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Tannins have beneficial effects in animal nutrition as they are able to decrease methane emission in
ruminants and exert anthelminthic activity against intestinal nematodes. However, tannins can have
very diverse structures and therefore, different activities. In order to enhance the research in tannin-rich
forages we need tools which are able to quantify tannins individually. In this study we isolated and charac-
terised the main tellimagrandin I (TI)-based oligomeric ellagitannins (ETs) from Epilobium angustifolium
(willowherb) and developed a UHPLC-DAD-ESI-MS/MS method to quantify them in plant extracts. The
mass spectrometer was operated in Multiple Reaction Monitoring mode to enable the selective detection
of dimeric to heptameric ETs from the plant extract. The method proved to be sensitive, with limits of
detection ranging from 0.1 to 1.3 wgmL-!. The stability test showed a good repeatability with an inter-
run deviation of the results from 0.1 to 5%, except for the pentamer and hexamer where it reached 8%.
The method was then successfully applied to evaluate the distribution of those ETs in the plant. This work
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also provides the first time evidence of the presence of tetrameric to heptameric TI in willowherb.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Tannins are polyphenolic plant secondary metabolites that have
demonstrated the ability to reduce methane emission in rumi-
nants [ 1-3] and to possess anthelminthic activity against intestinal
nematode infections [4,5]. However, tannins are a vast family
of molecules that shows an incredibly diverse array of chemical
structures across the plant kingdom. They are subject to quan-
titative, seasonal [6,7] and inter-species [8,9] variations and are
not evenly distributed—in both quality and quantity—across the
different organs of a plant [10]. Several studies also demonstrate
that distinct tannin structures can have different chemical and
biological activities or at least different levels of those activi-
ties (e.g. protein precipitation capacity, anti-/pro-oxidant activity)
[11,12]. Furthermore, the activity of polyphenols may vary depend-
ing upon their concentration. It has been shown that tannic acid,
ellagic acid, gallic acid and flavonoids act as an antioxidant at
low concentration but tend to become more pro-oxidant as their
concentration increases, or in the presence of Cu(ll) [13-15]. All
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together, these findings highlight the relevance of both identi-
fication and quantification of tannins in plants when trying to
understand how tannin-rich forages interact with animals’ organ-
isms.

To date, the most commonly used methods for the quantifica-
tion of tannins in plant matrices consist in the acidic hydrolysis
of tannins and the subsequent quantification of the hydrolysis
products [16,17]. Such methods can estimate the total quantity of
each major class of tannins: condensed tannins, gallotannins and
ellagitannins (ETs) but completely disregard the structural hetero-
geneity of the compounds within each class. Analytical methods
using HPLC and UV-detection allow compound-specific quantifica-
tion provided a good chromatographic separation of the analytes
[18-20]. However, tannins tend to produce large, multiple peaks or
humps in HPLC and UV-detection is not always a satisfactory way
to ascertain the purity of a peak. In addition, true concentrations
of specific tannins are difficult to obtain as pure native standards
are not commercially available. This is especially true for the large
ET oligomers that are more complex to separate and purify than
their monomeric constituents. This fact is highlighted in the current
study that reports the first time purification of even ET hexam-
ers and heptamers while the purification barrier was earlier at the
pentamer range.


dx.doi.org/10.1016/j.chroma.2015.09.050
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2015.09.050&domain=pdf
mailto:nicolas.baert@utu.fi
dx.doi.org/10.1016/j.chroma.2015.09.050

N. Baert et al. / ]. Chromatogr. A 1419 (2015) 26-36 27

Ultra-high performance liquid chromatography coupled with
tandem mass spectrometry (UHPLC-MS/MS) offers a highly selec-
tive method that remains compatible with quantitative purposes
[21,22]. On one hand, UHPLC combines a good separation of
the analytes with a high throughput and low solvent consump-
tion; on the other hand, triple quadrupole-mass spectrometry
(QgqQ-MS) enables the Multiple Reaction Monitoring (MRM), a
technique that can selectively detect and quantify several tar-
geted ions within a single run. UHPLC-MS/MS is thus a powerful
tool for the analysis of plant secondary metabolites because it
enables the detection and the quantification of individual com-
pounds [23,24]. Moreover, with such method, plant extracts do
not require any additional processing, contrary to the hydrolytic
methods.

Willowherb (Epilobium angustifolium) has been extensively
studied and its extracts have shown photoprotective, anti-
inflammatory, antitumoral, antioxidant and antimicrobial activity
in vitro [25-27]. Those activities are often attributed to oenothein
B, the most prevalent secondary metabolite in willowherb [28-31].
Oenothein B is a dimeric, macrocyclic ET and the smallest member
of a group of TI-based oligomers (heptameric TI is shown as an
example in Fig. 1). To date, the largest oligomeric ET reported in
the Epilobium genus is oenothein A (trimer) [28]. In the present
study we report for the first time the presence of dimeric to
heptameric TI in willowherb and provide a protocol for their chro-
matographic separation and purification. The isolated oligomeric
ETs were then thoroughly characterised by MS/MS. Finally, a novel,
sensitive and specific MRM-based method was developed and suc-
cessfully applied to the quantification of dimeric to heptameric TI
in three different willowherb tissues. It is also worth emphasis-
ing that several oligomeric ellagitannins (up to pentamer) from
various plant species have been previously isolated and were
found to possess interesting biological activities [32-34]. How-
ever, there is, to the best of our knowledge, no published method
that can quantify oligomeric ETs larger than trimer in any plant
sample. Our interest in these molecules is dual as they repre-
sent a technical challenge due their large molecular weight on one
hand, and may exert potential benefits in animal nutrition on the
other hand. Ancient Finnish records indicate that cows fed with
willowherb had their milk production increased [35]. Although
that weed is not used as fodder any longer, recent studies show
that ETs and ET-rich forages have anthelminthic [36] and anti-
methanogenic properties [37,38], thus renewing the interest in this
old feed.

