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Abstract: Coffee is one of the most enjoyed beverages worldwide and whilst a wide array of secondary
metabolites has been qualitatively and quantitatively characterised within the coffee bean, little is known
about their distribution in different bean tissues. In this work, complementary mass spectrometry (MS) based
approaches were utilised to determine the spatial metabolomic content of coffee beans, focusing on high-
lighting those which presented a regiospecific distribution and distinguished the different endosperm regions
and the embryo. Preliminary exploration of the spatial metabolome of Coffea arabica coffee beans highlighted
tissue-specific molecular features through an unsupervised statistical analysis. Then, the complementary
information derived from higher resolution MS approaches resulted in the annotation of 13 metabolites which
showed a specific enrichment in at least one tissue, and most of these were noted to be bioactive compounds or
aroma/flavour precursors. Knowledge of the tissue distribution of these compounds could shed light on their
biological role in plant physiology and bean development, but could also have relevant implications for their
positive impact on human health due to coffee consumption as well as their possible effect on aroma and
flavour upon roasting of green coffee beans.

Keywords: Aroma precursors; bioactive compounds; coffee beans; flavour precursors; liquid chromatography;
MASSA 2023; mass spectrometry; mass spectrometry imaging; spatial metabolomics.

Introduction

Thanks to its pleasant taste and aroma, aswell as its functional properties deriving primarily from caffeine, coffee
is one of the most enjoyed beverages worldwide [1]. The beverage is obtained by the roasting, grinding, and
brewing of green coffee beans, which are the half-ellipsoidal seeds of plants belonging to the Rubiaceae family,
genus Coffea, particularly Coffea arabica L. and C. canephora Pierre ex A. Froehner, the two species with
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commercial interest among more than 100 species not yet industrially exploited [2, 3]. Coffee beans are mainly
composed by a reserve tissue known as the endosperm and surrounded by a silverskin, a thinfibrous layer which
is a remnant of the perisperm. The endosperm includes an epidermal layer composed by a single cell layer, a hard
external region composed by poligonal cells, and a soft internal region composed by rectangular cells that
surround the embryo chamber [4–6]. The endosperm cells supply nutrients to the embryo that develops inside the
embryo chamber until the germination step [3, 4, 7]. The embryo is a 3–4 mm structure composed of a hypocotyl
axis and two cotyledons, generally localised near the convex, external portion of the seed [4, 7].

In addition to caffeine, green coffee is characterised by the presence of numerous secondary metabolites
which contribute to the development of its well-known flavour upon roasting, as well as to exert bioactivity,
promoting beneficial effects on human health [8]. For instance, caffeine and other minor methylxanthines
in coffee, such as theophylline and theobromine, as well as the furokaurane glucoside mozambioside, are
well-known bitter-tasting compounds [9–11]. Further examples may be represented by chlorogenic acids and
trigonelline. Chlorogenic acids (CGAs) are a large class of esters formed between quinic acid and hydrox-
ycinnamic acids [12]. They are present in coffee as a complex mixture of positional and geometric isomers,
where caffeoylquinic acids (CQAs) are the most abundant, followed by di-caffeoylquinic acids (diCQAs), fer-
uloylquinic acids (FQAs), p-coumaroylquinic acids (p-CoQAs), and many others in trace amounts [13, 14]. These
coffee polyphenols have been suggested to be involved in the plant defence mechanism against environmental
aggressions and, upon roasting, are partially converted into phenolic lactones known as quinides, which
contribute to the bitter taste of the beverage [15], as well as into aroma compounds such as guaiacol, catechol,
and their derivatives, remarkably important in providing relevant sensory notes to the brews [16]. Moreover,
CGAs have recently attracted the attention of several research groups thanks to their biological activity
including antioxidant, anti-inflammatory, anti-diabetic, anti-carcinogenic, and antiviral properties [17–20].
After caffeine, trigonelline (1-N-methylnicotinic acid, nicotinic acid N-methylbetaine) is the second most
abundant alkaloid compound in raw coffee beans [21] and, upon bean roasting, it is partially decomposed to give
volatile degradation products such as pyridines, very important coffee aroma compounds, as well as non-volatile
bioactive compounds such as N-methylpyridinium (NMP) ions via decarboxylation as well as nicotinic acid and
nicotinamide (both exerting vitaminB3 activity) viademethylation [22]. The possible effects of trigonelline on health
mediated via hypoglycaemic, neuroprotective, anticancer, estrogenic, and antibacterial activities have been re-
ported in literature [23–25]. Some other bioactive compounds found in coffee, such as isoflavones [26] and flavonols
[27], have not yet been studied as possible aroma/taste precursors as far as we know, whereas other compounds,
including sucrose and aminoacids, are well known and important flavour precursors [28].

These coffee phyto-chemicals can be quali-quantitatively characterised by resorting to several analytical
techniques including gas chromatography (GC) and liquid chromatography (LC), often coupled to mass spec-
trometry (MS) as well as ion mobility separation (IMS). Moreover, the advent of high-resolutionmass spectrometry
(HRMS) techniques has further facilitated the extensive detection and identification of coffee compounds [29, 30].
Nevertheless, whilst traditional bulk approaches are useful for the identification and the quantification of a wide
range of coffee secondary metabolites, these techniques fail to explore their tissue distribution, precluding the
possibility to visualise which tissues of the bean are most enriched in some analytes of interest. In fact, on the one
hand, understanding the accumulation and distribution of different molecules in tissue could shed light regarding
their plant physiological function and, on the other hand, the possibility to determinewhich regions of coffee beans
are mostly enriched in bioactive compounds could potentially have a positive impact in terms of better under-
standing the effect of the roasting process on these compounds, and then onhumanhealth upon coffee consumption
[1, 3]. Mass Spectrometry Imaging (MSI) is a powerful technique that combines the ability to investigate the content
of samples in an untargeted manner, with the possibility to resolve the tissue distribution of various classes of
biomolecules [31], and recently it is being increasingly employed to map the spatial distribution of endogenous low
molecular weight molecules in plants, including coffee beans [30, 32–36].

