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Abstract

Although procyanidins constitute a unique class of polymeric plant secondary metabolites with a 

variety of biological properties including potent antioxidant activity, structure determination has 

been challenging and structures of many complex procyanidins remain uncertain. To expedite the 

characterization of procyanidins, negative ion matrix-assisted laser desorption ionization high-

energy collision-induced dissociation tandem time-of-flight (MALDI-ToF/ToF) mass spectra of 20 

isolated procyanidins containing catechin and epicatechin subunits with degrees of polymerization 

up to five were obtained and evaluated. Structurally significant fragmentation pathways of singly 

charged, deprotonated molecules were identified representing quinone methide, heterocyclic ring 

fission and retro-Diels-Alder fragmentation. The interpretation of the tandem mass spectra for 

sequencing A-type, B-type, mixed-type, linear, and branched procyanidins is explained using 

specific examples of each.
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Introduction

Also known as condensed tannins, proanthocyanidins occur in a wide variety of botanicals 

and contribute astringent flavor to foods.1 Different plant species produce distinct mixtures 

of gallotannins, ellagitannins and condensed tannins.2,3 Based on the hydroxylation patterns 

of their monomeric flavanol units and the linkages between these units in oligomers/

polymers, proanthocyanidins can be divided into three types, one of the most common being 

procyanidins.4 The most widely studied procyanidins are dimeric procyanidin B and trimeric 

procyanidin C variants, both of which contain exclusively (+)-catechin and/or (−)-

epicatechin monomeric units. Categorized into A-type and B-type, depending on linkages 

between the monomeric subunits (Figure 1), B-type procyanidins are characterized by a 

single carbon-carbon interflavan bond between the C-ring of one subunit and the A-ring of 

the next, whereas A-type procyanidins have not only a carbon-carbon interflavan bond but 

also a carbon-oxygen linkage (Figure 1).

Procyanidins have mixed stereochemistry and varying degrees of polymerization which can 

produce different biological activities.5 For example, procyanidins are potent antioxidants 

and have been reported to demonstrate antibacterial, antiviral, anti-carcinogenic, anti-

inflammatory, as well as vasodilatory activities.6 It has been hypothesized that the free 

radical scavenging properties of procyanidins provide therapeutic benefits in preventing or 

treating cardiovascular disease, cancer, and urinary tract infections.7

Due to their complexity, the analysis of procyanidin mixtures is by no means 

straightforward. Various analytical techniques have been used for the analysis of 

procyanidins including nuclear magnetic resonance (NMR),6 circular dichroism,6 fast atom 

bombardment tandem mass spectrometry spectrometry,8 thermospray liquid chromatography 

mass spectrometry,9 electrospray liquid chromatography mass spectrometry,10–14 and 

matrix-assisted laser desorption ionization (MALDI) mass spectrometry.15−22 The structural 

elucidation of procyanidins using NMR is limited by the large amount of material that must 

be isolated prior to analysis compared with mass spectrometry, which has been used to 

identify procyanidins in mixtures at levels that are orders of magnitude lower than those 

required for NMR.13
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During positive ion electrospray MS/MS of procyanidins, structurally significant fragment 

ions have been reported that form through retro-Diels-Alder (RDA) reaction, heterocyclic 

ring fission (HRF), benzofuran forming (BFF) reaction, and quinone methide (QM) fission.
13,14 Despite the potential for electrospray to ionize high molecular mass procyanidins, the 

electrospray mass spectra of tannin mixtures are dominated by the lower molecular mass 

components, signal intensities diminish as polymer chain length increases, and the formation 

of multiply-charged oligomers complicates precursor ion selection for tandem mass 

spectrometric analysis.13

The ease of sample preparation, tolerance toward contaminants, simultaneous determination 

of mixtures, and rapid analysis of both low and high mass compounds help make MALDI-

TOF mass spectrometry ideal for the analysis of procyanidins.15–22 MALDI also forms 

predominantly singly-charged ions thereby simplifying data interpretation and facilitating 

the selection of precursor ions for MS/MS analysis.23,24 Although MALDI-ToF MS/MS 

should be ideal for procyanidin characterization and identification, few studies of 

procyanidins using MALDI have used tandem mass spectrometry and, among these, even 

fewer have used negative ion mode. Instead, most MALDI-ToF mass spectrometric studies 

of procyanidins have used positive ion analysis to measure adducts with sodium, potassium, 

silver, or cesium.13–21 In this study, we established that negative ion MALDI forms abundant 

deprotonated molecules of procyanidins, eliminates the need for alkali metal cationization, 

and in combination with tandem mass spectrometry, forms a variety of structurally 

significant fragment ions. Overall, negative ion MALDI-ToF/ToF mass spectrometry 

provides simple determination of the degree of polymerization as well as the type of linkage 

between subunits for the rapid characterization of procyanidins from natural sources.