2. Materials and methods
2.1. Solvents and chemicals

Technical grade acetone from VWR (Haasrode, Belgium) was
used for the extractions. Sephadex fractionation was carried
out with analR NORMAPUR acetone and methanol from VWR
(Fontenay-sous-Bois, France). HiPerSolv. CHROMANORM ace-
tonitrile and methanol from VWR (Fontenay-sous-Bois, France)
were used for preparative and semi-preparative HPLC. LC-MS
CHROMASOLYV acetonitrile was used in UHPLC-ESI-QqQ MS and
ESI-qTOF MS analyses (Sigma-Aldrich, Steinheim, Germany).
Water was purified with a Millipore Synergy water purifica-
tion system from Merck KGaA (Darmstadt, Germany). Formic
acid 98-100% was from Sigma-Aldrich (Seelze, Germany).
Sephadex LH-20 was purchased from GE Healthcare (Upp-
sala, Sweden). RP-18 LiChroprep 40-63 um (Darmstadt,
Germany) was used as the stationary phase in preparative
HPLC.

2.2. Isolation and purification of the oligomeric ellagitannins

2.2.1. Extraction

Fresh willowherb flowers (2 kg) were macerated in 10 L of ace-
tone for 48 h at 4°C. The liquid phase was removed and replaced
by an equal volume of acetone/water (4:1, v/v). Extraction went
on for 8 weeks at 4°C. The extract was then filtered on a filter
paper, the acetone was evaporated under reduced pressure and the
remaining aqueous solution was frozen and lyophilised, yielding
several hundred grams of extract.

2.2.2. First fractionation

Flower extract (30g) was mixed to a slurry of Sephadex LH-
20 (in 100% water). The slurry was then eluted successively with:
3 x 250 mL of water (fraction 1), 3 x 250 mL of methanol/water(1:1,
v/v) (fraction 2), 3 x 250 mL of methanol (fraction 3), 6 x 250 mL
of acetone/water (4:1, v/v) (fraction 4). Elution was performed
in a Biichner funnel (@=240mm) with a filter paper and using
reduced pressure to accelerate the elution. An aliquot of each frac-
tion was analysed by UHPLC-DAD-ESI-MS/MS and the results (not
shown) showed that fraction 4 had the highest content in ETs,
therefore it was used for the following purification steps. Acetone
was evaporated under reduced pressure and the remaining aque-
ous phase was frozen and lyophilised. This first fractionation step
was repeated several times until it yielded a sufficient amount of
material for the next steps.

2.2.3. Column chromatography

A slurry of Sephadex LH-20 was loaded into a glass column
(40 cm x 4.8 cm i.d., Kimble-Chase Kontes™ Chromaflex™) and
equilibrated with 1500 mL of ultrapure water at a flow rate of
5mLmin~!. The sample (3 g of fraction 4) was dissolved in 15 mL of
ultrapure water, filtered (0.2 wm, PTFE) and applied on top of the
gel. Elution was carried out according to the protocol described
in supplementary information. An aliquot of each fraction was
analysed by UHPLC-DAD-ESI-MS/MS and fractions with a simi-
lar composition were combined together. Acetone was evaporated
under reduced pressure and the aqueous phase was frozen and
lyophilised. This purification step was repeated several times in
order to maximise the amount of each fraction. Those Sephadex
fractions were further purified by preparative HPLC.

2.2.4. Preparative HPLC

The HPLC unit was constituted of a Waters 2535 Quater-
nary Gradient module coupled with a Waters 2998 Photodiode
Array Detector. Collection was operated automatically by a
Waters Fraction Collector IIl. We used a binary solvent system
methanol/0.1% aqueous formic acid at a constant flow rate of
8 mLmin~!. The column (30 cm x 2.5 cm i.d.) was packed with RP-
18 (40-63 pm). Different elution protocols were used depending
on the composition of the fractions. Those protocols are described
in supplementary information. The collected fractions were evap-
orated to dryness overnight using a Savant SC 210A SpeedVac
Concentrator coupled with a Savant RVT 5105 Refrigerated Vapor
Trap from Thermo Scientific. Individual oligomeric ETs were lastly
purified by semi-preparative HPLC.

