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Abstract Proanthocyanidins (PAC) are an impor-
tant and widely spread class of natural products with
various bioactivities. The analytical evaluation of
oligomeric and polymeric proanthocyanidins in com-
plex extracts is still challenging, due to the complexity
of structures. Nevertheless, in the last 20 years
analytical techniques especially in the field of chro-
matography and mass spectrometry have been
improved and offer exciting possibilities for a deeper
insight into plant secondary metabolism. While clas-
sical colorimetric methods and protocols for partial
hydrolysis are still valuable tools new chromatograph-
ically and mass spectrometric methods provide deep
insights into the PAC fine structure, also of polymeric
material. The present review focus on recent innova-
tive LC-MS and MALDI-TOF methods, innovative
strategies for advanced processing of LC-HRMS data
(van Krevelen plots, Kendrick Mass Defect Analysis),
MS/MS fragmentation, and newest two-dimensional
LC x LC (Offline, Online, Stop-flow-2D) chromatog-
raphy. Also MALDI-TOF imaging provides exciting
inside in PAC distribution within biological samples
and functional assays.
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Abbreviations

AUC Area under the curve

BFF Benzofuran forming fission

DHB 2,5-Dihydroxybenzoic acid

DMACA p-Dimethylaminocinnamaldehyde

DP Degree of polymerization

DTAF 5-([4,6-Dichlorotriazin-2-
ylJamino)fluorescein

EIC Extracted ion chromatogram

ESI Electrospray

FLD Fluorescence detection

HILIC Hydrophilic interaction liquid
chromatography

HMB 2-Hydroxy-5-methoxybenzoic acid

HRF Heterocyclic ring fission

IAA trans-3-Indoleacrylic acid

KMD Kendrick Mass Defect

LC Liquid chromatography

MALDI  Matrix assisted laser desorption ionization

mDP Mean degree of polymerization

MS Mass spectrometry

NP Normal phase

PAC Proanthocyanidins

PC Procyanidin

PD Prodelphinidin

QM Quinone methide or interflavan fission
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RDA Retro-Diels-Alder fission

RP Reversed phase

TIC Total ion chromatogram

TOF Time of flight

UHPLC  Ultra-high performance liquid
chromatography

Introduction

Proanthocyanidins (PAC, syn. condensed tannins) are
polyphenolic secondary plant metabolites with tannin-
like properties. PAC are widely distributed over the
plant kingdom and the biosynthetic formation can be
attributed to an effective defence strategy against
attacks of the plants by bacteria, fungi, viruses,
protozoa or helminths (Peter Constabel et al. 2014;
Petridis 2011). Due to the astringent taste of PAC,
PAC-containing plants protect themselves against
grazing livestock (Peter Constabel et al. 2014). Further
biological functions of PAC are the protection of the
plants from UV irradiation due to a large chromophore
and the protection from heavy-metals by chelation by
the hydroxyl groups of PAC (Aerts et al. 1999; Peter
Constabel et al. 2014).

As PAC are part of manifold food crops and
medicinal plants, they are relevant ingredients of
foods, beverages and herbal medicines. Within food
technology PAC strongly contribute to many relevant
properties of the processed products as e.g., colour,
taste, texture, and stability. PAC in medicinal plants
and in extract-containing phytopharmaceuticals are in
many cases assessed as active ingredients, responsible
for potential antidiarrheal and wound-healing effects,
but also with clinically relevant impact for its docu-
mented cardioprotective, neuroprotective, antioxi-
dant, antiinflammatory, antimicrobial and antiviral
effects (Gescher et al. 2011; Halver et al. 2019; Lohr
etal. 2011; Luca et al. 2020; Neilson et al. 2016; Rauf
et al. 2019; Santos-Buelga and Scalbert 2000). As
PAC therefore influence the specific properties and
functionality of many plant-based products the exact
analytical characterization of these polyphenols is
essential. This refersnot only to the structural features
of the respective PAC fractions, but also to the
extractability of these polyphenols into the processed
products. As PAC are known to be highly sensitive
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against oxidation, a need for stability monitoring of
these polyphenols in products is desirable, as degra-
dation, polymerisation and oxidation might funda-
mentally change relevant properties of the respective
products (Jorgensen et al. 2004).

PAC are complex oligomers or polymers, consist-
ing of flavan-3-ol building blocks, mainly (epi)afz-
elechin, (epi)catechin and (epi)gallocatechin, while
(epi)fisetinidol and (epi)robinetinidol are rather rare
PAC building blocks (Fig. 1) (Hiimmer and Schreier
2008). Complexity is caused not only by the different
degrees of polymerization, but also by variable
hydroxylation of the B-ring, the stereochemical prop-
erties (especially at C-2 and C-3), the respective
interflavan linkages (B-type: 4 — 6 or 4 — 8§, or
A-type: 4 —» 8 and 2 —» O — 7), the specific stere-
ochemistry at the interflavan bridging points and the
potential substitution pattern (Santos-Buelga and
Scalbert 2000). Additional substitution of the PAC
backbone is frequently observed by galloylation at
position O-3 (Nonaka et al. 1983; Prieur et al. 1994;
Schmuch et al. 2015), benzoylation (Anke et al. 2008)
as well asO- and C-glycosylation (Gujer et al. 1986;
Santos-Buelga and Scalbert 2000). Also substitution
of the upper flavan-3-ol unit with phenylpropanoid
units is observed, leading to the formation of so called
cinchonains (Nonaka et al. 1982; Sendker et al. 2013)
(Fig. 2). Some authors differentiate between oligo-
meric and polymeric PAC, due to the degree of
polymerization, but as a universal and binding defini-
tion is still missing, a clear classification into
oligomeric and polymeric PAC is still not feasible
(Ou and Gu 2014; Salminen 2018).

Due to the high variability and complexity PAC are
still assessed as a class of natural products, for which
detailed structural characterization is challenging.
Although protocols for analytical characterization of
complex polymers are well established e.g., in the
fields of hydrocarbons from petrol chemistry or plastic
industry, or polysaccharides within plants, the analyt-
ical assessment of PAC, describing the huge variety of
the PAC pool within one plant part or within one single
product is complicated due to the high structural
diversity (Neilson et al. 2016).

This review summarizes the most relevant chro-
matographic and mass spectrometric methods, intro-
duces the latest innovations, and focuses especially on
off- and online two-dimensional chromatography,
coupled with MS detection, and pinpoints improved
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HO

configuration of diastereomers
Ri | R | Rs | 2R3S and 2S3R (trans) | 2R3R and 25,35 (cis)
H H OH Afzelechin Epiafzelechin
H OH | OH Catechin Epicatechin
OH | OH | OH Gallocatechin Epigallocatechin
H OH | H Fisetinidol Epifisetinidol
OH [OH | H Robinetinidol Epirobinetinidol

Fig.1 Typical PAC building blocks, depending on the number and position of hydroxyl groups and stereochemistry in positions 2 and

3.a, b, c: A, B-, and C-ring, respectively

strategies of analyzing and presenting complex data
from high resolution mass spectrometry (HR-MS) of
PAC containing samples. NMR analysis of PAC is not
reviewed in this context, as unfortunately less inno-
vations in this field have been reported within the last
years.

Established approaches for general PAC analysis
Colorimetric methods

Basic analytical characterization of PAC started
within the last century by the use of colorimetric
methods. These methods are generally based on the
formation of colored products, using either the redox
activity of the flavan-3-ol polymers or their reactivity
with aromatic aldehydes (Rohr et al. 2000). Assays
using the redox activity of polyphenols are the
Prussian blue assay, introduced by Price and Butler
(1977) (Graham 1992; Price and Butler 1977),
oxidizing the phenolic hydroxyl groups by use of
K3Fe(CN)g and FeCls in HCI 0.1 mol/L leading to the

formation of Prussian blue (Rohr et al. 2000). A
similar principle is used by the Folin—Ciocalteu
reagent, the official method for quantification of the
tannin content in herbal materials in the European
Pharmacopeia (European Pharmacopoiea 10.0 2020).
The protocol is based on a redox reaction of polyphe-
nols with a mixture of phosphomolybdate and phos-
photungstate, which yields colored products
(Schofield et al. 2001). The total tannin content can
be determined by the measurement of the UV-
absorption before and after addition of hide powder
(a standardized protein-containing reagent, reacting
with tannin-like compounds to the PAC sample)
(European Pharmacopoiea 10.0 2020; Rohr et al.
2000) (Rohr et al. 2000). Both methods are not PAC
specific, but can easily be used for quantification of the
different classes of polyphenolic tannins (Schofield
et al. 2001). Quantification and calibration of the
polyphenol content is generally calculated against
gallic acid or pyrogallol equivalents (Kelm et al. 2005;
Rohr et al. 2000).