In this context, this study aims to utilise Matrix-Assisted Laser Desorption/Ionisation – Time of Flight
(MALDI-TOF) MSI to assess which molecules best characterise the epidermal layer, the hard endosperm, the soft
endosperm and the yet unexplored embryo region of coffee beans. To achieve this aim, C. arabica has been
considered in view of its higher value in the coffee market thanks to its smooth, mild, and rich flavour [37]. The
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whole set of experimental data has been compared to that obtained from Coffea pseudozanguebariae sample. This
caffeine-free wild coffee species [38] has been used as a control in consideration of its very low content of
chlorogenic acids compared with other wild coffee species [39] and in view of the high mozambioside content
compared to that of C. arabica L. [40]. Moreover, MALDI-MSI data was subsequently correlated with comple-
mentary mass spectrometry approaches, namely ion mobility separation (IMS) MALDI-qTOF-MSI and Ultra-High
Performance LC (UHPLC) coupled to ESI-MS/MS, in order to identify more extensively those analytes that present
a specific bean distribution, focusing on bioactive compounds and flavour precursors. Collectively, this high-
lighted those principal bioactive compounds which present a tissue specific distribution within the coffee bean,
suggesting their possible role in plant physiology. Moreover, similar findings were also observed for well-known
flavour precursors, such as sucrose, amino acids, trigonelline and chlorogenic acids, indicating their possible
exposure to thermal degradation induced by the roasting process of green coffee beans. In particular, the
observed loss of chlorogenic acid during roasting (up to 95 % in dark roasted coffee), which has been extensively
reported [41, 42], is a consequence of the thermal degradation, which starts with isomerization and epimerization
processes in the initial roasting stages, followed by lactonization and degradation reactions in the later stages.
Moreover, sucrose trigonelline and amino acids rapidly degrade at the early stage of roasting and instantly
participate in manifold reactions. Sucrose fast hydrolysis at the beginning of the roasting process releases the
reducing sugars glucose and fructose, which thereupon are strongly involved in both caramelization and together
with amino acids Maillard-type reactions able to generate the important volatile organic compounds charac-
terizing roasted coffee aroma. It is clear that the spatial distribution of aroma/flavour precursors within the bean
can influence their susceptibility to thermal degradation and, in turn, can direct towards the optimization of the
roasting process.

Materials and methods

Chemicals and reagents

HPLC-grade water, HPLC-grade acetonitrile, HPLC-grade methanol, formic acid, and ammonium formate were
obtained fromHoneywell SC, Seelze, Germany. Trifluoracetic-acid (TFA) and phosphorus redwere obtained from
Sigma-Aldrich, Buchs, Switzerland. 2,5-dihydroxybenzoic acid matrix was purchased from Bruker Daltonics,
Bremen, Germany. MMI-L Low Concentration Tuning Mix was obtained from Agilent Technologies, Santa Clara,
CA, USA.

Coffee samples

In this study, a sample of wet-processed green coffee beans (C. arabica L.) from Ethiopia (Crop 2019–2020) was
used. The sample with zero primary and secondary defects was selected on the basis of standard procedures of
sorting and visual aspect, moisture content, screen size, and cup quality by illycaffè S.p.A. Quality Control Dept.
(Trieste, Italy). A sample of green coffee beans in parchment (C. pseudozanguebariae Bridson) from CATIE (Centro
Agronómico Tropical de Investigación y Enseñanza, Turrialba, Costa Rica) germplasm (code T.21352) was also
used. In a previous study, the latter genotypewas found to be the coffee species with the lowest total CGAs content
among ten different coffee species including C. arabica [43].

Sample preparation for MALDI-MSI

For each coffee species, four ten-micron-thick sections containing the embryo of the beanwere cryosectioned and
mounted onto conductive Indium Tin Oxide (ITO) slides (Bruker Daltonics, Bremen, Germany). Matrix deposition
for MALDI-MSI analysis was carried out by spraying 2,5-dihydroxybenzoic acid (40 mg/ml in 70 % MeOH, 0.1 %
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TFA) using a HTX TM-Sprayer™ (HTX Technologies, LLC, Chapel Hill, NC, USA) with the following parameters:
temperature 80 °C; number of passes 5;flow rate 0.13 ml/min; velocity 1200 mm/min; track spacing 2 mm; pressure
10 psi.

Sample preparation for UHPLC-ESI-IMS-MS/MS

C. arabica and C. pseudozanguebariae green coffee beans were mechanically ground, and the obtained powder
was placed in an Eppendorf tube (Eppendorf, Hamburg, Germany) with 100 % MeOH to reach a final concen-
tration of 10 mg/ml and centrifuged for 1 min at 13,000 rpm; the supernatant was then transferred into a clean
Eppendorf tube for UHPCL-ESI-MS/MS analysis.

