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ABSTRACT 

In this thesis work, a group of natural oligomers and polymers called 
proanthocyanidins was studied via multiple chemical approaches. At first, the 
proanthocyanidins were purified from eleven Finnish plant species with a liquid 
chromatography method developed during this work. The structures of the purified 
proanthocyanidins were studied with mass spectrometry, which showed that the 
proanthocyanidins were successfully isolated from the original complex mixture of 
compounds into substantially simpler fractions. In the second study of this work, the 
bioactivities of these fractions were measured by determining their protein 
precipitation capacity. The results showed that the polymeric size of the 
proanthocyanidins was the most significant structural feature increasing their ability 
for protein precipitation. Other structural features were significant as well, yet their 
relevance to the protein precipitation capacity differed significantly amongst the 
tested plant species. 

In the third study, the anthelmintic activities of the purified proanthocyanidins 
were studied in vitro against gastrointestinal parasite Ascaris suum. The 
effectiveness of these compounds was tested as migration inhibition activity and 
mortality. The results showed, that increasing polymeric size increased the 
anthelmintic activity of proanthocyanidins and clear differences were observed 
between the tested plant species as well. The similarities of the aforementioned 
results supported the hypothesis that the anthelmintic activities of proanthocyanidins 
could take place via their interactions with proteins.  

Lastly, the impact of different ensiling procedures on the proanthocyanidin 
composition of Vicia faba was studied. The total proanthocyanidin concentration 
decreased after each treatment, and especially the amount of soluble 
proanthocyanidins decreased substantially. Possible explanations for the decrease of 
proanthocyanidin levels are either degradation of proanthocyanidins during the 
ensiling processes or their transformation into non-soluble forms.                                                

 

KEYWORDS: Ascaris suum, bioactivity, faba bean, in vitro, liquid chromatography, 
mass spectrometry, mean degree of polymerisation, proanthocyanidin, protein 
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TIIVISTELMÄ 

Tässä väitöskirjatyössä perehdyttiin proantosyanidiinien, tutkimukseen erilaisin 
kemiallisin menetelmin. Työhön valittiin 11 suomalaista kasvilajia, joista tutkittavat 
yhdisteet eristettiin. Aluksi proantosyanidiinit puhdistettiin tässä työssä kehitetyllä 
nestekromatografisella menetelmällä, mitä seurasi eristettyjen proantosyanidiinien 
rakenteen tarkka määritys massaspektrometrian avulla. Nämä mittaukset osoittivat, 
että proantosyaniidinit kyettiin erottamaan toisistaan tehokkaasti alkuperäistä 
yhdisteseosta huomattavaksi yksinkertaisemmiksi jakeiksi. Työn toisessa osassa 
puhdistettujen jakeiden bioaktiivisuus määritettiin niiden proteiininsaostuskykyä 
mittaamalla. Tulokset osoittivat proantosyanidiinien koon olevan merkittävin 
rakenteellinen tekijä, joka lisäsi niiden aktiivisuutta. Myös muiden rakenteellisten 
ominaisuuksien todettiin olevan merkittäviä, mutta näiden vaikutuksen suuruus 
vaihteli merkittävästi eri kasvilajeilla.  

Työn kolmannessa osassa puhdistettujen proantosyanidiinien antiloisaktiivi-
suutta arvioitiin Ascaris suum -suolistoloista vastaan in vitro -tutkimuksessa. 
Tutkimus suoritettiin tarkastelemalla, miten tehokkaasti proantosyanidiinikäsittely 
inhiboi loisten kulkeutumista agar-geelissä sekä, miten tehokkaasti käsittely tappoi 
loisia. Antiloismittausten tulokset olivat samansuuntaisia kuin proteiininsaostus-
kyvyn tapauksessa. Proantosyanidiinien suuren koon havaittiin olevan merkittävä 
aktiivisuutta lisäävä tekijä, minkä lisäksi erot aktiivisuudessa kasvilajien välillä 
olivat merkittäviä. Niin proteiininsaostus kuin antiloismittausten tulosten saman-
kaltaisuus tuki hypoteesia, jonka mukaan proantosyanidiinien antiloisaktiivisuus-
mekanismi liittyy niiden kykyyn vuorovaikuttaa proteiinien kanssa.   

Työn viimeisessä osassa tutkittiin eri säilöntämenetelmien vaikutusta härkä-
pavun (Vicia faba) proantosyanidiinipitoisuuteen ja -koostumukseen. Proanto-
syanidiinipitoisuus väheni kokonaisuudessaan merkittävästi kaikissa käsittelyissä, 
sekä erityisesti liukoisten proantosyanidiinien määrä laski merkittävästi. Mahdollisia 
syitä vähentyneelle proantosyanidiinipitoisuudelle olivat joko niiden hajoaminen tai 
muuntuminen liukenemattomaan muotoon.   
 

ASIASANAT: Ascaris suum, bioaktiivisuus, härkäpapu, in vitro, keskimääräinen 
polymerisaatioaste, massaspektrometria, nestekromatografia, proantosyanidiini, 
proteiini  
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Abbreviations 

BSA Bovine serum albumin 
CCA Concentration corrected abundance 
CCC Counter current chromatography 
CID Collision induced fragmentation 
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DAD Diode array detector 
DM Dry matter 
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DP Degree of polymerisation 
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ex Extension unit 
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HRMS High-resolution mass spectrometry 
HT Hydrolysable tannin 
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MALDI Matrix assisted laser desorption ionisation 
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MRM Multiple reaction monitoring 
MS Mass spectrometry 
MW Molecular weight 
NP Normal-phase chromatography 
PA Proanthocyanidin 
PC Procyanidin 
PD Prodelphinidin 
PD-% Proportion of prodelphinidin  
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PLSR Partial least squares regression 
PPC Protein precipitation capacity 
Q Quadrupole 
QM Quinone methide 
QqQ Triple quadrupole 
RDA Retro-Diels–Alder 
RP Reversed-phase chromatography 
RPMI Roswell Park Memorial Institute 
SEC Size-exclusion chromatography 
SRM Single reaction monitoring 
ter Terminal unit 
tR Retention time 
TOF Time-of-flight 
UPLC Ultra high-performance liquid chromatography 
WFI Water for injection 
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1 Introduction 

1.1 Structure of proanthocyanidins 
Proanthocyanidins (PAs) form a diverse group of compounds, which all are 
composed of rather similar building blocks. The basic structure of a flavan-3-ol 
consists of flavan backbone with hydroxylation in the C–3,5 and 7 positions.1,2 The 
flavan-3-ol unit (Figure 1) can appear in several different forms depending on the 
hydroxylation degree of the B ring, orientation of the B ring and OH group of the C–
3 position (cis or trans) and possible conjugates in the C–3 position. The cis 
configuration is indicated with epi-prefix in the naming of the compounds. The 
flavan-3-ol with monohydroxylated B ring is called (epi)afzelechin, dihydroxylated 
(epi)catechin and trihydroxylated (epi)gallocatechin.  

 
Figure 1.  The structure of monomeric flavan-3-ol with different hydroxylation degrees in the B ring.  

The monomer units are linked to each other via interflavan linkages (Figure 2). B-
type linkage refers to a single covalent carbon–carbon bond between the structural 
units, such as C4―C8 or C4―C6, whereas A-type linkage refers to the structures 
with an additional C2―O7 or C2―O5 bond between the flavan-3-ols.3 Additional 
conjugates can be a part of PA structure and the most common conjugation type is 
the galloylation of O–3 position.4 The number of galloyl groups per single PA 
molecule is called the degree of galloylation.  
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Figure 2.  Schematic (A) dimeric prodanthocyanidin with C4―C8 B-type and C2―O7 A-type 

interflavan linkages and (B) trimeric branched proanthocyanidin with C4―C6 and 
C4―C8 B-type interflavan linkages.  

The hydroxylation degree of the B ring in the monomeric building blocks gives basis 
to the names of the PA structural units. Propelargonidins contain monogalloylated 
(OH in C4’), procyanidins (PCs) digalloylated (OH in C3’ and C4’) and 
prodelphinidins (PDs) trigalloylated B ring (OH in C3’, C4’ and C5’).5 The most 
common structural units are PCs and PDs, both of which can be present in a same 
PA molecule. Depending on the relative ratio of the PC and PD of the complete PA 
mixture, the PAs can be described either as PC or PD rich PAs.  

The sizes of individual PA molecules can vary from small dimers up to very 
large polymers including tens of monomeric flavan-3-ol units. In this thesis, the 
relatively small PAs consisting of two to ten flavan-3-ol units are referred as 
oligomers whereas PAs with higher degree of polymerisation (DP > 10) are referred 
as polymers. Plants produce a diverse mixture of different PAs with different 
polymeric sizes and therefore the mean degree of polymerisation (mDP) is a 
commonly used measure for the average size of the studied PAs. Even though this 
measure is heavily used, it is relevant to keep in mind, that the PA composition is 
much more complex than the single mDP value would indicate.  

1.2 Purification of proanthocyanidins 
Chromatography is a widely used field of diverse analytical techniques, which are 
utilised in the analysis and purification of variety of different compounds. Different 
kinds of chromatographic techniques are suitable for different sample types. The 
mutual feature for all chromatographic approaches is the use of mobile and stationary 
phase, which are utilised in the elution of the sample.6 The sample is introduced to 
the system and mobile phase runs through the stationary phase. The analytes are 
separated from each other based on their interaction with the both phases and their 
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willingness to travel with the mobile phase rather than to remain within the stationary 
phase. In liquid chromatography (LC)6, the stationary phase is a solid material and 
liquids are utilised as mobile phases. In counter current chromatography (CCC) two 
immiscible liquids are utilised as mobile and stationary phase.7  

Different chromatographic methods are classified based on the mechanism of 
separation. In size-exclusion chromatography (SEC) the analytes are separated based 
on their size and in normal- or reversed-phase (NP or RP) chromatography the 
separation takes place due to the difference in polarity between the mobile and 
stationary phase. In the isolation and purification of PAs, it is often necessary to 
combine multiple fractionation steps and methods to obtain the desired compounds.8  

1.2.1 Size exclusion chromatography 
The most commonly utilised size-exclusion chromatography (SEC) resins in the 
purification of PAs are different Sephadex8–10 and Toyopearl11 materials. Even 
though, these resins are considered as SEC materials, the mode of separation is 
closer to absorption than size-exclusion and the analytes are partially separated 
based on their affinity towards the material.12 A common approach is to use these 
materials in step-by-step gradient elution to remove sugars and flavonoids from 
the column with methanol/water mixture before the elution of PAs with high 
acetone percentage.13,14  

Multiple different approaches can be utilised in the SEC purification. For 
instance, they can be used as pre-purification method for the isolation of the PAs 
from the rest of the plant extract.15 Another approach is to use the Sephadex G-25 
for the separation of fractions with variable mDP.9 Relatively small individual 
oligomers, such as dimer and trimers can be separated by SEC16 and also, large 
amounts of facile PA fractions can be produced as well10. 