In contrast, assays using e.g., vanillin- or p-
dimethylaminocinnamaldehyde (DMACA) exert
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Fig. 2 Examples for PAC structural variability. a: (4§ — 8) B-type linkage; b: (4 — 6) B-type linkage; c: (4 — 8) and
(2B — O — 7) A-type linkage; d: 3-O-galloylated PAC; e: cinchonain

higher specificity for PAC. These methods are based
on the reaction of the aromatic aldehydes with the
phloroglucinol moieties of PAC in acidic solution,
leading to coloured products, which can be qualita-
tively and quantitatively determined by UV/Vis-
spectroscopy. Cross reactions by other meta-substi-
tuted phenols have been described (Rohr et al. 2000;
Sarkar and Howarth 1976; Schofield et al. 2001).

An alternative to these assays is the acid-butanol
assay, which is based on the heterolytic cleavage of the
interflavan linkage of PAC polymers, forming
coloured anthocyanidins and the respective flavan-3-
ol (Rohr et al. 2000; Schofield et al. 2001).

Nevertheless, quantitative data, obtained by the
different colorimetric methods have to be handled
with care, as all results obtained strongly depend on
the respective calibration standard, on the solvents
used and the specific reaction protocols (Hiimmer and
Schreier 2008; Kelm et al. 2005; Neilson et al. 2016;
Rohr et al. 2000). Additionally, interactions with other
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non-PAC matrix components have to be considered
and also differences in the reactivity between different
monomer types or between monomers and polymers
have been described (Hiimmer and Schreier 2008;
Kelm et al. 2005; Neilson et al. 2016; Rohr et al.
2000).

Colorimetric methods can be performed quickly
and with limited technical requirements. They provide
qualitative information regarding the presence of PAC
in general, but they cannot distinguish between
structural modifications of the polymers as, e.g. the
different building blocks or the degree of polymeri-
sation. Therefore, colorimetric methods are not suited
for structural analysis of PAC. PAC quantitation by
colorimetric methods is possible, but this requires
external calibration standards, which in many cases
are not really related to the PAC structures of the
investigated product.
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Degradation methods

Thiolysis and phloroglucinolysis of PAC are based on
the reaction of the PAC interflavan linkage with
nucleophiles, either with thiols e.g., benzyl mercaptan
(Guyot et al. 2001; Rigaud et al. 1991), 2-mercap-
toethanol (Tanaka et al. 1994) or cysteamine (Gao
et al. 2018; Torres and Lozano 2001). The respective
reactions will typically lead to the formation of
thioethers. Also phloroglucinol can be used for PAC
derivatisation (Kennedy and Jones 2001; Koupai-
Abyazani et al. 1992). The nucleophiles react in acidic
solution with the upper part (extension units) of the
polymer chain to nucleophile-monomer adducts,
whereas the terminal building block is released as
the respective flavan-3-ol (Hiimmer and Schreier
2008; Schofield et al. 2001). Subsequent HPLC-UV
or MS analysis of the released fragments (flavan-3-ols
and the respective phloroglucinol adducts or
thioethers) identifies the respective building blocks.
Also comparison of the AUCs of the extender-adducts
and the terminal flavan-3-ol can be used for the
calculation of a mean degree of polymerization
(mDP), and the ratios of (epi)afzelechin/(epi)cate-
chin/(epi)gallocatechin (Hiimmer and Schreier 2008;
Neilson et al. 2016). As typically the A-type interfla-
van linkage and gallic esters are not cleaved by this
type of reaction, also the percentage of A-type
linkages and the percentage of galloylation can be
calculated (Gao et al. 2018; Kimura et al. 2011;
Neilson et al. 2016; Torres and Lozano 2001).
Compared to thiolysis, phloroglucinol is mostly pre-
ferred for the degradation of PAC, as the reagent is
easier to handle, due to the unpleasant odour of the
used toxic mercaptans (Kennedy and Jones 2001;
Schofield et al. 2001). Both degradation methods are
suited for characterization of the polymer by calcu-
lated mean values and for the unambiguous identifi-
cation of the building blocks (Kawakami et al. 2018;
Kelm et al. 2005; Neilson et al. 2016).

These methods are suitable for getting a first insight
into the PAC content of a sample and can be used for a
rough qualitative screening, but these protocols do not
give a comprehensive overview on the respective PAC
composition and give no insight in fine structures. As
the structure of PAC within a given sample affects its
functionality and bioactivity, identification of intact
PAC chains is desirable (Xie and Dixon 2005). Since
2000 advanced chromatographic and MS techniques

have been developed, offering a deeper view into PAC
structure, especially with respect to potential oligo-
mers with higher DP and potential secondary
modifications.

Liquid chromatography-mass spectrometry (LC—
MS)

Whereas the eighties’ and nineties’ of the last century
was the time of the colorimetric methods, combined
with simple identification methods of building blocks,
the new millennium opened doors for improved
chromatographic separation of complex PAC mix-
tures, followed later on also by hyphenated tech-
niques. The reviews of Hiimmer et al. (2008), de
Villiers et al. (2016) and Rue et al. (2018) display a
variety of established LC and LC-MS approaches and
protocols for PAC analysis.

In principle, the chromatography preferred today is
the ultra-high performance liquid chromatography
(UHPLC), as it combines fast separation of analytes
with high resolution (Motilva et al. 2013; Villiers et al.
2016). Besides normal phase (NP) (Lazarus et al.
1999; Rigaud et al. 1993) and reversed phase
chromatography (RP) (Hiimmer and Schreier 2008),
hydrophilic interaction liquid chromatography
(HILIC) (Kelm et al. 2006; Yanagida et al. 2007)
has been extensively used in nowadays PAC analysis.
Typically, detection is performed by UV/Vis, fluores-
cence, or ESI-MS (Hiimmer and Schreier 2008). In
contrast to NP chromatography, RP and also HILIC
stationary phases can be combined with ESI-MS
detection, as this ionization requires hydrophilic and
volatile solvents. RP chromatography is typically
performed on a RP18 stationary phase in combination
with binary gradients, mostly based on a water/
acetonitrile mixtures (Hiimmer and Schreier 2008).
In RP chromatography, PAC only get sufficiently
separated up to DP 4, and it has to be kept in mind that
the respective elution order of the peak clusters is not
necessarily correlated to the respective DP. Especially
secondary modification of PAC, as e.g. galloylation
has strong impact on the retention behavior (Symma
et al. 2020). In many cases an increased baseline, often
called “bump” (Kalili and Villiers 2009), is observed,
which indicates that most of the oligomers and
polymers remain unresolved in RP chromatography
(Frost et al. 2018; Guyot et al. 1997; Rohr et al. 2000).
NP chromatography is based on hydrophilic stationary
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phases and a mobile phase gradient starting usually
with more lipophilic solvent towards increasing
hydrophilicity e.g., from methylene chloride to
methanol. NP chromatography separates PAC accord-
ing to the molecular weight. PAC oligomers with low
DP elute earlier than higher DP PAC (Hammerstone
et al. 1999; Lazarus et al. 1999). Typically, the
chromatograms are characterized by distinct peak
series, each representing an oligomer cluster with
defined DP (Hammerstone et al. 1999; Lazarus et al.
1999). It has to be kept in mind that this kind of
chromatography is not appropriate to be connected to
an ESI-MS detector, due to the low hydrophilicity of
the solvents. A milestone in PAC analysis in 2006 was
the introduction of HPLC on diol stationary phase, in
combination with a binary gradient ranging from
acetonitrile to a more hydrophilic system as e.g.
methanol/water mixtures (Kelm et al. 2006). This
principle led to optimized separation of PAC clusters
of more than DP10 (Kelm et al. 2006; Robbins et al.
2012). Diol phase chromatography can be assessed to
be a kind of hydrophilic-lipophilic interaction chro-
matography (HILIC), which again is a variation of NP
chromatography, where separation is performed on a
hydrophilic stationary phase with partly aqueous
eluents (Hemstrom and Irgum 2006). PAC analysis
of diol phases provides a good overview on the
respective DP distribution of complex samples and
can easily be used for quantification of individual
clusters and also for determination of the total PAC
content (Hellenbrand et al. 2015a, 2015b). While
oligomers elute with lower retention as distinct peaks,
PAC polymers are typically found as a broad,
chromatographically unresolved hump, which can
also get quantified (Hellenbrand et al. 2015a, b).
Acidification of the mobile phase (formic acid, acetic
acid, trifluoric acid) in low concentrations reduces
peak broadening and should be used routinely for PAC
analysis (Hiimmer and Schreier 2008; Motilva et al.
2013; Russo et al. 2020). The peak clusters are
characterized only by the same DP, but can consist of
oligomers with different fine structures (e.g., different
hydroxylation pattern of the building blocks, different
linkages types etc.). Secondary modification of the DP
clusters will change the retention behavior, which
means that unmodified PAC clusters elute in a clear
and unambiguous sequence, while for modified PAC
with e.g., galloylation or multiple hydroxylation a
clear cluster formation cannot be observed (Montero
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et al. 2013a; Symma et al. 2020). Consequently, diol
chromatography of PAC mixtures is very efficient for
unmodified PAC strains, but mixtures of unmodified
and modified PAC can result in chromatograms which
are hard to interpret. Therefore, a disadvantage of
HILIC chromatography is the limited structural infor-
mation on the respective DP clusters (Kelm et al.
2006). Up to now chromatographical resolution is
possible for unmodified PAC extracts up to around DP
15, followed by an unresolved hump of polymeric
PAC (Hellenbrand et al. 2015a, b).

