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Abstract

The analysis of procyanidins in crude chocolate extracts by reversed-phase high-performance liquid chromatography
(HPLC) with electrospray ionisation mass spectrometry (MS) is described in this report. Catechin monomers and
procyanidin oligomers (dimers to hexamers) were identified according to the mass of the single charged pseudomolecular ion
(IM=H]"). Identification was further confirmed by collision-induced dissociation MS-MS analysis, which in addition,
permitted the identification of double charged pentameric, hexameric, and heptameric ions. This study demonstrates the
capability of the combination of HPLC and modern ion trap mass analysers to significantly reduce sample preparation and
analysis time in combination with high specificity and structural information for compound identification. O 2001 Elsevier

Science BV. All rights reserved.
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1. Introduction

Polyphenols are naturally occurring compounds
produced in the secondary metabolism of many
plants, which are widespread in nature. They occur
in a variety of food, such as fruits, vegetables, nuts,
seeds, beverages and even some manufactured food,
as a compound of the natural ingredients used [1].
Cocoa is particularly rich in polyphenols (6—8%,
w/w, of the dry bean), the predominant polyphenols
being the catechins (flavan-3-ols) and procyanidins
as the oligomeric and polymeric catechins (Fig. 1)
[2].

Physiological effects of cocoa polyphenols on the
human organism, such as antioxidative, anti-
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atherogenic, anti-inflammatory and immune-modu-
lating have been subjects of a number of both in
vitro and in vivo studies [3-14]. We have recently
presented a review discussing the possible contribu-
tion of polyphenols in chocolate to human health
[15]. Since then, the research on putative health
effects has focused on the effects of single
procyanidin fractions demonstrating specific physio-
logical effects for some of the higher oligomeric
fraction whereas the lower appeared to have no or
less activity [5,10-14].

Thus, due to their possible beneficial implications
in human health, there is a growing scientific and
commercial interest to determine not only the
procyanidin content in total but also the content of
specific oligomers in cocoa products as well as in
other food products. The method commonly used is
high-performance liquid chromatography (HPLC),
although other techniques such asthin-layer chromato-
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Fig. 1. Polyphenols typically found in chocolate.

graphy (TLC) [16] and capillary electrophoresis
[17,18] have been used as well. The two monomeric
flavan-3-ols catechin and epicatechin in chocolate
and other cocoa products have been identified and
quantified by reversed-phase (RP) HPLC with UV
and fluorescence detection, respectively [19-22].
Although monomers and small oligomers may be
separated from polymeric procyanidins by RP-
HPLC, the latter appear as a broad unresolved peak
in the UV or fluorescence detector towards the end of
the chromatogram. Therefore, a method based on
HPLC using a normal-phase silica column and a
gradient of dichloromethane—methanol—formic acid—
water mixtures has been developed to separate
oligomeric and polymeric procyanidins on a molecu-
lar mass basis [23]. Procyanidin oligomers (dimers
through pentamers) have been monitored at 280 nm,
fractions collected over severa runs and the
procyanidins identified by thiolysis as described
previously [16,24]. With the recent developments of
interfacing and ionisation technologies for liquid
chromatography, such as continuous flow fast atom
bombardment (CF-FAB or flow FAB), thermospray
(TSP), particle beam (PB), atmospheric pressure
chemical ionisation (APCI), and electrospray ionisa
tion (ESI), as well as advances in computer tech-
nologies, mass spectrometry (MS) coupled to HPLC
has become a powerful tool in on-line detection and
identification [25]. ESI as a soft ionisation technique
producing only pseudomolecular ions with almost no
fragmentation has become the technique of choice
for the analysis of polyphenols by HPLC-MS. The

modified hormal-phase HPLC method [23] has been
applied coupling the HPLC system to a quadrupole
mass analyser with an ESI interface for the identifi-
cation of procyanidins in chocolate and fresh cocoa
beans, respectively [26]. Catechin monomers and
procyanidin oligomers have been identified due to
the mass-to-charge ratio (m/z) of their single or
multiple charged pseudomolecular ions in the nega-
tive ion mode. However, neither the HPLC sepa-
ration nor the MS allowed for the determination of
stereoisomers, such as catechin and epicatechin both
having the same retention time and mass-to-charge
ratio of the pseudomolecular ion. In addition, the
identification of compounds due only to their corre-
sponding pseudomolecular ions can be difficult in the
presence of interfering matrix compounds showing
the same mass-to-charge ratios of their respective
pseudomolecular ions. As a consequence, the sample
preparation still required a solid-phase extraction
(SPE) step to remove interfering sugars. Moreover,
the analysis time of 70 min per sample is rather long
and the method requires the use of toxic chlorinated
solvents that are considered to be an ecological
hazard [27].

