV ex
citation), followed by cell wall phenolics, intracellular feru
lates (blue-green fluorescence upon UV excitation), and 
flavonoids (green fluorescence upon UV excitation), as re
viewed in detail elsewhere (Buschmann et al., 2000; 
Donaldson, 2020).

Fluorescence microspectroscopy with excitation light of 
405 nm captured tissue-specific differences in autofluores
cence peaks in Tartary buckwheat grain cross-section 
(Fig. 2a). The analyses of buckwheat tissues were performed 
before and after other imaging methods to record the potential 
tissue damage or biochemical transformation of the fluoro
phores. No change in the fluorescence spectra of the husk, tis
sue with the lower water content and abundance of catechin, 
was observed. In contrast, in the cotyledon and endosperm, 
slightly lower fluorescence spectra in the 500–540 nm range 
were accompanied by a minute rise in the fluorescence spectra 
in the 580–600 nm range (Fig. 2a, 1–3), indicative of little or 
no radiation damage. The reference standard biomolecules 
had distinct fluorescence profiles (Fig. 2b) and were selected 
based on the large dataset of phenolic compounds identified 
in common buckwheat grain using high-performance 
liquid chromatography combined with MS/MS analysis in
cluding catechin, epicatechin gallate, orientin/isoorientin, vi
texin/isovitexin, hyperin, and rutin, while quercetin was only 
detected in Tartary buckwheat (Zhang et al., 2017). In the 
cotyledon of Tartary buckwheat, the most prominent peak oc
curred at 518 nm (Fig. 2a, 1). A similar peak at 509–527 nm 
also characterized the husk (Fig. 2a, 2). Although much 
broader, the catechin reference standard, with a peak at 
501–540 nm (Fig. 2b), was at the same wavelength. 

According to some reports, the major biomolecules detected 
in Tartary buckwheat husk were rutin and quercetin, but 
not catechin (Lee et al., 2016). The fluorescence signal of the 
rutin reference standard was very low (not shown); thus, its 
presence in cotyledons cannot be seen. The fluorescence prop
erties of quercetin standard at 580–600 nm may have contrib
uted to the fluorescence spectra of cotyledon and husk, but 
they are not the major fluorophore in these tissues. Some au
thors argue that the high fluorescence property of quercetin 
may stem from albumin-bound quercetin (Poór et al., 2018). 
In contrast, a recent comprehensive metabolome analysis re
vealed six proanthocyanidin molecules (catechin-based con
densed tannins) with the highest concentrations in Tartary 
buckwheat bran, followed by endosperm and pericarp (Xiao 
et al., 2022), thus confirming their presence in these tissues. 
A more flattened peak around 536 nm was characteristic of 
the endosperm (Fig. 2a, 3), with no apparent connection to 
the peak at 501 nm observed for the starch reference standard 
material (Fig. 2b). Note that starch, as a polysaccharide, has 
no fluorochromes. The observed starch fluorescence in the ref
erence standard indicates the presence of some fluorescent im
purities. Therefore, the absence of a peak at 501 nm in the 
endosperm does not imply the absence of starch in this tissue. 
Rather, the autofluorescence properties of the Tartary buck
wheat endosperm can indicate the presence of condensed 
tannins.

Blue-green fluorescence is derived from ferulic acid, cova
lently bound to most cell walls in leaves. In contrast, other 
phenolic acids and extractable flavonoids of the vacuoles con
tribute little to the fluorescence of leaves in this region 
(Lichtenthaler & Schweiger, 1998). Ferulic acid is also a 
prominent component of the nonendosperm wheat milling 
fractions, while in the starchy endosperm, only minute 
amounts are present (Pussayanawin et al., 1988). Indeed, the 
reference standard of ferulic acid shows weak fluorescence in
tensity and a peak at 460 nm (Fig. 2b), which may have con
tributed to the fluorescence in the blue region of the spectra 
in the selected Tartary buckwheat grain tissues (Fig. 2a), but 
not as one of the major peak components.