1.2.2 Normal- and Reversed-phase chromatography 
The LC techniques utilising polarity differences of mobile and stationary phases are 
normal-phase (NP) and reversed-phase (RP) chromatography.6 In RP, the stationary 
phase is non-polar e.g. silica based material with bound alkyl chains, and the mobile 
phase is a polar solvent or solvent mix, usually water or mixture of water-soluble 
organic solvent and water. In NP systems, the stationary phase is more polar than the 
mobile phase, which is usually a non-polar organic solvent, such as hexane. The most 
commonly used approaches in the analysis and separation of PAs are NP17,18 and 
RP19,20 chromatographic methods. 

The NP chromatography is able to separate the PAs by their polymeric size up 
to decamer17 whereas the RP is unable to separate the large oligomers or polymers. 
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The separation of even up to DP of 14 has been reported utilising diol column.21 The 
combination of normal- and reversed-phase LC has been utilised in the purification 
and analysis of dimeric PAs.19 For instance, Appeldoorn et al.18 firstly isolated the 
dimer mixture with NP and then separated all the dimers from each other via RP 
ending up with six PC dimers including A- and B-type PAs.  

Preparative or semipreparative RP or NP purification of PAs is usually carried 
out with pre-purified or fractionated PA material.15,18 Sephaxed fractionation is a 
relatively common pre-step before RP fractionation15 and even the RP fractionation 
as such can be repeated to result in the desired separation.20 

1.2.3 Counter-current chromatography 
Counter-current chromatography (CCC) is a chromatographic technique, which 
utilises two immiscible liquids in the separation of analytes.22 The stationary phase 
is held in place with the help of centrifugal force and the mobile phase is pushed 
through the stationary phase. When the centrifugal force is applied to the coil, 
which functions as a column the higher density liquid occupies the other end called 
the tail and the lower density liquid occupies the other end called the head. The 
CCC system can be operated in the normal- or reversed-phase mode depending on 
the selection of mobile and stationary phases and whether the mobile phase is 
pumped from tail to head or head to tail. The analytes are separated based on their 
differences in polarity. The number of different possible combinations of eluents 
is vast and the proper selection of eluents is crucial for the performance of the 
separation.23  

The use of two liquid phases instead of a solid stationary phase eliminates any 
potential irreversible absorption of the sample material to the stationary phase, and 
thus, enables the full recovery of analytes.7,8 The use of fresh solvents in each 
purification run, removes the need for pre-purification steps in the case of CCC, thus 
even crude extracts can be purified with CCC.24 There are many examples in utilising 
the CCC in the purification of PAs.25 The smaller oligomers, such as dimers can be 
individually separated26 and larger oligomers up to pentamers can be separated based 
on their DP as well27.   
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1.3 Analysis of proanthocyanidins 

1.3.1 Fundamental concepts of mass spectrometry 

Ionisation techniques 

In mass spectrometry (MS), the analytes are detected as negative or positive ions and 
the mass-to-charge ratio (m/z) of the analytes is recorded. Prior to the analysis, the 
analysed molecules are brought to gas phase and ionised. One of the most common 
ionisation techniques in the modern-day mass analysis of natural products is 
electrospray ionisation (ESI).28,29 ESI is considered as a soft ionisation technique, 
which means that the majority of analytes stay unfragmented during the ionisation 
and they are analysed as singly or multiply charged non-fragmented ions. Obviously, 
fragmentation can occur as well depending on the source conditions. By controlling 
the source parameters, even extensive fragmentation can be achieved with high cone 
voltage.29,30  

Matrix assisted laser desorption ionisation (MALDI) is also a commonly used 
ionisation technique, which produces intact ions. In this ionisation technique, the 
analytes are firstly absorbed in the matrix material, where they are eventually 
brought to gas phase and ionised via laser beam.31 MALDI is a popular ionisation 
technique in the analysis of large analytes, such as high DP PAs32 and PA–protein 
complexes33–35.   

Mass analysers 

Different mass analysers serve different functions. While some analysers are more 
suited in detailed structural analysis due to their high-resolution, some analysers are 
more fitted in quantitative analysis from trace level analyte concentration. One of the 
most useful instruments in the quantitative analysis of PAs is highly sensitive triple 
quadrupole (QqQ) instrument, which Engström et al29 utilised in group specific 
quantitation of PC and PD units. Also, ion trap analysers can be utilised in tandem-
MS mode.17,36 Common instruments in accurate structural analysis are for instance, 
orbitrap3 and quadrupole time-of-flight (QTOF)37 analysers, which are considered as 
high-resolution mass spectrometric (HRMS) instruments. 

ESI is a versatile ionisation source, which can be coupled to nearly any kind of 
mass analyser. It is often coupled to quadrupole (Q)28 or QqQ29 instrument, when 
utilised in PA analysis. It is also suitable to be connected with high-resolution ion 
trap 3,38 and TOF39 instruments. Since, the detection range of these analysers can be 
lower than the masses of the PAs with high DP, the multiply charged ions from the 
ESI source extend the detection range of large polymeric PAs. MALDI is often 
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coupled to TOF or QTOF mass analysers due to their broader detection area, and the 
analytes are detected as singly charged ions.32,33  

Tandem mass spectrometry 

The tandem mass (MS/MS) analysis can occur either in time or in space. The number 
of consecutive MS analyses per ion can be pointed out with a superscript (MSn). An 
example of an in space MS/MS analyser is QqQ, where the quadrupoles are located 
in line with each other and the separation of ions occurs with physically separate 
elements. In the in time tandem analysis, the separation is achieved over time within 
the same space. For instance, a quadrupole ion trap can perform in time tandem 
analyses. Tandem mass spectrometry enables the detection of precursor and product 
ions separately. There are multiple modes in which the tandem MS instrument can 
be operated. The mass analysers can either be locked to detect a single pre-set value 
or they can scan an m/z area. Such MS analysis, where the m/z values of both the 
precursor and the product ions have been pre-set, the analysis mode is called either 
single or multiple reaction monitoring (SRM and MRM) depending on the number 
of product ions. In SRM, only one precursor–product ion pair is monitored while in 
MRM multiple transitions are monitored at once. In daughter scan mode, the 
precursor ion is selected at the first mass analyser, then it is fragmented, and finally 
all product ions are recorded.40  

The first fragmentation in MSn can occur prior analyser in the ionisation source. 
In this manner, the desired fragmentation products from the ionisation source can be 
utilised as precursor ions and the fragmentation in the collision chamber produces 
fragments of fragments as was carried out by Engström et al.29 

1.3.2 Fragmentation 
In addition to the formation of singly and multiply charged ions, there are typical 
fragmentation patterns in the MS analysis of PAs (Figure 3). In quinone-methide 
(QM) fragmentation, the cleavage of flavan-3-ol units produces different m/z values 
for the extension (ex) and terminal (ter) units. This enables the quantitation of 
extension and terminal units separately and even the estimation of the mDP.29,41 In 
negative ionisation mode, the fragmentation of a B-type PA produces fragments at 
m/z 287 (PCex), 289 (PCter), 303 (PDex), and 305 (PDter). Another typical 
fragmentation pattern is retro-Diels–Alder (RDA) fragmentation, where the cleavage 
of a B ring occurs via the retro-Diels–Alder mechanism. Neutral losses of 136, 152, 
and 168 Da indicate, that the B ring was either mono-, di-, or trihydroxylated, 
respectively.17,36 In heterocyclic ring fission (HRF), a neutral loss of 126 Da is 
observed as compared to the [M−H]− ion.  
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Figure 3.  The fragmentation patterns of B-type proanthocyanidins.17,36 The abbreviations are as 

follows: HRF, heterocyclic ring fission; QM, quinone methide cleavage and RDA, retro-
Diels–Alder. 

1.3.3 Characterisation  
The determination of the molecular formula of PAs with the HRMS instruments is 
carried out based on isotopic patterns of the analysed ions. The isotopic patterns 
reveal the charge states of the ions thus enabling the accurate characterization of 
the molecular masses.19,28 The mass spectrometric analysis of PAs with high DP 
relies on the multiply charged ions in the mass analysis. The multiply charged ions 
enable the detection of PAs with high DP with accurate detectors for which the m/z 
range is usually lower than the molecular weight of the PAs (Figure 4).3,39 PA 
oligomers can be detected by their doubly to four-fold charged ions up to DP of 26 
with ESI-MS.39  
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Figure 4.  The series of signals caused by different oligomeric sizes and hydroxylation degrees of 

different proanthocyanidins (PAs) in high-resolution mass spectra. (A) The increments 
of procyanidin-rich (PC) B-type PAs as the degree of polymerisation (DP) increases. (B) 
The addition of 16 Da as the hydroxylation degree of the PA structural units increase. 
Figure adapted from Leppä et al (I). 

