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ABSTRACT 
UNIVERSITY OF TURKU 
Department of Chemistry/Faculty of Mathematics and Natural Sciences 

ENGSTRÖM, MARICA THERESE: Understanding the bioactivity of plant 
tannins: developments in analysis methods and structure–activity studies 

Doctoral thesis, 185 p. 
Laboratory of Organic Chemistry and Chemical Biology/  
Natural Compound Chemistry 
June 2016 

Tannins, typically segregated into two major groups, the hydrolyzable tannins (HTs) 
and the proanthocyanidins (PAs), are plant polyphenolic secondary metabolites found 
throughout the plant kingdom. On one hand, tannins may cause harmful nutritional 
effects on herbivores, for example insects, and hence they work as plants’ defense 
against plant-eating animals. On the other hand, they may affect positively some 
herbivores, such as mammals, for example by their antioxidant, antimicrobial, anti-
inflammatory or anticarcinogenic activities. This thesis focuses on understanding the 
bioactivity of plant tannins, their anthelmintic properties and the tools used for the 
qualitative and quantitative analysis of this endless source of structural diversity.  

The first part of the experimental work focused on the development of ultra-high 
�S�H�U�I�R�U�P�D�Q�F�H�� �O�L�T�X�L�G�� �F�K�U�R�P�D�W�R�J�U�D�S�K�\�í�W�D�Q�G�H�P�� �P�D�V�V�� �V�S�H�F�W�U�R�P�H�W�U�\�� ���8�+�3�/�&-MS/MS) 
based methods for the rapid fingerprint analysis of bioactive polyphenols, especially 
tannins. In the second part of the experimental work the in vitro activity of isolated and 
purified HTs and their hydrolysis product, gallic acid, was tested against egg hatching 
and larval motility of two larval developmental stages, L1 and L2, of a common 
ruminant gastrointestinal parasite, Haemonchus contortus. The results indicated clear 
relationships between the HT structure and the anthelmintic activity. The activity of the 
studied compounds depended on many structural features, including size, functional 
groups present in the structure, and the structural rigidness.  To further understand 
tannin bioactivity on a molecular level, the interaction between bovine serum albumin 
(BSA), and seven HTs and epigallocatechin gallate was examined. The objective was 
to define the effect of pH on the formation on tannin–protein complexes and to 
evaluate the stability of the formed complexes by gel electrophoresis and MALDI-
TOF-MS. The results indicated that more basic pH values had a stabilizing effect on 
the tannin–protein complexes and that the tannin oxidative activity was directly linked 
with their tendency to form covalently stabilized complexes with BSA at increased pH. 
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Tanniinit, joiden kaksi pääryhmää ovat hydrolysoituvat tanniinit (HT) ja 
proantosyanidiinit (PA), ovat kasvien yleisesti tuottamia sekundäärimetaboliitteja. 
Tanniineilla voi olla sekä negatiivisia että positiivisia vaikutuksia niitä syöviin eliöihin. 
Ne voivat aiheuttaa haitallisia ravitsemuksellisia vaikutuksia esimerkiksi niitä syöville 
hyönteisille. Toisaalta tanniinit voivat olla hyödyllisiä kasvinsyöjille, kuten nisäkkäille, 
esimerkiksi niiden hapettumista, mikrobiaalista toimintaa, syöpää sekä tulehduksia 
ehkäisevien ominaisuuksien takia. Tässä väitöskirjatyössä keskityttiin kasvitanniinien 
bioaktiivisuden ymmärtämiseen, niiden loisia/loistauteja ehkäiseviin ominaisuuksiin 
sekä näiden rakenteellisesti monimuotoisten yhdisteiden kvalitatiivisiin ja 
kvantitatiivisiin analyysimenetelmiin. 

Kokeellisen työn ensimmäisessä osassa kehitettiin erittäin korkean erotuskyvyn 
�Q�H�V�W�H�N�U�R�P�D�W�R�J�U�D�I�L�D�Å�W�D�Q�G�H�P�P�D�V�V�D�V�S�H�N�W�U�R�P�H�W�U�L�D�D�Q�� ���8�+�3�/�&-MS/MS) perustuvia 
nopeita ”sormenjälki”-analyysimenetelmiä tanniinien kvalitatiiviseen ja 
kvantitatiiviseen analyysiin. Toisessa osassa testattiin eristettyjen ja puhdistettujen 
HT:ien in vitro -vaikutusta märehtijöiden ruuansulatuselimistön loisen, Haemonchus 
contortuksen, munien kuoriutumiseen ja loistoukkien liikkuvuuteen. Tulosten 
perusteella HT:n rakenteen ja antiloisaktiivisuuden välillä havaittiin selvä yhteys: 
tutkittujen yhdisteiden aktiivisuus riippui monista rakenteellisista ominaisuuksista, 
kuten HT:n koosta, rakenteen funktionaalisista ryhmistä ja rakenteellisesta 
jäykkyydestä. Tanniinien bioaktiivisuuden ymmärtämiseksi molekyylitasolla 
malliproteiinin ja seitsemän HT:n sekä epigallokatekiinigallaatin välistä 
vuorovaikutusta tutkittiin geelielektroforeesilla ja MALDI-TOF-
�P�D�V�V�D�V�S�H�N�W�U�R�P�H�W�U�L�D�O�O�D���� �7�D�U�N�R�L�W�X�N�V�H�Q�D�� �R�O�L�� �W�X�W�N�L�D�� �S�+���Q�� �Y�D�L�N�X�W�X�V�W�D�� �W�D�Q�Q�L�L�Q�L�Å�S�U�R�W�H�L�L�Q�L-
kompleksien muodostukseen sekä tarkastella muodostuvien kompleksien pysyvyyttä. 
�7�X�O�R�N�V�H�W�� �R�V�R�L�W�W�L�Y�D�W�� �H�P�l�N�V�L�V�H�Q�� �S�+���Q�� �V�W�D�E�L�O�R�L�Y�D�Q�� �W�D�Q�Q�L�L�Q�L�Å�S�U�R�W�H�L�L�Q�L-komplekseja, ja että 
tanniinin hapettumisherkkyys oli suoraan verrannollinen sen kykyyn sitoa korkeassa 
pH:ssa proteiinia kovalenttisesti. 
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6 Introduction  