2.2.5. Semi-preparative HPLC

The HPLC unit was the same as described above. The sol-
vent system was acetonitrile/0.1% aqueous formic acid and was
set at 16mLmin~!. The column was a Gemini® 10um C18
110 AAXIA™ packed (150 mm x 212.0 mm internal diameter) from
Phenomenex. Different elution protocols were used depending on
the composition of the fractions. Those protocols are described
in supplementary information. The collected fractions were
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Fig. 1. Fragmentation of heptameric tellimagradin I (left-hand side) illustrates the structure and charge state of the main fragment ions produced in ESI-Qq-TOF-MS/MS by
dimeric to heptameric tellimagrandin I. Fragmentation of oenothein B (right-hand side) shows a tentative mechanism for the formation of the ions at m/z 935.08 and 633.07
observed with all the 6 oligomeric ellagitannins.
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evaporated to dryness overnight using a Savant SC 210A SpeedVac
Concentrator coupled with a Savant RVT 5105 Refrigerated Vapor
Trap from Thermo Scientific.

2.3. Willowherb test samples

2.3.1. Sample collection

From a single population, 10 flowering E. angustifolium (L.)
individual plants were harvested in the area of Turku (southwest
Finland) in July 2012. Shortly after collection, leaves, stems and
flowers from each individual plant were cut off and lyophilised.
Once dry, each one of these plant parts was ground into a fine,
homogeneous powder with a ball-mill. As a result, we obtained 30
samples (3 plant parts x 10 individuals).

2.3.2. Sample preparation

Extraction was performed on 10 mg of each sample by adding
1400 p.L of an acetone/water solution (4:1, v/v). Samples were then
shaken for 3 h on a planar shaker in a cold room (4 °C). After cen-
trifugation at 13,500 x g for 10 min the supernatant was recovered
and stored in a tube and the residue was extracted a second time
according to the same protocol. The two acetone/water extracts
were combined and concentrated under reduced pressure (20°C)
until complete evaporation of the acetone. The concentrated aque-
ous extract was frozen and lyophilised.

The lyophilised extract was dissolved in 500 L of ultra-pure
water and vortexed for 10 min. The resulting solution was then fil-
tered by using VWR® 0.2 wm PTFE syringe filters before analysis by
UHPLC-DAD-ESI-MS/MS. In parallel, a fraction of the filtered solu-
tion was used to produce a 1:31 dilution which was also analysed.

2.4. Analytical methods

2.4.1. UHPLC-DAD-ESI-MS/MS

The UHPLC-DAD-ESI-MS/MS instrument used for all the sample
analyses in the present study was an Acquity™ UPLC (Waters Corp.,
Milford, MA, USA) coupled with a XEVO™ TQ triple-quadrupole
mass spectrometer (Waters Corp., Milford, MA, USA). The col-
umn was an Acquity UPLC BEH Phenyl 1.7 pm, 2.1 mm x 100 mm
(Waters Corp., Wexford, Ireland). Elution was carried out with a
binary solvent system consisting of acetonitrile (A) and 0.1% aque-
ous formic acid (B) at a constant flow rate of 0.5 pnLmin~!. The
elution pattern went as follows: 0-0.5min: 0.1% A; 0.5-5.0 min:
0.1-30% A (linear gradient); 5.0-5.1 min: 30-90% A (linear gradi-
ent); 5.1-7.1 min: 90% A (washing); 7.1-7.2 min: 90-0.1% A (linear
gradient); 7.2-8.5 min: 0.1% A (stabilisation). UV-vis (190-500 nm)
and MS data (m/z 100 to 2000) were recorded from 0 to 6 min.
The electrospray was set on negative mode and the settings were:
capillary voltage: 3.4kV; desolvation temperature: 650 °C; source
temperature: 150°C; desolvation gas and cone gas (N, ) flow rate:
1000 and 100Lh~1, respectively; collision gas: argon.

2.4.2. ESI-Qq-TOF

To elucidate the structure of the compounds we analysed the
purified ETs with an ESI-micrOTOF-Q mass spectrometer (Bruker
Daltonics, Bremen, Germany). About 3 mg of each ET (dimer to hep-
tamer) was dissolved in 500 L of an acetonitrile/H, O mixture (1:4,
v/v), filtered (0.2 um, PTFE) and analysed via direct infusion. The
mass spectrometer was controlled by Compass micrOTOF control
software (Bruker Daltonics) and operated in negative mode. The
capillary voltage was maintained at +4000 V with the end plate off-
set at —500V. The nebuliser gas (N;) pressure was set at 0.4 bar, the
flow rate of the drying gas (N, ) was 4.0 Lmin~! and its temperature
was set at 200 °C. Masses were scanned from m/z 100 to 2000. The
calibration of the instrument was performed with a 5mM sodium

formate solution injected by direct infusion before the sample anal-
yses in order to provide high-accuracy mass measurements. Data
were processed by Compass DataAnalysis software (version 4.0,
Bruker Daltonics). For each ET we selected the major molecular ion
and performed MS/MS fragmentation of it by gradually increasing
the collision energy in the collision chamber (argon was used as
collision gas). A software-assisted (Bruker Daltonics DataAnalysis
4.0) calculation of the chemical formula was also performed using
the monoisotopic peak of the molecular ion.

2.5. Standards

2.5.1. Ionisation reference

A solution of pure oenothein B (2.40 wgmL~1) was analysed 5
times every 2 h in order to monitor the ionisation efficiency within
a run or between runs and to correct the measured peak areas
accordingly.