The objective of the work described here was to
develop a RP-HPLC—-MS method capable of separat-
ing and tentatively identifying procyanidins in
chocolate in a reasonably short analysis time and
with a minimum of sample preparation. This was
achieved by the use of a modern ion trap mass
analyser that alows not only for the detection of
pseudomolecular ions but also of specific fragments
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of these ions due to collision-induced dissociation
(CID) reactions with helium in the mass anayser.
This study includes MS and MS-MS analysis of
cocoa procyanidins with an ion trap and ESI in the
negative ion mode as well as the investigation of the
presence of multiple charged species by determi-
nation of the isotopic distribution of the signals.

2. Experimental
2.1. Chemicals and materials

Standards of (—)-epicatechin, (+)-catechin, and
procyanidin B2 were purchased from Campoverde
(Milan, Italy). Acetonitrile, n-hexane and acetone
(Aldrich, Milan, Italy) were of HPLC grade. Water
was purified in a Super-Q Plus, Millipore-Waters
System (Millipore, Vimodrone Milan, Italy). Dark
chocolate was purchased from a local supermarket.

2.2. Sample preparation

Approximately 10 g of chocolate was cut in small
pieces, transferred into a 200-ml polytetrafluoro-
ethylene (PTFE) beaker and liquid nitrogen added.
The frozen samples were then ground in an ana-
lytical laboratory mill. One gram of the ground
chocolate sample was defatted twice with 10 ml
n-hexane for 5 min in an ultrasonic bath at 30°C and
was subsequently centrifuged for 10 min at 3000 g.
Catechins and procyanidins were extracted from the
air-dried sample with 10 ml of a mixture of acetone—
water—acetic acid (70:29.8:0.2, v/v/v) for 10 min at
30°C in the ultrasonic bath. The sample was filtered
through a folded filter (595 1/2, Schleicher and
Schuell, Milan, Italy) and the organic solvent was
then removed by rotary evaporation under partia
vacuum at 40°C. The remaining aqueous extract was
filtered through a 45-pm PTFE filter (Waters SpA,
Milan, Italy) and was ready for HPLC-MS sepa-
ration without further clean up.

2.3. HPLC-MS equipment
Chromatographic separation was performed using

a SpectraSystem (Finnigan Mat, San Jose, CA, USA)
consisting of a SCM degasser, a P4000 (low flow)

quaternary pump and an AS3000 autosampler. The
HPLC system was coupled to an MSion trap, LCQ-
Deca (Finnigan Mat) equipped with an ES| interface.
The system was controlled with Xcalibur software
version 1.2 (Finnigan Mat).

2.4. HPLC—-MS conditions

RP-HPL C analyses were performed using a 5-pm
Supelcosil LC-18 column (250X4.6 mm; Supelco,
Milan, Italy) at room temperature with a solvent
system consisting of 0.2% acetic acid (A) and
acetonitrile (B) under the following conditions:
linear gradients from 6 to 25% B in A (0-18 min),
2510 60% B in A (18-20 min), isocratic 60% B in A
(20—25 min), 60 to 6% B in A (25-27 min), 6% B in
A (27-30 min). The column was additionaly re-
equilibrated with 6% B in A for 5 min prior to each
analysis. The flow-rate was set to 1 ml/min and the
injection volume to 20 pl. The outlet of the HPLC
system was split (3:1) to the ESI interface of the
mass analyser. After identifying the retention times
of the catechins and procyanidins in subsequent
analyses the first 5 min of the LC eluent containing
matrix compounds that were not retained by the
column was diverted to waste, then the valve auto-
matically switched over to the ESI source in order to
avoid a quick decrease in sensitivity of MS analysis.

In addition to HPLC, direct infusion experiments
were carried out in order to obtain total ion mass
spectra of chocolate extracts as well as MS-MS
spectra of catechin, epicatechin, and procyanidin B2
standards at a flow-rate of 10 wl/min using the LCQ
syringe pump (Finnigan Mat).