1. INTRODUCTION  

A single plant synthesizes hundreds of secondary metabolites, which are 
essential for the survival of the plant due to their defensive properties, including 
resistance against pathogens and herbivores as well as UV radiation (Haslam 
1989; Stafford 1991). Polyphenols are the most common class of secondary 
metabolites and they are found in almost every plant species and in every part 
of the plant (Haslam 1989). Tannins are the most complex class of polyphenols 
and compounds found in a wide range of plant species (Bernays et al. 1989; 
Haslam, 1989) and are conventionally classified into two major groups: 
hydrolyzable tannins (HTs) and proanthocyanidins (PAs). The biochemical 
definition of tannins describes them as compounds having a tendency to interact 
and form insoluble precipitates with proteins and other biological 
macromolecules in aqueous solutions (Bate-Smith and Swain 1962; Hagerman 
2012). Tannin–protein interactions have great importance in numerous plant-
related domains and the ability of tannins to bind proteins is one explanation for 
their defensive properties (Appel 1993; Salminen and Karonen 2011; Constabel 
et al. 2014) as well as for their nutritional benefits (Mueller-Harvey 2006; 
Quideau et al. 2011; Li and Hagerman 2013). 

Over the last few decades, the use of tannin containing plants as natural 
anthelmintics in the control of ruminant parasites has received increasing 
interest. The parasitic infections of the gastrointestinal tract are one major threat 
associated with the production of various livestock species worldwide (Sykes 
1994; Jackson et al. 2009; Hoste et al. 2012). They affect the health and welfare 
of cattle, sheep and goats by causing e.g. anemia, anorexia, impaired digestion 
and nutrient absorption, which consequently result in significant production 
losses (Holmes 1987; Sykes 1994; Hoste et al. 2001; Hoste et al. 2012). For 
more than 50 years, the solution for this problem has been the repeated use of 
synthetic, chemical anthelmintic drugs (Hoste et al. 2012). However, this 
exclusive reliance on the use of synthetic anthelmintic drugs to fight parasitic 
infections is constrained by several issues such as the growing concern of 
possible residues in food products as well as environmental consequences 
(Hoste et al. 2012). In addition, the access of farmers to chemical anthelmintics 
is usually limited in developing countries where the livestock production is 
constantly increasing (Krecek and Waller 2006). Furthermore, the extensive use 
of synthetic anthelmintics against parasites has led to widespread resistance, 
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culminating in the formation of multi-resistant nematode strains (Kaplan 2004; 
Jackson 2009; Traversa et al. 2015). 

As a consequence, there is an urgent need for alternative solutions to control 
ruminant parasites. One possible and promising approach is the utilization of 
bioactive plants as natural anthelmintics to at least partially replace the use of 
synthetic drugs (Niezen et al. 1995; Hammond et al. 1997; Hoste et al. 2015). It 
has been shown that by using tannin-rich forage it is possible to reduce the 
intestinal parasites of ruminants without any significant risk of resistance 
formation (Anthanasiadou et al. 2001; Hoste et al. 2006; Manke et al. 2015). 

However, it is still unknown what kinds of tannin structures are most efficient as 
natural anthelmintics and which chemical properties and structural features of the 
tannins cause the observed effects. While it is commonly accepted that these 
bioactivities are consequences of the interaction between tannins and proteins, the 
specific mode of action has remained unclear (Frutos et al. 2004; Mueller-Harvey 
2006; Hoste et al. 2012). By understanding the mechanisms behind the 
anthelmintic effects of the plant tannins, it should be possible to predict which 
forage plants are the best choices as feed for ruminants. 

The general interest in plant tannins has resulted in many efforts to provide 
sensitive and selective analytical tools for their detection and characterization 
(Prasain et al. 2004; Ignat et al. 2011; Flamini 2013). The more traditional 
tannin detection methods, which utilize the tendency of the functional groups to 
undergo characteristic reactions, are beginning to be replaced or accompanied 
by more sophisticated methods such as liquid chromatography combined with 
diode array detection (DAD) and/or mass spectrometric detection (LC-MS).  
The development of ultra-high performance liquid chromatography combined 
with tandem mass spectrometry (UHPLC-MS/MS) has further provided 
improvements in the performance of separation and detection, and reduced the 
time required for qualitative and quantitative analysis (Guillarme et al. 2010; 
Rodriguez-Aller et al. 2013). Nevertheless, due to the structural diversity and 
complexity of tannins, many methodological problems still exist (Cheynier and 
Fulcrand 2003; Salminen et al. 2011; Gu 2012). For example, in PA analysis, 
the time-consuming procedures of thiolysis and phloroglucinolysis are still the 
most commonly used methods for collecting qualitative and quantitative 
information on PA content, composition and mean degree of polymerization 
(mDP). Development of improved methods with high-throughput capabilities 
would be highly desirable. 



8 Literature Review  

2. LITERATURE REVIEW  

2.1. Plant tannins  

Tannins are the most abundant secondary metabolites made by plants and can 
be divided in three subgroups based on their structural features. Hydrolyzable 
tannins (HTs) and proanthocyanidins (PAs) are the two major groups of these 
bioactive compounds found in vascular plants. The third subgroup, 
phlorotannins, is a little studied group of secondary metabolites found only in 
marine brown algae (Stern et al. 1996; Kubanek et al. 2004; Amsler and 
Fairhead 2006) and is not included in this literature review. 