PAC detection after chromatographic separation is
mostly performed by UV at Ap,.x 280 nm. Fluores-
cence detection (FLD) at A, 280 nm and A, 316 nm.
FLD provides very sensitive and specific detection of
PAC and should be preferred for complex PAC-
containing matrices rather than UV detection. It has to
be kept in mind that for galloylated PAC quenching of
the respective fluorescent signals was observed, lead-
ing to significant underestimation of the peak size of
such compounds. In such cases UV detection will lead
to more valid results (Hammerstone et al. 2000).

MS detection—in most cases ESI-MS—is used to
obtain detailed insight into the fine structure of peaks
clusters (Hiimmer and Schreier 2008). Especially high
resolution mass spectrometry (HR-MS) provides
accurate m/z values and enables the calculation of
molecular formulae, which is important for the exact
classification and differentiation of the molecular ions
(Sendker et al. 2013; Symma et al. 2020). LC-MS
analysis can also provide validation of the elution
profiles obtained after HILIC separation. DP and the
respective retention times reveal typically a logarith-
mic correlation. ESI-MS is often combined together
with a time of flight (TOF) analyzer, as TOF has
principally no mass limit. Realistically, PAC only up
to DP 20 can be detected. This is due to the increasing
complexity of PAC chains with increasing DP and the
decreasing ionization of long chain PAC, as has been
reported for PAC analysis by MALDI-TOF (Hiimmer
and Schreier 2008).

ESI-MS analysis of PAC can be performed in both,
positive and negative ion mode. In contrast to
MALDI-MS, ESI-MS in the positive mode produces
not only single charged ions (M + H]', [M + Na]™,
M + K]*, [M 4+ NH4]™"), but also multiple charged
ions [M + nX]"™ and Coulomb multimers
[nDM + X]*. Therefore, detailed interpretation of
ESI mass spectra in the positive ionization is more
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complex (Symma et al. 2020) compared to the data
obtained in the negative mode (Motilva et al. 2013).
Additionally, in-source fragmentation can occur
within both ionization modes and has to be considered
by the interpretation of mass spectra (Kuhnert et al.
2013). ESI-MS is mostly performed in devices, which
enable additional MS/MS fragmentation. PAC
undergo specific fragmentation reactions, i.e. Retro-
Diels—Alder fission (RDA; neutral loss of 152 u),
quinone methide or interflavan fission (QM; neutral
loss of 288 u (upper units) or 290 u (terminal unit)),
heterocyclic ring fission (HRF; neutral loss of 126 u)
and benzofuran forming fission (BFF, neutral loss of
122 u) (Fig. 3) (Gu et al. 2003; Li and Deinzer 2007).
Using these fragmentation sequences, identification
and sequencing of individual PAC polymer ions is
possible (Gu et al. 2003; Li and Deinzer 2007).

LC-MS methods, especially those based on HILIC
mode separation on diol stationary phase, are still very
promising in PAC analysis, as they provide specific
information on the distribution of DP clusters of the
PAC containing samples. Additional information of
PAC fine structure can be gained by MS/MS sequenc-
ing of single PAC ions. Nevertheless, the detailed
composition of individual DP clusters cannot be
elucidated e.g., with respect to slight modifications,
as e.g. A-types or differentially hydroxylated building
blocks. Furthermore, PAC clusters can only be
separated up to maximum of DP 15 by the respective
chromatographic methods Therefore, LC-MS in
HILIC mode cannot provide information regarding
the presence and the composition of higher DP
polymers.

MALDI-TOF mass spectrometry

MALDI-TOF, well suited for the analysis of high
molecular weight compounds (Es-Safi 2012), is an
established methodology for the analysis of oligo-
meric PAC (Ohnishi-Kameyama et al. 1997; Yang and
Chien 2000). The method has been extensively used to
investigate the PAC composition of complex plant
extracts (Monagas et al. 2010; Reed et al. 2005). The
principles, technical possibilities, and the established
protocols for MALDI-TOF PAC analysis were
reviewed by Reed et al. (2005), Hiimmer and Schreier
(2008), Monagas et al. (2010), Dominguez-Rodriguez
et al. (2017), Es-Safi (2012) and Rue et al. (2018).

In brief, MALDI-TOF analysis of PAC can be
performed in both, linear or reflectron mode. Mass
spectra in the reflectron mode exhibit typically a better
resolution compared to those recorded in the linear
mode, leading to a better detection of secondary
modifications and differences in hydroxylation pat-
tern. In contrast, mass spectra in the linear mode are
more suitable for detection of PAC polymers with a
higher DP (Deng et al. 2016; Yang and Chien 2000).

In most cases measurements are performed in the
positive ion mode. As plant extracts often contain
cations, typically the [M + Na]* and [M + K]Tare
observed as positive molecular ions rather than
[M + H]" adducts, which actually are observed only
in rare cases (Yang and Chien 2000). The addition of
salts of metal ions e.g. Li* (Stringano et al. 2011), Na™
(Stringano et al. 2011), K* (Bianchi et al. 2015), Cs™
(Chai et al. 2014; Neto et al. 2017; van Huynh and
Bevington 2014; Zhang and Lin 2008) and Ag*"
(Ohnishi-Kameyama et al. 1997) is described in
literature in order to increase the signal intensity,
especially for PAC with higher DP. This also reduces
misinterpretations, as the naturally occurring
[M + Na]™ and the [M + K]" ions typically have a
mass difference of 16 u, pretending to be an additional
hydroxyl group (Pérez-Jiménez and Torres 2012). It is
also observed, that the cationizing agents can also
influence the quality of the mass spectra (Pérez-
Jiménez and Torres 2012). MALDI-TOF studies of
PAC in the negative ion mode are rare (Mateos-Martin
et al. 2012; Rush et al. 2018).

Solutions of 2,5-dihydroxybenzoic acid (DHB)
(Kawakami et al. 2018), 2-hydroxy-5-methoxyben-
zoic acid (HMB) and trans-3-indoleacrylic acid (IAA)
have been described to generate an optimized matrix
(Behrens et al. 2003; Stringano et al. 2011; Taylor
et al. 2003) and provide the best results with respect to
PAC detection. However, recent studies reported good
results without using any matrix, with only methanol
as a solvent (Pinaffi et al. 2020).

