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A B S T R A C T   

Ellagitannins (ETs) are hydrolysable tannins composed of a polyol core, primarily glucose, which is esterified 
with hexahydroxydiphenic acid (HHDP), and in some cases, gallic acid. ETs are the major phenolic compounds 
found in strawberries and may contribute to the health-related properties of strawberries, because of their strong 
antioxidative activity. However, their distribution in the strawberry fruit remains unclear. In this study, matrix- 
assisted laser desorption/ionization-mass spectrometry imaging (MALDI–MSI) was used to visualize ETs in ripe 
strawberry fruits. Five peaks, corresponding to the m/z values of ET [M− H]− ions detected in the MALDI–MS 
spectrum of strawberry extracts, were identified as strictinin, pedunculagin, casuarictin, davuriicin M1, and an 
unknown ET using MALDI–tandem MS (MS/MS). In addition, liquid chromatography–electrospray ion
ization–MS/MS of the extracts revealed the presence of pedunculagin isomers and the unknown ET. Ion images of 
these five ETs were reconstructed using MALDI–MSI. Strictinin was widely distributed in and around the achene 
seed coats, while the other ETs were dispersed in and around the seed coats, and at the bottom of the receptacle; 
pedunculagin was distributed in the epidermis and pith, whereas casuarictin, the unknown ET, and davuriicin M1 
were distributed in the pith. Moreover, MALDI–MSI of a casuarictin standard indicated that in-source frag
mentation weakly affected the ion images. The results suggest that the distribution of ETs depends on the 
presence or absence of their constituents, namely galloyl units, HHDP, and bis-HHDP. To the best of my 
knowledge, this is the first report on the visualization of ETs in plant tissues using MSI, MALDI–MSI may be a 
useful tool for analyzing the distribution of ETs in the strawberry fruit.   

1. Introduction 

Strawberries (Fragaria × ananassa Duch.), in both fresh and pro
cessed forms, are the most widely consumed berries because of their 
appearance, taste, and health-related properties (Giampieri et al., 2014, 
2015; Gunduz, 2016). Strawberries are rich in nutritive compounds, 
including sugars, organic acids, vitamins, and minerals, as well as a wide 
range of non-nutritive compounds, such as polyphenolic compounds 
(Giampieri et al., 2014, 2015; Gunduz, 2016). Hydrolysable tannins and 
flavonoids (primarily anthocyanins) are the major phenolic compounds 
in strawberries, followed by phenolic acids, and condensed tannins 
(proanthocyanidins) (Folmer et al., 2014; Giampieri et al., 2014, 2015; 
Gunduz, 2016). 

Ellagitannins (ETs), the most abundant hydrolysable tannins found 
in the strawberry fruit (Giampieri et al., 2014), consist of a polyol core, 
typically glucose, which is esterified with hexahydroxydiphenic acid 
(HHDP), and in some cases, gallic acid (Aaby et al., 2007, 2012; Han
hineva et al., 2008; Gasperotti et al., 2013; La Barbera et al., 2017; 
Czyżowska et al., 2020; Olennikov et al., 2020). ETs have 
anti-tumorigenic, anti-mutagenic, anti-diabetic, anti-proliferative, anti
bacterial, and antimycotic properties (Arapitsas, 2012; Folmer et al., 
2014; Giampieri et al., 2014, 2015; Gunduz, 2016). Therefore, ETs from 
strawberry consumption are associated with the prevention of chronic 
diseases. Moreover, ETs may influence the shelf life of strawberries 
owing to their antioxidative and antimicrobial properties (Scalbert, 
1991; Arapitsas, 2012). However, the spatial distribution of ETs in ripe 
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strawberry fruits has not been elucidated. Thus, determining the dis
tribution of ETs in strawberry fruit tissues is important to understand 
which tissues are crucial to harnessing its health-related properties. 