2.1.1. Structural features of hydrolyzable tannins 

HTs are a group of structurally diverse and complex molecules constructed 
around a central polyol, most often glucose, but occasionally glucitol, quinic 
acid, quercitol or shikimic acid (Mueller-Harvey 2001; Patra and Saxena 2010). 
The term hydrolyzable tannin (HT) stems from the significant feature of these 
tannins to be susceptible to hydrolysis by acids, bases or esterases. As a 
consequence, HTs yield hydrolysis products characteristic of their functional 
groups such as gallic acid and ellagic acid (Fig. 1A,B) (Haslam 1979;  Bors et 
al. 2001; Patra and Saxena 2010). In the simplest HTs, only gallic acid units are 
esterified to the central polyol core whereas more complex HTs are formed by 
esterification and cross-linking of these gallic acid units (Gross 1992; Haslam 
1998; Patra and Saxena 2010; Okuda and Ito 2011). Based on their structural 
features, HTs are divided into three main subclasses: galloylglucoses (GGs), 
gallotannins (GTs) and ellagitannins (ETs). Examples of the HT subgroups are 
presented in Figure 1. Simple gallic acid derivatives contain one to five gallic 
acid units i.e. galloyl groups esterified to the polyol core (Fig. 1C) while GTs 
contain six or more galloyl groups that are bound either to the central polyol or 
esterified to one of the galloyl groups forming a digalloyl group (Fig. 1D) 
(Gross 1992; Grundhöfer et al. 2001; Salminen and Karonen 2011). GGs and 
GTs are relatively simple molecules whereas the third group, ETs, is 
structurally highly diverse. ETs are further divided into six subgroups based on 
their structural features: primary ETs, dehydroETs, modified dehydroETs, C-
glycosidic ETs, flavono-ETs and oligomeric ETs (Okuda et al. 2009).  
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Primary ETs contain one or two hexahydroxydiphenoyl (HHDP) groups 
and up to three galloyl groups (Fig. 1E). The HHDP group is biosynthetically 
formed through intramolecular, oxidative C–C bond formation between two 
galloyl groups. The position of the HHDP group can be O2–O4 and/or O3–O6 
or O2–O3 and/or O4–O6. DehydroETs are formed when the HHDP group is 
oxidized to form a dehydrohexahydroxydiphenoyl (DHHDP) group (Fig. 1F) 
which can further be oxidized to modified dehydroETs (Fig. 1G) (Okuda et al. 
2009; Yoshida et al. 2009, 2010). In DHHDP ETs, the central glucopyranose 
core adopts often 1C4 conformation instead of the 4C1 conformation 
characteristic for the primary ETs and in aqueous or alcoholic solutions, the 
DHHDP group equilibrates between six- and five-membered ring forms (Fig. 
1F). 

The characteristic feature of C-glycosidic ETs is the acyclic glucose core. 
C-glycosidic ETs can be categorized as: (1) castalagin-type (Fig. 1I), containing 
a nonahydroxytriphenoyl (NHTP) group that participates the C-glycosidic 
linkage and (2) casuarinin-type (Fig. 1K), in which an HHDP group participates 
the C-glycosidic linkage instead. C-�J�O�\�F�R�V�L�G�L�F���(�7�V���Z�L�W�K���D����-hydroxyl group at 
the C1 of the acyclic glucose core show a unique reactivity that is reflected e.g. 
in the various condensates formed with other polyphenols. One such condensate 
is the subgroup of flavono-ETs that consist of a C-glycosidic ET and a flavan-
3-ol (most often catechin or epicatechin) bound to each other via a carbon-
carbon linkage between C1 of the acyclic glucose and C8 or C6 of the flavan-3-
ol moiety [Fig. 1L (Yoshida et al. 2008, 2009, 2010)]. 
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Figure 1. The structures of gallic acid (A), ellagic acid (B), pentagalloylglucose (C), 
heptagalloylglucose (D), tellimagrandin I (E), geraniin (F), chebulagic acid (G), 
vescalagin (H), castalagin (I), stachyurin (J), casuarinin (K) and acutissimin A (L). 
HHDP, hexahydroxydiphenoyl; DHHDP, dehydrohexahydroxydiphenoyl; NHTP, 
nonahydroxytriphenoyl. 
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Further diversity is brought by the last subgroup of ETs, oligomeric ETs, 
which are formed via intermolecular oxidative coupling of monomeric ETs. 
Oligomeric ETs can roughly be divided into three subgroups based on their 
structural features. The first group contains oligomers that are formed via single 
intermolecular C–O bonds between the monomeric units (Fig. 2�$�Å�&��. The 
second group contains macrocyclic oligomers formed via two C–O bonds 
between the monomeric units (Fig. 2D). In the third group, C-glycosidic tannin 
oligomers are linked via intermolecular C–C bonds between the C1 of the 
acyclic glucose of one monomer and the HHDP or galloyl group of the other 
monomer (Fig. 2E) (Okuda and Ito 2011; Yoshida et al. 2009, 2010). 
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Figure 2. Structures of oligomeric ellagitannins rugosin E (A), lambertianin C (B), 
gemin A (C), oenothein B (D) and roburin A (E). m-DOG, valoneoyl group; m-GOD, 
sanguisorboyl group; m-GOG, dehydrodigalloylgroup; 2DOG, macrocyclic structure. 
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2.1.2. Structural features of proanthocyanidins 

