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Abstract

Procyanidins are polymeric flavan-3-ones occurring in many plants with antioxidant and other 

beneficial bioactivities. Composed of catechin and epicatechin monomeric units connected by 

single carbon-carbon B-type linkages or A-type linkages containing both carbon-carbon and 

carbon-oxygen-carbon bonds. Their polymeric structure makes analysis of procyanidin mixtures 

always difficult. Evaluation of procyanidins according to degree of polymerization (DP) using 

HPLC is time consuming and at best has resolved polymeric families up to DP-17. To expedite 

studies of procyanidins, the utility of positive ion electrospray ion mobility-mass spectrometry 

(IM-MS) was investigated for the rapid separation and characterization of procyanidins in 

mixtures. Applying IM-MS to analyze structurally defined standards containing up to 5 subunits, 

procyanidins could be resolved in less than 6 ms not only by degree of polymerization but also by 

linkage type. A-type procyanidins could be resolved from B-type and both could be at least 

partially resolved from mixed-type procyanidins of the same DP. IM-MS separated higher order 

procyanidins with DP of at least 24 from extracts of cranberry. As DP increased, the abundances of 

multiply charged procyanidins also increased. During IM-MS of ions of similar m/z, the ion drift 

times decreased inversely with increasing charge state. Therefore, IM-MS was shown to separate 

mixtures of procyanidins containing at least 24 interconnected subunits in less than 16 ms, not 

only according to DP, but also according to linkage type between subunits, and charge state.
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INTRODUCTION

Procyanidins, a subgroup of the proanthocyanidins which constitute the second largest group 

of natural products after lignans (1), occur naturally in plant-based foods such as fruits, 

vegetables, nuts and grains (2-4). In addition to antioxidant activity, procyanidins have been 

reported to have antiviral, antibacterial, anti-inflammatory, and anticarcinogenic therapeutic 

benefits (5-11). Composed of catechin and epicatechin monomeric units, procyanidins are 

polymeric flavan-3-ols with two linkage types, the common B-type and the less common A-

type, between monomeric units (Figure 1). While B-type linkages consist of a single carbon-

carbon bond, the A-type linkage consists of a carbon-carbon bond in addition to a carbon-

oxygen bond between adjacent subunits

Mixed-type procyanidins contain combinations of B-type and A-type linkages between 

monomeric units (12,13). Furthermore, the polymeric chains of procyanidins are usually 

linear but can be branched. The incorporation of A-type linkages can add rigidity and 

stability to the compound (14). Due to the complexity of these molecules and their 

occurrence in mixtures, analysis can be challenging and separation using chromatographic 

approaches is nearly always time consuming.

Current approaches for procyanidin analysis include several modalities of liquid 

chromatography for separation followed by electrospray or MALDI mass spectrometry and 

NMR for structure elucidation (15-22). The primary limitations of these methods have been 

the time required for chromatographic isolation of procyanidins as well as the large amount 

of material required for NMR compared with mass spectrometry. Taking advantage of the 

selectivity, speed and sensitivity of mass spectrometry, we investigated the feasibility of 

using ion mobility spectroscopy instead of liquid chromatography for faster procyanidin 

separation coupled on-line with electrospray mass spectrometric analysis.

During ion mobility, separation of ions moving through an inert gas in a weak electric field 

depends on their mass, charge and shape (23-25). Separations can be achieved in 

milliseconds with ions of small collision cross sections traveling faster than larger ions and 

multiply charged ions travelling faster than ions of lower charge states. Different ion 

mobility techniques are available (26-28), and traveling wave ion mobility was utilized 

during this investigation (29,30). In addition to speed, another advantage of ion mobility is 

the ability to separate and distinguish isomers with similar mass spectra (31,32), which can 

be useful in studies of polymeric procyanidins. Rapid analysis and high sensitivity can make 

IM-MS ideal for the analysis of procyanidins.

MATERIALS AND METHODS

Materials

Procyanidin standards, which had been purified from cocoa, cinnamon, peanut skins, 

cranberries, and crab apples were obtained from Planta Analytica (New Milford, CT). The 

chemical structures of procyanidin standards were determined using mass spectrometry and 

NMR. Procyanidin mixtures, which had been partially purified from cranberry, were also 
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obtained from Planta Analytica. All solvents were HPLC-grade and were purchased from 

Thermo Fisher (Pittsburgh, PA).