2.5.2. Standard purity

The purity of the isolated oligomeric ETs as evaluated by UHPLC-
DAD-ESI-MS/MS was: oenothein B (99.9%), oenothein A (99.4%),
tetramer (98.7%), pentamer (72.9%), hexamer (97.7%), heptamer
(95.5%).

2.5.3. Calibration curves

The quantification method shown in the present study was
based on the utilisation of external calibration curves. For each one
of the six oligomeric ETs, a serial dilution (in acetonitrile/H;0, 1:4,
v/v)was produced using the following concentrations: oenothein B
(0.06,0.3,1.5,6, 15, 30, 60, 90 wg mL~1), oenothein A and tetramer
(0.3, 1.5, 6, 15, 30, 60, 90, 150 wgmL~1), pentamer (0.9, 3.5, 8.8,
17.5, 35, 53, 88 wgmL~1), hexamer (0.24, 1.2, 4.8, 12, 24, 48, 72,
120 pg mL-1)and heptamer(0.3,1.5,6,15,30,60, 90,150 pg mL~1).
Calibration curves were analysed in triplicate by UHPLC-DAD-ESI-
MS/MS using the MRM transitions developed in 2.2.6. Average peak
areaversus concentration was plotted. Origin 8.0 software was used
to calculate linear and polynomial regression equations as well as
regression coefficients. Weighted fitting method was used, with
weighting set as 1/w? (where w is the standard error).

2.6. Method validation

2.6.1. Limit of detection and limit of quantification

The limits of detection and quantification for each compound
were calculated using the calibration plot method [39]. The formu-
laswere: LOD =30}, /aand LOQ =3 x LOD, where a and b are the slope
and y-intercept of the linear regression, respectively, and o}, is the
estimated standard deviation of the y-intercept.

2.6.2. Repeatability

To assess the repeatability of the method, 10 replicates of flower,
leaf and stems samples (each one in non-diluted and 32-times
diluted forms) were analysed 3 days in a row. The stability of the
results for the measurement of dimeric to heptameric ETs was cal-
culated and expressed as the relative standard deviation of the
peak area (RSD) within each run (intra-run RSD) and between runs
(inter-run RSD).

2.6.3. Extraction efficiency

Leaf, flower and stem samples of willowherb were submitted to
3 successive extraction steps (according to the method described
in Section 2.3.2) in order to assess the efficiency of the extraction
protocol. Successive extracts were analysed separately by UHPLC-
DAD-MS/MS and oligomeric ETs were quantified.
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Table 1
Fragmentation of the tellimagrandin [-based oligomeric ellagitannins from willowherb by ESI-Qq-TOF-MS/MS.
Oligomer size Pseudo-molecular Fragment ions (m/z) Chemical Exact mass (Da) Error (ppm)
ion (m/z) formula Measured Calculated
Dimer 783.07 [M—2H[*~ 935.08; 765.06; 698.067; 633.07; 615.06; 597.05; CegHagOaa 1568.1522 1568.1518 0.3
301.00; 275.02
Trimer 1175.11 [M=2H]*>~ 1567.14"; 1090.10°; 935.08; 785.08; 783.07¢; 765.06; Ci02H72066 2352.2132 2352.2278 6.2
633.07; 615.06; 597.05; 301.00; 275.02
Tetramer 1044.43 [M—3H]*~ 1569.16; 1567.14%; 1175.11; 987.75%; 935.08; 785.08; Ci36Ho60ss 3136.2876 3136.3037 5.1
783.07¢; 765.06; 633.07; 615.06; 597.05; 301.00;
275.02
Pentamer 1305.79 [M—3H]*~ 1569.16; 1567.14¢%; 1249.11%; 1176.11; 1175.11; Ci70H1200110 3920.3595 3920.3796 5.1
935.08; 785.08; 783.07¢; 765.06; 633.07; 615.06;
597.05; 301.00; 275.02
Hexamer 939.88 [M—5H]>~ 1569.16; 1567.14; 1305.79; 1176.11; 1175.11; C204H1440132 4704.4285 4704.4555 5.7
1045.10; 1044.43; 979.09; 935.08; 785.08; 783.07¢;
765.06; 633.07; 615.06; 597.05; 301.00; 275.02
Heptamer 1371.13 [M—4H]*~ 1569.16; 1567.14'; 1328.62%; 1306.46; 1305.79; Ca38H1680154 5488.4864 5488.5315 8.2

1176.11; 1175.11; 935.08; 785.08; 783.07¢; 765.06;

633.07; 615.06; 597.05; 301.00; 275.02

3 Neutral loss of 170 Da from the molecular ion, which corresponds to a loss of gallic acid.

b [CegHa7044]" only.

¢ [C34H23022] only.

d [C53H45044]27 and [C34H2302,]".

e [C135Hg4033]27 and [c68H47044]7~

f [C204H1410132]°~ and [C136He4085 1>~ and [CesHa7044] .