MALDI-MSI analysis

A rapifleXMALDI Tissuetyper™ (Bruker Daltonics GmbH, Bremen, Germany) was used to analyse one section per
bean in reflectron positive ion mode, and one in negative ion mode, within them/z 100–1000 range. MALDI-TOF
MSI images were acquired with a beam scan setting of 46 µm and a raster sampling of 50 μm in both x and y
dimensions. Red phosphorus was directly applied onto the ITO glass slide to be used as an external calibration
standard, approximately within the m/z 150–1000 range. FlexControl 4.0 (Bruker Daltonics, Bremen, Germany)
was used to set up instrument parameters for the acquisition method and FlexImaging 5.0 (Bruker Daltonics,
Bremen, Germany) for the visualisation of MALDI-MSI analyses.

Following theMALDI-TOFMSI analysis, the sections of C. arabica that were analysed in positive and negative
ion mode were removed from the ITO slide and placed onto a clean glass microscope slide. Subsequently, the
sections were washed with ethanol (100 % × 30 s, 95 % × 30 s) to remove the residual DHB matrix and were
rehydrated inMilliQ water for 2 min. Slides were stainedwith an aqueous Toluidine Blue O solution (TBO 0.1 % in
MilliQwater for 30 s) and rinsedwithwater for 3 min [44]. Lastly, slides were dried andmountedwith permanent
mounting medium. Following histological staining, slides were scanned using a digital scanner (NanoZoomer,
Hamamatsu Photonics) and converted to digital format.

MALDI-IMS-qTOF-MSI analysis was performed on two coffee sections for each polarity using a timsTOF fleX
(Bruker Daltonics GmbH, Bremen, Germany) to profile a portion of each bean with a beam scan setting of 46 μm
and a raster sampling of 50 μm in both x and y dimensions; red phosphorus was used as an external calibrant.
Tune settings are reported in Supplementary Information, S1.

UHPLC-ESI-IMS-MS/MS analysis

The extracted metabolites were analysed using an UHPLC-ESI-IMS-MS/MS platform which includes an Elute
UHPLC system coupled to a timsTOF flex spectrometer. RP chromatographic separation was achieved using an
InfinityLab Poroshell 120 EC-18 colomn 3 × 150 mm 2.7 µm (Agilent Technologies) and an ACQUITY UPLC BEH
Amide column, 130Å, 1.7 µm, 2.11 mm × 150 mm (Waters Corporation) was used to separate more polar com-
pounds. Chromatographic conditions andmass spectrometry analysis parameters are reported in Supplementary
Information, S2.

MALDI-MSI data analysis

After the MALDI-TOF-MSI analysis, SCiLS Lab 2023a Pro software (http://scils.de/; Bremen, Germany) was used to
generate two files containing respectively measurements obtained in positive and negative ion mode. Data was
pre-processed by performing baseline subtraction (Convolution algorithm), normalisation (Total Ion Current
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algorithm) and weak spatial denoising. Peak picking was performed to eliminate chemical noise and generate a
m/z feature list. Individual regions were then subjected to automatic segmentation using the k-means algorithm
to cluster pixels based on their spectral similarity; weak denoising was applied to account for the intervariability
of adjacent pixels. Subsequently, histological images were imported in the SCiLS Lab files and co-registered with
the respective molecular images in positive and negative ion mode to integrate metabolomic and morphological
data. Histological imageswere used as a reference to draw regions of interest onto the imaging dataset and obtain
the mean spectra of the principal tissues of the coffee bean: the mean mass spectra of these regions of interest
(ROIs) were calculated and used to perform Principal Component Analysis (PCA) to emphasise the differences
amid ROIs while reducing the complexity of the dataset. Receiver-operating characteristic (ROC) analysis was
performed to compare the intensity of peaks among the embryo, the endosperm and the epidermal layer. Lastly,
the mean intensities of features of interest within the embryo, epidermal layer and endosperm of C. arabica and
C. pseudozanguebariae coffee bean sections were obtained and imported in Metaboanalyst 5.0, an open-source
omics data analysis platform, to generate a heatmap using the Euclidean distance measure and Ward clustering
method as parameters.

Data derived from the MALDI-IMS-qTOF MSI analysis was imported in MetaboScape® (Bruker Daltonics
GmbH, Bremen, Germany) to perform tentative annotation of smallmolecules. Annotationwas performed setting
a tolerance of 20.0 ppm for Δm/z and 15.0 for ΔCCS% score, considering [M+H]+ as primary ion and [M+Na]+ and
[M+K]+ as seed ions in positive ion mode, and [M−H]− as primary ion and [M+Cl]− as seed ion in negative ion
mode. When CCS values were not present in libraries, CCS-Predict Pro algorithmwas used to predict a theoretical
CCS value based on InChi code structures. CCS-Predict Prowas not available for ions [M+K]+ and [M+Cl]−, and thus
the theoretical CCS value of these molecular species could not be obtained.

Lastly, the MALDI-TOF MSI mean spectra obtained in positive and negative ion mode were imported in
mMass, an open source mass spectrometry tool, to perform external calibration using 7 reference masses of
known metabolites that were present in the UHPLC-ESI-IMS-MS/MS dataset. Tentatively annotated compounds
from the MALDI-IMS-qTOF-MSI dataset were then correlated with molecular features that presented a specific
distribution within the bean, emerged through the ROC analysis, from the MALDI-TOF MSI dataset by setting a
mass error tolerance of 0.06 Da, as ±0.06was designated as the average two-sided uncertainty to be added around
the central m/z value to best describe the width of peaks in this dataset.