MALDI-TOF MS can detect PAC polymers with
DP > 20 (Chai et al. 2014). It is important to note, that
the quality of MALDI-TOF mass spectra regarding the
detectability of higher DP PAC can be significantly
increased by effective sample clean-up (Neilson et al.
2016). Prefractionation of the samples by solid phase
extraction or gel permeation chromatography (Sepha-
dex LH-20, Toyopearl HW-40) helps to increase the
specific and sensitive detection of PAC with higher DP
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(Chai et al. 2014; Neilson et al. 2016). Cation
exchange chromatography or dialysis are recom-
mended to remove cations (Na* or K) in the sample,
which typically can interact and also lead to misinter-
pretation (Zhang and Lin 2008). In a PAC polymer
fraction from brown soybean seed coat PAC
homopolymers with DP up to 30 have been detected
by MALDI TOF (Takahata et al. 2001). As molecular
ions in MALDI-TOF analysis are predominately
single charged, identification of ions is much easier,
compared to data sets obtained from ESI-MS exper-
iments (Oliveira et al. 2015; Rush et al. 2018).
Interestingly, results obtained from the same sam-
ples by use of MALDI-TOF and ESI-MS can vary,
especially concerning the identification of potential
PAC sub-series (Pérez-Jiménez and Torres 2012).
MALDI-TOF MS is an essential part of PAC
analysis, as it provides a helpful overview on the PAC
composition of plant extracts. Nevertheless, structural
information is rather limited, as no MS/MS sequencing
is performed and misinterpretation of signals may occur
due to different cation adducts. Additionally, a typical
dilemma regarding PAC identification has to be con-
sidered: Whereas the reflector mode provides good
resolution for PAC ion identification, the detectability
of PAC with higher DP can only be obtained using the
linear mode with low resolution. In general, detectabil-
ity of PAC polymers is decreasing with increasing DP
with a maximum at around DP 30. Moreover, sample
preparation is necessary and a MALDI-TOF mass
spectrometer is not part of every standard lab.

Innovative strategies

Liquid-chromatography coupled with mass
spectrometry: LC-MS

One-dimensional chromatography with advanced
data analysis

PAC analysis is a challenging field in the analysis of
complex plant extracts, medicinal plants, crops and
food products, not only due to the structural complex-
ity of PAC, but also because of a huge variety of
further natural products, which are part of the sample
matrices, and which can affect the analytical readout,
e.g. mass spectra. Therefore, Kuhnert et al. (2013)
called for the introduction of methods, which can

differentiate between the different compound classes
in a complex test sample by using further molecular
characteristics apart from the routinely used ones:
absorption (UV), fluorescence, hydrophilicity (LC) or
molecular mass (MS) and nevertheless keep using a
simple and fast setup, without time consuming isola-
tion of single compounds (Kuhnert et al. 2013). To get
rid of this problem, advanced investigation of the
recorded data set can be performed: The complex data
generated by LC-MS analysis contain far more
information than only the accurate masses, isotopic
and fragmentation patterns and may open an addi-
tional possibility to deduce more structural character-
istics of the analytes. As the MS raw data might be
more complex, these data sets have to be plotted to
gain a deeper insight into complex sample composi-
tion (Kuhnert et al. 2013). A common mass spectrum
plots the m/z value against the respective intensity and
gives quantitative information. However, this infor-
mation should be handled with care, as the different
ionization of different analytes has a relevant impact
on the respective ion intensity (Kuhnert et al. 2013).
Furthermore, from the accurate masses and the
isotopic patterns potential molecular formulae can be
calculated. Coupling MS with LC also reveals infor-
mation on the hydrophilicity of the molecules,
presented by either the total ion chromatograms
(TIC) or extracted ion chromatograms (EIC) of
distinct m/z values (Kuhnert et al. 2013). Introducing
the “Plot-whatever-you-like-strategy” Kuhnert et al.
(2013) suggests, that HRMS data should be processed
in different ways, leading to different kinds of plots,
enabling different views on complex sample constitu-
tion. Various processing steps have been described for
this, and interestingly, this kind of data management
has been deduced from LC-MS analysis of products
from the petrol chemistry. Especially the van Krevelen
plot and the Kendrick Mass Defect (KMD) analysis
provide helpful tools for the petrol industry, but also
for PAC analysis (Kuhnert et al. 2013).

Van Krevelen plot  The van Krevelen plot is based on
the molecular formulae calculated from the accurate
masses and plots the H/C ratio against the O/C ratio of
each ion. As every compound class features a discrete
ratio of protons, carbons, oxygens and other atoms,
different compound classes are displayed as different
regions of spot clouds within the van Krevelen plot.
Therefore, a classification of ions from MS data sets to
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various compound classes like PAC is possible
(Kuhnert et al. 2013). An example of polyphenol
analysis using a van Krevelen plot has been reported
for artificial catechin polymers, which were obtained
after polymerization with acetaldehyde (Vallverdu-
Queralt et al. 2017a). The resulting van Krevelen plot
is constructed by using a three-dimensional system
where the molecular mass is represented by the z-axis,
and the H/C and O/C ratio is displayed on the x- and
y-axis. In this investigation the van Krevelen plot was
able to visualize the process of polymerization by
comparing MS data sets from the starting mixture with
the MS data after 2 and 4 h reaction times (Vallverdu-
Queralt et al. 2017a).

Kendrick mass defect analysis  In contrast, the KMD
analysis has more often applied to PAC analysis in the
past (Frost et al. 2018; Symma et al. 2020; Vallverdd-
Queralt et al. 2017a, 2017b). Originally, the KMD has
been introduced by Edward Kendrick in 1963 to
enhance the interpretation of HR-MS data of crude
petrol oil samples. To reduce table space for storing
and comparing of HR-MS data, he developed a mass
scale, based on CH, = 14.0000 u (Kendrick 1963).
Whereas the mass defect—i.e., the difference between
the exact and the nominal mass—is unequal within a
homologue series of a polymer, the Kendrick mass
defect—i.e., the difference between the exact and
nominal Kendrick mass—remains constant. It is
necessary to note, that this definition is rather
general, but sufficient for PAC analysis, while a
more differentiated definition can be found in Fouquet
et al. (2019) (Fouquet 2019). By attributing ions of
every polymer class to a specific KMD, molecular ions
can be compared and classified. In the next step, the
KMD of an ion is correlated to the respective
molecular mass and plotted in a two-dimensional
plot with the mass (m/z, (Fouquet 2019), Kendrick
mass (Sleno 2012) or molecular mass (Symma et al.
2020) on the x-axis and the KMD on the y-axis
(Hughey et al. 2001; Kendrick 1963). Polymers with a
homogeneous elongation unit, but with a different DP
line up horizontally on the same KMD level in the
KMD plot. Polymers with different substitution line
up horizontally as well, but at a different KMD level
and polymers with other extension units, than the
reference unit used for calculation of KMD values,
build oblique lines in the KMD plot (Fouquet 2019).
Additionally, there is also the possibility to display the
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intensity of individual ions as spot size to add a third
dimension of information (Symma et al. 2020).
Nowadays, KMD analysis is used in a wide range of
scientific fields e.g., the analysis of petrochemicals
(Hughey et al. 2001; Sleno 2012), synthetic polymers
(Fouquet 2019; Sato et al. 2014) or biological
polymers like thearubigins (Kuhnert 2010) or lignin
(Dier et al. 2016; Qi et al. 2016). In general, every
meaningful part of the molecule can act as a reference
unit, but it is reasonable to choose an individual unit,
depending on the expected polymer of the sample. For
example, in case of hydrocarbons the KMD analysis is
referred to the CH, radical unit. For PAC analysis
preferentially the most abundant flavan-3-ol
elongation unit, which is in most cases the
(epi)catechin radical should serve as a reference unit.
In Fig. 4, a calculated KMD plot of hypothetical
galloylated (epi)catechin B-type PAC polymers
(Fig. 4a) and an experimental KMD plot from
acetone/water extract of Rumex acetosa L. (Fig. 4b)
are displayed in comparison. The KMD calculation is
based on an (epi)catechin radical reference unit
(Symma et al. 2020).

Vellverdu-Queralt et al. (2017) applied this
approach in two different experimental setups. Ini-
tially—also in combination with the respective van
Krevelen plots—the KMD analysis was performed
with data sets from RP-UHPLC-ESI-LTQ-Orbitrap-
MS of artificial epicatechin polymers, generated by
polymerization using acetaldehyde. The Kendrick
calculation was based on an epicatechin-ethyl unit,
the expected elongation unit was set with the nominal
mass of 316 u. In the Kendrick plot multiple horizontal
lines of polymers up to DP 11 (as single to triple
charged ions) were observed, indicating not only a
simple polymerization of epicatechin monomers, but
also various side reactions (Vallverdi-Queralt et al.
2017a).

Subsequently, this kind of data evaluation was
applied to the MS analysis of even more complex
artificial polymerization products of epicatechin and
malvidin-3-O-glucoside, connected via acetaldehyde.
This study revealed that the polymerization products
obtained by this synthesis are highly complex and
resulted in lots of side reactions as e.g., epicatechin-
pyrano-malvidin-3-O-glucoside and xanthylium poly-
mers (Table 1). This study clearly confirmed, that
KMD analysis is an appropriate method for
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monitoring complex polymer samples (Vallverdu-
Queralt et al. 2017b).