Proanthocyanidins (PAs, syn. condensed tannins) are oligomers and polymers 
consisting of flavan-3-ols units which are linked by carbon–carbon bonds (B-
type PAs) or in some cases by additional ether-bonds (A-type PAs) (Porter 
1989; Bors et al. 2001; Dixon et al. 2005; Ferreira et al. 2005). The origin of the 
term proanthocyanidin is that upon acid-catalyzed depolymerization and 
oxidation the extension units are converted to colored anthocyanidins (Porter 
1989). The three rings of the flavan-3-ols units are labeled as A, B, and C (Fig. 
3A). PAs differ structurally based on the number of hydroxyl groups on the A 
and B rings, and the stereochemistry of the asymmetric carbons of the C ring 
(Haslam 1977; Santos-Buelga and Scalbert 2000; Dixon et al. 2005). In most 
PAs, the absolute configuration of C2 is R whereas the absolute configuration 
of C3 can be either R or S. Accordingly, the stereochemistry of the molecule is 
either cis (2R, 3R) or trans (2R, 3S) (Santos-Buelga and Scalbert 2000). 
However, even more isomers can be found since the bond between the two 
�P�R�Q�R�P�H�U�V�� �F�D�Q�� �E�H�� �H�L�W�K�H�U�� �L�Q�� �.�� �R�U�� ���� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�� ���6�D�Q�W�R�V-Buelga and Scalbert 
2000; Dixon et al. 2005; Buzzini et al. 2007; Barbehenn and Constabel 2011). 
The variable mean degree of polymerization is a further source of structural 
complexity of the PAs (Fig 3B). 

In B-type PAs, the monomers are linked by C4–C8 or C4–C6 linkages. In 
addition to this, the A-type PAs contain C2–O–C7 or C2–O–C5 linkages [Fig. 
3C (Hemingway et al. 1982; Porter 1989; Santos-Buelga and Scalbert 2000; 
Dixon et al. 2005; Ferreira et al. 2005; Buzzini et al. 2007; Barbehenn and 
Constabel 2011)]. The most common PAs are procyanidins (PCs) consisting of 
catechin and/or epicatechin units (Fig 3A), and prodelphinidins (PDs) 
consisting of gallocatechin and/or epigallocatechin units (Fig 3A). Also PAs 
consisting of both PC and PD units are common (Dixon et al. 2005; Ferreira et 
al. 2005; Buzzini et al. 2007). In addition to these main PA classes, some rarer 
PAs exist (e.g. propelargonidins, profisetinidins, prorobinetinidins and 
proguibourtinidins), but these are specific for certain plant species (Ferreira et 
al. 2005) and not discussed herein. 
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Figure 3. The most common proanthocyanidin monomeric units (A), an example of a 
trimeric proanthocyanidin with epigallocatechin and gallocatechin (PD) as extension 
units, and a catechin (PC) as terminal unit and an example of an A-type 
proanthocyanidin, procyanidin A1. 

2.1.3. Tannin biosynthesis 

A simplified scheme of the polyphenol biosynthesis pathway leading to HTs 
and PAs is presented in Figure 4. In the first steps of polyphenol biosynthesis, 
the carbohydrates such as sucrose and starch from the Calvin cycle are 
processed either by glycolysis to glyceraldehyde-3-phosphate or through the 
oxidative or reductive pentose phosphate pathway into erythrose-4-phosphate 
and glyceraldehyde-3-phosphate (Salminen and Karonen 2011). The first 
differences in HT and PA biosynthesis occur �E�H�W�Z�H�H�Q�� �W�K�H�� �D�F�H�W�D�W�H�� �»�P�D�O�R�Q�D�W�H��
pathway and the shikimate pathway: while PA synthesis utilizes both of these 
pathways, HT biosynthesis relies solely on the shikimate pathway (Salminen 
and Karonen 2011). Regarding HT biosynthesis, 1-galloyl-��-D-glucose (syn. 
glucogallin) can be considered as the first intermediate on the HT biosynthetic 
pathway (Gross 1983a; Niemetz and Gross 1999). In the second step, 
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glucogallin functions as both an acyl acceptor and acyl donor, in the formation 
of digalloylglucose up to pentagalloylglucose (Gross 1983b; Gross 1999a,b; 
Niemetz and Gross 2005). The second biosynthetic pathway leads to GTs as the 
galloylation of pentagalloylglucose continues to hexa-, hepta-, 
octagalloylglucose etc. (Hoffman and Gross 1990; Niemitz and Gross 1998, 
1999b, 2001; Gross 2008). The third pathway yields ETs, but in contrast to GT 
biosynthesis, the proposed ET pathway is mostly hypothetical, since only two 
steps of the ET pathway have been characterized by enzymatic studies (Gross 
1999b; Niemetz et al. 2001; Niemetz and Gross 2003, 2005; Gross 2009; Okuda 
and Ito 2011). The other details have been deduced from tannin structures and 
their seasonal variation in the plant cell or their chemical synthesis (Salminen 
and Karonen 2011). 

 

 