UHPLC-ESI-IMS-MS/MS data analysis

UHPLC-ESI-IMS-MS/MS data was imported in Metaboscape® (Bruker Daltonics GmbH, Bremen, Germany) to
perform tentative annotation of features based on mass error (Me < 10 ppm), isotopic pattern (mSigma < 200),
MS/MS fragmentation pattern (MSMS score >200, when available) and ion mobility (ΔCCS% < 15.0), considering
[M+H]+ as primary ion in positive ion mode, and [M−H]− as primary ion in negative ion mode. When CCS values
were not present in libraries, CCS-Predict Pro algorithmwas used to predict a theoretical CCS value based on InChi
code structures. CCS-Predict Prowas not available for ions [M+K]+ and [M+Cl]−, and thus the theoretical CCS value
of these molecular species could not be obtained.

Results

MALDI-MSI analysis of coffee beans

In this pilot study, C. arabica green coffee beans were analysed with MALDI Mass Spectrometry Imaging to
highlight the possibility to explore the metabolomic content of different tissues within the bean, including the
epidermal layer, that is the outer monolayer of the endosperm, the hard endosperm region, the soft endosperm
region and the embryo. Figure 1a displays the results of the histological staining of a 10 µm thick coffee section
with a toluidine blue solution, which was used as a reference to manually annotate the main tissues of the bean
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(Fig. 1b). Semi-supervised Principal Component Analysis was performed to determine whether there were
metabolomic differences among the various tissues of the bean, and the scores plot was able to identify separate
clusters representing the embryo (yellow), the epidermal layer (red), and a third cluster composed of spectra
derived from both the soft and hard endosperm (blue and green). Interestingly, the embryo emerged as the most
distinct region, considering that the distance of clusters correlates to the differences in terms of metabolomic
content and the most distant cluster is represented by the spectra of the embryo region, as shown in Fig. 1c [45].
For analogous reasons, the high degree of overlap observed for the soft and hard endosperm clusters indicates a
prominent similarity in terms of their metabolomic content. The peculiarities of the metabolomic profiles of the
different regions of the coffee beanwere also evident in the generatedmean spectra (Fig. 1d), where, interestingly,
the embryo appeared to be characterised by a greater number of unique features and a generally higher intensity
of peaks, especially within the m/z 400–700 mass range of the negative ion mode dataset.

Based on these preliminary results, spatial segmentation with the k-means clustering algorithm was per-
formed to reduce the dimensionality of the dataset by identifying regions with a similar metabolic landscape,

Fig. 1: a. TBO stained C. arabica bean; b. manual annotations of histological image highlighting the main tissues within the bean: the
epidermal layer (red), the hard endosperm (blue), the soft endosperm (green) and the embryo region (yellow); c. semi-supervised principal
component analysis performed on positive and negative ion mode datasets allows to separate the main tissues of the bean according to
theirmetabolomic content, with the embryo region showing themost diversity; d. comparison of themeanmass spectra of themain tissues
of the bean allows to identify unique peaks that show a differential distribution among tissues.
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clustering pixels based on their spectral similarity [45]. Spatial segmentation on samples analysed in positive and
negative ion mode shed light on a distinct molecular content of the bean, which was organized in 12 and 25
clusters, respectively, that were similar in terms of metabolomic profile. Consequently, it was also possible to
confront the known tissues of the beans highlighted by the histological staining with the clusters that emerged
through the unsupervised approach, as shown in Fig. 2. Specifically, spatial segmentation could efficiently
distinguish a cluster, highlighted in dark blue in both datasets, which showed a strong co-localization with the
embryo region. Interestingly, there weren’t any clusters that specifically co-localized with the soft or hard
endosperm of the bean. Lastly, while the histological staining highlighted a monolayer of cells that could be
annotated as epidermal layer, the unsupervised clustering underlined four concentric clusters in positive ion
mode (dark blue, blue, light blue and purple) and two clusters in negative ionmode (blue and purple) which were
localised towards the external, convex portion of the bean, and, although partially overlapped, altogether
regarded a larger area compared to the epidermal layer.

To determine which metabolite features were primarily responsible for the differences among the bean
tissues, as highlighted by the PCA and spatial segmentation, ROC analysis was performed; considering that both
PCA and spatial segmentation indicated a high degree of metabolomics similarity among the soft and hard
endosperm, these tissues were unified and considered as a single region in the following comparisons. In the
positive ion mode dataset, 70 features were determined to be increased in the embryo (AUC > 0.75), 3 in the
endosperm (AUC > 0.75), and 5 in the epidermal layer (AUC > 0.75); regarding the negative ion mode dataset, 88
features were determined to be increased in the embryo (AUC > 0.75), 1 in the epidermal layer (AUC > 0.75), and
0 in the endosperm (AUC > 0.75).