Frost et al. (2018) used this method in the field of
red wine PAC analysis for improved detection of

galloylated PAC polymers. After creating a database
of molecular formulae, and theoretical exact masses of
polymerization products from (epi)catechin, (epi)gal-
locatechin and their respective 3-O-gallates,
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differently processed red wine samples, purified by an
Amberlite stationary phase, were analysed by
UHPLC-ESI-Q-TOF MS on a HILIC stationary phase.
The MS data were compared to the database by a
KMD analysis for both, the database and the data to
visualize matched compounds and polymer classes in
the red wine samples. Additionally, MS/MS analysis
was used to identify the compounds in detail. The
respective KMD plot was based on the (epi)catechin
radical with 288 u and revealed the presence of
(epi)catechin polymers and di galloylated (epi)cate-
chin polymers up to DP 6 (Frost et al. 2018).

Symma et al. (2020) used the KMD analysis as part
of a multistep approach for PAC analysis in different
medicinal plants (Hawthorn leaf and flower, Lime
flower, Wisteria fruits without seeds and Common
sorrel herb). Following UHPLC-FD analysis on diol
stationary phase, ESI-Q-TOF analysis provides two-
dimensional contour plots and KMD plots. Using
these data detailed PAC characteristics of each DP
cluster got obvious and PAC chain fine structure were
additionally identified by MS/MS fragmentation pat-
tern (Symma et al. 2020). This work confirmed also
that PAC elution in HILIC mode depends on the
molecular weight or the hydrophilicity, respectively
(Hiimmer and Schreier 2008; Tuominen and Karonen
2018). Although the Kendrick plots of those non
purified plant extracts are extremely complex, but the
essential characteristics of the different PAC were
easily analysed. PAC subseries e.g., A-type and
B-type PAC, cinchonains and multiply hydroxylated
PAC could be successfully detected. Interestingly,
also series of highly galloylated PAC, which had been
hard to be analysed by MALDI, could be identified in
detail (Symma et al. 2020). MS/MS degradation for
calculation of mean values.

A further interesting LC-MS protocol has been
reported for the detailed analysis of (epi)catechin and
(epi)gallocatechin PAC polymers by Engstrom et al.
(2014). A phenyl stationary phase chromatography
was coupled to a triple-quadrupole MS in the negative
ion mode and PAC measurements were performed in a
multiple reaction monitoring (MRM) setup, while the
use of varying cone voltages produced in source
fragments of PAC ions. The produced depolymerisa-
tion products were further fragmented in the collision
cell, which—on the basis of heterolytic fragmentation
according to the extension and terminal units—Ieads
to different monomer ions. The ratio of the produced
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monomer ions leads to the calculation of the pro-
cyanidin (PC) and prodelphinidin (PD) ratios, estima-
tion of the mean DP and estimation of the PC/PD
distribution along the chromatographic run (Engstrom
et al. 2014).

Advanced analysis of the data obtained by LC-MS
is a fast and simple method to visualize complex data
in an easily understandable way. Elemental and
structural information can be deduced well, especially
from PAC-specific KMD plots. These plots can be
created directly from the MS raw data and will
highlight PAC of different DP together with possible
structural modifications. In contrast, Van Krevelen
plot is also an interesting way of visualization of PAC
MS data, but it is rather an experimental technique, as
it is not PAC-specific.

Two-dimensional LC x LC approaches

A further highly relevant approach within advanced
PAC analysis has been the development of two
dimensional LC (2D-LC or LC x LC) protocols.
The underlying principle—first mentioned by (Erni
and Frei 1978)—is based on the separation of the test
sample between two different (orthogonal) chromato-
graphic systems, for which the first chromatographic
dimension leads to the fractionation into distinct
fractions, which are subsequently subjected to the
second chromatographic system. Typically, 2D meth-
ods are labelled “comprehensive”, which means, that
the complete first dimension separation and the
fractions gained hereby will be subjected to the second
dimension. In contrast, heart cutting 2D experiments
examine only the most promising fractions from the
first chromatographic dimension (Cacciola et al.
2007). Both modes can either be realized as an off-
line, on-line, or stop-flow system (Kalili and Villiers
2013a; Montero et al. 2013a). Two-dimensional
chromatography has been successfully applied to the
analysis of low molecular polyphenols (Cacciola et al.
2007) and has been introduced into PAC analysis in
2009 as an offline protocol (Kalili and Villiers 2009).

Offline 2D chromatography PAC from
hydroacetonic extracts from apple and cocoa fruits
were analysed by HILIC diol chromatography in the
first dimension for isolation of specific DP clusters,
followed by RP chromatography in the second
dimension, which identified potential isomers and
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Table 1 Recent methodological investigations regarding LC-MS and MALDI-TOF for the analysis of PAC in plant material and

respective identified PAC series

Methodology

Plant material

PAC found in the plant

References

Van Krevelen analysis and KMD
analysis

KMD analysis

Multi step analysis:
HPLC-FD
Diol-LC-MS/MS
Contour plot

KMD plot

fragment analysis

MS/MS degradation for calculation
of mean values:

total PAC content, total
procyanidins and prodelphinidins
including the PC/

PD ratio, mean degree of
polymerization

Offline 2D chromatography

Offline 2D chromatography
Online 2D chromatography
Online 2D chromatography
Online 2D chromatography
Online 2D chromatography
Online 2D chromatography

Online 2D chromatography coupled
with ABTS-assay

Artificial polymers

Vitis vinifera
Rumex acetosa
Tilia spec
Crataegus spec
Wisteria floribunda
Onobrychis viciifolia
Lotus corniculatus
Securigera varia
Salix caprea
Coryllus avellana
Pinus sylvestris
Salix babylonica
Ribes rubrum
Ribes nigrum

Trifolium repens

Malus spec
Theobroma cacao
Geranium sylvaticum
Vitis vinifera

Malus spec

Aronia melanocarpa
Theobroma cacao
Vitis vinifera

Camellia sinensis

Vitis vinifera

Theobroma cacao

ethyl-(epi)catechin polymers and various
reaction products

(epi)catechin, (epi)gallocatechin containing
B-type PAC polymers, galloylated derivatives

galloylated (epi)catechin and (epi)afzelechin
containing A- and B-type PAC polymers

(epi)catechin and (epi)afzelechin containing
A-and B-type PAC polymers

(epi)catechin and (epi)afzelechin containing A-
and B-type PAC polymers, cinchonains

(epi)afzelechin, (epi)catechin and
(epi)gallocatechin containing A- and B-type
PAC polymers

(epi)catechin and (epi)gallocatechin containing
PAC polymers

Malus spec.: (epi)catechin containing B-type
PAC polymers

(epi)catechin containing A- and B-type PAC
polymers, glycosylated PAC polymers

(epi)catechin and (epi)gallocatechin containing
PAC polymers

(epi)catechin containing B-type PAC polymers
as well as their galloylated derivatives

(epi)catechin containing B-type PAC polymers

(epi)catechin and (epi)gallocatechin containing
PAC polymers, galloylated derivatives

(epi)catechin containing A- and B-type PAC
polymers, glycosylated PAC polymers

(epi)catechin containing PAC polymers,
galloylated derivatives

(epi)catechin and (epi)catechin gallate,
(epi)gallocatechin and (epi)gallocatechin
gallate

(epi)catechin containing B-type PAC polymers,
galloylated derivatives

(epi)catechin containing A- and B-type PAC
polymers, PAC polymers

Vallverdid-Queralt
et al.
(2017a, 2017b)

Frost et al. (2018)

Symma et al.
(2020)

Engstrom et al.
(2014)

Kalili and Villiers
(2009)

Tuominen and
Karonen (2018)

Montero et al.
(2013a)

Montero et al.
(2013b)

Brazdauskas et al.
(2016)

Kalili and Villiers
(2013b)

Kalili et al. (2013)

Kalili et al. (2014)
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Table 1 continued