2.6.4. Matrix effect

Leaf, flower and stem extracts were prepared as described in
Section 2.3.2 (in both diluted and non-diluted version). Diluted
extracts were spiked with 20 pL of a solution containing known
concentrations of oenothein B, oenothein A, tetramer and pen-
tamer. Non-diluted samples were spiked with 20 pL of a solution
containing known concentrations of pentamer, hexamer and hep-
tamer. In parallel, a duplicate of each extract was spiked with 20 p.L
of a blank solution (acetonitrile/H,0 1:4, v/v). Samples were ana-
lysed by UHPLC-DAD-MS/MS and oligomeric ETs were quantified
in all the extracts using the calibration curves presented in Section
2.5.3. The matrix effect was calculated for each oligomeric ET, in all
three matrices using the equation described by Caban et al. [40]:

Quantity in spiked sample

—Quantity in nonspiked sample
Matrix effect (%) = Q Y p ple _ 1

— — - 100
Quantity in spiking solution x

3. Results and discussion
3.1. Ellagitannins identification by ESI-Qq-TOF MS

Oenothein B and A have been previously reported in Epilobium
species [41] and their structures have been characterised by NMR
[42,43]. Oenothein B is made of two TI monomers linked together
by two m-DOG-type bonds between the HHDP groups and the gal-
loyl groups in C, position on the glucopyranose ring. Oenothein A
is constructed by attaching one TI monomer to oenothein B via a
single m-DOG-type bond between one HHDP moiety of oenothein
B and the C; galloyl group of TI. The structures of larger oligomers
are hypothesised to follow the same pattern: addition of one TI via
a single m-DOG-type bond. Previous MS/MS analyses of tetrameric
to heptameric Tl suggest that the elongation of the oligomer always
occurs at the same end of the molecule, therefore producing asym-
metric oligomers with an oenothein B core at one end, and a chain
of singly bound TI units at the other end [44]. Heptameric TI is
shown in Fig. 1 to illustrate this pattern. Dimeric to heptameric TI
have been previously identified from crude extracts and Sephadex
fractions of Oenothera biennis (evening primrose) [44,45]. How-
ever, in the present study, we show for the first time the MS/MS

analyses of pure oligomeric ETs (up to heptamer), and thus a more
comprehensive understanding of their fragmentation patterns.

3.1.1. Pseudo-molecular ions

The main pseudo-molecular ion for each oligomeric ET is shown
inTable 1 and was selected as the precursor for ESI-qTOF-MS analy-
sis.Itis interesting to note that the main pseudo-molecularions that
were observed in ESI-qTOF-MS for hexamer and heptamer were
not the same as in ESI-QqQ-MS. For the hexamer, [M—5H]>~ (m/z
939.9) showed a stronger signal in ESI-qTOF-MS than the [M—3H]3~
(m/z 1567.9). For the heptamer, [M—4H]*~ (m/z 1371.1) had higher
intensity than the [M—3H]?~ (m/z 1829.3) which was used to create
the MRM transitions. Theoretical chemical formulas for each com-
pound were calculated by the software, using the monoisotopic
peak of the molecular ion. Results (shown in Table 1) show a good
concordance with the formulas that have been previously hypo-
thesised for tetramer to heptamer, thus supporting their putative
structures.

3.1.2. Fragmentation pattern

The m/z values of the main fragments are listed in Table 1. As
previously observed by Karonen et al. [44], the DOG-type bonds
between monomers were the most easily cleaved. Consequently,
the main fragment ions are constituted of either a chain of singly
bound TI units or a chain of singly bound TI units terminated with
two TI units doubly bound to one another. This fragmentation pat-
ternisillustrated in Fig. 1 with the example of heptameric TI, which
conveniently encompasses the main fragments observed with the
smaller oligomers.

Additionally to those TI-based fragments, a singly charged ion at
m/z 765.06 was found with all the oligomers and was the most pre-
dominant peak when collision energy was in the range of 20-25 eV.
A likely hypothesis to explain the formation of that ion is the cleav-
age of the two DOG-type bonds of the oenothein B unit which
would form doubly charged ion of 784 Da. The deprotonated HHDP
group subsequently oxidises and forms an o-quinone according to a
mechanism proposed by Salminen et al. [45]. This oxidation results
in a loss of one H* and two electrons thus yielding a singly nega-
tively charged fragment of 783 Da that we witnessed with all the
oligomers (Fig. 2). That ion then undergoes a neutral loss of 18 Da,
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Fig. 2. Putative mechanism for the formation of ions at m/z 783.07 and 765.06. The cleavage of the two DOG-type bonds is followed by the oxidation of the HHDP group
which forms an o-quinone and results in a singly charged ion of 783.07 Da which then undergoes dehydration.

which most likely corresponds to a dehydration process, and forms
a singly charged ion at m/z 765 (783 — 18 =765).

The dehydration hypothesis is reinforced by the observation of
similar phenomena. Indeed, an ion at m/z 633 was witnessed for all
the oligomers and was systematically accompanied with ions at m/z
615 and 597, all showing relatively similar intensities. The 18 Da
difference between those masses suggests sequential water losses
(Fig. 1). Such dehydration reactions during fragmentation have
been previously observed with gallotannins and galloylglucoses
[46]. The 6 oligomers each showed a product ion that corre-
sponded to a neutral loss of 170 Da from their pseudo-molecularion
(Table 2). This type of fragmentation has been reported before and
is typical of galloylglucoses. In our case it almost certainly occurs
to the gallic acid unit attached to the C3 position of the glucopyra-
nose ring of one TI monomer. All together these data support the
proposed structure of the oligomeric Tl and confirm their presence
in willowherb.