All MS and MS-MS analysis were carried out in
the negative ion mode under the following optimised
conditions: source voltage 3.9 kV, capillary voltage
—31V, capillary temperature 300°C, sheath gas (N,)
flow 80 arb (arbitrary units), auxiliary gas (N,) flow
10 arb. Full scan MS spectra (m/z 250—-2000) were
first recorded during the chromatographic run and the
pseudomolecular ions of each catechin and
procyanidin identified. MS-MS spectra were re-
corded by isolating the pseudomolecular ion of
interest in the ion trap followed by CID. The
collision energy required in this process was set to
30% of the total available collision energy. High-
resolution scans (~10 000 resolution compared to
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~2000 in normal scan mode) were recorded in the
range =m/z 5 near the ESI generated single- or
double-charged pseudomolecular ions of
procyanidins for direct resolution and observation of
carbon isotope distribution.

3. Results and discussion

The full scan negative ionisation mass spectrum of
catechins and procyanidins derived from chocolate
extraction is shown in Fig. 2. The monomeric (+)-
catechin and (—)-epicatechin with a molecular mass
of 290 show pseudomolecular ions ([M—H] ") at m/z
289 (compound | in Fig. 2). It is well known that
cocoa procyanidins consist of sub-units of the mono-
meric catechins (Fig. 1) with interflavanoid C-C
linkages [15,22,25]. Thus, the subsequent oligomeric
dimers, trimers, tetramers and so forth have molecu-
lar masses of 578 (290+288), 866 (578+288), 1154
(866+288) etc., and give pseudomolecular ions at
m/z 577, 865, 1153, 1441 and 1729 for dimers
through hexamers (compounds 11-V1I).

Fig. 3 shows the mass chromatograms of com-
pounds |-VI. From these findings, the presence of
monomeric catechins and dimeric through hexameric
procyanidins in chocolate can already be suggested.
Moreover, due to the separation power of RP-HPLC,
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the presence of several stereoisomers can be antici-
pated according to the number of peaks per mass
chromatogram. As for example, there are two dimers
(m/z 577) with retention times of 11.5 and 17.4 min,
respectively. In addition, there seems to be present
four isomeric trimers, four isomeric tetramers, as
well as two isomeric hexamers.

In order to gain more confidence in identifying
cocoa procyanidins, additional structural information
was obtained by CID-MS-MS experiments on the
detected pseudomolecular ions. The fragmentation
pathways of dimeric and trimeric procyanidins and
prodel phinidins are proposed to include mainly retro
Diels—Alder reactions (RDA) and cleavage of the
interflavanoid linkages, respectively [28]. These frag-
mentation pathways have been confirmed by direct
infusion of an authentic standard of procyanidin B2
(epicatechin 43 - 8 epicatechin) (data not shown).

In order to distinguish the flavanol units in proan-
thocyanidins (procyanidins and prodelphinidins) Por-
ter developed a nomenclature [29] depending on the
positions of the interflavanoid bonds. In accordance
therewith, a T-unit (top) has only one interflavanoid
linkage at C,, the M-units (middle) have an addition-
al linkage at C, or Cg, and the B-unit (base) has one
interflavanoid bond at C; or C4 (Fig. 1). The
configuration of the bonds at C, is indicated by the
o nomenclature.
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Fig. 2. Negative ion mass spectrum of chocolate extract. Compound |: catechin monomers, compounds |1-VI: procyanidin oligomers

(dimer through hexamer).
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Fig. 3. Mass chromatograms of catechin monomers (m/z 289) and procyanidin oligomers (dimer through hexamers m/z 577 to 1729). C,
2, procyanidin B2 as identified by the retention times of authentic standards.
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Fig. 4 shows the MS-MS spectrum of procyanidin
tetramer. As expected by the suggested genera
scheme for proanthocyanidins [28] the loss of gallic
acid (C4HO;, M, 126) as well as |osses due to RDA
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Fig. 4. CID-MS-MS spectrum of procyanidin tetramer ((M—H] ~ of m/z 1153).
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fission and interflavanoid cleavage are the predomi-
nant fragmentation pathways of the tetramer. The
RDA fission in the C-ring of the flavanoid skeleton
leads to the loss of a neutral CgH,O, fragment (M,
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168). Two pathways are possible for the cleavage of
the interflavanoid linkage. One is based on the loss
of neutral fragments containing the T-unit that leads
to fragment ions containing the B-unit corresponding
to already observed lower procyanidins, e.g. in the
case of the tetramer a dimer [M;—H] ™ a m/z 577
and atrimer [M;—H]  at m/z 865, respectively. The
other possibility is the loss of neutral fragments
containing the B-unit leading to fragment ions
containing the T-unit corresponding to lower
procyanidins minus 2 H, e.g. here a dimeric ion
[M;=H]  at m/z575 and atrimericion [M—H] at
m/z 863, respectively. These findings are summa-
rised in Table 1 for the tetramer but they have also
been confirmed for procyanidin dimers, trimers,
pentamers, hexamers and heptamers.