Figure 4. The biosynthetic pathway leading to proanthocyanidins and hydrolyzable 
tannins (adapted from Salminen and Karonen 2011). 
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PAs are the products of one of the several branches of the biosynthetic 
flavonoid pathway. The aromatic B-ring and the three carbon atoms of the 
heterocyclic C-ring are considered to originate from the amino acid 
phenylalanine, which is produced by the shikimate pathway and transformed 
into p-coumaroyl-CoA along the phenylpropanoid pathway (Haslam 1977; 
Strack 1997). The A-ring is formed by three units of malonyl-coenzyme A 
(malonyl-CoA), produced by the acetate/malonate pathway (Haslam 1977; Tsao 
2010). The main steps of PA biosynthesis are presented in Figure 5. At the start 
of the flavonoid pathway, one coumaroyl-CoA molecule is condensed with 
three malonyl-CoA molecules to form tetrahydroxychalcone (Haslam 1977; 
Winkel-Shirley 2001; He et al. 2008; Tsao 2010). The closure of the C-ring 
converts it into flavanone naringenin which further transforms into 
dihydrokaempferol by the addition of a hydroxyl group to the C3 position of the 
C-ring (Holton and Cornish 1995). These dihydroflavonols are reduced to form 
(2R,3S,4S)-leucoanthocyanidins (flavan-3,4-diols) and further to (2R,3S)-
flavan-3-ols catechin and gallocatechin (Stafford 1991; Winkel-Shirley 2001). 
Alternatively, the leucoanthocyanidin molecules can be oxidized to form 
anthocyanidins (Holton and Cornish 1995; He et al. 2008), which can further be 
converted into (2R,3R)-flavan-3-ols epicatechin and epigallocatechin (Xie and 
Dixon 2005; He et al. 2008). All three, (2R,3R)-flavan-3-ols, (2R,3S)-flavan-3-
ols and (2R,3S,4S)-flavan-3,4-diols, could potentially function as precursors for 
the PAs (Dixon et al. 2005; Xie and Dixon 2005; Tian et al. 2010). However, so 
far, the polymerization step of PAs has remained unsolved (Dixon et al. 2005; 
He et al. 2008; Zhao et al. 2010; Jiang et al. 2015). 
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Figure 5. The main steps involved in the biosynthesis of proanthocyanidins. 
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The two types of terrestrial tannins seldom accumulate in high 
concentrations in the same plant tissues; while PAs accumulate in the vacuole 
(Stafford 1988; Dixon et al. 2005; Zhao et al. 2010), HTs appear to be 
concentrated in the cell wall of the plant tissues (Gross 1999a; Grundhöfer et al. 
2001). An explanation for why PAs and HTs are rarely found simultaneously in 
high concentrations in same plant tissue can be found from the biosynthetic 
pathways of these tannins. As a consequence of the common building blocks in 
HT and PA biosynthesis, there is a potential “competition” for the formation of 
these compounds. If the glycolytic phosphoenolpyruvate is efficiently directed 
for the shikimate pathway, the production of pyruvate, which is utilized in the 
acetate/malonate pathway, is significantly reduced. This results in reduced PA 
biosynthesis, since it would need malonyl-CoA as one of their building blocks 
(Salminen and Karonen 2011). Similarly, PA biosynthesis is reduced by the 
efficient production of gallic acid from 3-dehydroshikimic acid as it negatively 
affects the synthesis of shikimic acid and thus the formation of the other PA 
precursor, phenylalanine (Salminen and Karonen 2011). The same holds for the 
two HT classes, GTs and ETs; they do not accumulate in the same plant tissue, 
presumably due to the common precursor, pentagalloylglucose (Salminen and 
Karonen 2011). 

2.2. Liquid chroma tography–mass spectrometry in tannin analysis 

The growing interest towards plant tannins has resulted in many efforts to 
provide sensitive and selective analytical methods for their determination. 
Traditionally, tannin analysis has exploited the chemical reactivity of the tannin 
functional groups to undergo characteristic reactions that result in colorful 
chromophores to be detected by spectrophotometry. These types of methods 
include both the general polyphenol methods (Ciocalteau 1927) and the more 
selective functional group methods for the detection of PAs and HTs (Bate-
Smith 1972; Porter et al. 1986; Hagerman and Butler 1989; Wilson and 
Hagerman 1990). While these spectrophotometric methods are rapid and 
simple, they lack the specificity for individual compounds. For this purpose, 
more sophisticated methods are needed. In addition to liquid chromatography 
coupled with a diode array detector, liquid chromatography coupled with mass 
spectrometry (LC-MS) is one of the most important tools in the characterization 
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of all organic compounds, including quantitation and identification of different 
tannins. 

2.2.1. Liquid chromatography �Åmass spectrometry in general  

LC is a separation technique in which a mobile phase is continuously passed 
over a stationary phase packed in a column.  LC utilizes the interactions of the 
analyte with both the mobile and stationary phase; the stronger the interaction 
with the stationary phase compared to the mobile phase, the longer the retention 
time (Niessen 2007). Based on the polarity of the mobile and stationary phases, 
LC is divided into normal-phase LC and reversed-phase LC (Adrey 2003). In 
normal-phase LC, the stationary phase is more polar than the mobile phase (e.g. 
mobile phase hexane, stationary phase silica) whereas in reversed-phase LC, the 
mobile phase is more polar than stationary phase (e.g. mobile phase acetonitrile, 
stationary phase octadecylsilyl). LC utilizing very small particle sizes of the 
stationary phase ���”�������—�P����combined with very high pressures (up to 1300 bar) 
is referred as ultra-high performance liquid chromatography (Guillarme et al. 
2010; Rodriquez-Aller 2013). The advantages of UHPLC compared to its 
predecessor, high performance liquid chromatography (HPLC), include the 
improved chromatographic resolution, the increased sensitivity and the shorter 
analysis time (Guillarme et al. 2010). 

When mass spectrometry is used in conjunction with a chromatographic 
technique, the compounds enter the ionization source based on their elution 
order from the chromatographic column used (Rodriguez-Aller et al. 2013). 
Mass spectrometry involves the following steps: ionization of the analytes at 
the ionization source, separation of the produced ions based on their mass to 
charge ratios (m/z) and detection of the ions (Adrey 2003). There are a number 
of ion sources available in mass spectrometry but currently most LC–MS 
systems utilize electrospray ionization (ESI) technique (Hol�þapek et al. 2012).  
In ESI, the sample is first injected into a capillary maintained at high voltage 
(Adrey 2003). Because of the high voltage, the liquid stream disperses into a 
mist of highly charged droplets that undergo desolvation due to the heated 
drying gas (often nitrogen) flow (Greavez and Roboz 2014). The droplet size 
decrease until the repulsive forces between the charges on the surface of the 
droplets overcome the surface tension and the so called Coulombic explosion 
occurs (Fenn et al. 1989; Adrey 2003; Kebarle and Verkerk 2009). A number of 
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smaller droplets are formed which further decrease in size until the droplet 
radius reaches ~10 nm, and the electric field starts to support direct ion 
evaporation (Niessen and Tinke 1995; Greavez and Roboz 2014). When this 
occurs, the droplets distort and the so called Taylor cone develops (Fig. 6). A 
Taylor cone is formed also at the tip of the ESI probe when the initial droplets 
are formed due to the nebulization of the solvent flow (Greaves and Roboz 
2014). The released ions, i.e. analytes, are then transferred through a series of 
focusing lenses into the mass spectrometer (Adrey 2003; Hol�þapec et al. 2012). 
ESI is a soft ionization technique, in which analyte fragmentation remains 
moderate. However, due to the mechanism of ionization in ESI, larger 
molecules often become multiply charged, allowing their detection with 
common mass analyzers (Adrey 2003). 