Since the PA oligomers and polymers isolated from a natural source usually contain 
a disperse mixture of PA molecules, the high-resolution mass spectra of the PAs 
exhibit as series of PA oligomers (Figure 4).32,42 The singly charged series of 
oligomeric B-type PCs is observed at m/z 577.13 + 288.06×n (DP ≥ 2).42,43 Similarly, 
doubly charged series of B-type PCs is found at m/z 576.13 + 144.03×n (DP ≥ 4), 
and triply charged series at m/z 959.87 + 96.02×n (DP ≥ 9), respectively. The B-type 
PAs consisting of only PD units are similarly observed as singly charged series of 
609.12 + 304.06×n (DP ≥ 2), doubly charged series of [M−2H]2− 608.12 + 152.03×n 
(DP ≥ 4), and triply charged series of 1013.19 + 101.35×n (DP ≥ 9). The disperse 
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nature of PAs extends the structural variation even within a single polymeric size. 
An increment of m/z 16.00 for singly, 8.00 for doubly, 5.33 for triply and 4.00 for 
four-fold charged ions illustrates the increase in the hydroxylation degree within 
fixed polymer size.  

In addition to the exact mass, even the location of an A-type bond can be deduced 
from the fragmentation patterns of PAs.3 The QM fragments reveal whether or not 
the A-type bond is located between the extension and terminal units or between two 
extension units. Lin et al.3 compared computational and experimental masses of 
several PAs to finally identify nearly 250 PA oligomers. The locations of A-type 
bonds were concluded from the fragmentation patterns in MSn.  

There are multiple attempts to utilise MS in the assessment of mDP of PAs. The 
direct estimation of mDP from the ESI-MS data can lead to the significant 
underestimation of the mDP of the studied PA mixture.39 This is due to the PAs with 
the highest DP not being visible in the ESI mass spectra. The conventional approach 
in the estimation of the mDP, is the depolymerisation of PAs prior analysis via acidic 
conditions accompanied by a nucleophilic agent such as phloroglucinol44 or thiol45. 
The depolymerisation products are then analysed via LC-MS and the extension and 
terminal units are quantified separately.45 An exceptional approach, which does not 
require the depolymerisation of the PAs prior analysis was introduced by Engström 
et al.29 They utilised UPLC-MS/MS combined with in-source QM fragmentation17 
to detect the terminal extension units of PCs and PDs and collision induced 
dissociation (CID) to verify the detection of these units via PC and PD specific 
fragmentation.29  

1.4 Bioactivity of proanthocyanidins 
PAs are a group of highly bioactive plant specialised metabolites. Their bioactivity 
becomes evident in multiple forms. For instance in agriculture, PA rich feeds have 
been witnessed to lower the burden of gastrointestinal nematodes (GIN) in 
ruminants46, improve the quality of milk47 and meat48,49 and lower the methane 
emissions from the rumen50. The mechanisms of the aforementioned favourable 
effects are not yet fully resolved, but certain characteristic features of PAs have been 
observed to play the key role for the activity. Also, certain chemical activities such 
as protein precipitation capacity (PPC) and oxidative activity may predict some other 
forms of bioactivity such as anthelmintic activity. This linkage has been studied in 
more detail in the case of HTs.51 
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1.4.1 Protein binding and precipitation 
The interactions between PAs and protein have been extensively studied for decades 
via multiple different experimental approaches.52–57 Hydrophobic interaction52,54,58, 
hydrogen bonding and aromatic stacking59 play an important role in the complex 
formation between PAs and proteins. The hydrophobic interaction has been 
proposed to be the dominant mode of interaction54,58,60, whilst the hydrogen bonding 
can be the secondary mode of interaction. These non-covalent interactions lead to 
the formation of non-covalent PA–protein complexes which can take either soluble 
or insoluble forms depending on the relative concentrations of the PA and the 
protein.61  

The complex formation is strongly affected by the structure of the PA55,57,62 and 
the protein63 as well as their concentrations and ratio in the solution62,64. Also, the 
reaction conditions such as pH65,66, ionic strength64 and solvent composition58 affect 
the reaction. The formation of non-covalent PA–protein complexes is favoured at a 
pH which is near the isoelectric point of the protein.66 In the case of bovine serum 
albumin (BSA), the optimal pH is at 4.5–5.0.65 

The PA–protein complexation consists of multiple steps including the coating of 
the surface of the protein by the PA molecules, the formation of cross-linkages and 
eventually precipitation.59,61 This means, that not all of the formed complexes are 
insoluble, but the amount of insoluble complexes depends on how actively the 
soluble complexes crosslink to each other forming the insoluble complex network.  
Few mechanisms for the formation of the cross-linkages have been proposed, some 
of which suggest that the network of PA–protein complexes is formed based on π–π 
stacking of the aromatic rings59 whereas another study suggests that the hydroxyl 
groups of the PAs form linkages via hydrogen bonding61.   

Due to the different conceptions of the complex formation mechanism, the 
importance of certain structural features of the PAs has been emphasised. The 
number of hydroxyl groups and the molecular size are clearly key functional factors 
in the PA–protein complexation. Many studies have shown that high DP or mDP 
increases the affinity of PAs towards proteins67 and also the formation of insoluble 
PA–complexes.56,57,68,69 In addition, the possible galloylation of flavan-3-ol units 
offers an extra binding site enhancing the level of complexation as compared to the 
non-galloylated flavan-3-ol units.62,70 In PD units, the additional hydroxyl group of 
the B ring should increase the probability of hydrogen bonding between the PA and 
protein and thus, improve the protein precipitation.61 Yet the experimental proof of 
elevated protein precipitation with higher PD proportions has been inconsistent.57,71  

From the hydrophobicity point of view, A-type bonding has been observed to 
favour the precipitation.60 The presence of an A-type bond increases the rigidity of a 
PA molecule72, and also, eliminates one hydroxyl group from the PA structure1 
increasing the hydrophobicity of the molecule. The increased hydrophobicity may 
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ultimately favour the complex formation more than the presence of hydroxyl groups, 
thus increasing protein binding and eventually precipitation. Also, the 3D structure 
of the PA structural units plays a key role in the precipitation. Cala et al.59 compared 
the PA–protein precipitation of PC dimers (B1, B2, B3, and B4) and a trimer (C2) 
and discovered that those PAs which did not favour intramolecular π–π stacking 
precipitated proline-rich protein more effectively.  

Insoluble complexes are visible and their amount in solution can be measured 
rather simply by observing the haze formation in the solution. The experimental 
design utilising the passage of light in the colloidal liquid is called turbidimetry.73 In 
turbidimetry, the elevated absorbance of light due to the higher amount of particles 
in the solution is measured. The loss of intensity of a light beam (λ = 290–410 nm) 
with a pre-set wavelength is measured as the light passes through a cuvette and the 
transmitted light is detected. Previously, the turbidimetric approach has been utilised 
in the complexation of both the HTs51,74 and the PAs57. 

1.4.2 Anthelmintic activity 
The drug-resistance of GINs has been increasing at an alarming rate during the last 
10 to 15 years. It is one of the most urgent threats of the modern-day agriculture75 
causing massive economic losses76. Anthelmintic effects of PA rich plant species has 
been witnessed by several researchers worldwide77,78 thus, the research interest 
towards tanniferous plants as parasitic controlling agents has increased substantially 
in the last decade.78–80  The potential anthelmintic activity of these plants has led to 
the suggestion of using these plants as nutraceuticals81,82 for treating the parasitic 
infections instead of synthetic drugs. PAs are particularly abundant in multiple plant 
species, which have been utilised as feeds or forage, such as Alfalfa, Sainfoin, Lotus, 
Lespedeza and clovers.78,83 The anthelmintic activity of these plants has been 
considered to originate from the condensed and/or hydrolysable tannins.83  

The anthelmintic assays can target different stages in the life cycle of the parasite 
from egg to adult worm. The nematodes go through larval development stages from 
L1 to L5, where the L3 stage is the infective stage. L3 larvae are covered with a 
protective sheath, which is exsheathed before the nematode can infect the target 
organ.84 Larval exsheathment assays are commonly used methods for the assessment 
of anthelmintic activity of the infective L3 stage larvae.85–87 For instance, the 
exsheathment inhibition activity of tannin rich extract has been observed with 
multiple nematode species such as Haemonchus. contortus, Trichostrongylus. 
colubriformis, Teladorsagia circumcincta, Cooperia oncophora, and Ostertagia 
ostertagi.88  

Another common approach, which targets on the L3 stage is the larval migration 
inhibition assay.89,90 There are different experimental approaches in the migration 
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inhibition assays. For instance, on a 96-well plate format a removable screen plate 
utilising 20 µm pore size has been observed to let the L3 larvae migrate through, yet 
it prevents the migrated larvae from falling back.91,92 Another functional approach is 
the use of solidified agar solution.89,93 The migration inhibition assay utilising agar 
has been successfully used with Ascaris suum L3 larvae (Figure 5). In this method, 
the larvae and agar in water are mixed together. After the agar has solidified, the 
larvae are let to migrate on top of the agar, where the migrated larvae are counted.89 
Even though, the A. suum is not a ruminant nematode, the larval migration inhibition 
assay with A. suum stage L3 larvae functions as a highly reproducible in vitro model 
system for variable nematodes.94,95  

 
Figure 5.  Stage L3 larvae of Ascaris suum in RPMI-1640 medium as seen by inverse light 

microscope.  

Remarkably, the similar structural features of PAs are linked to the anthelmintic 
activity as well as protein binding affinity and it has been proposed that the mode of 
action towards nematodes could take place via protein binding.87 Multiple studies 
have shown that the anthelmintic activity of PAs increase with their mDP and it 
seems to be the key factor for anthelmintic activity.83,89,90,96,97 The effectiveness of 
PD units over PC units has been observed as well both in the case of PA rich 
fractions98 and monomers99. Another PA structural feature increasing anthelmintic 
activity is the galloylation of the flavan-3-ol units.95,100 The effect of stereochemistry 
(cis/trans ratio) only had a minor effect on the activity slightly favouring cis 
enantiomers over trans enantiomers.97 Even though these generalisations have been 
agreed on by several researchers, the effect of the above listed structural features 
vary greatly in different nematodes, larval development stages and also depending 
on the plant sources of the studied PAs.97,98 
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1.4.3 Bioavailability 
In agriculture, PA rich feeds are usually preserved as hay, pellets or silage.83 
Therefore, in addition to the knowledge of direct effects of PAs, the faith of these 
compounds during preservation must be known as well. The feed treating practises 
include for example pelleting101 and ensiling102 and significant changes in the PA 
composition have been observed during these processes. In the plant material, the 
PAs can be in either extractable or non-extractable form.103,104 The non-extractable 
PAs can be bonded with protein or fiber.103,105 Significant changes in the PA 
composition and concentration have been observed after wilting, ensiling and 
pelleting of PA rich plant materials suggesting that some part of the extractable PAs 
are transformed into non-extractable form.101,106   

 
Figure 6.  Trifolium repens, a highly prodelphidin rich plant species. 