The spatial distribution of fluorophores in tissues of buck
wheat grain is, to the best of our knowledge, underexplored. 
However, the profiles of fluorescent spectra of buckwheat 
flours are characteristic enough to allow for the determination 
of the quality of buckwheat noodles (Shibata et al., 2011), 
while coupled with parallel factor modeling, the fluorescence 
fingerprints proved distinctive enough to allow for the charac
terization of flours of differing botanical origins (Lenhardt 
et al., 2017).

Metabolite Identification and Imaging Using 
MeV-SIMS
MeV-SIMS imaging provides mass-resolving power and mass 
accuracy, can generate distribution maps at a submicrometer 
spatial resolution (Table 1), and can inform problems of inter
est at different dimensional scales (Anderton & Gamble, 
2016) and for different scientific fields, including the food pro
duction sector. As in any MSI-based technique, detection of 
positively charged molecules commonly occurs in protonated 
or cationized form; i.e., proton or cation is attached to the 
(fragment of) a molecule. This results in a shift of quasi- 
molecular peaks by the mass of an attached agent. The cumu
lative MeV-SIMS spectrum of the Tartary buckwheat grain 
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cross-section can be separated into two domains: the first one 
(up to 300 m/z) contains numerous elemental and/ or fragment 
peaks, and the second domain (between 300 and 900 m/z) 
contains fewer peaks of lower intensities (Fig. 3a). Two most 
prominent peaks, namely, at m/z = 303 and m/z = 603 in the 
second domain, were studied in more detail. Their distribution 
in the grain is displayed in Figure 3b. Peaks in this domain of 
the cumulative spectrum were compared to the MeV-SIMS 
spectra of reference standards (Fig. 3c), rutin (m = 610 Da) 

and quercetin (m = 302 Da), expected to be abundant in 
Tartary buckwheat grain (Fabjan et al., 2003). Allocation to 
cotyledons but also to endosperm was evident for quercetin, 
corroborating results with FM (compare with spectra in 
Fig. 2), whose spectrum contained a protonated molecular 
peak at m/z = 303 and several others, which represent other 
combinations of cationization, for example, a peak at m/z =  
325, 341, 347, and 381 representing quercetin + Na, 
quercetin + K, quercetin + COOH, and quercetin + 2Na–H, 

Fig. 2. Fluorescence (micro-)spectroscopy of tissues of a Tartary buckwheat (F. tataricum) grain (a) and reference standard biomolecules (b). 
Characteristic spectra of selected tissues (cotyledon, husk, and endosperm) and reference standard spectra of the expected biomolecules for comparison 
were obtained using excitation light at 405 nm. RFU/RFUtot, relative fluorescence units normalized on total fluorescence of the spectrum (± standard 
deviation). (▴), pre-imaging grain; (●), post-imaging grain. Scale bar is 200 μm.
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respectively. By contrast, the molecule at the m/z = 603 exhib
iting clear allocation to the embryonal axis and the cotyledons 
(Fig. 3b), cannot be identified as rutin, as the spectrum of the 
rutin standard contains peaks at m/z = 633 representing rutin  
+ Na, at m/z = 649 representing rutin + K and at m/z = 611 
representing rutin + H (Fig. 3c), some of which are seen only 
as small peaks in the MeV-SIMS spectrum of Tartary buck
wheat grain (Figs. 3a, 3c). This was surprising as up to 
1.7% of rutin in grain dry matter has been reported in the 
Tartary buckwheat grain (Fabjan et al., 2003), and intensive 
peaks related to rutin and rutin + M molecules were expected. 
It may be that peaks at m/z = 576 and m/z = 603 were related 
to rutin due to their prominence, similarity in mass and high 
correlation in their spatial distribution, but additional ana
lyses are required to confirm this. One possible theory for 
the absence of rutin peaks is that the molecular composition 

of rutin might have altered during the sample preparation or 
the desorption process, most likely the disaccharide chain 
being disrupted at two different locations. Unfortunately, 
MeV-SIMS setup used did not allow for a more detailed iden
tification of heavier molecules.