Modern separation techniques, such as liquid chromatography
–electrospray ionization–mass spectrometry (LC–ESI–MS), are widely 
used to analyze phenolic compounds such as ETs (Aaby et al., 2007, 
2012; Hanhineva et al., 2008; Arapitsas, 2012; Gasperotti et al., 2013; La 
Barbera et al., 2017; Czyżowska et al., 2020; Olennikov et al., 2020). 
LC–ESI–tandem MS (MS/MS) has also been used to investigate the 
structural details and spatial distribution of ETs in different plant tissues. 
However, the spatial resolution of LC–ESI–MS/MS is dependent on the 
accuracy of sampling and tissue differentiation, preventing accurate 
observations. Recently, mass spectrometry imaging (MSI) has been 
modified using soft ionization techniques (Cooks et al., 2006; Wiseman 
et al., 2006; Cornett et al., 2007; Shimma et al., 2008; Setou et al., 2010; 
Nizioł et al., 2019; Enomoto et al., 2020a), such as matrix-assisted laser 
desorption/ionization (MALDI) (Li et al., 2007; Yoshimura et al., 2016; 
Crecelius et al., 2017; Enomoto et al., 2018, 2020b; Enomoto, 2020; 
Yoshimura and Zaima, 2020) and desorption ESI (Cabral et al., 2013; 
Wu et al., 2013; Enomoto, 2021; Enomoto and Miyamoto, 2021), to 
visualize various metabolites in food and plant tissues at the microscopic 
level without the use of antibodies, staining, or complicated preliminary 
procedures. MALDI–MSI has previously been used to visualize flavo
noids, such as anthocyanins, flavan-3-ols, and flavonols, as well as 
ellagic acid-glycosides in strawberry fruits (Cabral et al., 2013; Crecelius 
et al., 2017; Enomoto et al., 2018, 2020b; Enomoto, 2020; Wang et al., 
2021). Therefore, the aims of this study were to identify the ETs present 
in ripe strawberry fruits using MALDI–MS/MS and LC–ESI–MS/MS an
alyses and determine their spatial distribution using MALDI–MSI. 

2. Materials and methods 

2.1. Reagents 

Strictinin and casuarictin were obtained from Nagara Science Co. 
Ltd. (Gifu, Japan); 1,5-diaminonaphthalene (DAN) from Tokyo Kasei Co. 
(Tokyo, Japan); cesium triiodide from Sigma-Aldrich Japan (St. Louis, 
MO, USA); indium–tin oxide (ITO)-coated glass slides (100 Ω without 
MAS coating) from Matsunami Glass Ind. (Osaka, Japan); water, meth
anol, acetonitrile, formic acid, and sodium salt of carboxymethylcellu
lose (CMC) from Fujifilm Wako Pure Chemicals Co. Ltd. (Tokyo, Japan). 
All reagents and solvents used in this study were of analytical grade. 

2.2. Strawberry sampling 

Fruits of the Japanese strawberry cultivar ‘Tochiotome’ were culti
vated in the Strawberry Research Center, Tochigi, Japan. Twenty ripe 
strawberries were harvested from different plants, frozen with or 
without CMC freeze-embedding, and stored at − 80 ◦C until use. 

2.3. Preparation of strawberry crude extracts 

Strawberry crude extracts were prepared by modifying previously 
described protocols (Enomoto et al., 2018, 2020b). Fresh strawberries 
were homogenized and freeze-dried; subsequently, the dry homogenate 
was dissolved in 80% methanol and centrifuged at 6300×g for 5 min. 
The supernatant was used as the crude extract for MALDI–MS/MS and 
LC–ESI–MS/MS analyses. 

2.4. MALDI–MS and MS/MS analyses 

MALDI–MS analyses were performed as previously described (Eno
moto et al., 2018, 2020b), with minor modifications. The crude extract 
or ET standard solution was mixed with 1 μL of DAN solution (10 mg/mL 
in 80% aqueous methanol) on an ITO-coated glass slide, dried, and 
analyzed using the UltrafleXtreme MALDI time-of-flight (TOF)/TOF 

Mass Spectrometer (Bruker, Billerica, MA, USA) in the negative-ion and 
reflector modes. The mass ranges were measured at m/z 600–3000, and 
masses were calibrated externally using cesium triiodide. 

For MS/MS analyses, the selected precursor and product ions were 
obtained using UltrafleXtreme in the collision-induced dissociation 
“LIFT” MS/MS mode. The m/z values of the precursor ions were set at ±
0.5%, and the MS/MS spectra were analyzed using FlexAnalysis 3.4 
software (Bruker Daltonics, Bremen, Germany). ETs were identified by 
comparing their MS/MS spectra with those of the standards and with 
those in the published literature (Aaby et al., 2007, 2012; Hanhineva 
et al., 2008; Gasperotti et al., 2013; La Barbera et al., 2017; Czyżowska 
et al., 2020; Olennikov et al., 2020). 