The preservation of plant material and the changes in the content and concentration 
of extractable and non-extractable PAs does not necessarily mean weaker 
bioactivity. For instance, pelleted sericea lespedeza has been successfully used to 
treat GIN infections in goats.107 Ramsay et al108 hypothesised, that the protein or fibre 
bound PAs could function in the small intestine as anthelmintics after dissociation 
from the complex.  

In addition to the complexation of PAs and protein or fibre during ensiling or 
other preservative processes, the complexation can take place in the digestive track 
of ruminants as well. For instance, PAs can form non-covalent PA–protein 
complexes with dietary proteins in rumen at neutral conditions (pH 6–7) and then 
decompose in the abomasum at acidic conditions (pH < 3.5) releasing the protein 
into the digestion.109,110 This could have implication for the protein digestibility.111   
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The interactions between PAs and macronutrients such as proteins or fibre are 
without a doubt complex field of study. The complexation can take place during the 
preservation process101,105,106 of feeds or in the digestive track of ruminants109,110. 
Different effects on the animal health such as modified protein digestibility111 or 
anthelmintic activities107 have been hypothesised to be caused by nutritional PAs. 
Still, more studies on this field are needed to better understand these interactions.  
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2 Materials and Methods 

2.1 Isolation and purification of proanthocyanidins 

2.1.1 Extraction 

Large scale extraction for proanthocyanidin purification 

Fresh plant material was collected into acetone (Figure 7) and macerated at 4°C for 
9–12 months. The collected plant species and tissues are listed in Table 1. After 
maceration, the plant material was ground and extracted 4 to 6 times with 4/1 
acetone/water (v/v). The extracts were brought to water phase and lyophilised.  

 
Figure 7.  Freshly collected plant material in acetone. Photo kindly provided by Anne Koivuniemi. 

Vicia faba samples 

The collected Vicia faba samples were crimped and ensiled in seven different 
treatments in three replicates each (see Table 1 in IV). Ensiled, dried and grinded 
Vicia faba seed samples (IV) were weighed (20.0 mg) and extracted with 1400 μl of 
4/1 acetone/water, v/v twice for 3 h. The first extract batch was added one day before 
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extraction and the samples were macerated at 4 °C overnight. The extracts were 
combined, brought to water-phase and freeze-dried. Prior UPLC-DAD-QqQ 
analysis, the samples were diluted with 1000 μl of water, shaken thoroughly and 
filtered with 0.2 μm PTFE syringe filters.  

Table 1.  The plant sources used in this PhD project. Table adapted from Leppä et al. (I) 

Plant species  Sephadex FR 6 compositions 

Latin name Plant tissue amDP bPC/PD ratio 
cEG 
(mol/mol) 

Aesculus hippocastanum L. leaves 4 99/1 - 

Trifolium medium L. flowers 9 99/1 - 

Rhododendron dichroanthum 
Diels. leaves 5 79/21 1.0 

Rhododendron 
schlippenbachii Maxim. leaves 6 78/22 1.3 

Larix sp needles 12 62/38 - 

Lotus corniculatus L. green brownish 
pods 14 45/55 - 

Lysimachia vulgaris L. flowers 20 27/73 - 

Pinus sylvestris L. needles 18 24/76 - 

Salix phylicifolia L. leaves 20 15/85 - 

Ribes alpinum L. leaves 19 3/97 - 

Trifolium repens L. flowers 18 2/98 - 
aMean degree of polymerisation (mDP) and bratio of procyanidin and prodelphinidin subunits  
(PC/PD) measured by UPLC-MS/MS29. cEstimated galloyl content in relation to proanthocyanidin 
content.   

 

2.1.2 Sephadex LH-20 fractionation 
The dried extracts (approx. 8–10 g) were dissolved in water and the insoluble 
impurities were removed by centrifugation and filtration (0.45 μm PTFE). The 
fractionation was carried out with Sephadex LH-20 column (40 × 4.0 cm 
Chromaflex®, Kontes) in step-by-step elution protocol (Table 2). Approximately 
500 mL of each Sephadex LH-20 fraction (FR) was collected and based on the colour 
of the column, some fractions were collected in two or more sub-fractions (Figure 
8). The fractions were brought to water-phase in vacuo and lyophilised. 
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Table 2.  The elution protocol of the Sephadex LH-20 fractionation.  

 
Figure 8.  The Sephadex LH-20 fractionation of Lysimachia vulgaris.  

2.1.3 Semipreparative purification 
The sixth Sephadex LH-20 fractions (FR 6) were used as source material in the 
semipreparative purification (Table 1). The detailed description of the 
semipreparative purification is given in Leppä et al. (I). In short, approximately 
125 mg of dried FR 6 material was diluted in 3 mL of water. The fractionation was 

Collected 
fraction (FR) 

Eluent composition 

FR 1 water 

FR 2 methanol/water 3/7 (v/v)  

FR 3 methanol/water 1/1 (v/v) 

FR 4 acetone/water 3/7 (v/v) 

FR 5 acetone/water 1/1 (v/v) 

FR 6 acetone/water 4/1 (v/v) 
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carried out with an HPLC instrument equipped with a 150 × 21.20 mm, Gemini® 
10 µm, C-18, 110A, Axia packed (Phenomenex) column.  

 
Figure 9.  Semipreparative fractionation of Rhododendron dichroanthum as (A) collected 168 sub-

fractions and (B) as seen with DAD trace at 280 nm. Figure B panel adapted from Leppä 
et al. supplementary material (II). 

The elution utilised acetonitrile (A) and 0.1/99.9 formic acid/water (v/v) (B) in 
gradient elution mode as follows: 0‒4 min, isocratic 8% A in B; 4‒32 min, 8‒55% 
A in B (linear gradient); 32‒35 min, 55‒80% A in B (linear gradient), 35‒80 min 
column wash and stabilisation. The flow rate was set to 12 mL min–1 and 
fractions (fr) were collected from 5 to 33 min (Figure 9). The elution of the PAs was 
detected with diode array detector (DAD) at 280 nm and every fourth fraction along 
the PA fingerprint was analysed with UPLC-DAD-QqQ and UPLC-DAD-Q-
Orbitrap. Approximately 25–35 fractions were analysed per each plant species 
resulting in total of 350 analysed fractions.  

2.2 Mass spectrometric analysis 

2.2.1 UPLC-DAD-QqQ 
The MS/MS analyses29,30 were carried out with a Xevo TQ triple quadrupole mass 
spectrometer (Waters Corp., Milford, MA, USA) coupled with an Aquity UPLC 
system (Waters Corp., Milford, MA, USA). Samples were analysed with a Waters 
Acquity UPLC BEH Phenyl column (1.7 μm, 2.1 × 100 mm Waters Corp. Wexferd, 
Ireland). Acetonitrile (A) and 0,1/99,9 formic acid/water (v/v) (B) were used as 
eluents in gradient elution protocol starting with isocratic 0.1% A in B for 0‒0.5 min 
followed by 0.1‒30% A in B linear gradient for 0.5‒5.0 min and 30‒45% A in B 
linear gradient for 5.0‒8.0 min following column wash and stabilization for 8.0–
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11.0 min. The flow rate was set to 0.5 mL min-1 and the UV (λ = 190–500 nm) and 
MS data was recorded at 0–8 min. Catechin solution (1 μg mL–1 in acetonitrile/0.1% 
formic acid (2/8, v/v)) was used to monitor the stability of the MS/MS response as 
described by Malisch et al.112 

Similar ion source parameters were used as described earlier (I) and the 
quantitative analysis of PC, PD and galloyls as well as the determination of mDP 
were carried out with the Engström method29,30 as described by Leppä et al. (II). In 
short, the integrated areas of galloyls were quantified against 1,2,3,4,6-penta-O-
galloylglucose. The PC, PD and mDP were quantified against previously prepared 
PA rich Sephadex LH-20 fractions with known PC/PD ratio and mDP. The PC 
standard was isolated from Tilia flowers (PC/PD 95/5), PD standard from Ribes 
nigrum leaves (PC/PD 1/99) and the mDP standards from Vaccinium vitis-idaea 
leaves, Calluna vulgaris flowers and Tilia flowers (mDP 2.2, 3.5, 3.6, 4.1, 6.0 and 
9.9).The integrations were carried out with Target Lynx software (V4.1 SCN876 
SCN 917 © 2012 Waters Inc.). 

In order to visualise the PA fingerprints effectively as a function of retention 
time (tR), the PA concentration in each time point was calculated with PC and PD 
calibration curves resulting in concentration-based corrected raw traces 
(concentration corrected abundance, CCA). Also, the estimated galloyl content in 
relation to PA content (EG) was calculated based on the quantitative results. The tR 
values of each analysed fraction was obtained from the peak top time. 