Methodology

Plant material

PAC found in the plant

References

Online 2D chromatography
Online 2D chromatography
Online 2D chromatography

optimization
Online LC x LC x IMS analysis

MALDI-TOF Matrix Optimization

MALDI-TOF/TOF

MALDI-TOF/TOF

MALDI-TOF/TOF

MALDI-TOF/TOF

PAC Fluorescence microscopy
MALDI Imaging

MALDI Imaging

PAC isotope analysis

PAC isotope analysis

Malus spec
Theobroma cacao

Isolated (epi)catechin
polymers

Vitis vinifera
Castanea sativa
Aspalathus linearis

Onobrychis viciifolia

Cinnamomum
zeylanicum

Isolated (epi)catechin
polymers

Eugenia dysenterica

Byrsonima
verbascifolia

Vaccinium
macrocarpon

Fragaria x ananassa
Arachis hypogaea
Vaccinium

macrocarpon

Vaccinium spec

(epi)catechin containing containing PAC
polymers

(epi)catechin containing B-type PAC polymers

Investigation of plant PAC composition was not
the focus of this work

Investigation of plant PAC composition was not
the focus of this work

(epi)catechin-,(epi)gallocatechin containing A-
and B-type PAC polymers, glycosylated
A-type PAC polymers

(epi)catechin, (epi)catechingallate,
(epi)gallocatechin, and

(epi)afzelechin containing A- and B- type PAC
polymers

Investigation of plant PAC composition was not
the focus of this work

(epi)catechin, (epi)catechingallate,
(epi)gallocatechin containing B-type PAC
polymers

(epi)catechin-,(epi)gallocatechin containing A-
and B-type PAC polymers, galloylated
derivatives

Investigation of plant PAC composition was not
the focus of this work

(epi)afzelechin and (epi)catechin containing
B-type PAC polymers

(epi)catechin containing A- and B-type PAC
polymers

(epi)catechin containing A- and B-type PAC
polymers

(epi)catechin containing A- and B-type PAC
polymers

Sommella et al.
(2017)

Toro-Uribe et al.
(2018)

Muller et al.
(2018)

Venter et al.
(2018)

Stringano et al.
(2011)

Mateos-Martin
et al. (2012)

Rush et al. (2018)

Prado et al. (2014)

Saldanha et al.
(2016)

Feliciano et al.
(2015)

Enomoto et al.
(2019)

Enomoto and
Nirasawa (2020)

Feliciano et al.
(2012)

Esquivel-
Alvarado et al.
(2020)

secondary modified PAC of a distinct DP (Kalili and
Villiers 2009). UV, fluorescence and MS detection can
be used for the tentative identification of PAC. DP
clusters up to DP 6 have been examined by these
methods, followed also by investigation of the
respective 2D fluorescence contour plots (Kalili and
Villiers 2009). This procedure, combining the elution
profiles of both chromatographic dimensions, turned
out to be suitable for conclusive evaluation of the
fingerprint for comparison of the respective PAC
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patterns obtained from different extract (Kalili and
Villiers 2009). For example, in apple extract B-type
proanthocyanidins, composed of only (epi)catechin
could be identified. In cocoa samples additionally
A-type procyanidins up to DP 6 and procyanidin-
glycosides up to DP 7 were found (Kalili and Villiers
2009).

The major advantage of 2D-LC is the enhanced
peak capacity, gained by the combination of two
different stationary phases (Villiers et al. 2016).
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HILIC chromatography—with a gradient starting e.g.,
from acetonitrile to methanol/water—is principally
suited to be used within the first dimension, not only
because of the good separation capacity for distinct DP
clusters. This mobile phase is also miscible with water
and can be used for injection on a RP phase in the
second dimension. Nevertheless, it is important to
note, that the organic solvents from the first dimension
exhibit high elution strength in the second dimension.
For this reason, the injection volume should be
reduced to quite low amounts, to minimize peak
broadening due to strong elution activity of the first
dimension eluent in the second dimension. It is
important to note, that the number of separated
isomers per DP is decreasing with increasing DP due
to the lower resolution on RP phase for higher DP
polymers (Kalili and Villiers 2009).

Similar LC x LC protocols have been used for the
analysis of polyphenols, including PAC, phenolic
acids and flavonols in extracts from green and black
tea (Kalili and Villiers 2010; Scoparo et al. 2012).
Tuominen et al. used an offline Diol HILIC x RP 2D
chromatography approach with UV and (-)ESI-TOF-
MS/MS to analyze the PAC pattern from different
organs of Geranium sylvaticum. PAC consisting of a
variable number of (epi)catechin and (epi)gallocate-
chin units were identified in varying quantities in all
organs (Tuominen and Karonen 2018).

Online 2D  chromatography Montero et al.
(2013a, b) enhanced the 2D chromatography system
by developing an online 2D approach using again a
diol HILIC phase in the first and a RP18 phase in the
second dimension (Montero et al. 2013a). The first
dimension chromatography runs at rather low flow
rates with long gradients to guarantee the transfer of
single fractions to the second dimension. Both
dimensions were linked by a 10-port-2-position
switching valve to two identical sample loops to
transport the fractions from the first to the second
dimension. The flow rate of the second dimension had
to be high, coupled with a very short gradient to allow
the injection of the following first dimension fraction.
This leads on the one hand to a short total run time of
around one hour, but on the other hand the quality of
separation of single DP clusters in the second
dimension had considerably declined, especially for
PAC with DP > 4 (Montero et al. 2013a). To reduce
the elution strength from the first dimension mobile

phase on the separation of the second dimension, the
first dimension eluent was mixed with the starting
condition solvent of the second dimension in a sample
loop of the switching valve (Montero et al. 2013a).
Detection and tentative identification of grape seed
PAC (including galloylated entities) up to DP 7 was
performed by UV and (-)ESI-MS/MS, and the
chromatographic results obtained were displayed in a
2D HILIC x RP plot (Montero et al. 2013a).

In general, online 2D chromatography is very
complex and needs a precise regulation and adaption
of the parameters of the single components. Once
established, such systems can be promising tools for
PAC analysis, as they provide not only an overview on
the DP cluster distribution but gain also detailed
insights into the PAC composition with regard to
building blocks, interflavan linkages, and secondary
modifications (Montero et al. 2013a). The applicabil-
ity of such methods for comparing different PAC
extracts has been shown for the analytical character-
ization of PAC from different apple cultivars (Mon-
tero et al. 2013b) and later on also for polyphenols
from black chokeberries (Brazdauskas et al. 2016).

Systematic comparison of on-line, off-line and
stop-flow comprehensive diol HILIC x RP chro-
matography for PAC analysis from cocoa seeds has
been evaluated by Kalili and Villiers (2013a, b). The
stop flow 2D chromatography is a complex alternative
to on-line and of-line 2D-LC. Stop flow 2D-LC can be
seen as a combination of elements from the other two
approaches. It is characterized by an online 2D
chromatography, where the flow from the first dimen-
sion chromatography is stopped, as long as the second
dimension chromatography is in progress. This
enables longer gradients and therefore a better quality
of the second dimension separation (Kalili and Villiers
2013a, b). Within the systematically comparison of the
three protocols by Kalili and Villiers (2013a, b) data
sets have been evaluated with regard to the total
resolving power (peak capacity) and analysis time.
Online 2D chromatography offers short analysis
times, high reproducibility and automated and fast
throughput, but exerts the lowest peak capacity of all
three investigated methods, due to the fast second
dimension separation (Kalili and Villiers 2013a, b).
Furthermore, the complex setup, requiring a 10-port-
2-position high pressure switching valve and a precise
adjustment of the respective parameters is not realiz-
able in most standard labs (Kalili and Villiers
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2013a, b). In contrast, offline 2D chromatography
offers a higher peak capacity and is easier applicable
in analytical routine, but analysis time is considerably
higher, single steps can hardly be automated, and first
dimension fractions can be contaminated when pre-
pared for the second dimension run (Kalili and Villiers
2013a, b). The stop-flow chromatography is consid-
ered to be a suitable and promising alternative to
offline 2D chromatography of PAC, as the peak
broadening in the first dimension, which is theoreti-
cally possible while waiting for the end of the
respective second dimension run, was not significantly
observed. Furthermore, stop flow analysis can be
automated and sample contamination is avoided due to
the closed system (Kalili and Villiers 2013a, b).
Therefore, online 2D methods are better suited for
screening and offline and stop flow methods are
preferred for detailed analysis of PAC containing
extracts. Generally, it is important to note, that the two
orthogonal chromatographic principles in 2D-LC have
to be individually adapted to the given technical
conditions to maximise the respective outcome (Kalili
and Villiers 2013a, b).

In a subsequent study, Kalili et al. (2013) trans-
ferred the online diol HILIC x RP-LC method with
fluorescence and ESI-TOF-MS detection to the anal-
ysis of PAC from grape seeds, presenting an opti-
mization of the method from Montero et al. (2013a, b)
(Kalili et al. 2013). Chromatographic and MS data
from 2D-LC analysis can additionally be displayed in
a 2D contour plot, where either fluorescence data or
MS data (e.g. total ion chromatogram) are added as a
third dimension to form heat-map like plots (Kalili
et al. 2013). LC x LC and HR-MS data revealed the
presence of galloylated PAC up to DP 8 and confirms,
that the online LC x LC approach gains deep insights
into PAC composition, based on only one compre-
hensive analysis (Kalili et al. 2013).