Prominent peaks in the first domain, notably at m/z values 
28, 43, 55, 70, and 86. These are mostly carbohydrates 
(C2H4

+, C3H7
+, C5H10

+ , and C6H14
+ ) or carbohidroxydes 

(C5H10O+), indicative of organic tissue. The upgrade of our 
setup and optimization of sample handling, such as coating 
with a few nm thick layer of gold will enable more straightfor
ward conclusions, as coating with gold was shown to improve 
secondary ion yield of already detected molecules (Jenčič et al., 
2023). Furthermore, coating helps to better define the electric 
field at the sample, which helps with the acceleration of sec
ondary ions and results in clearer images.

Fig. 3. MeV-SIMS analysis of a cross-section of a Tartary buckwheat (F. tataricum) grain. A representative cumulative MeV-SIMS spectrum with selected 
peaks indicated (a), the spatial distribution of two molecules under the selected peaks (b), and spectra of reference standards rutin and quercetin (c). The 
expected rutin peak at m/z = 611 was absent in the sample spectrum, where a prominent peak at m/z = 603 was observed. This molecule remains 
unidentified. The intensity legend represents counts s−1. Scale bar is 200 µm.
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Elemental Distribution Analysis Using Micro-PIXE
Visualization and understanding of the spatial distribution of 
elements in plants are critical for food chemistry aiming to im
prove crop nutrition, productivity, nutritional contents of ed
ible portions, or reduction of unwanted trace element 

contaminants (Cvitanich et al., 2011; Kopittke et al., 2020). 
The main parameter affecting micro-PIXE results is the pene
tration depth of the MeV protons, the resulting X-ray fluores
cence emission and absorption of the X-ray fluorescence 
photons in the sample matrix. In addition, electron 

Fig. 4. Micro-PIXE analysis of a cross-section of a Tartary buckwheat (F. tataricum) grain. Spatial distribution maps of Mg, P, S, K, Ca, Mn, Fe, and Zn. The 
intensity legend next to each distribution map is in µg g−1 dry weight. Scale bar is 200 µm.
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bremsstrahlung affects sensitivity for the light elements since it 
increases the background in low Z region. The signals of the 
low Z elements (P–K) originated from the material close to 
the sample’s surface, while the signals of the mid-Z elements 
came from deeper layers of the sample (Table 1). In line with 
previous reports on common buckwheat (Vogel-Mikuš 
et al., 2009; Pongrac et al., 2011) and Tartary buckwheat 
(Pongrac et al., 2013; 2020), most P and K were localized in 
the embryonal axis and the cotyledons. At the same time, 
prominent Ca and Fe concentrations were found in the peri
carp (Fig. 4). The endosperm is not completely devoid of the 
measured mineral elements, although relatively lower concen
trations compared to embryonal tissues may lead to such a 
conclusion (Fig. 4). This is the main reason for the relatively 
low mineral concentrations in flours, highlighting the import
ance of spatial analyses of mineral element composition for in
formative decisions in the food sector.

Subcellular Distribution of Elements Determined by 
SEM-EDS
A technique especially suited for forensic investigation and 
problem-solving in the food industry, i.e., for determining 
the distribution of materials within the matrix or finding or
ganic and inorganic contaminants in food and crops, is 
SEM-EDS (Niemeyer, 2015) with high lateral resolution 
(Table 1). In addition, it is a quick and routine approach 
used in food sciences to image grain starch morphology 
(Kasem et al., 2011), and to correlate aleurone organization 