2.5. LC–ESI–MS and MS/MS analyses 

LC–ESI–MS analyses were performed according to a previous study, 
with some modifications (Enomoto and Miyamoto, 2021). One micro
liter of the crude extract was injected into a Waters Acquity 
Ultra-Performance LC (UPLC) system (Waters Corp., Milford, MA, USA) 
coupled with a Synapt XS HDMS quadrupole-TOF mass spectrometer 
equipped with an ESI source (Waters Corp.) and an Acquity UPLC BEH 
C18 column (2.1 × 100 mm; particle size: 1.7 μm). The solvents used 
were water (solvent A) and acetonitrile (solvent B), each containing 
0.1% formic acid. The LC gradient was set at a flow rate of 0.3 mL/min 
using the following concentrations of solvent B: 3% (0–1 min), 3–30% 
(1–10 min), 95% (10–13 min), and 3% (13–16 min). LC–ESI–MS spectra 
were obtained in the negative-ion and sensitivity modes at a mass res
olution of approximately 20 000 FWHM over an m/z range of 500–1300 
with a scan duration of 0.2 s in the centroid mode. The source param
eters were set as follows: capillary: 2.0 kV; sampling cone: 20 V; source 
temperature: 120 ◦C; desolvation temperature: 450 ◦C; desolvation gas 
flow: 800 L/h. External and lock mass calibrations were applied using 
sodium formate and leucine enkephalin solutions (100 ppm; m/z: 
554.26202 at 10 μL/min). 

For MS/MS analyses, the ramp-trap collision energy was set at 
20–40 V for strictinin, 20–50 V for pedunculagin, 20–60 V for casuar
ictin, 25–70 V for the unknown ET (m/z 1085.07), and 30–80 V for 
davuriicin M1, while the transfer collision energy was set at 2 V for all 
the ETs. The m/z values of the precursor ions were set at ± 1.0 Da, and 
the data were analyzed using MassLynx 4.2 software (Waters Corp.). 

2.6. Preparation of strawberry fruit sections 

Fruit sections were prepared using CMC freeze-embedding, as pre
viously described (Enomoto et al., 2018, 2020b). Longitudinal and cross 
sections (100 μm thick) of the CMC freeze-embedded fruits were pre
pared using a CM 1860 cryostat (Leica Microsystems, Wetzlar, Ger
many). The sections were then mounted onto ITO-coated glass slides and 
preserved at − 80 ◦C until MALDI–MSI analyses were performed. 

2.7. Matrix coating 

Matrix vapor deposition and recrystallization were performed ac
cording to a previous study (Fujishima et al., 2021). First, 100 mg of 
DAN was vapor-deposited on the sections using a vacuum deposition 
system (SVC-700TMSG, Sanyu Electron Co. Ltd., Tokyo, Japan). Then, 
the sections were sprayed with 2 mL of DAN solution (5 mg/mL in 80% 
aqueous methanol) using an automatic matrix sprayer (iMatrixSpray, 
Tardo Gmbh, Switzerland) (Stoeckli et al., 2014). The spraying condi
tions were as follows: height, 80 mm; line distance, 2 mm; speed, 200 
mm/s; density, 1 μL/cm2; cycles, 15; delay, 0 s; dimensions, 100 × 50 
mm2; and bed temperature, 30 ◦C. Finally, the DAN on the section was 
exposed to the vapor in a semi-closed Petri dish for recrystallization. 
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2.8. MALDI–MSI analyses 

MALDI–MSI analyses were performed according to a previous study, 
with minor modifications (Enomoto et al., 2018, 2020b). Strawberry 
fruit sections were analyzed using UltrafleXtreme in the negative-ion 
and reflector modes. The instrumental conditions were set as follows: 
step size: 200 μm; m/z range: 600–1300; laser diameter: medium. Mass 
calibration was performed externally using cesium triiodide, and the 
spectra were obtained automatically using FlexImaging 4.1 software 
(Bruker Daltonics). The spectra were normalized using the same soft
ware based on the total ion count and reconstructed ion images. 

To determine the spatial distribution of the identified ETs, three 
different strawberry fruits were analyzed. For the analysis of the stric
tinin and casuarictin standards, each standard solution (50 ng/μL) was 
mixed with DAN solution on an ITO-coated glass slide. 