Fig. 2: Comparison of TBO stained C. arabica sections and spatially segmentedMALDI-MSI with k-means algorithm in positive and negative
ion mode. Each cluster defined by the k-means algorithm is represented by an arbitrary colour.
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MALDI-IMS-MSI profiling of coffee beans

To annotate features highlighted by the ROC analysis in the MALDI-TOF MSI dataset, MALDI-qTOF Ion Mobility
Separation MSI (IMS-MSI) was performed on C. arabica sections to profile and putatively annotate features
based on their m/z ratio and Collision Cross Section (CCS) value. Putative annotations comprised a variety of
metabolites including alkaloids such as caffeine and theobromine, isoflavones and diterpenes; furthermore, a
rich lipidome of triacylglycerols and phospholipids was indicated. Interestingly, putative annotations did not
only comprise the most characterised chlorogenic acids, including caffeoylquinic and di-caffeoylquinic acids,
but also those that are less abundant, such as p-coumaroylquinic and sinapoylquinic acids, which are known to
be present in C. arabica beans, although in low amount [14]. Of these putative annotations, 29 could be
correlated with the MALDI-TOF-MSI datasets when setting a mass error tolerance of 0.06 Da, thus enabling
these annotated compounds to be associated with a specific distribution within the coffee bean (Table 1). For
two of these compounds, caffeine and sucrose, it was also possible to obtain an in situ MS/MS spectrum
including fragment ions which are reported to be diagnostic for these metabolites [46, 47], which validated
putative annotations obtained with MALDI-qTOF-IMS, as shown in Supplementary Information, S3.

UHPLC-ESI-IMS-MS/MS analysis of coffee beans

Lastly, UHPLC-ESI-IMS-MS/MS was employed to identify compounds within C. arabica coffee bean samples with a
high-resolution mass spectrometry approach, adding a further confidence level to those already annotated
through MALDI-IMS-qTOF-MSI. 13 compounds annotated with UHPLC-ESI-IMS-MS/MS were also present within
the list of metabolites of interest emerged through the correlation of MALDI-TOF MSI and MALDI-IMS-qTOF-MSI
data (Table 1), as shown in Table 2. The annotated compounds comprised alkaloids (trigonelline, theophylline,
caffeine), an amino acid (arginine), a disaccharide (sucrose), the most abundant chlorogenic acids (CQA
regioisomers, di-CQA regioisomers), and a CGA derivate (di-CQL regioisomers), an isoflavone (daidzein), a
diterpene (cafestol) and phospholipids (LPI 16:0, LPI 18:2, PC 34:2).

Integrated data

Having identified a list of 13 putative annotations that were present both in the UHPLC-ESI-IMS-MS/MS and
MALDI-IMS-qTOF-MSI datasets, and could be successfully correlated with 15 features present in the MALDI-TOF
MSI dataset, it was possible to highlight the specific molecular distribution of these identified compounds and
underline their varied abundance in either the embryo, the endosperm, or the epidermal layer (AUC > 0.75), as
shown in Fig. 3.

Lastly, to explore the specificity of these distributions in C. arabica coffee beans, the mean intensities
of features of interest within the different bean tissues were obtained and confronted with the same
intensities within a single section of C. pseudozanguebariae obtained with MALDI-TOF MSI; the species
C. pseudozanguebariae was purposely selected due to its acknowledged deficiency of caffeine and low CGAs
content, so that the ratio of intensities of thesemetabolites within different bean tissues in this specimen could
shed further light regarding their physiological function in the coffee bean [48]. The obtained intensities were
then used to generate a heatmap for every bean, as shown in Fig. 4. When visually confronting the heatmaps
representing the intensities of metabolites within C. arabica and Coffea pseudozaguebariae coffee bean sec-
tions, some displayed a similar trend amongst the two specimen, including Caffeine [M+H]+, Arginine [M+H]+,
Daidzein [M+Cl]−, CQA regioisomers [M−H]−, di-CQL regioisomers [M+Cl]−, di-CQA regioisomers [M+Cl]−, LPI
16:0 [M−H]−, and LPI 18:0 [M−H]−. Instead both adducts of Trigonelline ([M+Na]+, [M+K]+), but also Theoph-
ylline/Theobromine [M+H]+, Cafestol [M+K]+, Sucrose [M+K]+, and CQA regioisomers [M+K]+ resulted
enriched in the embryo of the species C. Arabica, whilst their abundance was increased in the epidermal layer
of C. pseudozanguebariae. Lastly, while PC 34:2 [M+H]+ displayed a clear enrichment in the endosperm of the
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Table : Table of putative annotations obtained from the UHPLC-ESI-IMS-MS/MS dataset that were found to be common with the
MALDI-IMS-qTOF-MSI features of interest. Whenmore than one adduct was present for a putative compound, the annotation with the least
mass error (ppm) was selected.

Name Measured
m/z

Ion Merror

(ppm)
Measured

CCS
ΔCCS
(%)

mSigma MS/MS
score

Molecular
formula

Trigonelline . [M+H]+ −. . −. . . CHNO

Arginine . [M+H]+ −. . −. . . CHNO

Theophylline . [M+H]+ −. . . . . CHNO

Caffeine . [M+H]+ . . −. . . CHNO

Daidzein . [M−H]− −. . – . – CHO

Cafestol . [M+Na]+ −. . −. . – CHO

Disaccharide (sucrose) . [M−H]− −. . −. . . CHO

Caffeoylquinic acid (CQA) regioisomers . [M−H]− −. . −. . . CHO

Dicaffeoyl-quinolactone (di-CQL) regioisomers . [M+H]+ . . – . . CHO

Dicaffeoylquinic acid (di-CQA) regioisomers . [M−H]− −. . . . . CHO

LPI : . [M−H]− −. . . . . CHOP
LPI : . [M−H]− −. . . . . CHOP
PC : . [M+H]+ −. . −. . . CHNOP

Fig. 3: Representative MALDI-MSI images of 15 compounds whose distribution was enriched with AUC > 0.75 in either the embryo (yellow
label), endosperm (blue label) or epidermal layer (red label) of C. arabica coffee beans. The distribution of eachmolecular feature within the
tissue section is displayed through an intensity score chart; the intensity of colour is not representative of the abundance of a feature within
the spectrum, but rather of the distribution of said feature within the single MALDI-MSI image.
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C. arabica coffee bean section and a low intensity in other tissues, the same metabolite was instead found in
higher abundance in the embryo of the C. pseudozanguebariae bean section.