to conventional grain quality characters (Hands et al., 
2012), among others. The aleurone layer is an essential feature 
of cereal grains where phytate globoids capture numerous cat
ions (Becraft, 2007; Regvar et al., 2011). Aleurone is a vital tis
sue of all endosperm containing, predominantly cereal, grain. 
While buckwheat is botanically not a cereal, it also stores en
ergy in a starchy endosperm. By contrast to cereals, Tartary 
buckwheat grain has a very reduced aleurone layer (Pongrac 
et al., 2013), seen as a thin layer in the bottom right corner 
of the S, P, and Mg micro-PIXE maps (Fig. 4). Thus, the ma
jority of elements in Tartary buckwheat grain are allocated 
to the embryonal tissues, particularly to both cotyledons 
(Fig. 4; Pongrac et al., 2013, 2020). Despite all the knowl
edge accumulated, phytate globoids in cotyledons of 
Tartary buckwheat grain remain undescribed, therefore, 
SEM-EDS was used to visualize Tartary buckwheat grain tis
sues (Fig. 5a) and to identify and characterize globoids in the 
cotyledons (Fig. 5b). These were 1–2 µm large globoids, 
evenly distributed within the tissue and contained mostly 
C, O, and P, but also K, Mg, and S (Fig. 5b), confirming their 
role in element storage with phytate. Large endosperm cells 
were filled with starch granules, where some C and O are pre
dominant elements, accompanied by minute amounts of S 
and K (Fig. 5c). Compared to the cotyledons, a much higher 
C/O ratio was observed in the endosperm and husk, indica
tive of dried cells in fully matured grain, resulting from pro
grammed cell death (Golovina et al., 2000). In the multilayer 
pericarp, Ca accompanies C and O (Fig. 5d). These results are 
also in line with and complement the results obtained at the 

Fig. 5. SEM-EDS analysis of a cross-section of a Tartary buckwheat (F. tataricum) grain. The region of interest on the schematic image (highlighted with a 
box) and the respective scanning electron micrograph of the area (a) and zoomed-in on tissues with accompanying X-ray fluorescence spectra: cotyledon 
(b), endosperm (c), and husk (d). C, carbon; O, oxygen; Mg, magnesium; S, sulfur; K, potassium; Ca, calcium; keV, kilo electron volts.
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smaller lateral resolution, but higher sensitivity using 
micro-PIXE (Fig. 4). Trace elements like Fe, Zn, and Cu 
were not detected in globoids due to the low sensitivity of 
SEM-EDS. Tartary buckwheat is a crop that performs well 
in poor soils and can, therefore, be regarded as an 
element-efficient crop plant species. An improved under
standing of the structural biochemistry and elemental com
position of globoids in cotyledons sheds novel insights into 
the mechanisms of element uptake, spatial distribution, and 
their physiology, allowing for the breeding of nutritionally 
improved crops via biofortification and is indicative of their 
bioavailability.

Localization of Elements Present in Small 
Concentrations Using LA-ICP-MS
The laser beam size used for ablation was 10 μm (square 
mask), and the other parameters, such as intensity, frequency, 
and scan speed, were optimized for the best image quality 
(Pessôa et al., 2017; Šala et al., 2017; van Elteren et al., 
2018; Jerše et al., 2022). It is particularly suited for the ana
lysis of heavier elements, like Hg, As, and Cd, which are 
hard to excite with micro-PIXE, and is also more sensitive 
for particular light elements like Al and Si (Table 1). The high
er sensitivity of LA-ICP-MS resolves their allocation in 
Tartary buckwheat grain, namely, to the outer layer of the 

Fig. 6. LA-ICP-MS analysis of a cross-section of a Tartary buckwheat (F. tataricum) grain. Spatial distribution maps of non-essential elements Al and Si 
present at low concentrations and of an essential element P present at high concentrations (compare P distribution with results in Fig. 4). The intensity 
legend represents counts s−1. Scale bar is 200 µm.

Fig. 7. Multivariate analysis for three correlative datasets (micro-PIXE, MeV-SIMS, and LA-ICP-MS) of a cross-section of a Tartary buckwheat 
(F. tataricum) grain. Image with color-coded cluster representation of z-normalized nutritional data coinciding with grain tissues (cotyledon with embryonal 
axis, endosperm, and husk) (a) and the nutritional profile of each cluster (b) depicting the three clusters in Tartary buckwheat grain explaining 69.4% of the 
variance of the 13 variables (eight from micro-PIXE, three from MeV-SIMS, and two from LA-ICP-MS). Scale bar is 200 µm.
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pericarp (Fig. 6). As such, it is an excellent tool to demonstrate 
the presence of light element pollutants like Al in food crops. 
Also, the comparability of the LA-ICP-MS and micro-PIXE 
for elements present at higher concentrations is clearly demon
strated when P localization is considered (compare P distribu
tion in Figs. 4, 6).