 

Figure 6. Taylor cone formation occurs both at the end of the ESI tube and when the 
droplet breaks up and releases ions (adapted from Greaves and Roboz 2014). 

After the ions are formed, they are separated based on their m/z ratios. 
Several different mass analyzer types exist, and even if many of them differ 
significantly in the modes of operation, they all separate ions according to the 
m/z ratios (Greaves and Roboz 2014). Current mass analyzers include 
quadrupoles, quadrupole ion traps, time-of-flight analyzers, Fourier transform 
ion traps, ion mobility analyzers and magnetic sector analyzers (Gross 2011; 
Greaves and Roboz 2014). As such, these analyzers reveal the mass of the 
analyte, but limited information on the structure of the analytes is obtained. For 
this purpose, multi analyzers, i.e. tandem mass spectrometry (MS/MS) is 
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required. Several forms of MS/MS are available, but triple quadrupole (QqQ) is 
one the most widely used MS/MS instruments. 

2.2.2. Triple quadrupole tandem mass spectrometry  

As the name suggests, QqQ consists of three quadrupoles in series (Fig. 7). The 
first and third quadrupoles function as mass separation devices while the second 
quadrupole is a collision cell, in which fragmentation of the ions from the first 
quadrupole is carried out with a radio frequency voltage and collision gas, often 
argon. In some QqQ instruments, the second quadrupole is a hexapole, an 
octapole or an ion tunnel instead, but the principle remains the same (Niessen 
2007; de Hoffman and Stroobrant 2008). The first and third quadrupoles are 
controlled by changing the radio frequency and direct current potentials to 
allow the transmission of ions of a single m/z ratio or a range of m/z values, 
depending on the application (Andrey 2003; Greavez and Robos 2014). Mass 
separation is based on the oscillation of the ions entering the electronic field of 
the quadrupole. Only ions with specific m/z values have stable oscillatory flight 
paths while other ions oscillate in an unstable pattern and are lost by collision to 
the rods of the quadrupole (Greaves and Roboz 2014). 

 

Figure 7. Principle of the triple quadrupole analyzer. Q1 and Q3 can operate in 
scanning mode or held static, depending on the application. In q2, the precursor ions 
are fragmented into product ions. 

By keeping the two analyzers (Q1 and Q3) in either scanning mode or held 
static, different modes of data collection can be utilized, including full scan, 
product ion scan, precursor ion scan, neutral loss scan and selected/multiple 
reaction monitoring (Table 1). For full scan purposes, the direct-current and 
radio frequency voltages are changed progressively while keeping their ratio 
constant; this yields mass spectra comprised of all the different m/z values 
present in the sample.  Due to the scanning technique, the QqQ analyzers have a 
limited resolution for full scan analysis and are categorized as low resolution 
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mass spectrometers, capable of measuring the m/z ratio of an ion to the nearest 
integer value (Adrey 2003). As a consequence of the low resolution, two ions 
with the same nominal mass but with a different exact mass cannot be 
separated. 

Table 1. Different analysis modes in tandem mass spectrometry (modified from 
Niessen 2007). 

Mode Q1 Q3 Application 

Full Scan Scanning Scanning To obtain information on the  
sample composition 

Product  
Ion Scan Selecting Scanning To obtain structural information  

on the ions produced in the ion source 

Precursor  
Ion Scan Scanning Selecting To monitor compounds which give an  

identical fragment in CID* 

Neutral Loss  
Scan  Scanning Offset  

scanning 

Q1 and Q3 scanning at fixed m/z  
difference: to monitor compounds  
that lose a common neutral species 

Selected/ 
Multiple 
Reaction 
Monitoring 

Selecting Selecting To monitor a specific CID* reaction 

*CID: collision induced fragmentation, takes place in the collision cell q2 

 
The true potential of QqQ analyzers is revealed when quantifying known 

compounds or when elucidating structural information concerning the structure 
of the molecule involved. As much as 100% of the instruments scanning 
capacity can be used for a selected ion, making the instrument highly sensitive 
when monitoring single m/z values (Hoffman and Stroobant 2008; Graves and 
Roboz 2014). In addition to the traditional MS/MS analysis, many instruments 
enable to utilize in-source fragmentation for selected and multiple reaction 
monitoring (SRM and MRM, respectively) methods. In this approach, ions are 
fragmented within the source of the mass spectrometer by application of a 
voltage in the nozzle-skimmer system through which the ions are sampled to 
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the analyzer (Adrey 2003; Hoffman and Stroobant 2008). The applied voltage 
increases the velocity of the ions exiting into the relatively high-pressure region 
between the nozzle and the skimmer. This increases the probability of the ions 
to collide with the residual gas molecules, leading to fragmentation of the 
analyte ions (Adrey 2003). These ions then travel to the Q1 where the MS/MS 
analysis continues as described above. 