Discussion

In this study, we explored the spatial metabolome of C. arabica coffee beans to assess the tissue distribution of
molecular species whose localisation mainly contributed to the biochemical composition of the principal tissues
of the bean, namely the epidermal layer, the soft endosperm, the hard endosperm, and the embryo. Relying on
high spatial and mass resolution techniques whose complementary results can be successfully correlated,
includingMALDI-TOFMSI, MALDI-IMS-qTOF-MSI, and UHPLC-ESI-IMS-MS/MS, it was possible to assess with high
confidence the spatial distribution of 13 compounds within different tissues of a coffee bean section.

In a first instance, coffee bean sections containing the embryo were analysed with a MALDI-TOF MSI
approach, correlating the molecular data with histologically stained images in order to obtain annotated regions
representing the main bean tissues. Interestingly, the principal component analysis could distinguish clusters
derived from the embryo and the epidermal layer, whilst the soft and hard endosperm were grouped in a
common cluster, indicating that the two regions present a highly similar metabolome which precludes the
possibility to separate them based on their molecular features, despite the anatomical differences and their
different cell wall content, as highlighted by Eira et al. [4]. These findings could be justified by accounting for the
different roles that these tissues hold during seed germination in the genus Coffea, which support the presence of
different metabolic profiles. Specifically, large exchanges and diffusion of metabolites are also supposed to occur
in the parenchymatous cells of the endosperm, facilitated by the presence of plasmodesmata. This should help the
migration of some compounds from the internal endosperm to its epidermal layer during the last stages of seed
maturation [6]. These migrations of compounds in coffee seed could explain the similar metabolic content in the
hard and soft endosperm region and the different characteristics highlighted in the outer epidermal layer. In line
with the findings of the PCA, spatial segmentation indicated the embryo as a distinct region in terms of metab-
olome; on the other hand, there weren’t any clusters that could efficiently separate the soft and hard endosperm,
which is another indication that these tissues, although distinguishable through histological staining based on the
orientation and coloration of cells, are actually characterised by an analogous metabolomic profile, as already
inferred by the PCA. Interestingly, spatial segmentation highlighted the occurrence of concentric metabolic

Fig. 4: Heatmaps generated by confronting the mean intensities of 15 molecular features specifically enriched within the embryo,
endosperm, or epidermal layer of single C. arabica and C. pseudozanguebariae bean sections.
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clusters toward the convex, external portion of the bean, present both in the positive and the negative ion mode
datasets, whose distribution did not correlate with any known bean tissues except for a partial overlap with the
outer portion of the epidermal layer. A possible reasoning behind these findings could involve the need for the
bean to defend against atmospheric events or pathogens during the stage of bean life which precedes germi-
nation, which would assume the presence of specific features localised around the bean to serve as defense
mechanisms [49].

To further investigate these preliminary results, MALDI-IMS-qTOF-MSI was performed to profile C. arabica
beans, and 29 lowmolecular weight molecules could be successfully correlated with features of interest emerged
through the ROC analysis performed on the MALDI-TOF MSI. Interestingly, many putatively annotated com-
pounds highlighted by theMALDI-IMS-qTOF-MSI dataset were known to be bioactive. Bioactive compounds carry
out physiological functions in the plant, but concurrently act as bioactive compounds often linked to health
benefits when consumed, and these molecules include alkaloids, such as caffeine, trigonelline, theophylline, and
theobromine, but also chlorogenic acids (CGAs), phytoestrogens such as isoflavones and lignans, carbohydrates,
lipids, and more [1, 3, 26]. For instance, among foods, coffee contains the highest abundance of chlorogenic acids,
well characterised esters of trans-cinnamic and quinic acids whose antioxidant activity is linked to a reduced risk
of several chronic diseases, including inflammation, diabetes, cardiovascular, and neurodegenerative diseases
[1, 50]. These antioxidant properties are also attributable to caffeine, diterpenoids such as cafestol and kahweol,
isoflavones and lignans, quercetin and its derivatives, alongwithmany other contributors to the beneficial effects
of coffee consumption and could be found in the putatively annotated MALDI-IMS-qTOF-MSI dataset [26, 51–54].
The presence of several bioactive compounds within the annotated dataset calls for a thorough investigation of
their distribution within the bean as their beneficial effect on human health could be improved by obtaining
further knowledge regarding their physiological role.