2.2.2 UPLC-DAD-Q-Orbitrap 
The HRMS analyses were carried out with quadrupole–Orbitrap instrument (Q 
ExactiveTM, Thermo Fisher Scientific GmbH, Bremen, Germany), which was 
coupled to a similar Aquity UPLC system (Waters Corp., Milford, MA, USA) as was 
used with the MS/MS analyses. The column used was an Acquity UPLC BEH 
Phenyl 1.7 μm, 2.1 × 30 mm. Acetonitrile (A) and 0.1/99.9 formic acid/water (v/v) 
(B) were used as eluents. The elution protocol at flow rate 0.65 mL min–1 started with 
0−0.1 min isocratic phase with 3 % A in B, following by 0.1−3.0 min linear gradient 
with 3−45 % A in B, and lastly finishing with 3.0−4.2 min column wash and 
stabilisation. The UV (λ = 190–500 nm) and mass (m/z = 200–3000, 
resolution = 70 000, automatic gain control = 3 × 106) data were recorded 
throughout the analysis and the analytes were detected as negative ions. The ion 
source parameters were as described in Leppä et al. (I). Thermo Xcalibur (version 
4.1) software was used in the analysis of data. The interpretation of the mass spectra 
was carried out with Qual Browser and the extracted ion chromatograms (EIC) were 
generated via Quan Browser at m/z range of 577.11–577.16 for dimeric PC dimers.  
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2.3 Turbidimetric assay 
The same every fourth fraction, which were analysed by UPLC-QqQ and UPLC-Q-
Orbitrap were measured for their protein precipitation capacity (PPC) via well-plate 
reader assay (II). Exactly 1400 µl of each fraction was lyophilised prior 
turbidimetric analysis. The samples were analysed in 5 to 0.4–fold concentration in 
comparison to the original fractions. The samples were diluted in water prior 
analysis. The absorbance at λ = 414 nm was measured via Multiskan Ascent (354, 
Thermo Electron Corporation) as follows. Equal volumes (75 µl + 75 µl) of sample 
or reference sample solution and bovine serum albumin (BSA) solution in pH 5 
buffer (0.05 M acetate supplemented with 60 μM ascorbic acid) were added into the 
wells and mixed with the well-plate reader. The absorbance was read 31 times in 1 
min intervals and the plate was shaken before every reading. Samples were measured 
in duplicates and the absorbance of the reference sample was deducted from the 
average absorbance of the samples. The PA concentrations of the samples measured 
with UPLC-MS/MS were taken into account in the calculations of results (II).  

2.4 Ascaris suum in vitro assay 

2.4.1 Proanthocyanidin samples 
The PA rich sample material for the in vitro studies was prepared by combining the 
semipreparative fractions, which were produced as previously described in this thesis 
(2.1 Isolation and purification of proanthocyanidins). To obtain enough sample 
material, 168 fractions of the collected PA fingerprint were pooled in 10 equal sub-
fractions based on their UV area at 280 nm, thus resulting in 111 fractions in total 
(11 plant species × 10 sub-fractions per plant = 111 pooled fractions). 

2.4.2 Nematodes 
The utilised stage L3 nematodes of Ascaris suum were hatched from the previously 
collected embryonated Ascaris suum eggs.113 The eggs were decoated upon 
collection with NaOH and stored at +4 °C in 1 M H2SO4.89 The eggs were washed 
3–4 times with Hank’s Balanced Salt Solution (HBSS) and they were hatched by 
grinding them gently with glass beads in HBSS at +37 °C, 5 % CO2 in air for 40–
60 min. The larvae were separated from the debris overnight via Baerman funnel in 
sterile HBSS at +37 °C, 5 % CO2 in air.  
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2.4.3 Migration inhibition and mortality assay 
The larval suspension was prepared from cell culture media (RPMI 1640 medium 
supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg mL−1 
streptomycin) and collected larvae. The larval concentration was set to 0.67 mL−1 
and 145 μL of larval suspension was dispensed into a 96-well cell culture plate. The 
tannin samples (3.0 mmol L-1 in DMSO/water for injection (WFI), 1/1, (v/v)) were 
added into the plates by mixing 5 μL of tannin solution into the larval suspension. 
Sample solvent (DMSO/WFI, 1/1, (v/v)) was used as negative control and 50 μg/mL 
ivermectin as positive control. PA and control samples were analysed in 8 replicates. 
The plates were kept at room temperature for the maximum of 15 min at a time to 
ensure the viability of the larvae. The PA and larvae were incubated overnight at 
+37 °C, 5 % CO2 in air.  

The larval count per each well was calculated under an inverted light microscope. 
The dead and living larvae were counted separately. After counting, 150 μL of 1.6% 
agar solution in water (45 °C) was added to each well by evenly mixing the agar into 
the larval suspension. Half of the agar–larvae mix was moved into a fresh cell culture 
plate and the agar was let to solidify for 10 minutes. Lastly, 100 µL of RPMI medium 
was added on top of the wells. The larvae were let to migrate overnight at +37 °C, 
5 % CO2 in air. The migrated larvae were counted on top of the agar with a direct 
light microscope. The larval counts of both plates were combined before results 
calculation. The migration inhibition activity (MIA-%) and larval mortality (LM-%) 
were calculated relative to the minimal and maximal migration obtained from the 
control samples.  

2.5 Statistical methods 
The statistical analyses were carried out with R(3.6.1)114 in RStudio (version 
1.2.5019)115 and the related graphics were produced via ‘ggplot2’ package116. The 
PPC results were analysed via Partial Least Squares Regression (PLSR) models with 
‘plsdepot’117 package in R. The details of the PLSR models are described in further 
detail in Leppä et al. (II).  
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3 Results and discussion 

3.1 Semipreparative purification of 
proanthocyanidins 

The width of the retention time (tR) windows of the collected semipreparative 
fractions differed significantly from that of the original PA fingerprints as compared 
with UPLC-DAD chromatograms at 280 nm (Figure 10). The width of the tR 
windows of the original PA material ranged between 2.0 and 4.5 min, whereas the tR 
windows of the semipreparative fractions ranged from 0.3 to 1.2 min (I). Figure 10 
shows, how efficiently the fractionation of L. vulgaris divided the original PA 
fingerprint into tens of individual PA fractions.  

Figure 10.  The UPLC-DAD (λ = 280 nm) chromatograms of every fourth semipreparative fraction 
of Lysimachia vulgaris between fraction number 35 and 115. Figure adapted from Leppä 
et al. (I).  
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3.2 Proanthocyanidin composition of 
semipreparative fractions 

3.2.1 UPLC-DAD-QqQ 
The MS/MS data revealed the structural features of PAs present in the 
semipreparative HPLC fractions, such as the proportion of PC and PD units as well 
as the mDP. Figure 4 (in I) shows the great divergence of different PA fingerprints 
obtained from eleven plant species. The isolated PA fractions ranged from nearly PC 
pure (See Figure 4, A–D in I) to nearly PD pure (Figure 4, S and T, in I). They were 
also different in molecular size (mDP 4–30) and retention time (tR 2–6 min). Even 
the most PC rich fractions (Figure 4, A–D, in I) had some variation in the mDP (4–
17) and retention time (3.5–6.0 min). For instance, T. medium fr 82 (See Figure 4B,
in I) and A. hippocastanum fr 116 (Figure 4C, in I) were similar in PC/PD and mDP,
yet their tR were 4.2 min and 5.5 min, respectively. One possible explanation for this
could be, that A. hippocastanum contained also A-type PAs, which elute at later
retention times than the B-type PAs.

Another interesting aspect about the isolated semipreparative PA fractions was 
their variability even within a single plant species. A comparison of L. vulgaris 
(Figure 11B) fractions 43 (PC/PD 11/89, mDP 19), 67 (PC/PD 36/64, mDP 23), and 
91 (PC/PD 68/32, mDP 27) showed that the PC/PD and mDP changed significantly 
at different retention times. The Sephadex FR 6 of L. vulgaris had a PC/PD of 27/73 
and mDP was 20 (Table 1). This means that, even PC rich fractions were isolated 
from originally PD-rich PA material. The PA composition of the semipreparative 
fractions varied significantly compared to the composition of the Sephadex LH-20 
material. This observation accentuates the vast complexity of the PAs produced by 
a single plant species. In the following chapter, the more detailed molecular 
composition of these fractions obtained with HRMS is described.  
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Figure 11.  A comparison of proanthocyanidin fingerprints of Lysimachia vulgaris (A) sixth 
Sephadex LH-20 fraction and (B) semipreparative fractions (fr) 43, 67 and 91. The 
figures were produced from UPLC-QqQ traces of procyanidin (PC, blue) and 
prodelphinidin units (PD, green) and the fingerprints are displayed as concentration 
corrected abundance (CCA).  

The quantitative analysis of the structural features (PC/PD, mDP) enabled the 
monitoring of the elution of different polymer sizes and PC/PD ratio over retention 
time. Four different type of plant species (Figure 12) were herein selected to illustrate 
the changes in the mDP and PC/PD over retention time. The mDP increased in T. 
medium (Figure 12A), L. vulgaris (Figure 12C), and R. alpinum (Figure 12D), but 
not in Larix sp., (Figure 12B) during the elution. The increase was relatively steady 
in PC rich T. medium (Figure 12A) and PC/PD mixture L. vulgaris (Figure 12C). In 
Larix sp. (Figure 12B), the mDP was lowest at the PA concentration maximum. This 
means, that the majority of the PA composition of Larix sp. consisted of relatively 
small oligomers. The mDP had a local maximum in those plant species, which had 
relatively homogenous PC/PD, T. medium (Figure 12A) and R. alpinum (Figure 
12D). In these plant species, the largest PAs eluted at the descending part of the PA 
fingerprint.  
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Figure 12.  Comparison of the semipreparative HPLC DAD traces (λ = 280 nm) and the structural 
features of proanthocyanidins such as the proportion of procyanidin (PC-%) and 
prodelphinidin (PD-%) units and the mean degree of polymerisation (mDP). The 
selected plant species for the comparison were (A) Trifolium medium, (B) Larix sp., (C) 
Lysimachia vulgaris, and (D) Ribes alpinum. Figure from Leppä et al. (I). 