It is known that multiple charged species like
[M=2H]*" or [M—=3H]®  are often observed with
ESl [28] and this has aready been reported for
higher oligomeric cocoa procyanidins (from penta-
mer on) [26]. In order to investigate the existence of
multiple charges, a special high-resolution mass scan
has been applied. This experiment allowed for the
determination of the carbon isotope distribution in
the range near the ions of interest. In the case of a
single charged ion the distance between two carbon

isotope ions would be m/z 1, in the case of a double
charged ion m/z 0.5 and so forth [25]. In addition,
the relative distributions of the ions of the carbon
'2C and *°C isotopes, respectively, can be calculated
and compared to the measured intensities for further
evidence of the presence of procyanidin oligomers
[25]. Although the intensity was very low, the
distance of approximately m/z 0.5 suggested the
presence of double charged ions of pentamers at m/z
720, hexamers at m/z 864 and heptamers at m/z
1008. An example of the high-resolution spectrum of
the double charged heptamer (m/z 1008) compared
to the spectrum of a single charged trimer (m/z 865)
is shown in Fig. 5. It is evident that due to the low
intensity of a double charged ion of the procyanidn
heptamer at m/z 1008 the relative abundance (RA)
of the carbon isotopic distribution of ions at m/z
1008.4 (RA=80), m/z 1009.0 (RA=100), and m/z
1009.6 (RA=15), respectively, does not correspond
well to the calculated carbon isotope distribution for
a heptamer (C,ysHgO,,) due to interferences of
other compounds from the matrix. Considering only
the contribution of the isotopic distribution of **C
and **C (and not the very low contribution of the
isotopic distributions of *H and “H or *°0 and *'0O,
respectively) the calculated distribution of the hepta-

Table 1

Main masses in the MS-MS spectrum of procyanidin tetramer (m/z 1153=[M-H] ")

m/z Comment®

1135 [M—H,O-H] " lons present after water elimination

1027 [M—CHO,—H] lons after loss of gallic acid

1001 [M-C4H,O,—H] lons of RDA fission product

983 [M—CgH,O,—H,0-H] " lons of RDA fission product and subsequent water
elimination

865 [M-C,;H,,O—H] lons consisting of 1 B-unit and 2 M-units after
interflavanoid cleavage and loss of neutral T-unit
(M, 288)

863 [M-C,;H,,O—H] lons consisting of 1 T-unit and 2 M-units after
interflavanoid cleavage and loss of neutral B-unit
(M, 290)

739 [M-C,;H,,0,—CHO,—H] lons consisting of 1 B-unit and 2 M-units minus
1st RDA fission product

577 [M—C;,H,,0,,—H] lons consisting of 1 B-unit and 1 M-unit after
interflavanoid cleavage and loss of neutral T- and
M-unit (M, 576)

575 [M—C;H,:O,,—H] lons consisting of 1 T-unit and 1 M-unit after

interflavanoid cleavage and loss of neutral B- and
M-unit (M, 578)

 Analogous to the suggestions of Friedrich et al. [28].
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Fig. 5. Negative ion mass spectra (profile format) of double
charged procyanidin heptamer ((M—2H]?~ of m/z 1008) (top) and
of single charged procyanidin trimer ([M—H] of m/z 865)
(bottom).

meric ions would be m/z 1008.3 (RA=85), m/z
1008.8 (RA=100), and m/z 1009.3 (RA=58). How-
ever, the approximate distance of m/z 0.5 suggests
the presence of double charged heptameric ions and
justifies further MS-MS experiments as discussed
below. In contrast, for the trimer the calculated
distributions of the carbon isotope ions would be m/z
865.2 (RA=100), m/z 866.2 (RA=50), and m/z
867.2 (RA=12) which corresponds very well to the
measured relative intensities (Fig. 5).