3. Results and discussion 

3.1. MALDI–MS/MS analyses of ETs in the strawberry crude extract 

ETs in various plants have been analyzed using the negative-ion 
mode of LC–ESI–MS/MS, and several ET species have been reported, 
particularly in strawberries (Aaby et al., 2007, 2012; Hanhineva et al., 
2008; Gasperotti et al., 2013; La Barbera et al., 2017; Czyżowska et al., 
2020; Olennikov et al., 2020). Therefore, strawberry crude extracts were 
prepared and an m/z range of 600–3000 was analyzed to determine 
whether ETs can be detected using the negative-ion mode of MALDI–MS. 

Within the 600–1300 m/z range, five peaks (m/z 633.1, 783.1, 935.1, 
1085.1, and 1235.1) corresponding to the previously reported m/z 
values of ET [M–H]– ions were detected (Fig. 1a) (Aaby et al., 2007, 
2012; Hanhineva et al., 2008; Gasperotti et al., 2013; La Barbera et al., 

Fig. 1. Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI–MS) and tandem MS (MS/MS) analyses of strawberry fruit extracts. (a) MS spectra at 
m/z 600–1300. MS/MS spectra of the precursor ions at m/z (b) 633.1, (c) 783.1, (d) 935.1, (e) 1085.1, and (f) 1235.1. 
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2017; Czyżowska et al., 2020; Olennikov et al., 2020). Previous studies 
revealed that agrimoniin is one of the most abundant ETs in F. ananassa 
Duch. (Giampieri et al., 2014; Gunduz, 2016). However, in this study, 
the peak at m/z 1869.1, corresponding to the agrimoniin [M–H]– ion, 
was only marginally detected in the crude extract. 

To verify whether the five peaks corresponded to ETs, the peaks were 
analyzed using MALDI–MS/MS. Typical losses during fragmentation 
include galloyl (152 amu), HHDP (302 amu), galloylglucose (332 amu), 
HHDP-glucose (482 amu), and galloyl-HHDP-glucose (634 amu) (Ara
pitsas, 2012). Moreover, an HHDP moiety is present in ET when a 
fragment ion corresponds to a peak at m/z 301. In the MS/MS spectrum 
of the precursor ion at m/z 633.1, fragment ion peaks were detected at 
m/z 481 (− 152, loss of gallic acid), 331 (− 302, loss of HHDP), and 301 
(Fig. 1b). This fragmentation pattern was similar to that of the 
galloyl-HHDP-glucose (strictinin) standard (Supplementary Fig. S1a). In 
addition, previous reports indicated that m/z 633.1 in strawberries 
corresponded to strictinin [M–H]– ions (Aaby et al., 2007, 2012; Han
hineva et al., 2008; Gasperotti et al., 2013; La Barbera et al., 2017; 
Czyżowska et al., 2020; Olennikov et al., 2020). Therefore, the peak at 
m/z 633.1 was designated as strictinin [M–H]– ions (Table 1, and Sup
plementary Fig. S2a). 

In contrast, the fragment ion peaks for the MS/MS spectrum at m/z 
783.1 were detected at m/z 481 (− 302, loss of HHDP) and 301 (− 482, 
loss of HHDP-glucose) (Fig. 1c), indicating that m/z 783.1 was bis- 
HHDP-glucose (pedunculagin) (Table 1, and Supplementary Fig. S2b) 
(Aaby et al., 2007; Hanhineva et al., 2008). In the MS/MS spectrum at 
m/z 935.1, the fragment ion peaks were detected at m/z 633 (− 302, loss 
of HHDP) and 301 (Fig. 1d). This fragmentation pattern had been pre
viously reported and is similar to that of the galloyl-bis-HHDP-glucose 
(casuarictin) standard (Supplementary Fig. S1b) (Aaby et al., 2007, 
2012; Hanhineva et al., 2008; Gasperotti et al., 2013; La Barbera et al., 
2017; Czyżowska et al., 2020; Olennikov et al., 2020), indicating that 
the peak at m/z 935.1 corresponded to casuarictin (Table 1, and Sup
plementary Fig. S2c). However, in the MS/MS spectrum at m/z 1085.1, 
the fragment ion peaks were detected at m/z 935, 783, 633, 451, and 
301 (Fig. 1e), similar to those of an unknown ET or a putative 
galloyl-castalagin (Table 1) (Hanhineva et al., 2008; Gasperotti et al., 
2013). Moreover, in the MS/MS spectrum at m/z 1235.1, the fragment 
ion peaks were detected at m/z 933 (− 302, loss of HHDP), 783, 631 
(− 302, loss of two HHDP), 469, 451, 315, 301 (loss of 934 amu), and 
299 (Fig. 1f), suggesting that this peak corresponded to an ET containing 
a dilactonized sanguisorboyl group and could be 
bis-HHDP-glucose-galloyl-ellagic acid (davuriicin M1) (Table 1) (Han
hineva et al., 2008; Aaby et al., 2012; Gasperotti et al., 2013; Czyżowska 
et al., 2020). 