The distribution of PD-% in Larix sp (Figure 12B) and L. vulgaris (Figure 12C) 
showed how the most PD rich PAs elute at the beginning of the elution and the PC 
rich ones at the end of the elution. The PD-% did not decrease steadily in these plant 
species, yet it increased again at late retention time. The reasoning behind this 
phenomenon is hypothesised below. Because PD units are considered more 
hydrophilic than PC units, the elution order should favour PD-rich PAs over PC rich 
ones in the RP system. This data however indicated that the PD content could 
increase during the elution. It is also known, that the larger PAs tend to elute later in 
the RP conditions. Our data also verified that the mDP increased during the elution. 
In addition, it is also known, that the high mDP is usually associated with high 
PD-%.83 Hence, it would seem, that during the elution, the competing forces of 
increased hydrophilicity due to the higher number of -OH groups and lowered 
hydrophilicity due to large molecular size find the balance during the elution and 
thus, the PD-% did not decrease linearly or mDP did not increase linearly either.  
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3.2.2 UPLC-DAD-Q-Orbitrap 
The more detailed interpretation of the high-resolution mass spectra can be found 
in Leppä et al. (I). Large proanthocyanidins tend to form multiply charged ions in 
the ESI source thus enabling the detection of high DP polymers.37 Depending on 
the DP, the PAs formed doubly (DP 4–11, Figure 13), triply (DP 10–20, Figure 13) 
and even four-fold charged ions (DP > 18, Figure 8C in I). Due to the multiply 
charged ions, certain patterns were observed in the mass spectra (Figure 13). In the 
case of PC pure samples, the PC pure oligomers and polymers were observed as at 
m/z 577.13 + 288.06×n for singly42,43, at m/z 576.13 + 144.03×n for doubly and at 
m/z 959.87 + 96.02×n for triply charged ions (Figure 13). In the case of PD pure 
samples, the PA oligomers and polymers were observed at m/z 609.12 + 304.06×n 
for singly, at m/z 608.12 + 152.03×n for doubly and at m/z 1013.19 + 101.35×n for 
triply charged ions, respectively. The symbol n (≥ 0) indicates the addition of one 
PC or PD unit, respectively. Systematic oligomeric series were observed within 
each polymer size as well. Within a single oligomer size, the increments of m/z 
16.00 for singly, 8.00 for doubly, 5.33 for triply and 4.00 for four-fold charged 
ions were observed. The increase in m/z was caused by the increase of the 
hydroxylation degree of the PA structural units. In conclusion, the different 
polymerisation and hydroxylation degrees of PAs give rise to these characteristic 
series of signals, which can be further used in the interpretation of the high-
resolution mass spectra of these compounds.  
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Figure 13.  High-resolution mass spectra of Lysimachia vulgaris semipreparative fraction 67 at m/z 
(A) 400–2250, (B) 950–1125, (C) 1005–1060, and (D) 1060–1120. The symbols indicate 
the charge state of the ions as follows, (●) black dot [M–H]–, (○) white dot [M–2H]2–, (▼)
inverted triangle [M–3H]3–. DP refers to degree of polymerisation. See Table 2 (in I) for
interpretations. Figure from Leppä et al. (I).

Differences between semipreparative fraction 67 (Figure 13) and 91 (see Figure 8 in 
I) of L. vulgaris demonstrated the changes in PA composition in fractions, which
were collected at different retention times. The semipreparative fraction 67 (Figure
13, See Table 2 in I) included a mixture of oligomers ranging from PC pure to PD
pure and the degree of polymerisation ranged between 4–17 subunits. The
semipreparative fraction 91 (Figure 8 and Table 3 in I) consisted mainly from PC-
rich oligomers and the polymerisation of the compounds ranged between 5–25
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subunits. Larger polymers were identified in the fraction 91 (mDP = 27) than in the 
fraction 67 (mDP = 23). These finding were in good accordance with the quantitative 
results from UPLC-MS/MS. 

In some plant species in some of the latest eluting semipreparative fractions, the 
oligomeric series of PAs were observed as what were herein proposed to be HRF 
fragments. In Ribes alpinum semipreparative fr 92, a doubly charged series of 
oligomeric PAs (DP 4–10) was observed as a series of [M−2H−126.03]2− ions 
(Figure 14, Table 3). The neutral loss of 126.03 Da corresponds to the HRF fragment, 
which is equivalent to the cleavage of A ring from the upmost extension unit.118 To 
my knowledge, this is the first time this type of series of fragmented oligomers has 
been observed.  

Figure 14.  High-resolution mass spectra of Ribes alpinum semipreparative fraction 92. The doubly 
charged ions [M−2H−126.03]2− of heterocyclic ring fission (HRF) fragments of oligomeric 
series of proanthocyanidin are marked in the spectrum. See Table 3 for interpretations. 
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Table 3.  Interpretations of the high–resolution mass spectrum of Ribes alpinum semipreparative 
fraction 92. The numbering of the oligomeric series refers to Figure 14. All interpreted 
signals were doubly charged heterocyclic ring fission (HRF) fragment ions 
[M−2H−126.03]2−. 

Oligomer 
m/z value of the 
most abundant 
[M−2H−126.03]2 
ion 

Measured 
accurate mass 
(amu) 

Mass error 
(ppm) 

Number of PC/PD 
units in the most 
abundant oligomer 

PC PD 

DP 4 537.10347 1202.25395 −0.67 1 3 

DP 5 689.13251 1506.31226 −0.69 1 4 

DP 6 833.16455 1794.37565 −0.19 2 4 

DP 7 985.19336 2098.43396 −0.49 2 5 

DP 8 1137.22058 2402.49226 −2.04 2 6 

DP 9 1297.24547 2722.54548 −3.06 1 8 

DP 10 1449.27312 3026.60379 −3.75 1 9 

Abbreviations used: amu, atomic mass unit; DP, degree of polymerisation; PC, procyanidin; PD, 
prodelphinidin; ppm, parts per million. 
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3.3 Protein precipitation capacity of 
proanthocyanidins 

3.3.1 Effect of structural features and retention time 
The bioactivity of the previously purified PA fractions was studied via a turbidimetry 
based well-plate reader method (II). The PPC is shown as a function of the mDP, 
PD-% and tR in Figure 15. The plant species are differentiated by different colours. 
The PPC increased linearly as a function of the mDP, whereas similar systematic 
patterns were not observed in the case of PD-% or tR. The linear correlation between 
PPC and mDP in the complete data set (r = 0.79, II) was strong and ascending. In all 
plant species, the correlation between PPC and mDP was linear and ascending, yet 
their correlation coefficients differed slightly (r = 0.68–0.93, except for P. sylvestris 
r = 0.27). For more detailed examination, the separate figures of each plant species 
are illustrated in Supplementary material of Leppä et al (II). The linear increase of 
activity as a function of the molecular size is in good accordance with the previous 
literature.56,57,68,69 The larger molecular size of PAs increases the probability of cross-
linkages56 between soluble PA–protein complexes thus resulting in formation of 
insoluble complexes.119 

Figure 15.  The correlation of protein precipitation capacity (PPC) as a function of the (A) mean 
degree of polymerisation (mDP), (B) retention time of fractions and (C) proportion of 
prodelphinidin (PD-%) of all studied plant species. Individual plant species are 
presented with different colours. The correlation of the complete data set was r = 0.79. 
Figure from Leppä et al. (II).  
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The correlation between PD-% and PPC were slightly negative in the majority of the 
samples. This was especially shown in the most PD rich plant species such as L. 
vulgaris (Figure S3,G in II), S. phylicifolia (Figure S3, I in II), R. alpinum (Figure 
S3,J in II) and T. repens (Figure S3,K in II). This is an interesting observation, as in 
theory the greater amount of hydroxyl groups should increase the probability of 
hydrogen bonding between PA and BSA and thus ought to increase the complex 
formation and eventually the precipitation of complexes.119 In this particular case, 
the high PD-% fractions were also low in mDP as compared to the other fractions 
isolated from the same plant. Therefore, they had lower activity due to smaller 
oligomer size than the fractions with lower PD-% and higher mDP. 

The distribution of PPC within the 2–7 min tR window was different in plant 
species, which were different in their PA composition. In order to compare the 
distribution of PPC and PA composition, the PPC curves as a function of tR were 
plotted over PA fingerprints (Figure 16).29,120  For instance, in PC rich plant species 
such as A. hippocastanum (Figure 16,A), T. medium (Figure 16,B) and R. 
dichroanthum (Figure 16,C) the activity increased at late tR. This means that the most 
PPC active compounds eluted mainly at the descending part of the PA fingerprint 
and the most active compounds were in minor concentrations.   

Especially in PD containing plant species, the PPC followed a second order 
polynomial curve as a function of tR (Figure 16). This was systematically observed 
with the most PD rich plants such R. alpinum (Figure 16,J) and T. repens 
(Figure 16,K). In these plant species, the compounds with the highest PPC eluted 
approximately 0.5 min after the concentration maximum thus indicating that the 
most abundant compounds were not the ones with the highest PPC.  

The distribution of PPC over 2–7 min tR area was rather irregular in those plant 
species, which contained more homogenous PC/PD ratio. For instance, Larix 
(Figure 16,E), L. vulgaris (Figure 16,G) and P. sylvestris (Figure 16,H) contained 
two PPC maxima as a function of the tR, whereas the PPC in L. corniculatus 
(Figure 16,F) followed a second order polynomial curve as in the case of PD rich 
plant species. Unlike in the majority of the plant species, in P. sylvestris the PA 
concentration maxima overlapped the PPC maxima suggesting that the most 
concentrated PA fractions were also high in PPC. In S. phylicifolia (Figure 16,I) the 
distribution of PPC was rather irregular. Both ascending and descending parts of the 
PA fingerprint had relatively high PPC, but the concentration maximum had 
relatively low PPC. 
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Figure 16. Multiple reaction monitoring fingerprints of proanthocyanidins (PA) with protein precipitation capacity results. Plant species are as follows: (A) 
Aesculus hippocastanum, (B) Trifolium medium, (C) Rhogfdddfgdgdfgdfgdgdgdfgdgdfgdgddfgdgdfgdgddodendron dichroanthum, (D) 
Rhododendron schlippenbachii, (E) Larix sp, (F) Lotus corniculatus, (G) Lysimachia vulgaris, (H) Pinus sylvestris, (I) Salix phylicofilia, (J) Ribes 
alpinum and (K) Trifolium repens. The abbreviations used are as follows: protein precipitation capacity (PPC), concentration corrected abundance 
(CCA), calculated concentration of procyanidins ([PC]), calculated concentration of prodelphinidins ([PD]). Figure from Leppä et al. (II). 
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Unexpectedly, both galloylated plant species R. dichroanthum (Figure 16,C) and R. 
schlippenbachii (Figure 16,D) had a completely different distribution of PPC over tR 
despite their similar PC/PD and mDP.  As earlier described, in R. dichroanthum the 
PPC increased while the tR increased. R. schlippenbachii was the only plant species, 
where the PPC systematically decreased at later tR. 