3.2. MRM optimisation

3.2.1. Development and optimisation of MRM transitions

A 30 pug mL-! solution was prepared for each pure oligomeric ET
(in acetonitrile/water, 1:4, v/v) and was injected by direct infusion
in ESI-QqQ-MS/MS. The solvent flow in the electrospray was ace-
tonitrile/0.1% aqueous formic acid (1:4, v/v) and was set at a rate
0f0.20 L min~'. Cone voltages were changed from 10 to 60 V with
10V increments in order to find the voltage that would produce
the most efficient ionisation of the molecular ion. The fragments of
the main molecular ion were then examined by varying collision
energy from 5 to 110eV by 5 eV increments. A main precursor and
a main fragment were thus selected for each oligomer and used to
create the MRM transition that was used for quantification (MRM1).

An additional MRM transition was monitored for each
oligomeric ET from willwoherb leaf, stem and flower samples
in order to ascertain the specificity of the detection. For that

secondary transition (MRM2) we kept the same precursor ion as
in the main transition but chose the fragment that showed the sec-
ond highest intensity. The peaks given by those two transitions
were integrated separately and their respective areas were used to
calculate a ratio= MRM2/MRM]1.

3.2.2. Precursorions

Because of the m/z detection range of the instrument (from
m/z 40 to 2048) and the molecular mass of the oligomeric ETs, it
was only possible to observe multiply charged pseudo-molecular
ions. However, a singly charged ion was visible for oenothein
B at m/z 1567.1 but it systematically showed a lower intensity
than the doubly charged ion (m/z 783.1) within the tested cone
voltage range. For the six oligomers the main pseudo-molecular
ion was produced with a cone voltage comprised between 30
and 46V (Fig. 3). Increasing the voltage further caused in-source
fragmentation and the subsequent formation of product ions
at m/z 301 and 275, which come from the cleavage and re-
arrangement an HHDP moiety and are thus characteristic of ETs
[46].

3.2.3. Fragment ions

The fragment ions were analysed using a wide range of colli-
sion energies (from 5 eV to 110 eV). For each oligomer the fragment
which showed the highest intensity was retained and utilised for
quantification. The product ion with the second highest intensity
was used as a means of confirmation. As can be seen in Fig. 3 the
fragmentions at m/z301 and 275 were typically formed with rather
high collision energies (50 to 90 eV). In most cases, m/z 301 was
more abundant than m/z 275, except for heptamer, where the oppo-
site trend was witnessed. Oenothein B was also an exception as
it predominantly produced a fragment at m/z 765 with collision
energy of 20 eV.
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Table 2
Summary of the multiple reaction monitoring parameters.

Compound Molar mass MRM retention MRM1 CV/CE MRM2 CV/CE MRM2/MRM1 peak
(gmol1) time window quantification confirmation area ratio

(min) (m/z) (m/z) (mean +SD)
Oenothein B 1569.1 2.80-3.37 [M—2H]?*- 783.1>765.3 30/20 783.1>301.0 30/40 0.87 +0.01°
Oenothein A 2353.6 3.13-3.58 [M-2H]*- 1175.5>301.0 46/52 1175.5>275.0 46/62 0.88+0.02%
Tetramer 31382 3.42-3.95 [M—3H]*- 1044.8>301.0 32/50 1044.8>275.0 32/60 0.84+0.03”
Pentamer 3922.7 3.71-4.20 [M—3H]*- 1306.4>301.0 40/65 1306.4>275.0 40/75 0.94 +0.04°
Hexamer 4707.3 3.70-4.70 [M-3HJ*- 1567.9>301.0 42/90 1567.9>275.0 4270 0.52+0.07¢
Heptamer 5491.8 3.80-4.80 [M-3HJ?- 1829.3>275.0 46(75 1829.3>301.0 46/100 0.88+0.02¢

CV, cone voltage (V); CE, collision energy (eV).

3 Measured on leaves, flowers and stem samples, diluted 32 times (n=9).
b

c

d

Measured on leaves, flowers and stem samples, non-diluted (n=9).
Measured on leaves and flowers samples, non-diluted (n=6).

3.2.4. MRM2/MRM1 ratio

The MRM2/MRM1 ratio showed very little variation overall,
with a relative standard deviation <5%, except for the hexamer
where it reached 13% (Table 2). More interestingly, that ratio
seemed unaffected by the nature of the matrix (leaf, flower or stem)
as can be seen from the very low RSD measured for dimer, trimer
in diluted extracts and for pentamer and heptamer in non-diluted
extracts. Dilution of the extract did not have any significant effect
on that ratio either, as can be attested by the low RSD observed
with tetramer (measured in all the matrices in both diluted and
non-diluted extracts).