3.2. LC–ESI–MS/MS analyses of ETs in the strawberry extract 

Previous studies suggest that there are several isomers of each ET in 
the strawberry fruit (Aaby et al., 2007, 2012; Hanhineva et al., 2008; 
Gasperotti et al., 2013; La Barbera et al., 2017; Czyżowska et al., 2020; 
Olennikov et al., 2020). Therefore, to determine the isomers of the ETs 
identified in the crude extract, LC–ESI–MS/MS was performed. Although 
ETs have been reported as both [M–H]– and [M–2H]2– ions (Arapitsas, 
2012), the MS/MS analyses were performed only for [M–H]– ions 
because all the ETs detected using MALDI–MS were [M–H]– ions. 

The LC–ESI–MS/MS fragmentation patterns of the ETs were similar 
to those of the MALDI–MS/MS spectra. The retention time (RT) of the 
peak at m/z 633.0765 was 5.4 min, which was the same as that of the 
strictinin standard (Fig. 2a, Table 2, and Supplementary Fig. S3a), 
suggesting that the peak at m/z 633.1 corresponded to strictinin 
(Table 1). However, for the peak at m/z 783.0629, with a fragmentation 
pattern corresponding to that of pedunculagin, the RTs were 3.6 and 4.7 
min, suggesting that this peak corresponded to pedunculagin or its iso
mers (Fig. 2b and c, and Tables 1 and 2). The peak at m/z 935.0822 
corresponded to casuarictin, with an RT of 6.8 min (Fig. 2d, Tables 1 and 
2, and Supplementary Fig. S3b). The RTs of the peaks at m/z 1085.0743 
and 1235.0692, with fragmentation patterns corresponding to the un
known ET and davuriicin M1, respectively, were 8.3, 8.4, and 9.5 for the 
unknown ET and 6.7 min for davuriicin M1, suggesting that the peaks at 
m/z 1085.1 and 1235.1 corresponded to the unknown ET and its iso
mers, or davuriicin M1, respectively (Fig. 2e–h and Tables 1 and 2). 

3.3. MALDI–MSI analyses of ETs in the strawberry fruit sections 

The flesh of the strawberry fruit is a swollen receptacle (false fruit), 
while the seeds or achenes at the surface of the receptacle are the true 
fruits. They are collectively referred to as the strawberry fruit (Giampieri 
et al., 2014, 2015). Thus, to determine the spatial distribution of the 
identified ETs in the strawberry fruit (Table 1), longitudinal and cross 
sections of three different ‘Tochiotome’ strawberries obtained from 
different plants were analyzed using MALDI–MSI. Several tissues, 
including the achenes, were observed in the longitudinal sections of the 
strawberry fruit (Fig. 3a, Supplementary Fig. S4), and all five peaks 
corresponding to the ETs identified in the strawberry extracts were 
detected in the MALDI–MSI spectra of the sections (Fig. 3b). Further
more, ion images of the ETs were reconstructed to determine their dis
tributions, and distinct ET distribution patterns were observed among 
different tissues. Representative ion images of one of the three fruits are 
shown in Fig. 3; ion images of the other two fruits are shown in Sup
plementary Fig. S4. The ETs showed similar distribution patterns among 
these fruits. Strictinin was widely distributed in and around the achene 
seed coat (Fig. 3c), while pedunculagin or its isomers were primarily 
distributed in and around the achene seed coat and in the epidermis and 
pith tissue at the bottom of the receptacle (Fig. 3d). In contrast, casu
arictin and davuriicin M1 were uniformly distributed in and around the 
achene seed coat and in the pith tissue at the bottom of the receptacle 
(Fig. 3e and g). Although the unknown ET had a similar distribution to 
casuarictin and davuriicin M1, it was more abundant in the pith tissue 
than in the achene seed coat (Fig. 3f). 