Materials and Methods

Materials. Procyanidins, which had been purified from cocoa, peanut skins, cinnamon, and 

crab apples, were obtained from Planta Analytica (New Milford, CT). The structures of all 

20 of these procyanidins had been determined using mass spectrometry and NMR.25 The 

MALDI matrix, 2,5-dihydroxybenzoic acid (DHB), was purchased from Sigma-Aldrich (St. 

Louis, MO). All solvents were HPLC-grade and were purchased from Thermo Fisher 

(Pittsburgh, PA).

MALDI-ToF/ToF mass spectrometry. The DHB matrix was prepared at 15 mg/mL in 50% 

methanol (aqueous) and 0.1% trifluoroacetic acid. Each procyanidin solution (in 50% 

aqueous methanol) was mixed with the matrix solution (1:9; v:v), and 1 μL was deposited 

onto a ground stainless steel 384-density MALDI plate and allowed to air dry. Negative ion 

MALDI mass spectra and tandem mass spectra were acquired using an 

ultrafleXtremeToF/ToF mass spectrometer (Bruker Daltonics, Billerica, MA) in reflector 

mode. For single-stage mass spectrometry, the ion source 1 voltage was −20 kV, the ion 

source 2 voltage was −17.85 kV, the lens voltage was −7.5 kV, the pulsed ion extraction 

delay was 150 ns, the reflector voltage 1 was −20.8 kV, and reflector voltage 2 was −10.8 

kV. The UV laser power was set to 10% above the ionization threshold, and the number of 

accumulated laser shots ranged from 1000 to 7000 depending on signal strength at a 

frequency of 2000 Hz.
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During MS/MS, collision-induced dissociation was carried out using argon at 9.0 × 10−6 

Torr, the ion source 1 voltage was −7.5 kV, ion source 2 voltage was −6.75 kV, the lens 

voltage was −3.5 kV, the pulsed ion extraction delay was 200 ns, the reflector 1 voltage was 

−29.5 kV, and the reflector 2 voltage was −14 kV. The laser power for MS/MS was set 25% 

above the ionization threshold, the number of accumulated laser shots ranged from 1500 to 

4000 depending on signal strength of fragment ions, and the UV laser was operated at a 

frequency of 1000 Hz.

Results and Discussion

Negative ion fragmentation pathways of procyanidins

Negative ion MALDI ToF mass spectrometric analysis produced abundant deprotonated 

molecules of all 20 procyanidins (Table 1; Figure 2). The number of catechin and 

epicatechin subunits (degree of polymerization) in each molecule ranged from two to five 

based on the measured masses of the deprotonated molecules. Negative ion MALDI was 

selected over positive ion mode because the signal was concentrated into one abundant 

deprotonated molecule instead of being distributed among mixtures of [M+H]+, [M+Na]+, 

and [M+K]+ adducts, which have been reported for not only positive ion MALDI21 but also 

for positive ion fast atom bombardment8 and electrospray.12 In addition, no doping with 

cations of sodium, potassium, or cesium was necessary, as had been reported for positive 

MALDI mass spectrometry of procyandins.23,26

Using high-energy collision-induced dissociation with negative ion tandem mass 

spectrometry, cleavages between monomeric subunits formed three types of class-

characteristic and structurally significant product ions consisting of quinone methide (QM) 

(Figure 1), heterocyclic ring fission (HRF) (Figure 3), and retro-Diels-Alder (RDA) (Figure 

4) fragment ions. These three procyanidin fragmentation pathways have also been reported 

to occur during positive ion electrospray tandem mass spectrometry of procyanidins.13,14 It 

should be noted that benzofuran formation, which occurs during positive ion MS/MS with 

collision-induced dissociation, was not observed using negative ion MALDI ToF/ToF mass 

spectrometry. These new data are significant because reports of MALDI ToF/ToF analysis of 

procyanidins are rare in the literature, and also because most previous papers utilized only 

positive ion mode. For example, Saldanha et al.27 used positive ion MALDI-ToF/ToF 

tandem mass spectrometry to characterize procyanidins up to six flavan-3-ol units in length. 

Sodium ions were added to enhance cationization, and although RDA fragmentation was 

observed, no HRF or QM fragment ions were described.