In conclusion, the maximal PPC cannot be necessarily estimated based on the 
PA fingerprint of the plants. In either extremely PC or PD rich plant species, the 
distribution of PPC was rather consistent, but in more heterogeneous PC/PD 
mixtures, the distribution patterns were merely irregular. Only in few plant species, 
the most concentrated PA fractions contained the highest PPC. In majority of the 
plants, the PPC maxima were either at the ascending, descending or both parts of the 
PA fingerprint. This means, that knowing the complete activity of the plant PAs is 
crucial. For example, by examining only the most concentrated fractions, the 
complete PPC of the plant species could be significantly underestimated.  

The statistical analysis of the turbidimetry results showed similar observations 
as was obtained via UPLC-MS/MS results (II). The results were analysed via Partial 
Least Square Regression (PLSR, Figure 17) and the same variables were included in 
the models as was studied above (mDP, PD-%, tR and EG). The tR was also included 
as quadratic variable (tR

2) in those plant species, where the distribution of PPC 
followed a second order polynomial curve as a function of tR (Figure 16). Retention 
time (tR and tR

2) and structural features of PAs (mDP and PD-%) explained 64.2 % 
of the measured variation of the PPC in the complete data set and the model was not 
over-fitted to this specific data set (Q2 = 0.614). The most significant variable for the 
PPC was mDP (regression coefficient 0.799) whilst the other variables were not 
significant. The relevance of mDP to the PPC was in good accordance with the 
UPLC-MS/MS results and previous literature.56,57,68,69 The plant species specific 
PLSR models explained 49.9–89.2 % of the measured variance of PPC and these 
models were not over-fitted either (Q2 = 0.378–0.858). More detailed examination 
of the relevant values such as regression coefficients, the coefficients of 
determination (R2X and R2Y) and cross-validated R2 values (Q2) are presented in 
Leppä et al. (Table 1, in II).  
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Figure 17.  The Partial Least Squares Regression correlation circles of (A) Aesculus hippocastanum, 
(B) Trifolium medium, (C) Rhododendron dichroanthum, (D) Rhododendron
schlippenbachii, (E) Larix sp, (F) Lotus corniculatus, (G) Lysimachia vulgaris, (H) Pinus
sylvestris, (I) Salix phylicofilia, (J) Ribes alpinum, (K) Trifolium repens and (L) all the
plant species. The abbreviations are as follows; protein precipitation capacity (PPC),
quadratic term of retention time (tR2), retention time (tR), mean degree of polymerisation
(mDP), prodelphinidin proportion (PD-%) and the estimation of the relative galloyl
content (EG). Figure from Leppä et al. (II).
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Another key observation from the PLSR models, which supported the UPLC-
MS/MS results was the similarities in regression coefficients in extremely PC or PD 
rich plant species. This means, that the PPC was caused by the same factors in those 
plant species, which contained similar PA compositions. For instance, in PD rich 
plant species R. alpinum (PC/PD = 3/97) and T. repens (PC/PD = 2/98) the similar 
correlation coefficients (see Table 1 in II) and the vector plots (Figure 17, J and K, 
respectively) showed that the PPC was caused by the same features out of which, 
mDP was the main factor increasing the PPC. On the other hand, in PC rich plant 
species A. hippocastanum (PC/PD = 99/1) and T. medium (PC/PD = 99/1) (Figure 
17, A and B) the increase in both mDP and tR increased the PPC significantly.  

The PLSR results also showed that the factors causing the PPC in galloylated 
and relatively homogenous PAs, were inconsistent as was already observed from the 
irregular distribution of PPC over tR in these kind of plant species. Nevertheless, in 
all of these plant species, the increase in mDP increased PPC. In plant species with 
variable PC/PD (Larix sp., L. corniculatus, L. vulgaris, P. sylvestris and S. 
phylicifolia, (Figure 17,E–I, Table 1 in II), the strength of the correlation between 
mDP and PPC varied greatly. Especially, in those plant species where the correlation 
was strong (L. corniculatus and L. vulgaris, regression coefficients 0.926 and 0.754, 
respectively) also the PLSR models explained the variation of the PPC better (L. 
corniculatus, R2 = 0.773 and L. vulgaris, R2 = 0.875) than in those plant species, 
where the correlation was weaker (Larix sp, P. sylvestris and S. phylicifolia, 
regression coefficients 0.650, 0.607 and 0.379 and R2 = 0.521, 0.611 and 0.526, 
respectively). This finding could indicate that there are probably other structural 
features in Larix sp, P. sylvestris and S. phylicifolia besides mDP and other factors 
measured in this study, which credited more to the PPC.  



Results and discussion 

45 

3.3.2 Fraction by fraction comparison of Ribes alpinum 
The comparison of individual fractions of R. alpinum showed how the PPC 
decreased at tR = 3.4–3.8 min (fraction numbers 64, 68 and 72, Figure 18). The high-
resolution mass spectra of these fractions revealed that the low PPC fraction 68 
contained dimeric PC, which was not observed in notable traces in fractions 64 and 
72. The extracted ion chromatogram (EIC) of dimeric PC (at m/z = 577.11–577.16)
showed that the decrease in PPC was completely opposite to the increase in the
abundance of dimeric PC in the fractions (Figure 18). This observation could indicate 
that the drastic decrease in PPC in these mainly PD rich, high mDP fractions was
caused due to the coelution of considerably smaller PC pure oligomer. This finding
emphasises the importance of understanding how differences in PA composition can
affect their total activity.

Figure 18.  UPLC-DAD chromatogram (λ = 280 nm) of Ribes alpinum (black line). The protein 
precipitation capacity (PPC, light green dots and line) and the peak areas of extracted 
ion chromatograms of the dimeric B-type procyanidin (EIC at m/z 577.11–577.16, dark 
green dots and line) are presented on top of the chromatogram. Figure from Leppä et 
al. (II). 
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3.4 Anthelmintic activity of proanthocyanidins 

3.4.1 Effect of structural features and retention time 
The anthelmintic activity of the purified PAs was studied via migration inhibition 
activity (IA-%) and larval mortality (LM-%) assays against Ascaris suum stage L3 
larvae (III). Both anthelmintic assays showed an increase in activity as the mDP 
increased (Figure 19). The IA-% followed a logarithmic curve as a function of the 
mDP (y = –23.3 + 36.6 × ln(x), R2 = 0.67, Figure 19A), whereas the increase in 
LM-% was linear (y = 4.41 + 0.601 × x, R2 = 0.28, Figure 19B). The results from 
LM-% (< 44%) showed in general lower activity values than IA-% (=0–100%), 
which is natural since, the migratory inhibitory activity is a sub-lethal activity 
measure and will emerge at lower PA concentration.   

Figure 19.  (A) Migration inhibition activity (IA-%) and (B) larval mortality (LM-%) of the studied 
proanthocyanidin samples as a function of mean degree of polymerisation (mDP). The 
proportion of prodelphinidins (PD-%) is illustrated as colour gradient (blue: PD-% = 100-
%, pink: PD-% = 0 %). Figure from Leppä et al (III). 

The PD-% was illustrated with a colour gradient in order to show the distribution of 
PC/PD composition over the activity range and different polymer sizes (Figure 19). 
In general, both activity measures showed that the mDP and activity increased as the 
PD-% increased. In other words, the fractions with low mDP and PD-% were the 
least active ones, whereas the high mDP and PD-% fractions were the most active 
ones. Figure 19A showed that the majority of the significantly inhibitive fractions 
(IA-% > 75 %) were high in PD-%. Also, the majority of the low mDP (< 10) 
fractions were solely PC rich.  

Figure 20 shows the distribution of IA-% and LM-% over the retention time area 
of the isolated fractions. As previously, the colour gradient was used to illustrate the 
PC/PD composition of the fractions and the size of the data points represent the mDP. 
The most inhibitory active fractions (IA-% > 90 %, Figure 20A) did not elute at a 
certain tR area, since their tR range covered tR = 2.8–5.3 min. On the other hand, it 
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seemed that the fractions with the lowest activity eluted relatively late at tR = 3.3–
5.5 min (Figure 20B). Since the LM-% values were lower than the ones of IA-%, the 
differences in activity were less distinctive. Nevertheless, the majority of the high 
LM-% (> 20%) fractions eluted relatively early (tR < 4.0 min). Figure 20 also 
intuitively shows how the elution of PC and PD rich fractions differed from one 
another. Generally speaking, the majority of PD rich fractions eluted at tR = 2.0–
4.0 min, whereas PC rich fractions eluted at tR = 3.3–5.5 min. This observation is in 
good accordance with the earlier literature.121 

Figure 20.  Migration inhibition activity (IA-%) and (B) larval mortality (LM-%) of the studied 
proanthocyanidin samples as a function of the retention time of the fractions. The 
proportion of prodelphinidins (PD-%) is illustrated with colour gradient (blue: PD-
% = 100-%, pink: PD-% = 0 %). The size of the bubbles illustrated the mean degree of 
polymerisation (mDP) of the fractions. Figure from Leppä et al. (III). 

3.4.2 Plant-by-plant comparison 
Figure 21 shows the plant species specific anthelmintic activities as a function of 
mDP (III). Figure 21A shows that the highest IA-% was measured for P. Sylvestris 
(IA-% = 88–99%), S. phylicifolia (IA-% = 50–93%), L. vulgaris (IA-% = 57–100%) 
and T. repens (IA-% = 67–99%). The same plant species were also efficient at the 
mortality assay, although P. Sylvestris (LM-% = 21–30%) and S. phylicifolia (LM-
% = 15–28%) were significantly more efficient than L. vulgaris (LM-% = 10–18%) 
and T. repens (LM-% = 15–23%) (Figure 21B). The fractions of T. repens were 
extremely PD-% rich (PD-% = 76–99%) while the variation in PD-% was greater in 
P. Sylvestris (PD-% = 47–85%), S. phylicifolia (PD-% = 8–93%) and L. vulgaris
(PD-% = 30–92%). The mDP of these plants were mDP = 11–30; 14–27; 14–25 and
11–39, respectively. In general, the isolated fractions of these plant species had a
high mDP and contained PD units at least to some extent.