In general, QqQ instruments are well suited for both qualitative and 
quantitative analysis as they provide excellent sensitivity and selectivity, and 
high signal-to-noise ratios are obtained especially in SRM/MRM analyses. 
However, the number of MS/MS transitions in a single SRM/MRM segment is 
limited and thus, when applying many SRMs or MRMs a compromise between 
sensitivity and acquisition rate is unavoidable (Guillarme et al. 2010). When 
analyzing a large number of compounds, it is possible to divide the MS/MS 
method into several time-scheduled windows with different SRM/MRM 
channels and time segments (Guillarme et al. 2010). For example, an MRM 
method with a dwell time (time spent for particular transition) between 16 and 
25 ms was used in UHPLC-MS/MS analysis of seven oligomeric ETs in willow 
herb leaves (Baert et al. 2015) but when analyzing 154 polyphenols in wine, it 
was reduced to 5 ms (Lambert et al. 2015). The partial limitation of this 
procedure arises from the possible variation in elution-time; with too many 
analytes to be detected, the time windows become very narrow and adjustments 
are required if  the analyte retention times fluctuate outside the original time-
window (Guillarme et al. 2010). 

2.2.3. Tannin analysis by tandem mass spectrometry 

Tandem mass spectrometry can be used for both qualitative and quantitative 
determination of tannins. The SRM/MRM methodology enables high sensitivity 
and selectivity for the quantitation of tannins while the other applications allow 
the analysis of their fragmentation patterns and thus the structural elucidation of 
tannins. In particular, ESI-MS/MS approach is a powerful tool for the 
identification and structural characterization of tannins. The different utilization 
modes (full scan, product ion scan, precursor ion scan, neutral loss as well as 
SRM/MRM) and combination of the data obtained with the different modes are 
very useful in structure elucidation (Bubba et al. 2012). Still, the most common 
method to study the fragmentation patterns is to use the product ion scan for a 
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selected precursor ion. This enables to tentatively identity the molecules and 
further, to select suitable parameters for the SRM/MRM methods (Zywicki et 
al. 2002). The fragmentation patterns of both HTs and PAs are well 
documented. Considering GGs and GTs, their fragmentation patterns have been 
suggested already by full scan MS (e.g. Salminen et al. 1999; Mämmelä et al. 
2000) but utilization of MSn has enabled a more detailed description of the 
fragmentation patterns. The fragmentation of GGs and GTs is rather 
straightforward as they contain only galloyl groups attached to the core polyol 
(GGs) and additional galloyls linked to the core galloyl groups via depside 
bonds (GTs). The depside bonds between two galloyls are less stable than the 
ester bonds between the core polyol and galloyl groups (Salminen et al. 1999), 
and thus the fragmentation of the former type of galloyl groups leads to the loss 
of 152 Da while the latter one gives a fragment ion at m/z 169. In principle, all 
the galloyl groups attached with depside bonds to the core galloyl groups are 
fragmented first and then the galloyl groups attached to core polyol start to 
fragment (Berardini et al. 2004; Regazzoni et al. 2013). 

Figure 8 summarizes the current knowledge of the fragmentation patterns 
of galloylglucoses. The pentagalloylglucose shows consistent mass loss of 
galloyl moieties to tetra-, tri-, di- and monogalloylglucoses. This has been 
confirmed also by the neutral loss of gallic acid in case of pentagalloyl- to 
digalloylglucose (Tan et al. 2010). Interestingly, the fragmentation of 
digalloylglucose contributes not only to the loss of galloyl group but also two 
major product ions at m/z 439 and m/z 423 have been reported (Soong and 
Barlow 2005; Tan et al. 2010). While the former derives from decarboxylation, 
the latter has been suggested to derive from the removal of two formaldehyde 
moieties from the central glucose (Taylor et al. 2005; Tan et al. 2010). 
Similarly, the monogalloylglucose fragment ions at m/z 271 and m/z 211have 
been explained by the removal of one and two formaldehyde groups, 
respectively (Tan et al. 2010). 
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Figure 8. Fragmentation pathway of galloylglucoses in negative mode ESI-MSn 
(Zywicki et al. 2000; Soong and Barlow 2005; Tan et al. 2010). 5GG, 
pentagalloylglucose; 4GG, tetragalloylglucose; 3GG, trigalloylglucose; 2GG, 
digalloylglucose; 1GG, monogalloylglucose. 

ET structures are more complex than GG and GT structures, and 
correspondingly, their fragmentation is less straightforward. However, the 
fragmentation patterns do follow the same general rules and for monomeric 
ETs, the main fragments are often related to the functional groups such as the 
galloyl group and the HHDP group (Zywicki et al. 2002; Fracasetti et al. 2013; 
Regueiro et al. 2014). For example, tentative fragmentations of an acyclic ET, 
vescalagin, are presented in Figure 9. In case of oligomeric ETs, additional 
fragmentation pathways emerge due to their fragmentation into the monomeric 
units of which the ET consists of (Mullen et al. 2002; Hager et al. 2008; Bubba 
et al. 2012; Baert et al. 2015). 
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Figure 9. Fragmentation pathway of vescalagin in negative mode ESI-MSn (Zywicki et 
al. 2002; Hager et al. 2008). EA, ellagic acid. 

The last group of tannins, PAs, is structurally significantly different from 
HTs. For B-type PAs, the main fragmentation patterns include quinone-methide 
(QM) mechanism, heterocyclic ring fission (HRF) and retro-Diels–Alder 
(RDA) fragmentation (Gu et al. 2003; Callemien and Collin 2008; Pérez-
Jiménez and Torres 2012) which are presented in Figure 10 for a PC dimer. 
With QM fragmentation it is possible to define the extension and terminal units 
of the oligomers and polymers. For example, in B-type PC dimers, the cleavage 
of the interflavanoid bond gives fragments (negative mode) with m/z 289 
(terminal unit) and m/z 287 (extension unit). Trimeric PC gives fragments at 
m/z 577 and m/z 287 if the cleavage takes place between the upper units and m/z 
289 and m/z 575 if it takes place between the lower units (Callemien and Collin 
2008; Pérez-Jiménez and Torres 2012; Flamini 2013; Tala et al. 2013). For the 
PC dimer and trimer, HRF gives fragments at m/z 451 and m/z 739 while RDA 
fission results in a fragment at m/z 425 for the PC dimer and at m/z 713 for the 
PC trimer (Callemien and Collin 2008; Jaiswal et al. 2012; Pérez-Jiménez and 
Torres 2012; Teixeira et al. 2016). Further, losses of H2O and CO are common 
and explain many of the other ions produced in the fragmentation of PAs 
(Callemien and Collin 2008; Li and Deinzer 2008; Delgado de la Torre et al. 