Every procyanidin tested formed fragment ions via the QM pathway that facilitated the 

identification of A-type and B-type linkages (Table 1). QM fragmentation cleaves both of 

the inter-subunit bonds of A-type procyanidins and the single bond between subunits in B-

type procyanidins, so that the resulting fragment ions may be used to indicate the number of 

A-type and B-type linkages between monomeric subunits (Figure 1). During QM 

fragmentation, a diquinone will form in A-type procyanidins generating two possible 

product ions (Figure 1). B-type procyanidins form a single quinone resulting in two possible 

product ions, but the QM product ion containing the quinone will differ from the 

corresponding A-type diquinone ion by 2 Da (Figure 1). Examples of QM fragmentation 

Rush et al. Page 4

J Agric Food Chem. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



include the pairs of ions of m/z 285/575 and m/z 571/289 for the A-type procyanidin peanut 

trimer B (Figure 2A) and m/z 287/577 and m/z 575/289 for the B-type procyanidin C1 

(Figure 2B). Mixed-type procyanidins such as the trimer cinnamtannin B1 form 

combinations of QM fragment ions corresponding to cleavages of both A-type and B-type 

linkages (Table 1).

A second structurally significant fragmentation pathway for deprotonated procyanidins is 

heterocyclic ring fission (HRF), which results in the elimination of 1,3,5-trihydroxybenzene, 

[M-H-126]−, from both A-type and B-type compounds (Figure 3). Examples of HRF 

fragmentation include the ions of m/z 739, m/z 451 and m/z 413 in the product ion tandem 

mass spectra of procyanidin C1 (B-type), m/z 735, m/z 449 and m/z 411 for the peanut 

trimer B (A-type), and m/z 737, m/z 451, and m/z 411 for the mixed-type procyanidin 

cinnamtannin B1 (Figure 2). In some cases, deprotonated 1,3,5-trihydroxybenzene was 

detected at m/z 125 (Figure 2). Additional examples of HRF fragmentation are summarized 

in Table 1.

Retro-Diels-Alder (RDA) reactions are a third structurally significant procyanidin 

fragmentation pathway occurring during negative ion MALDI tandem mass spectrometry 

(Figure 4). For these B-type procyanidins composed of catechin and epicatechin subunits, 

RDA fragmentation was characterized by elimination of hydroxyvinyl benzenediol, [M-

H-152]−, as well as loss of an additional molecule of water, [M-H-152–18]− (Table 1 and 

Figure 4). A pair of RDA fragment ions 18 u apart were observed for each B-type linkage in 

the procyanidin. For example, procyanidin C1, which contained two B-type linkages, formed 

ions of m/z 713/695 through RDA fragmentation and m/z 425/407 by RDA fragmentation of 

the QM product ion of m/z 577 (Figure 2B). Instead of forming pairs of RDA fragment ions 

18 Da apart, A-type procyanidins formed single fragment ions, [M-H-168]− (Figure 4). For 

example, the A-type procyanidin dimers procyanidin A1 and procyanidin A2 formed a 

single RDA fragment ion of m/z 407, and the A-type peanut trimer B formed the single 

RDA fragment ion of m/z 693. RDA fragmentation of mixed-type procyanidins formed pairs 

of RDA ions for each B-type linkage but no RDA fragment ions for A-type linkages. As an 

example, mixed-type cinnamtannin B1 eliminated hydroxyvinyl benzenediol to form an 

abundant ion of m/z 711 plus a less abundant ion of m/z 693 corresponding to an additional 

loss of water (Figure 2C and Table 1).

Combinations of three fragmentation pathways (QM, RDA and HRF) contributed to the 

formation of the product ion of m/z 299. Observed in abundance for most mixed-type 

procyanidins (Table 1), this ion was formed by a QM A-type elimination of 286 u, RDA B-

type loss of 152 u, and HRF elimination of 126 u. Examples included cinnamtannin B1 

(Figure 2C), cinnamtannin D1, lindetannin, aesculitannin B, parameritannin A1, 

cassiatannin A, peanut trimer A, and peanut trimer C. The product ion of m/z 299 was below 

the limit of detection for the A-type and B-type procyanidins, and for the mixed-type 

procyanidins peanut trimers D, E and F.

Sequencing procyanidins using negative ion MALDI ToF/ToF

Based on the mass of the singly-charged deprotonated procyanidin formed during negative 

ion MALDI mass spectrometry, the total number of catechin and epicatechin subunits and 
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the number of A-type and B-type linkages plus branching may be established. Next, 

determining the A-type or B-type bonding between procyanidin subunits may be 

accomplished by inspecting the QM fragment ions. Confirmatory data may be obtained by 

inspecting the HRF and RDA fragmentation of A-type and B-type procyanidins, which also 

show significant differences as noted above. By combining all this information, A-type, B-

type, mixed-type, and branched procyanidins may be sequenced.