3.3. Adapting the method to willowherb samples

3.3.1. Dilution of the extracts

A preliminary qualitative analysis of the samples revealed that
the concentration of the oligomeric ETs was inversely proportional
to their sizes. The smaller oligomers were very abundant (in all the
tissues) whereas the larger ones were scarcer. To ensure that the
concentration of all the oligomeric ETs would fall into the linear
range, each sample had to be analysed in two different dilutions.
The most concentrated one enabled the quantification of pentamer
in stems as well as hexamer and heptamer in leaves, flowers and
stems. A 32-times diluted version of the extract was thus used to
quantify dimer, trimer, tetramer in all the tissues, plus pentamer in
leaves and flowers.
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Measured on leaves, flowers and stem samples, non-diluted and diluted 32 times (n=18).

3.3.2. Quantification of oenothein B by UV

Another benefit of the 32-times diluted sample was the possi-
bility to quantify oenothein B from the UV trace. The main peak
of oenothein B, in the 32-times diluted samples, was analysed by
UV and MS and showed a very good purity (Fig. 4). In addition
to that, the calibration curve for oenothein B obtained by MRM
showed a linear range that spanned only from 0.3 to 15 wgmL-!
(R2=0.997) and suffered an almost complete saturation beyond
60 wgmL-!. In comparison, the 280 nm UV calibration curve of
oenothein B was linear from 0.3 to 150 pg mL~! (R? = 0.9984) which
was a more adequate range since diluted leaf and flower samples
showed oenothein B concentrations close to 60 g mL~!. Oenothein
B in willowherb should therefore be quantified via UV rather than
MS/MS.

3.4. Method validation

3.4.1. Extraction efficiency

In all matrices, tetramer, pentamer, hexamer and heptamer
were not detected in the third extract. Dimer and trimer were
still present in the third extract but quantification revealed that,
in all three matrices, the amount was <1% of the overall extracted
quantity. Based on those results it was decided to perform two
extraction steps on willowherb samples in order to achieve quan-
titative extraction (>99%) while minimising sample handling and
thus the risk of oxidation of the analytes.
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Fig. 3. Optimisation of cone voltage (left-hand side) and collision energy (right-hand side) for the development of MRM transitions. Results are expressed in percentage of

the maximum peak intensity measured for each compound and fragment.
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Fig. 4. UV chromatogram (A =280 nm) of 32-times diluted extract of Epilobium angustifolium stem (A), flower (B) and leaf (C). The inserts show the purity of the main peak

in UV and MS.

3.4.2. Calibration curves and linearity

Calibrations curves were fitted with second-order polyno-
mial equations and showed an excellent correlation coefficient
(R%2>0.99). In addition, the linear range was measured for all the
plots and the corresponding regression equation and R-squared
were calculated (Fig. 5). All six compounds showed an excellent
linear fit (R > 0.99).

3.4.3. Limits of detection and limits of quantification

As shown in Table 3 both LOD and LOQ increase according to
the size of the oligomers. Such pattern could be explained by the
fact that, the larger the oligomers are, the less efficiently they
are ionised in the source, thus resulting in a loss of sensitivity.
Regardless of that phenomenon, the LOD and LOQ obtained for
each compound with the described method were very low and
would allow the quantification of as little as 0.2 mg of heptamer/g
of dry plant material. Grancia et al. previously reported a quan-
tification method for oenothein B in E. angustifolium by HPLC-DAD
and showed a LOQ of 5.62 mg/g of raw material [20]. An HPTLC
quantification method for oenothein B in E. angustifolium was
developed by Shikov et al. [47] and achieved a LOQ of 360 ng/band
which corresponded, according to their protocol, to 0.18 mg/g of
dry plant material. In the present study the LOQ for oenothein B
using UV detection in the diluted extract was 0.88 ug mL~! which
corresponds to 1.41mgg~! and 44 pgg-! of dry plant material, if
quantified from the diluted or non-diluted extracts, respectively.
Interestingly, the LOQ for oenothein B using the MRM detection
(783.1>765.3) was 0.08 pgmL-!, which amounts to 0.13mgg™!
or 4 ngglof dry plant material, if quantified from the diluted or
non-diluted extracts, respectively.

3.4.4. Repeatability

Intra- and inter-assay variability was assessed by measuring the
relative standard deviation in the peak area (after correction by the
ionisation reference) of dimeric to heptameric ETs in willowherb
leaf, flower and stem samples (Table 3). Intra-assay variability
ranged from 0.5% to 4.4% and inter-assay variability ranged from
0.9% to 8.1%. Both values generally increased according to the size
of the oligomer. However, no clear correlation can be observed
regarding a possible influence of the matrix on the stability of the
measurements.

3.4.5. Matrix effect

The assessment of the matrix effect showed that for all the
analytes quantified by MS/MS from willowherb extracts, the
sample matrix caused an underestimation of the true ET con-
centration. This phenomenon is well known with ESI and has
been shown to be largely due to ion suppression caused by
co-eluting compounds [48,49]. It can be moderated by sample
dilution [50] and that is illustrated in this experiment, where
oligomers quantified from diluted samples generally show a much
weaker matrix effect than those quantified from non-diluted sam-
ples (Table 3). Flower extracts showed to exert the strongest
matrix effect on all the oligomers, followed by leaf and stem
extracts.