In addition to well-known coffee compounds, Table 1 highlighted analytes which were not yet characterised
in C. arabica beans. For instance, androstenedione is a steroid hormonewhich is not typical of coffee but, amongst
other androgens and estrogens, has already been found in plants [55]. Whilst these preliminary results are
interesting, further studies should be conducted to confirm this putative annotation, which is solely based on
mass error. Likewise, dTDP-glucose was found enriched within the embryo, and while several rare nucleotide
sugars, including TDP derivatives, have already been found in plants, their roles are not yet known [56].
Furthermore, quinolactones, such as di-caffeoylquinolactone, are only formed from CQAs in coffee beans upon
roasting and are virtually absent in C. arabica green coffee. Interestingly, another study reports the presence of
di-CQL in green C. arabica, supporting our findings which indicate the presence of di-CQL in the embryo [57].
Lastly, one feature fromTable 1 could not be univocally annotated andwas indicated as “unknown”, although one
of the possible annotations (see Supplementary Information, S4) is represented by a hydroxycinnamic acid, which
would be more plausible in green coffee [12].

Finally, UHPLC-ESI-IMS-MS/MS was performed to add a further degree of confidence to the putative anno-
tations obtained through MALDI-IMS-qTOF-MSI. Consequently, it was possible to visualise the tissue distribution
of 15 molecular features which were concurrently present in all datasets. Starting from the most abundant CGAs,
which as previously stated are renowned abundant bioactive compounds in coffee beans, it was possible to assess
the distribution of two adducts of caffeoylquinic acid regioisomers (CQA [M−H]−,m/z 353.10 and CQA [M+K]+,m/z
393.02), di-caffeoylquinic acid regioisomers (di-CQA [M+Cl]−, m/z 551.05) and a CGA derivate, dicaffeoylquino-
lactone regioisomers (di-CQL [M+Cl]−, m/z 533.02) previously detected in green C. arabica [57]. Interestingly,
di-caffeoylquinic acid and di-caffeoylquinolactonewere ubiquitous, butmostly located towards the embryo of the
bean; caffeoylquinic acid adducts were abundant in the epidermal layer, with the adduct [M+K]+ being also
enriched in the embryo. The discrepancy in the distribution of [M+K]+ adducts of the same compoundswithin the
coffee section could be dependent on the biodistribution of potassium, which is the most abundant metal ion in
coffee seeds, within the bean [30], which could represent a biasing factor. As for the distribution towards the
embryo or the epidermal layer of CGAs, this result could be directly linked to the physiological role of these
compounds within coffee beans. The roles of acyl-quinic acids in planta are not known with any certainty, but
evidence suggests that CQAs may accumulate as a store of cinnamic acid for lignin and phenolic polymers
biosynthesis in cotyledonary cell walls after seed germination, thus corroborating their abundance in the
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embryo [12, 32]. In other species, such as in tomato, globe artichoke, and chamomile, acyl-quinic acids appear to
protect against UV damage, which would support their localisation in the external portion of the bean [12]. In
fact, phenolic compounds possess diverse functions in plants, including chemical signalling and defence
against invaders; interestingly, a study employing DESI-MSI to assess the changes in CQAs distribution and
abundance due to pathogens pointed out that CQA showed increased levels in samples attacked by the insect
H. hampei, indicating an important role in the response to parasites [32]. Moreover, previous MSI-based studies
already hinted at a higher abundance of diCGA in the epidermal layer, further validating our findings [30].
During coffee roasting process, CGAs content decreases due to chemical transformations leading to important
volatile aroma compounds and to the formation of their corresponding lactones which contribute to the
bitterness of the final beverage [15, 42]. Depending on the intensity of the thermal treatment, and then on the
roasting degree, chlorogenic acids may be lost up to 95 % in dark roasted coffee [41]. The observed distribution
towards the epidermal layer of CGAs may contribute to expose these compounds to the effects induced by the
roasting process.

Whilst a complex mixture of chlorogenic acids was putatively annotated in the MALDI-IMS-qTOF-MSI
dataset, only those which are most abundant in coffee were also present in the UHPLC-ESI-IMS-MS/MS dataset.
The discrepancy amongst techniques could be attributed to the analytical conditions in which liquid chroma-
tography was carried out, as it was performed with the aim to highlight the most varied classes of compounds to
accommodate for the untargeted approach in which this study was conducted. Although most annotations were
not confirmed through LC-MS, the molecular maps of putative annotations referring to chlorogenic acids,
including those which are only present in traces, are shown in the Supplementary Information, S5.1 and 5.2.
Future studies could be directed towards the targeted characterisation of minor chlorogenic acids considering
that these compounds have not thoroughly been studied in terms of their role in plant physiology nor bioactive
potential [14].