 Literature Review 27 

 
 

2013). For PA gallates, the loss of the galloyl group (-152 Da) is 
characteristically observed (Pezet et al. 2011; Jaiswal et al. 2011; Pérez-
Jiménez and Torres 2012). In general, same fragmentations occur also for A-
type PAs and the m/z values of PAs with one A-type bond differ from the 
corresponding B-type PA by 2 Da. However, A-type interflavanoid linkages do 
not readily undergo RDA fissions because of the additional ether bond and thus, 
these differences can be used to distinguishing A-type and B-type PAs (Gu et 
al. 2003; Li and Deinzer 2008; Jaiswal et al. 2011; Flamini 2013). 

 
 

 

Figure 10. Fragmentation pathways of procyanidin dimer in negative ion mode (Gu et 
al. 2003; Callemien and Collin 2008; Pérez-Jiménez and Torres 2012). RDA, retro-
Diels-Alder fragmentation; HRF, heterocyclic ring fission; QM, quinone methide 
cleavage. 

Compared to the number of publications that have utilized MS/MS for 
tannin identification and to study the tannin fragmentation patterns, surprisingly 
few papers have used MS/MS for tannin quantitation. Examples of SRM and 
MRM methods used in the literature for the quantitation of tannins are listed in 
Table 2. In addition to adjusting the typical interface parameters, when utilizing 
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QqQ mass analyzers, the cone voltage, collision energy and the pressure of the 
collision gas are manually optimized (Sherwood et al. 2009). Usually, the most 
abundant fragment ion is selected for the SRM/MRM transition (Sherwood et 
al. 2009) and for smaller tannins, the selection of precursor ion is rather 
straightforward and often the singly charged molecular ions is chosen for that 
purpose. However, when the molecular weight of the tannin exceeds the mass 
range of the analyzer, multiple charged ions are utilized (Baert et al. 2015). 
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2.3. Tannin–protein interactions 

Tannin–protein interactions have great importance in numerous plant related 
domains, from the most basic functions in plant physiology and ecology to their 
utilization in agriculture, foods and medicine. The interest in tannin research 
has increased substantially during the past few decades and a particular interest 
has been on the role of tannins on the human and animal health and nutrition. 
Many of these nutritional and health effects have been associated with the 
ability of tannins to interact with proteins in biological systems. In order to 
understand the exact roles of tannins and proteins in these interactions, it has 
been essential to determine the nature of the interactions and the features 
affecting the complex formation. 

2.3.1. Nature of tannin–protein interactions 

The nature of the interactions between tannins and proteins can be divided 
into covalent and non-covalent bonding based on whether the molecules are 
irreversibly bound to each other or not, respectively. At low pH, tannins most 
often form non-covalent bonds with proteins, while at higher pH the formation 
of covalent complexes is favored (Prigent 2005; Hagerman 2012). Non-
covalent bonds, more often referred as non-covalent interactions, enable tannins 
to bind specifically but transiently to other molecules. Tannins, as well as 
polyphenols in general, are amphiphilic molecules, containing both hydrophilic 
and hydrophobic characteristics. The hydrophilic character is caused by the 
phenolic hydroxyl groups whereas the aromatic ring itself is hydrophobic 
(Poncet-Legrand et al. 2006; Mueller-Harvey et al. 2007; Hagerman 2012). 
Al though non-covalent bonds are weak, stable associations between tannins and 
proteins are formed when the interaction system forms multiple non-covalent 
bonds simultaneously (Haslam 1998). Almost all non-covalent interactions can 
be divided into subclasses of the electrostatically attractive interactions. From 
these interactions, �Œ-�Œ��stacking, hydrogen bonding and hydrophobic interactions 
are the most important ones regarding tannin–protein interactions (Haslam 
1998; Lodish et al. 2000; Dangles and Dufour 2006; McRae et al. 2011). 

 At neutral to alkaline pH, tannins may be oxidized to form quinones via 
unstable semiquinone radicals (Appel 1993). A scheme of oxidation of the 
HHDP group present in ETs is shown in Figure 11. Oxidation occurs most 
readily at a pH higher than the pKa of the tannin phenolic hydrogen, which 
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typically is in the range of 7–9 (Appel 1993; Hider et al. 2001). However, 
oxidation of the tannins by biological free radicals or reactive oxygen species is 
independent of the pH. The formed quinones are relatively unstable molecules 
and are easily quenched by a reaction with a protein to form covalently 
stabilized adducts (Appel 1993; Prigent et al. 2007; Quideau et al. 2011; 
Salminen and Karonen 2011). In this process, the electrophilic quinone is 
attacked by the lone-pair bearing amine or thiol of the protein and therefore 
may alter the structure and function of the protein (Ludlum et al. 1991; Prigent 
et al. 2007). 

 
 

 

Figure 11. The oxidation of a hexahydroxydiphenoyl group to form a quinone, which 
further forms covalent bonds with proteins and as a consequence affect the structure 
and function of the protein. In addition, the byproducts cause oxidative stress by 
damaging lipids, proteins and other biomolecules (adapted from Salminen and Karonen 
2011). 

In addition to dividing the tannin–protein complexes to covalent or non-
covalent, the nature of the interactions can be described by the solubility of the 
formed complexes. Even if the classical definition of tannin emphasizes their 
ability to precipitate proteins (Swain and Bate-Smith 1962), precipitation does 
not necessarily occur in conditions where the stoichiometry of the interacting 
species favors soluble complexes (Chen and Hagerman 2004; Hagerman 2012). 
Thus, even if a tannin does not precipitate proteins efficiently, it may have a 
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