To connect the ability of detailed examination of
the PAC composition of a samples to the investigation
of the radical scavenging activity of single polyphe-
nolic compounds, 2D-LC analysis have been con-
nected online to an ABTS-radical scavenging assay by
Kalili et al. (2014). Although online coupling to LC-
ABTS is known for one dimensional measurements,
this 2D approach offers the possibility of a more
detailed elucidation of the radical scavenging activity
of single compounds (Kalili et al. 2014). After the diol
HILIC x RP-LC with UV detection, the eluent was
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conducted to a reaction coil, where the interaction of
the single polyphenol with the ABTS reagent takes
place. The redox product was detected by UV
detection (A = 414 nm). Peak identification can be
performed by the respective retention times, UV
spectra and MS data (Kalili et al. 2014). Therefore, a
correlation of structure and antioxidative activity
could be revealed by a single analysis (Kalili et al.
2014). In future, further enzymatic reactions in the
interaction provide an interesting screening tool for
complex PAC samples in order to investigate in detail
structure—functionality by hyphenated 2D-LC-
bioassay.

Sommella et al. (2017) improved 2D HILIC x RP
chromatography of apple polyphenols with respect to
higher peak capacity and increased sensitivity by
installing two short RP pre-column cartridges between
the two dimensions instead of two sample loops
(Sommella et al. 2017). This helps for focussing the
analytes from the first dimension fraction prior to the
injection into the second dimension (Sommella et al.
2017). Peak identification was performed by subse-
quent UV-(-)ESI-TOF-MS/MS analysis and results
were presented in 2D and 3D UV and MS contour
plots (Sommella et al. 2017).

Two more approaches published recently tried to
optimize the 2D chromatography as well. The first
approach, called “focusing-modulated”, used diol
HILIC x RP coupled with PDA and (-)ESI-MS/MS
detection and short RP trapping columns as mentioned
above; additionally a make-up flow has been inte-
grated with the initial solvent composition of the
second dimension, which was installed between the
first dimension and the interface (Toro-Uribe et al.
2018). This regulates the solvent strength to overcome
the problem of solvent incompatibilities of the two
dimensions, actively modulating the focus of the 1D
peaks (Toro-Uribe et al. 2018). Consequently, first
dimension peaks are sharper before injection into the
second dimension, leading to higher peak capacities
and increased resolving power (Toro-Uribe et al.
2018). The benefits of this system have been shown for
procyanidins up to DP 12 from green cocoa bean
extract (Toro-Uribe et al. 2018). After extensive
predictive optimization, Muller et al. (2018) came to
similar results, recommending a make-up flow and a
flow split between the first and the second dimension
to improve the separation (Muller et al. 2018). Venter
et al. (2018) added ion mobility spectrometry MS
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(IMS-MS) as a third dimension to the LC x LC
system and created a amid HILIC x RP-LC-UV x
IMS-MS analysis for the analysis of polyphenols
from chestnut, red wine, grape seed and rooibos tea
samples. IMS-MS is based on the principle that ions
pass an electric field in a gas filled drift tube before
reaching the mass analyser. This mechanism separates
ions by their size, shape, stereochemistry and charge.
IMS enables the identification of isomers, which can
hardly be separated by LC x LC. These isomers could
be rotational conformers or prototropic ions, which is a
subtype of tautomerism, where protons are attached to
different parts of the molecules (Kuhnert et al. 2015).
Although LC-IMS-MS provides in total an enhanced
peak capacity and separation power, the presented
system is up to now not suited for higher mass range
measurements and therefore 3D analysis could not yet
improve PAC analysis compared to 2D LC analysis
with simple MS detection (Venter et al. 2018).

Two-dimensional LC x LC techniques are promis-
ing tools in PAC analysis. Due to the enhanced
chromatographic separation of DP clusters using
HILIC mode in the first and RP mode in the second
dimension information regarding the structural com-
position of clusters is extensively increased within
only one chromatographic run. As well as in one-
dimensional LC-MS techniques, MS/MS fragments
can be used for polymer identification and sequencing.
Nevertheless, the quality of chromatographic separa-
tion is decreasing with increasing DP, due to the
limitation of the HILIC phase and the increasing
structural complexity of PAC polymers. As technical
requirements are significant, the two-dimensional
LC x LC protocols are still rather experimental
approaches.

MALDI-TOF mass spectrometry
Investigation of matrices for optimized PAC analysis

Stringano et al. (2011) investigated in detail the impact
of different matrices on the MALDI-TOF mass spectra
for PAC analysis, indicating that the quality of the
obtained spectra highly depends on the matrix itself,
but also on the concentration of the respective matrix
solution. Variations across these parameters result in
differences in the detection of PAC with higher DP,
but also concerning PAC series, being present in the
plant extracts only in lower amounts (e.g. glycosylated

PACQ). Interestingly, a mixture of DHB and HMB at a
ratio of 9:1 (w/w) in a concentration of 20 pg/uL,
dissolved in acetonitrile/water (7:3 v/) with Na™
addition as cationizing agent leads to best results in the
analysis of PAC from Sainfoin (Onobrychis viciifolia)
(Stringano et al. 2011).

MADLI-TOF/TOF

In the majority of reports, dealing with PAC analysis
by MALDI-TOF, evaluation has been performed in
the positive ion mode without any fragmentation
reactions (Monagas et al. 2010). Behrens et al. (2003)
performed first experiments with MS-fragmentation of
PAC from hydroacetonic extracts of leaves/needles
from willow (Salix alba), spruce (Picea abies), beech
(Fagus sylvatica) and lime (Tilia cordata). Using Post
Source Decay (PSD) within the MALDI-TOF analysis
in the positive mode, detailed fragmentation was
achieved, resulting in the basic understanding of PAC
fragmentation mechanisms, especially related to the
interflavan cleavage (Behrens et al. 2003). Later on
Marteos-Martin et al. (2012) introduced collision
induced dissociation (CID) for PAC analysis from a
hydroacetonic cinnamon extract. An argon filled CID
chamber was used for fragmentation and ions were
analyzed by tandem time of flight (MALDI-TOF/
TOF) mass spectrometry in the positive ion mode. It is
interesting, that the fragmentation pathways, deduced
from the respective fragment spectra, seem to corre-
spond to the fragmentation pathways known from
ESI-MS/MS experiments, including quinone methide
(QM, or interflavan) cleavage, heterocyclic ring
fission (HRF) and retro-Diels—Alder fission (RDA).
With the help of these fragmentation spectra an
identification of building blocks, interflavan linkages
and secondary modifications e.g., galloylation of PAC
is possible (Gu et al. 2003; Mateos-Martin et al. 2012).
Similar MALDI-TOF/TOF experiments in the posi-
tive ion mode have been performed by Prado et al.
(2014) and Saldanha et al. (2016) to analyse an
aqueous extract from FEugenia dysenterica and a
methanolic extract from Byrsonima verbascifolia,
respectively (Prado et al. 2014; Saldanha et al. 2016).

In contrast, Rush et al. (2018) performed detailed
studies on MALDI-TOF/TOF ionization and fragmen-
tation behaviour of 20 isolated PAC compounds in the
negative ion mode (Rush et al. 2018). The advantage
of the negative mode ionisation in comparison to
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positive can be seen in the fact, that mainly deproto-
nated molecular ions with [M-H] ™ are observed in the
spectra and no positive ions of different cation adducts
occur. As seen in the MALDI-TOF/TOF in the
positive mode, typical RDA, HRF and QM fissions
were observed, but the benzofuran forming fission
(BFF), appearing especially after ESI-MS/MS ion-
ization, has not been detected (Rush et al. 2018). The
obtained fragmentation spectra were suitable for
detailed sequencing of the analyzed PAC chains,
based on the heterolytic and characteristic cleavage.
Therefore, complex PAC types, like e.g. A-type and
B-type PAC, as well as PAC with different hydrox-
ylation patterns and secondary modifications can be
identified preferably by MALDI-TOF/TOF in the
negative ion mode (Rush et al. 2018).