Overall the method proved to be accurate for the quantifica-
tion of oenothein B, oenothein A and tetrameric TI (in leaf and
stem extracts) with matrix effect being <20%. Quantification of pen-
tameric, hexameric and heptameric TI (as well as tetrameric TI in
flower extracts), however was significantly affected by the matrix.
The accuracy of the quantification of those large oligomers could be
improved by finding, for each sample type, the dilution factor that
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Fig. 5. Calibration curves and linear regression equations of pure dimeric to heptameric ellagitannins. Error bars represent the 95% confidence interval on the estimated

mean of the peak area for each data point (n=3).

gives the smallest matrix effect while remaining in the linear range.
Alternatively, these complex ETs could be quantified from each
sample by the standard addition method. This, however, would
require relatively large-scale purification of these rare oligomers
and would significantly increase sample preparation and analysis
time and per sample.

3.5. Ellagitannins content and distribution in willowherb

To demonstrate the applicability of the method, dimeric to
heptameric ETs were quantified from the leaves, flowers and stems
of 10 willowherb samples. The results (Fig. 6) first indicate that
E. angustifolium contains high level of those ETs, which represent
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Table 3

Method parameters for the quantification of oligomeric ellagitannins in Epilobium angustifolium.

Compound Quantification Sample type for Linearity LOD LOQ Intra-run RSD Inter-run RSD Matrix effect
method quantification (ngmL-1) (ngmL1) (pgmL-1) (%) (%) (%)
n=30 n=30
Oenothein B UV 280 nm 32x diluted?® 0.3-149.8 0.29 0.88 1.1° 2.2° +13.6%
32x diluted” 0.5" 1.0 +15.2P
32x diluted® 0.5¢ 0.9¢ +7.4°
Oenothein A MRM 32x diluted? 0.3-29.7 0.10 0.31 1.1° 2.5° -3.7¢
1175.5>301.0 32x diluted” 1.2b 2.3b —-1.8>
32x diluted® 1.6¢ 4.4¢ -3.7¢
Tetramer MRM 32x diluted? 1.5-30.3 0.34 1.03 2.8° 4.7% —26.8%
1044.8>275.0 32x diluted” 1.1° 2.2° —~11.5"
32x diluted® 1.9¢ 3.7¢ +2.1¢
Pentamer MRM 32x diluted?® 1.2-72.1 0.48 1.44 3.5 4.6% -70.1¢
1306.4>301.0 32x diluted® 2.1b 3.0 —65.4°
Non-diluted® 3.8¢ 8.1¢ —33.7¢
Hexamer MRM Non-diluted® 1.2-47.6 0.64 1.92 3.9¢ 6.3% -73.5°
1567.9>301.0 Non-diluted® 3.0° 5.9" —64.7°
Non-diluted® NA® NA® NA®
Heptamer MRM Non-diluted® 2.6-96.0 1.33 3.98 4.4° 4.8 —63.2°2
1829.3>275.0 Non-diluted® 3.7° 4.7° —39.5°
Non-diluted® NA® NA°® NA®

2 Flower samples.
b Leaf samples.
¢ Stem samples.

around 15% of the dry mass of flowers and leaves. Oenothein B is the
most abundant ET in all three organs and accounts for almost 50%
of the total mass of oligomeric ETs. Flowers appeared to contain
the highest concentration in all the oligomeric ETs except trimer
which was more abundant in leaves. Stems exhibited rather low
levels of ETs with hexamer and heptamer being below the limit of
quantification.

The inter-individual variations in oligomeric ET content
within the sampled population showed interesting patterns. The
oligomeric ET content of flowers across the 10 individuals was very
stable for the six measured compounds, with RSD ranging from
5.3% (tetramer) to 8.9% (pentamer). However, leaves and stems
exhibited larger inter-individual variability. The content in dimeric
to tetrameric ET in leaves showed RSD comprised between 7.2
and 8.7%, whereas pentameric to heptameric ETs exhibited RSDs

90

I Flowers
I L ecaves
[ |Stems

Content (mg/g DM)

Fig. 6. Organ distribution and content of tellimagrandin I-based oligomeric ellagi-
tannins in willowherb samples (n=10). Error bars show standard deviation of the
mean. * indicates LOD < quantity <LOQ.

of 13.0% (pentamer) to 21.3% (heptamer). Stems presented even
larger variability with RSDs ranging from 10.9% (tetramer) to 30.8%
(pentamer).

4. Conclusion

This study reports, for the first time, the presence of TI-based
oligomeric ETs larger than oenothein A in E. angustifolium and
describes a method for their isolation and quantification by UHPLC-
DAD-ESI-MS/MS. The method proved to be selective, sensitive and
stable. It was successfully applied to willowherb samples to assess
the quantitative distribution of the oligomeric ETs in the leaves,
flowers and stems as well as the inter-individual heterogeneity
within a population. The method functioned well with dimers,
trimers and tetramers, but suffered from increased matrix effect
with pentamers, hexamers and heptamers. However, this short-
coming can be accepted given that there are no isotopically labelled
ionisation standards or other quantification methods available for
these large tannins that have been very rarely detected in the plant
kingdom. This work shows that the development of compound-
specific quantification methods is possible, even for exceptionally
large hydrolysable tannins, and permits accurate characterisation
of the samples.
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