On average, slightly lower activities were measured for Larix sp., L. corniculatus 
and R. alpinum, whose inhibitory activities were IA-% = 58–86%; 57–100% and 56–
82% and mortalities LM-% = 1–16%; 12–44% and 3–13%, respectively. The most 
likely explanation is their lower mDPs (mDP = 9–14; 10–21 and 11–25, 
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respectively) as compared to the most active plant species described in the previous 
paragraph. 

The plant species with the lowest activities were galloylated R. dichroanthum 
and R. schlippenbachii and very PC rich T. medium and A. hippocastanum 
(Figure 21). Their inhibitory activity was clearly lower (IA-% = 0–75%) than in 
other plant species and their mortality was rather low (LM-% = 0–15%) as well. One 
explanation for the low activity of these plant species could be their lower mDP (<10, 
Figure 21) or PD-% (0–40%, Figure S3 in III) as compared to the rest of the plant 
species. Previous studies have shown, that the galloylation of the flavan-3-ol 
subunits increases the anthelmintic activity99, which was not observed herein. 
Possible explanation for this could be the low galloyl content of the R. dichroanthum 
and R. schlippenbachii fractions, which was <1 (mol/mol) in the majority of the 
fractions (see Figure S7 in III).  

Figure 21. (A) Migration inhibition activity (IA-%) and (B) larval mortality (LM-%) of the studied 
samples as a function of the mean degree of polymerisation (mDP). The plant species 
are illustrated with different colours. Figure from Leppä et al (III). 

The low activity was not solely caused by low mDP. For instance, Figure 21B shows 
that the T. medium fractions had lower mortality (LM-% = 2–7%) in comparison to 
A. hippocastanum (LM-% = 2–14%) while the mDP of the T. medium fractions was
clearly higher. Both plants were also extremely rich in PC (T. medium PD-% = 1%,
A. hippocastanum PD-% = 1%). One possible explanation for this difference in
activity could be the substantially higher composition of A-type PCs in A.
hippocastanum as compared to T. medium (see Figures S9 and S10 in III). The A-
type bond between flavan-3-ol units alters the flexibility and water solubility of the
molecule thus affecting the interaction with proteins.2 In previous studies, the A-type
PAs have shown greater affinity towards proteins than B-type PAs.60 This finding
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supports the previous hypothesis that the anthelmintic activities of PAs are caused 
by their tendency to form complexes with proteins.87 

3.4.3 Linkage between protein precipitation capacity and 
anthelmintic activity 

Lastly, the estimated PPC values of each fraction was calculated based on the plant 
species specific PLSR equations with the non-standardised regression coefficients 
(Table S2 in II) and the estimated PPC values were mapped against hereby measured 
anthelmintic activity values (Figure 22). Both scatter plots resemble the previously 
shown Figure 19, where the activities were plotted against mDP. The IA-% increased 
logarithmically (y = −165 + 29×ln(x), R2 = 0.61, Figure 22A) and the LM-% 
increased linearly (y = 7.54 + 0.0012x), R2 = 0.17, Figure 22B) as a function of the 
estimated PPC with the used PA concentration. The correlation between mortality 
and estimated PPC was clear yet weak (R2 = 0.17). 

Figure 22. Measured (A) migration inhibition activity (IA-%), and (B) larval mortality (LM-%) as a 
function of the estimated protein precipitation capacity (PPC). 

Previous studies have suggested that the anthelmintic activity mechanisms might act 
through complex formation between PAs and proteins.87 The fact that similar 
structural features, such as large polymer size seem to increase both anthelmintic 
activity89,90 and protein binding56 has been the primary argument supporting this 
hypothesis. Also our results supported this theory even tough, our approach focused 
on measuring the amount of precipitated complexes (II). The formation of insoluble 
complexes is not the same as binding proteins, but they are merely the different 
stages of the same phenomenon.61 Also, other studies have shown the increase in the 
formation of insoluble complexes with high mDP55,57. Our results are in good 
accordance with the literature and further support the above described hypothesis 
about the mode of action.  
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3.5 Ensiling of Vicia faba 
In the comparison of different ensiling processes of Vicia faba seeds, the 
concentration of both soluble and insoluble PAs decreased during the ensiling 
process (see Table 5, in IV). After ensiling, the amount of remaining total PAs 
ranged between 33% and 94% and soluble PAs from 0% to 17%. The decrease was 
greatest in the salt treated seeds, where no traces of soluble PAs were found after 
ensiling and the amount of total PA was 33% from the original PA composition. The 
amount of total PAs in crimped faba bean was 10.9 g/kg dry matter (DM), out of 
which 3.1 g/kg DM were soluble PAs. The amount of total PAs after treatment varied 
from 3.6 to 10.3 g/kg DM, whilst the soluble PAs ranged from 0.0 to 0.54 g/k DM. 
The PD-% from the total PA fingerprint in crimped faba bean was PD-% = 69.9% 
(Table 2, in IV), which remained fairly stable in other treatments (PD-% = 68.3–
73.0%) except for salt (PD-% = 63.5%). The PD-% in the soluble PA fingerprint 
(PD-% = 64.9%) decreased slightly after ensiling (PD-% = 57.3–61.3%). The mDP 
of the soluble PAs decreased from 9.3 to 6.0–6.8 after ensiling. These observations 
show, that some structural features or chemical properties of PAs increase their 
probability to either form insoluble complexes with protein or fibre and thus be 
unavailable for extraction and analysis or degrade completely.101,108 Such features 
were for instance high mDP and PD structural units. 

The PA fingerprints remained rather similar after ensiling, except for a PC 
terminal unit peak at tR = 4.2 min, which emerged in all ensiled samples (Figure 23, 
B–H). The reason for this might be that, the small PC oligomers are more resistant 
to degradation or transforming into non extractable form. Other possible explanation 
could be that these small oligomers could be the degradation products of larger 
oligomers. The profiles of the PA fingerprints (Figure 23) remained rather similar 
after ensiling except for the salt treated seeds. This suggests that apart from the salt 
treated seeds, there were no drastic changes in the PC/PD composition of Vicia faba 
seeds. (IV)  
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Figure 23.  Multiple reaction monitoring traces of faba bean samples (A) before ensiling, (B) control, 
(C) control + water, (D) LABmix, (E) LABmix + water, (F) LABLuke, (G) formic acid and
(H) salt. The abbreviations are as follows PC ex, procyanidin extension unit; PC ter,
procyanidin terminal unit; PD ex, prodelphinidin extension unit; and PD ter,
prodelphinidin terminal unit. Figure from Rinne et al. (IV).
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4 Conclusions 

The semipreparative fractionation of PAs showed, that it was possible to obtain PA 
rich sub-fractions, which were drastically different from the composition of the 
original PA material. UPLC-MS/MS results showed that the mDP, PD-% and the 
retention time window of the PA rich sub-fractions differed significantly from the 
original PA composition. The more detailed examination of the PA composition via 
HRMS data verified these findings. Even such sub-fractions, which were isolated 
from the same plant material, contained completely different PA molecular 
composition. 

The protein precipitation capacity studies of these fractions highlighted the 
importance of polymer size to the PPC. Other structural features were important from 
the protein precipitation point of view as well, but the relevance of different factors 
differed significantly amongst tested plant species. The distribution of PPC within 
PA fingerprints was more consistent in those plant species, which were extremely 
rich in either PC or PD units. In such plant species, which contained a more 
heterogeneous mixture of PC and PC, the distribution of PPC was rather irregular.  

The anthelmintic activity measurement gave rather similar results as was 
obtained with the PPC study. The most significant structural feature of PAs 
increasing their anthelmintic activity were mDP and PD-%. In PC rich plant species, 
the A-type linkage between the flavan-3-ol units increased the activity substantially. 
Due to the similarities of both protein precipitation and anthelmintic activity results, 
these studies supported the hypothesis that the anthelmintic activities of PAs are 
caused by their interaction with proteins. 

The combination of highly refined PA fractions, accurate analytical tools and 
afore-described bioactivity assays offered bioactivity–structure relationship 
information in such detail, which has not been possible earlier. For instance, the 
distribution of protein precipitation capacity was analysed in different parts of the 
PA fingerprint, revealing which part of the fingerprint was active in each plant 
species. Also, the anthelmintic activity study showed that from both PC rich plant 
species of this study (A. hippocastanum and T. medium) the one, which contained 
mainly A-type PAs (A. hippocastanum) was substantially more active than the one 
containing more B-type PAs (T. medium).  Without the use of accurate mass 
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spectrometric measurements, the compound specific information of the studied 
fractions would have stayed unravelled. Therefore, the combination of methods 
utilised herein was crucial for the accuracy and high-quality of the results. 

 Finally, the ensiling experiments of Vicia faba showed that the concentration of 
total and soluble PAs decreased after ensiling. The decrease was the most significant 
in salt treated Vicia faba, where no traces of soluble PAs were found after ensiling. 
Possible explanations for the decrease in PA concentration were suggested to be due 
to the degradation of PAs or their transformation into non-soluble form. The 
knowledge of the faith of these compounds is crucial for the possible future 
utilisations of bioactive feeds as potent nutraceuticals.     

The results of this work offer highly useful information about the bioactivity–
structure relationships of PAs as well as tools for the purification of these 
compounds. The results also support previously suggested hypothesis about the 
possible mode of action behind anthelmintic activity of PAs. Even though many 
questions were answered during this project, some new questions still emerged. For 
instance, anthelmintic activity and protein precipitation behaviour of galloylated PAs 
were not consistent or in accordance with previous literature. Further studies with 
more focused set of PAs could perhaps offer the answer. All in all, the bioactivity–
structure interactions of PAs still remain as highly complex field of research area, 
where the interdisciplinary collaboration offers insightful new approaches and 
solutions to the complex dilemmas.  
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