Instrumentation

Positive ion electrospray ion mobility mass spectrometry was carried out using a Waters 

(Milford, MA) Synapt G1 quadrupole time-of-flight mass spectrometer equipped with 

travelling wave ion mobility. Individual procyanidins or mixtures were infused into the ion 

source in methanol/water (50:50, v/v) containing 0.1% formic acid using a syringe pump at 

a flow rate of 10 μL/min. Solutions of procyanidin standards and procyanidin mixtures from 

cranberry were prepared at 1 μg/μL. Instrument parameters were as follows: capillary 

voltage, 3.6 kV; sample cone voltage, 26 V; extraction cone voltage, 4 V; desolvation gas 

(nitrogen) flow, 500 L/h; trap collision energy, 6 V; transfer collision energy, 4 V; trap gas 

(argon) flow, 5 mL/min; source temperature, 120 °C; and desolvation temperature, 200 °C. 

The traveling wave velocity was held constant at 300 m/s while the wave height was 

increased from 10 – 30V. The IM gas was nitrogen at a flow rate of 20 mL/min. Data were 

acquired using Waters MassLynx software (version 4.1) and DriftScope software (version 

2.1).

RESULTS AND DISCUSSION

Positive ion electrospray IM-MS separation of procyanidins based on degree of 

polymerization was investigated using equimolar mixtures of linear B-type procyanidins 

(Figure 2). Epicatechin dimers, trimers, tetramers, and pentamers were each separated by up 

to a millisecond, while the drift time of the monomer was only slightly less than that of the 

dimer. Specifically, the drift times of monomeric epicatchin and dimeric procyanidin B1 

were 1.10 ms and 1.13 ms, respectively, while the drift times of trimeric procyanidin C1, 

cocoa tetramer D, and cocoa pentamer E were 1.71 ms, 2.62 ms and 3.60 ms, respectively. 

Although the epicatechin monomer and B-type procyanidin dimer B1 were only partially 

resolved by drift time using these IM-MS conditions optimized for higher order 

procyanidins, they could be distinguished easily by mass. Note that alternative IM-MS 

parameters could resolve epicatechin and procyanidin dimer B1 (data not shown), but these 

conditions were not optimum for resolving the higher order procyanidins. The most 

abundant signals for all procyanidins during positive ion electrospray corresponded to their 

sodium adducts, [M+Na]+, of m/z 313 (epicatechin), m/z 601 (procyanidin B1), m/z 889 

(procyanidin C1), m/z 1177 (cocoa tetramer D)), and m/z 1465 (cocoa pentamer E).

To assess IM-MS separation of procyanidins of different linkage types as well as different 

degrees of polymerization, a mixture of six compounds including peanut and cocoa dimers, 

trimers, and tetramers were analyzed (Figure 3). These compounds included A-type 

(procyanidin A1 and peanut trimer B), B-type (dimeric procyanidin B1, trimeric procyanidin 

C1, and cocoa tetramer D), and mixed A and B-type linkages (linear peanut tetramer E 

containing two A-type bonds and one B-type linkage) (Figure 1). All 6 procyanidins were 

resolved in less than 6 ms. B-type procyanidin dimers, trimers and tetramers were each 

separated by more than 1 ms, while A-type and B-type procyanidins of equal degrees of 

polymerization were partially resolved. For example, the B-type procyanidin cocoa trimer 
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C1 had a shorter drift time (2.9 ms) than did the A-type peanut trimer B (3.4 ms), and the 

linear B-type procyanidin cocoa tetramer D had a shorter drift time (4.1 ms) than did the 

mixed type peanut tetramer E (4.6 ms). The drift times of the linear B-type procyanidins 

were always smaller than the linear A-type and mixed type procyanidins of identical degree 

of polymerization (Figure 3). The extra bond between subunits of A-type procyanidins 

increased their rigidity compared with B-type procyanidins and thereby increased collision-

cross section and ion mobility drift time.

One branched procyanidin, parameritannin A1, containing 4 epicatechin subunits and one A-

type linkage (Figure 1), was evaluated using IM-MS in a mixture of linear B-type and 

mixed-type procyanidin tetramers (data not shown). The drift time of branched 

parameritannin was ~0.1 ms less than that of the linear B-type cocoa tetramer D, which was 

0.5 ms less that A-type peanut tetramer E (Figure 3). Although the compact branched 

structure of parameritannin resulted in a shorter drift time than those of linear procyanidins 

of comparable mass, the presence of one A-type linkage added rigidity to the structure 

resulting in a drift time only slightly shorter than the linear B-type cocoa tetramer D.