Strictinin includes an HHDP in its structure, while both casuarictin 
and davuriicin M1 consist of a bis-HHDP moiety (Table 1), suggesting 
that ETs with an HHDP were only present in and around the achene seed 
coat, while those with bis-HHDP were present at the bottom of the 
receptacle as well as in and around the achene seed coat. In contrast to 
casuarictin and davuriicin M1, pedunculagin has no galloyl unit 
(Table 1), suggesting that at the bottom of the receptacle, the ETs with 
bis-HHDP and without galloyl units were distributed in the epidermis 
and pith tissue, while those with both bis-HHDP and galloyl units were 
dispersed in the pith tissue. These results suggest that the distribution 
patterns of ETs in the strawberry fruit depend on the presence or absence 
of their constituents, namely galloyl units, HHDP, and bis-HHDP. 

Table 1 
Ellagitannins (ETs) identified in strawberry fruit extract using MALDI–MS and 
MS/MS analyses.  

Molecular species 
(Structure) 

Chemical 
formula 

Exact m/z, 
[M–H]– 

Detected 
m/z, 
[M–H]– 

Fragment ions 
for assignment, 
m/z 

Strictinin (Galloyl- 
HHDP-glucose) 

C27H22O18 633.0733 633.1 481, 463, 301, 
275 

Pedunculagin (bis- 
HHDP-glucose) 

C34H24O22 783.0686 783.1 633, 481, 463, 
301, 275 

Casuarictin 
(galloyl-bis- 
HHDP-glucose) 

C41H28O26 935.0796 935.1 633, 481, 463, 
301, 275 

Unknown ET C48H30O30 1085.0749 1085.1 935, 783, 633, 
451, 301, 275 

Davuriicin M1 

(bis-HHDP- 
glucose-galloyl- 
ellagic acid) 

C55H32O34 1235.0702 1235.1 933, 783, 631, 
469, 451, 315, 
301, 299, 275 

HHDP, hexahydroxydiphenic acid. 
Pedunculagin and davuriicin M1 were tentatively identified. 
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Previous studies suggest that MALDI–MSI of flavonoids and ellagic 
acid-glycosides in strawberry fruits results in in-source fragmentation 
(Enomoto et al., 2018, 2020b; Enomoto, 2020). The analysis of 
flavan-3-ols revealed that robust in-source fragmentation affected the 
ion images because the m/z values of the fragment ions generated from 
the larger polymerized ions were the same as that of the smaller 

polymerized ions (Enomoto et al., 2020b). Therefore, to investigate the 
effects of in-source fragmentation on the ion images of ETs, a casuarictin 
standard was analyzed using MALDI–MSI. Although the detection in
tensities of m/z 633.1 and 783.1 were 13.5 and 9.5 times lower than that 
of m/z 935.1, the peaks detected at m/z 935.1, 783.1, and 633.1 cor
responded to casuarictin, strictinin, and pedunculagin [M–H]– ions, 

Fig. 2. Liquid chromatography–electrospray ionization–tandem mass spectrometry (LC–ESI–MS/MS) analysis of ellagitannins in strawberry fruit extracts. MS/MS 
spectra of the precursor ions (a) at m/z 633.1, and at m/z 783.1 with retention times (RTs) of (b) 3.6 min and (c) 4.7 min, respectively, (Table 2), (d) at m/z 935.1, 
and at m/z 1085.1 with RTs of (e) 8.3 min, (f) 8.4 min, (g) 9.5 min (Table 2), and (h) 1235.1 ± 1 Da, respectively. 
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respectively, suggesting that in-source fragmentation of ETs occurred 
during MALDI–MSI (Fig. 4). In addition, the distribution patterns of the 
identified ETs were not identical, suggesting a weak influence of 
in-source fragmentation on the ion images of ETs. 

Recently, strawberry extracts containing phenolic compounds have 
been used as ingredients in functional foods and dietary supplements in 
combination with other fruits, vegetables, and herbal extracts (Giam
pieri et al., 2014, 2015; Gunduz, 2016). Although the distribution pat
terns of phenolic compounds differed among molecular species, these 
studies revealed their distributions in ripe strawberry fruits. Anthocya
nins were detected in the achene seed coats, epidermis, and cortical and 
pith tissues (Enomoto et al., 2018); flavan-3-ols were detected in the 
bottom of the receptacle, in and around the vascular bundles, and in the 
epidermis (Enomoto et al., 2020b); flavonols were detected in the 
epidermis, while ellagic acid-glycosides were found in the achenes and 
at the bottom of the receptacle, similar to ETs (Enomoto et al., 2020a). 
The present study found a unique accumulation of ETs in and around the 
achene seed coat and at the bottom of the receptacle. These findings will 
aid in the development of better strategies for the preparation of 
strawberry extracts enriched with specific phenolic compounds. 
Although ETs are considered therapeutic for chronic diseases owing to 
their strong antioxidative properties (Arapitsas, 2012; Folmer et al., 
2014; Giampieri et al., 2014, 2015; Gunduz, 2016), the relationship 
between their preventive effects for chronic diseases and their structural 
differences has not been sufficiently investigated owing to the limited 
number of commercially available ET standards (Arapitsas, 2012). This 