Multivariate Statistics of the Correlative Analysis
After z-normalization, data acquired by the sequential ana
lyses of multiscale imaging techniques applied (micro-PIXE, 
MeV-SIMS, and LA-ICP-MS) were critically evaluated. The 
PCA of all measured Tartary buckwheat nutrients explained 
69.4% of the variability of the data, returning three distinct 
clusters tightly linked to plant structures (Figs. 7a, 7b). 
Cluster 1 (in blue) primarily depicts the predominate biochem
istry of the endosperm (Fig. 7a), tissue in which cluster cen
troid values were above average for m/z values of 70, 303, 
and 603, while cluster centroid values for other variables 
were below average (Fig. 7b). Cluster 2 (in red) depicts bio
chemical composition of the pericarp (Fig. 7a), a tissue in 
which cluster centroid values well above average for Ca, 
Mn, Fe, Al, and Si, while cluster centroid values for other var
iables were below average (Fig. 7b). Cluster 3 (in green) de
picts elements and biomolecules associated with the 
embryonic axis and cotyledons (Fig. 7a), tissues in which cen
troid values were above average for Mg, P, S, K, and Zn and 
for m/z values of 70, 303, and 603, while cluster centroid val
ues for other variables were below average (Fig. 7b). These re
sults confirm a tight link between the structures composing 
Tartary buckwheat grain tissues and their biochemical com
position (i.e., structural biochemistry) that can only be re
vealed using several imaging techniques in a sequential 
manner, on the same sample.

Fusing Morphology Image With Biochemical 
Information in the Research of Plant Structural 
Biochemistry
Finally, different correlative images can be merged to produce 
the most informed visualizations. For example, a montage of 
images was placed into a single panel (Supplementary Fig. 2). 
Another option is overlaying images. An SEM image was 
used as a morphology background, and a micro-PIXE-based 
K distribution map was fused to reveal the allocation of K 
to cotyledons (Supplementary Fused Image 1). Similarly, on 
the same SEM image, MeV-SIMS distribution maps under the 
selected peak were overlaid (Supplementary Fused Image 2). 
Custom combinations can be done in the Wolfram 
Mathematica program or in ImageJ (Merge Channels) using 
data available at https://doi.org/10.5281/zenodo.14628251, fol
lowing the instructions in the Materials and Methods.

Conclusions
The low emission properties of fluorescence biomolecules, 
when excited with 405 nm light, inherently limit the informa
tion acquired using fluorescence imaging. At this excitation 
wavelength, catechin may be the primary fluorophore in 
Tartary buckwheat cotyledons in the absence of functional 
chlorophyll molecules inside the grain. Further detailed bio
molecular identification using MeV-SIMS imaging enables ac
cess to information on the principal carbohydrate 
composition of organic materials and the spatial distribution 

of functional biomolecules of interest (e.g., quercetin). 
Element distribution maps of grain tissues revealed embryonal 
tissues and husk as major element storage within the grain. 
They represent an inherent advantage in conveying informa
tion on the spatial distribution of elements in question and 
their tissue-specific allocation, as all this complexity is re
vealed simultaneously and is, therefore, more straightforward 
to comprehend. Again, the selection of imaging techniques 
needs to be based on the sensitivity and spatial resolution 
at the required scale (Table 1). Localization of mineral ele
ments with P indicates their immobilization by phytate. 
Furthermore, careful alignment of z-normalized values of the 
pixel-to-pixel integrated MSIs with elemental spatial reso
lution images, followed by PCA and clustering, proved highly 
efficient in extracting biologically meaningful information 
on grain biochemistry from large datasets. State-of-the-art 
imaging techniques, some of which are available within 
Euro-BioImaging platform (https://www.eurobioimaging.eu/), 
are of vital importance for food and agricultural sciences. 
Accompanied by a viable workflow, they enable novel insights 
into plant composition and food biochemistry and have the po
tential to inform decisions in combating challenges in food and 
nutrition of the 21st century.
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Vavpetič P, Vogel-Mikuš K, Jeromel L, Ogrinc Potočnik N, Pongrac P, 
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