MALDI-TOF imaging

A new and interesting approach for preparation and
analytical characterisation of fluorescence labelled
PAC was introduced by Feliciano et al. (2015). In
order to investigate the interaction of PAC with extra-
intestinal pathogenic Escherichia coli, PAC (a fraction
of polymeric PAC isolated from a Sephadex LH-20
stationary phase after elution with acetone—water 4:1
(vv)) from a hydroacetonic Cranberry fruit extract
(Vaccinium macrocarpon)) were labelled with the
fluorophore  5-([4,6-dichlorotriazin-2-yl]amino)fluo-
rescein (DTAF) and subsequently analyzed by fluo-
rescence microscopy (Feliciano et al. 2015). Although
PAC are active for fluorescence itself, analysis via
fluorescence microscopy is not possible in this genuine
form, as the excitation and emission wavelength are in
the ultraviolet region at A =276 nm resp. Aep.
= 310 nm. Therefore, coupling with an additional
fluorophore is necessary (Feliciano et al. 2015).
MALDI-TOF-MS indicated the linkage of the PAC
with DTAF via the phenolic hydroxyl groups of the A
and C-rings of the flavan-3-ol units. They are supposed
to react with the chlorine atoms of the dichlorotriazin
moiety in a nucleophilic-aromatic substitution and
will form a covalent ether bond, in alkaline aqueous
solution (pH 10.5, with triethylamine). The pH should
not be higher, as degradation reactions may occur at
both species, PAC and DTAF. The success of the
reaction was proven by HPLC on RP18 stationary
phase, by the observation that the PAC hump is
shifting to higher retention times, due to the more
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lipophilic features of the labelled PAC. Single- and
double-labelled PAC from DP 2 to 11 were detected
with MALDI-TOF/TOF-MS (Feliciano et al. 2015).
Bright field and fluorescence microscopy revealed that
both, unlabelled as well as labelled PAC, lead to an
agglutination of extra-intestinal pathogenic E. coli.
The agglutination again was monitored in detail by
fluorescence microscopy, indicating, that this tech-
nique is very promising for analysis of interactions
between PAC and pathogens or host cells (Feliciano
et al. 2015).

In addition to the previously described approach of
visualizing PAC by use of specific fluorescence
markers, Enomoto et al. (2019) recently reported a
further interesting protocol. By use of MALDI mass
spectrometry imaging (MALDI-MSI) technique, PAC
were identified and localized in sections of ripe
strawberries (Fragaria x ananassa) (Enomoto et al.
2019). Figure 5 displays optical images of strawberry
tissue sections before MALDI-MS as well as the
impressive detection and localisation of mono- and
oligomeric PAC in the fruit tissues (Figure was taken
with kind permission of Dr. Enomoto from his Open
Access Publication (Enomoto et al. 2019)). MALDI
measurements were performed in the negative ion
mode, in order to avoid the formation of cationic
adducts. 1,5-Diaminonaphthalene (DAN) achieved
the highest signal intensities and was chosen as
optimized matrix. Longitudinal Sects. (100 pm) were
prepared using carboxymethyl cellulose cryo embed-
ding which were subsequently analyzed by MALDI-
MSI. In general, the following flavan-3-ols and PAC
were identified: (epi)afzelechin and (epi)catechin
monomers, B-type PAC with only (epi)catechin as
building block from DP 2 to 4 and B-type PAC with
one (epi)afzelechin unit instead of (epi)catechin at DP
2 and 3 (Enomoto et al. 2019). Ion identity was verified
by MALDI-TOF/TOF fragmentation analysis, based
on the common fragmentation pathways QM, RDA
and HRF. For MALDI-MSI, the optical image was
overlaid with the respective extracted ion images of
distinct PAC ions. The intensity of the MS signals was
expressed by a heat map presentation (Enomoto et al.
2019). It is important to note, that some in-source QM
fragmentation products have been recognized, which
may lead to misinterpretation of the MS-spectra
(Enomoto et al. 2019). Interestingly, PAC could
mainly be found in the epidermis of the fruit, the
vascular bundles and in the calyx. Detailed analysis of
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Fig. 5 MALDI-MS imaging of strawberry fruit sections.
a Optical image of a strawberry fruit section before MALDI-
MSI analysis. Dotted lines indicate the analysed region. b Mass
spectrum obtained from the strawberry fruit section. The m/z
values indicate that the peaks were possibly attributable to
flavan-3-ols. The relative intensity of the strongest m/z 289.1 in

Relative Intensity (%)

the peaks with potential compounds of (epi)catechin was
defined as 95%. Representative ion images at m/z ¢ 273.1,
d 289.1, e 561.1, £577.1, g 849.2, h 865.2, and i 1153.3. Scale
bar = 5 mm. (Figure and Legend to Figure with kind permission
of Dr. Enomoto from his Open Access Publication (Enomoto
et al. 2019))
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signal intensities and ion location revealed that the
procyanidins are significantly higher concentrated in
vascular bundles than in the skin, whereas pro-
pelargonidins are equally distributed in both tissues
(Enomoto et al. 2019). This technique is a promising
method to get a deeper understanding of PAC
biosynthesis, depletion and function (Enomoto et al.
2019). A follow-up study indicated (epi)catechin
monomers, as well as A- and B-type PAC from DP 2
to 4 to be present in the outer epidermis of the peanut
(Arachis hypogea) testa, using the above described
MALDI-MSI and MALDI-TOF/TOF protocol (Eno-
moto and Nirasawa 2020).

Isotope analysis of MALDI-TOF data

MALDI-TOF MS in the positive reflectron mode and
subsequent deconvolution of the respective isotope
patterns has been developed for determination of the
ratio of A- and B-type PAC from Cranberry fruits
(Vaccinium macrocarpon) by Feliciano et al. (2012).

The ether-like A-type linkage in PAC will result in
a molecular weight 2 u less than the respective B-type
PAC. Therefore, the MS spectra exhibits overlapping
signals of A-type isotopologue to the respective
B-type monoisotope, which can be calculated due to
the natural abundances of the isotopologues. To
include this effect in the determination of A- and
B-type PAC ratio deconvolution, a MALDI-TOF MS
validation has been performed by use of isolated
procyanidin A2 and B2 in mixtures of different ratios
and on the basis of the comparison of calculated and
measured isotope patterns (Feliciano et al. 2012).
From this, the ratios of A- and B-type PAC in the range
from DP 2 to 11 had been determined by analysing the
respective isotope patterns. In case of analysing PAC
from Cranberry fruits, these investigations revealed,
that the A-type PAC are the dominating class of PAC
in the test samples (Feliciano 2012). Furthermore, the
number of A-type linkages seems to increase with
increasing DP as e.g., PAC DP 4 to DP 11 the
percentage of PAC chains with three A-type linkages
in the molecule is increasing from about 10% (DP4) to
about 40% (DP11) (Feliciano et al. 2012). This
methodology has recently been adapted for detailed
investigation of PAC from three different tropical
Vaccinium species, indicating that more than 74% of
the PAC oligomers (DP 3 to 8) contain more than one
A-type linkage (Esquivel-Alvarado et al. 2020). It has

@ Springer

to be mentioned that MALDI TOF in the linear mode
is not well suited for the detection of PAC oligo- and
polymers with higher DP due to the low resolution,
which does not provide enough information on the
respective isotope patterns (Feliciano et al. 2012).

Conclusion

In summary, it is obvious that in the last decade LC-
MS and MALDI-TOF MS for PAC analysis has been
developed extremely dynamic. Especially the intro-
duction of 2D chromatographic methods and
improved MS data processing impacts the PAC
analysis fundamentally, as both methods are key
player for the identification of so far unknown PAC
series. These methods are also suited for fingerprint
analysis of PAC containing plant extracts, leading to
ab better understanding of PAC distribution in the
plant kingdom and effects of PAC containing foods
and medicines on human and animal health. Also the
visualization of PAC in complex biological matrices
by MALDI-TOF imaging opens the doors for mani-
fold applications in biological science, as e.g. for the
localization of PAC in plant tissues or further under-
standing of the relationship between PAC and epithe-
lia. The use of MALDI-TOF/TOF MS in the negative
ion mode can be useful for answering special analyt-
ical questions, which cannot solved by use of the
classical LC-MS/MS protocols. Nevertheless, it is still
a problem, that MALDI and ESI-MS signal intensity
and detectability of PAC is decreasing with increasing
DP, a phenomenon that limits especially identification
of PAC series which are only present in a mixture at
lower concentrations. Therefore, there is still potential
for the development of LC or MS methods for the
detection of high DP PAC polymers.
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