Table 2 
Ellagitannins (ETs) identified in strawberry fruit extract using LC–ESI–MS and 
MS/MS analyses.  

Molecular 
species 

RT 
(min) 

Detected m/ 
z, [M–H]– 

Error 
(ppm) 

Fragment ions for 
assignment (m/z) 

Strictinin 5.4 633.0765 +5.1 481.0627, 463.0477, 
300.9995, 275.0190 

Pedunculagin or 
its isomers 

3.6 
4.7 

783.0629 
783.0629 

− 7.3 
− 7.3 

481.0627, 300.9995, 
275.0190 
481.0550, 300.9995, 
275.0190 

Casuarictin 6.8 935.0822 +2.8 783.0728, 633.0765, 
481.0550, 463.0553, 
300.9995, 275.0190 

Unknown ET or 
its isomers 

8.3 
8.4 
9.5 

1085.0743 
1085.0743 
1085.0743 

− 0.6 
− 0.6 
− 0.6 

783.0728, 633.0765, 
450.9969 300.9995 
783.0728, 631.0582, 
450.9895, 300.9995 
783.0728, 633.0765, 
450.9969, 300.9995 

Davuriicin M1, 
or its isomer 

6.7 1235.0692 − 0.8 933.0591, 631.0582, 
469.0069, 314.9822, 
300.9995, 298.9870 

RT: retention time. 
Pedunculagin and davuriicin M1 were tentatively identified. 

Fig. 3. Matrix-assisted laser desorption/ionization-mass spectrometry imaging (MALDI–MSI) analysis of the strawberry fruit sections. (a) Optical image of an 
analyzed section. (b) Mass spectrum of the section. Ion images at m/z (c) 633.1, (d) 783.1, (e) 935.1, (f) 1085.1, and (g) 1235.1. The dotted white line shows the 
analyzed region. Scale bar = 5 mm. 
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study also contributes to the purification of a specific ET for medicinal or 
research purposes. 

Similar to flavan-3-ols, tannins are toxic to bacteria (Scalbert, 1991). 
Nizioł et al. (2019) visualized flavan-3-ols in strawberry fruits using MSI 
with 109Ag nanoparticle-enhanced targets and reported that their dis
tribution was related to their protective function. Pathogens, such as 
bacteria, infect plant surface tissues, such as the epidermis, and prolif
erate in the infected tissues, spreading throughout the plant body via the 
vascular bundles. Therefore, the unique distribution of each ET might 
reveal its protective role during infection and the spread of pathogens in 
the tissues of ripe strawberry fruits (Enomoto et al., 2020b). 

Ongoing investigations aim to improve the food quality traits of the 
strawberry fruit, such as its health-related properties and resistance to 
biotic and abiotic stresses through genetic manipulation (Giampieri 
et al., 2014, 2015; Gunduz, 2016). Distribution analyses of ETs among 
strawberry cultivars using MALDI–MSI would help breeders to improve 
the health-related properties of strawberries more rapidly. Furthermore, 
the MALDI–MSI analysis used in this study can be used for the distri
bution analyses of ETs in other plant species and tissues. 

4. Conclusions 

To the best of my knowledge, this is the first report on the visuali
zation of ETs in plant tissues using MSI. In this study, five ETs and their 
isomers were identified in the strawberry fruit using MALDI–MS/MS and 
LC–ESI–MS/MS. The distribution of each ET was dependent on its con
stituents. However, the isomers of each ET could not be visualized, 
because they had the same m/z values and similar fragmentation pat
terns. Therefore, further improvements are needed in the analytical 
methodologies to investigate the detailed distribution pattern of each 
ET. Nonetheless, MALDI–MSI is a valuable tool for the distribution 
analysis of ETs in the strawberry fruit, which will provide novel insights 
into the fields of food and plant sciences. 
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