Sequencing linear procyanidins with only A-type or B-type linkages is straightforward, 

mixed-type linear procyanidins are more complicated, branched procyanidins are even more 

challenging, and sequencing mixed-type branched procyanidins are the most challenging. 

Beginning with a mixed-type linear example, the negative ion MALDI ToF/ToF mass 

spectrum of peanut tetramer E formed a deprotonated molecule of m/z 1149.217, which, 

based on mass alone, corresponds to four catechin/epicatechin subunits connected by 2 A-

type and 1 B-type linkages. The RDA fragment ion of m/z 997 and its corresponding ion 

formed by an additional loss of water (m/z 979) confirm that peanut tetramer E contains one 

B-type linkage. The HRF fragment ion of m/z 411 indicates that the first linkage (connecting 

the middle A-ring of the first subunit to the C-ring of the second subunit) is A-type. Based 

on a deprotonated molecule of m/z 1149 and the QM series of fragment ions of m/z 863, m/z 
575 and m/z 289, the initial linkage is confirmed to be A-type (ΔM 286), the middle linkage 

is B-type (ΔM 288), and the terminal linkage is A-type (ΔM 286). The complementary QM 

fragment ion series of m/z 285, m/z 573 and m/z 859 confirm that the initial linkage is A-

type, the middle linkage is B-type (ΔM 288), and the terminal linkage is A-type (ΔM 286). 

Additional product ions in the negative ion MALDI tandem mass spectrum of peanut 

tetramer E included m/z 449/447 and m/z 737, which were formed by a combination of HRF 

and QM fragmentation.

As a more complicated example, the deprotonated, mixed-type branched procyanidin 

parameritannin A1 (Figure 5), was measured at m/z 1151.235, which for a linear 

procyanidin would correspond to four catechin/epicatechin subunits and perhaps two A-type 

and one B-type linkage. However, the observation of two pairs of RDA fragment ions of m/z 
999/981 and m/z 711/693 indicates the presence of two B-type linkages instead of just one. 

Therefore, this procyanidin must be branched to account for the missing two hydrogen 

atoms and contains two B-type linkages and one A-type linkage. The HRF ion of m/z 1025 

is consistent with a mixed procyanidin containing one A-linkage and two B-linkages, and 

the HRF fragment ion of m/z 451 indicates that the bottom linkage is B-type. The most 

abundant QM ion of m/z 863 (ΔM 288) is consistent with loss of a B-type fragment. 

However, the next most abundant QM ion of m/z 573 is too low in mass to be a typical A-

type or B-type fragment ion, and no ions of m/z 575 or m/z 577 were detected. Therefore, 

the second catechin/epicatechin subunit is in the middle and serves as a branch point (Figure 

5).

Requiring no chromatographic separation step, MALDI ToF/ToF mass spectrometry is 

inherently fast and provides structural information for procyanidins that includes not only 

the number of A-type and B-type linkages but also their locations in the oligomer. Negative 

ion MALDI procyanidin ToF and ToF/ToF mass spectra are easier to interpret than positive 

ion mass spectra, due to the signals being concentrated in the deprotonated molecules 
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instead of distributed among several cationized species,13,14 and because only QM, RDA 

and HRF pathways but no benzofuran forming product ion species are produced. Negative 

ion MALDI ToF/ToF mass spectrometry facilitates the rapid and nearly complete structure 

determination of oligomeric procyanidins and need only be complemented by specific NMR 

experiments to determine stereochemistry and confirm structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Quinone methide fragmentation of procyanidin dimers with A-type (procyanidin A2) and B-

type (procyanidin B2) linkages.
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Figure 2. 
Comparison of negative ion MALDI-ToF/ToF mass spectra of procyanidin trimers with 

different types of bonding between the catechin/epicatechin subunits. (A) A-type 

procyanidin trimer with two bonds between monomeric subunits. (B) B-type procyanidin 

trimer with one bond between the subunits; and (C) mixed type procyanidin trimer with both 

A-type and B-type bonds between subunits.
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Figure 3. 
Heterocyclic ring fission fragmentation of procyanidins results in elimination of 126 Da 

from compounds containing A-type (procyanidin A2) and/or B-type (procyanidin B2) 

linkages.
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Figure 4. 
The retro-Diels-Alder fragmentation pathway for (A) A-type procyanidins; and (B) B-type 

procyanidins.
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Figure 5. 
The connectivity of catechin/epicatechin subunits within the mixed, branched procyanidin 

tetramer parameritannin A1.
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