As an application of IM-MS to a complex botanical extract, a procyanidin-rich fraction of a 

cranberry extract was analyzed, and a two-dimensional heat map plot of m/z value vs drift 

time is shown in Figure 4. Singly-charged procyanidins were detected with degrees of 

polymerization up to 8 with drift times from 2 to 16 ms. Examination of the corresponding 

positive ion electrospray mass spectra indicated that the procyanidins in this fraction were 

predominantly mixed-type and contained only one A-type linkage per molecule (Figure 5). 

For example, the singly-charged procyanidin at a drift time of 12.6 ms was detected as a 

sodium adduct of m/z 1751 corresponding to a hexamer containing 4 B-type single bonds 

and 1 A-type linkage (Figure 5B).

Plotting m/z 1751 vs drift time revealed 3 distinct peaks at 5.6, 7.5 and 12.6 ms (Figure 5A). 

The peak with a drift time of 12.6 ms corresponded to a singly-charged mixed-type 

procyanidin hexamer. Based on differences of 0.5 Da (Figure 5C) and 0.3 Da (Figure 5D) 

between adjacent ions, the ions of m/z 1751 at drift times of 7.5 ms and 5.6 ms corresponded 

to doubly-charged and triply-charged procyanidins with degrees of polymerization of 12 and 

18, respectively. Although singly charged procyanidins were not observed for molecules 

with degrees of polymerization >8, electrospray formed doubly and triply-charged ions of 

higher degrees of polymerization up to at least 24 in this cranberry preparation. Furthermore, 

singly, doubly and triply-charged procyanidins of the same nominal mass were completely 

resolved from each other during ion mobility. Groups of singly, doubly and triply-charged 

procyanidins are indicated in the 2-D plot in Figure 4.

CONCLUSIONS

Procyanidin standards were used to demonstrate that IM-MS can resolve procyanidins by 

degree of polymerization as well as by linkage type. Furthermore, IM-MS may be used to 

separate and characterize procyanidins in milliseconds compared with minutes for LC-MS. 

In general, the higher the degree of polymerization of the procyanidin, the longer is the drift 

time; and B-type procyanidins have shorter drift times than do A-type procyanidins of 
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comparable degrees of polymerization. During electrospray, higher order procyanidins form 

multiply charged ions, and IM-MS drift times become shorter as charge state increases. The 

use of high-resolution mass spectrometry facilitates the determination of charge states of 

procyanidin ions during electrospray IM-MS analysis of complex mixtures.
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Figure 1. 
Chemical structures of procyanidin standards analyzed using IM-MS.
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Figure 2. 
Positive ion electrospray ion mobility drift time distributions based on degree of 

polymerization for a mixture of B-type procyanidins. A) epicatechin (monomer); B) 

procyanidin B1 (dimer); C) procyanidin C1 (trimer); D) cocoa tetramer D; and E) cocoa 

pentamer E. Note that these procyanidins were detected as sodium adducts, [M+Na]+.
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Figure 3. 
Positive ion electrospray IM-MS drift time distributions of A-type and B-type procyanidins 

by degree of polymerization as well as by linkage type. A) procyanidin B1 (B-type dimer), 

m/z 601; B) procyanidin A1 (A-type dimer), m/z 599 C) procyanidin C1 (B-type trimer), 

m/z 889 D) peanut trimer B (A-type), m/z 885; E) cocoa tetramer D (B-type), m/z 1177; and 

F) peanut tetramer E (mixed type), m/z 1173. Each procyanidin signal is shown as the 

singly-charged sodium adduct.

Rue et al. Page 9

J Mass Spectrom. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Positive ion electrospray IM-MS analysis of a cranberry extract plotted using DriftScope 

showing m/z value (y) vs drift time (x). Groups of abundant ions are indicated that were 

separated by charge state, [M+Na]+, [M+2Na]2+ and [M+3Na]3+.
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Figure 5. 
Computer-reconstructed selected ion drift time profile and corresponding mass spectra from 

the IM-MS analysis of the cranberry extract shown in Figure 4. A) Drift time profile for ions 

of nominal mass m/z 1751; B) mass spectrum of a singly charged procyanidin hexamer 

obtained at a drift time of 12.6 ms; C) doubly-charged procyanidin 12-mer at a drift time of 

7.5 ms; and D) triply-charged procyanidin 18-mer detected at a drift time of 5.6 ms.
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