In this study, it was also possible to assess the tissue distribution of the isoflavone daidzein, which was
significantly enriched in the embryo, but also present in the epidermal layer, as displayed in Fig. 3. Flavonoids, of
which isoflavones are a subclass, have long been known to protect plants from different biotic and abiotic
stresses, function as signal molecules and act as antimicrobial agents [36], which, as already hypothesised for
CGAs, could be an indication of their presence within the embryo and the external part of the bean. Similar
antimicrobial properties have been attributed to alkaloids, and specifically caffeine, further supporting the
increased distribution of caffeine in analogous tissues [58]. Moreover, cafestol was found to be enriched in the
embryo of C. arabica beans, according to previous studies [59]. The presence of kahweol, the othermain diterpene
in C. arabica [60], could be confirmed through both MALDI-IMS-qTOF-MSI and UHPLC-ESI-IMS-MS/MS (Supple-
mentary Information, S6), but it was not possible to correlate itsm/zwith amonoisotopicmolecular feature in the
MALDI-TOF MSI dataset with and acceptable mass error. The enrichment of trigonelline in the embryo of
C. arabica could be attributed to its function as reserve of NAD, as hinted in previous research where the relative
abundance of trigonelline, nicotinic acid and NADwas investigated in the proximal and distal endosperm and the
embryo of C. arabica beans [21]; regardless, the increased presence of trigonelline in the epidermal layer of
C. pseudozanguebariae coffee section suggests it could also exert a protective function, perhaps related to trig-
onelline’s well documented role in defence against UV-B radiation [61, 62]. Additionally, sucrose was found to be
enriched within the embryo, but also in the epidermal layer, of the bean. Previous MALDI-MSI studies conducted
on peanut seeds found sucrose to be distributed throughout the whole tissue, with a slightly higher ion intensity
on the edge of cotyledon, and similar results have been obtained in coffee bean seeds where sucrose was detected
across the whole endosperm [32, 34]. In the context of green coffee beans, the increased sucrose concentration
within the embryo may be justified by the need for readily available respiratory substrates for the increase in
metabolism that accompanies radicle emergence [63]. Lastly, the amino acid argininewas found to be enriched in
the embryo region. Previous studies investigated the role of arginine during embryogenesis, concluding that it is
one of the main precursors of polyamines, which seem to be directly related to embryogenic competency [64].
Interestingly, amino acids such as arginine and tryptophan, but also sugars, are themost important precursors to
the Maillard reaction, which is the main pathway for the production of flavour and aroma during coffee bean
roasting [65]. Thus, the characterisation of their presence, abundance, and distribution within the bean is
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relevant for the coffee quality in terms of taste and fragrance. The presence of both trigonelline and sucrose in the
epidermal layer of the bean makes these aroma/flavour precursors particularly exposed to the effects of the
roasting process.

To confirm these preliminary findings obtained by confronting the intensities of metabolites across different
C. arabica coffee bean tissues, MALDI-TOF MSI was performed on a C. pseudozanguebariae coffee bean section.
The species C. pseudozanguebariae is of particular interest in metabolomic studies involving coffee beans due to
its low concentration of caffeine and CGAs, which makes it ideal as a negative control in quantification studies
involving these metabolites [48]. It’s interesting to underline that the analyte mozambioside, which is one of the
fewmetabolites enriched in the species C. pseudozanguebariae compared to C. arabica [40], could be successfully
annotated through UHPLC-ESI-IMS-MS/MS in this bean. As MALDI-IMS-qTOF-MSI was only performed on
C. arabica, it was not possible to tentatively annotate themetabolite in this specimen, and thusmozambiosidewas
not included in the results. Partial results regarding the MALDI-TOF MSI and UHPLC-ESI-IMS-MS/MS dataset are
reported in Supplementary Information, S7.1 and 7.2. In this study, C. pseudozanguebariae was adopted on the
premise that the relative abundance of compounds of interest, including caffeine and CGAs, in different com-
partments of this specimen would better represent their physiological function, considering their natural low
abundance. Interestingly, the heatmap referred to C. pseudozanguebariae in Fig. 4 displays the presence of
caffeine, daidzein, diCQA, di-CQL, LPIs, and PC 34:2 to be enriched within the embryo; on the other hand,
trigonelline, theophylline/theobromine, cafestol, disaccharides, and CQA were exclusively present in the
epidermal layer. Whilst some of the abundances of said compounds were in agreement with those observed for
C. arabica, many features were differentially expressed in the embryo, the endosperm, or the epidermal layer
depending on the coffee species, thus opening to future considerations upon the biological function of these
metabolites.

Through a multi-technique approach in which molecular features found in different datasets could be
successfully correlated, this work was able to unravel the spatial metabolome of a C. arabica green coffee bean
section and,moreover, could assess the distribution of 13metabolites whichwere found to be enrichedwithin the
embryo, the epidermal layer, or the endosperm of the bean. Notwithstanding some limitations, which regarded
the use of a unique section of coffee bean and a limited number of coffee species, and thus further studies should
be held to validate these preliminary results, this work still entails relevant implications. Firstly, these results
encourage hypotheses regarding the biological relevance of these distributions; for instance, information
regarding how an embryo mobilises its internal reserves during the early stages of plant growth could provide
insights into the metabolic process of germination, paving the way for studies on how certain crop genotypes
germinate better under adverse environmental conditions [36]. Additionally, this work was able to locate which
bean tissues were specifically enriched in bioactive compounds, molecules that exert therapeutic effects on
human health. These findings highlight the importance of future longitudinal studies where the abundance and
distribution of bioactive compounds are assessed in various species and at different stages of seed maturation,
which could add further layers of knowledge related to those compounds that contribute to the well acknowl-
edged health benefits linked to coffee consumption.

Conclusions

In this work, we correlated datasets derived from high mass and spatial resolution techniques, namely
MALDI-TOF-MSI, MALDI-IMS-qTOF-MSI, and UHPLC-ESI-IMS-MS/MS, to assess whichmolecules best characterise
the main tissues of C. arabica green coffee beans, focusing on the yet unexplored embryo region. The integration
of these technologies facilitated the detection and annotation of 13 metabolites, of which many are known to be
bioactive and aroma precursors. The spatial metabolomic exploration of this coffee specimen allowed us to
determine the relative abundance and localisation of these metabolites within the bean and, in turn, support
hypotheses regarding the biological activity within this particular matrix as well as the possible exposure to the
thermal degradation induced by the roasting process.
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