In order to assure the presence of double charged
ions of procyanidins CID-MS-MS experiments have
been carried out on the ions at m/z 720, 864 and
1008, respectively. The spectra have been compared
to the MS-MS spectra of the single charged penta-
mer and hexamer and in all three cases investigated
for the fragmentation patterns due to RDA fission
and breakage of interflavanoid linkages as discussed
for the tetramer. Fig. 6a (bottom) represents the
MS-MS spectrum of the single charged pentameric
ion [M—H] a m/z 1441, Fig. 6b (bottom) the
MS-MS spectrum of the double charged pentameric

ion [M—2H]*>~ at m/z 720. Both spectra show the
typica fragmentation pattern of procyanidins as
discussed before, although, in the MS—MS spectrum
of the double charged ion there are other non-specific
ions present (e.g. m/z 635, 644). However, this is
probably due to matrix interferences as the intensity
of the double charged pentameric ion is relatively
low. In addition, the presence of a double charged
pentameric ion is shown by the sum of the two mass
chromatograms of m/z 863 and 865, Fig. 6b (top)
showing a nearly identical chromatogram as for the
single charged pentameric ion (Fig. 6a (top)). The
presence of fragment ions at higher mass-to-charge
ratios than the parent ion indicates double or multiple
charges of the latter. Findly, in Fig. 7, the presence
of a double charged heptameric ion at m/z 1008 is
indicated by a MS—M S spectrum showing the typical
fragmentation pattern of a procyanidin ion and a sum
mass chromatogram of unique fragment ions at m/z
863 and 865, respectively.

4. Conclusion

RP-HPLC with ESI-MS detection in the negative
ion mode allowed for an appropriate separation of
catechins and procyanidins in chocolate in 20 min.
The sample preparation only consisted of a two-stage
extraction procedure (defatting of chocolate with
hexane and extraction of polyphenols with acetone—
water) and the total analysis time per sample includ-
ing column re-equilibration was 35 min, half of the
time required for a previous reported HPLC-MS
method for cocoa procyanidins [26]. Catechin mono-
mers and procyanidin oligomers were identified
according to the mass of the single charged pseudo-
molecular ion ([M—H] ). Identification was further
confirmed by CID-MS-MS analysis, which in addi-
tion, permitted the identification of double charged
pentameric, hexameric, and heptameric ions ([M—
2H]?"). The use of mass chromatograms of unique
fragment ions subsequent to MS-MS is also promis-
ing for future quantitative analysis since the back-
ground noise can be significantly reduced thereby
improving specificity and sensitivity of the analysis
(Figs. 6 and 7).

Stereoisomers having the same molecular mass
were separated well applying this RP-HPL C method.
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Fig. 6. (@ CID-MS-MS spectrum of single charged procyanidin pentamer ([M—H]~ of m/z 1441) (bottom) and sum of mass
chromatograms of two of the product ions ([M—H] ~ of m/z 863 and 865) (top), (b) CID-MS-MS spectrum of double charged procyanidin
pentamer ([M—H]?~ of m/z 720) (bottom) and sum of mass chromatograms of two of the product ions ([M—H] ~ of m/z 863 and 865) (top).

The major peaks in the mass chromatograms of the
monomers and dimers were epicatechin and epi-
catechin 4 - 8 epicatechin (procyanidin B2), respec-
tively as confirmed by comparing the retention times
of authentic standards. Consequently, it could be
assumed that the major peaks in the mass chromato-
grams of the trimer, tetramer, pentamer, and hexamer
are aso built up of epicatechin monomers. This
assumption is supported by observations described
previously [16] about the presence of almost exclu-
sively epicatechin-based procyanidins in cocoa
However, it is then astonishing that the epicatechin

dimer elutes before the epicatechin monomer, where-
as the other epicatechin oligomers elute later in the
order of increasing molecular mass.

It is evident that the monomeric composition of
procyanidins cannot be deduced by comparing the
retention times in RP-HPLC in the absence of
procyanidin standards. Moreover, the position and
stereochemistry of the interflavanoid linkage cannot
be elucidated by means of mass spectrometry. Isola-
tion of procyanidins and subsequent acid degradation
in the presence of a nucleophilic agent, such as
phloroglucinol or phenylmethanethiol [16,24] or the
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application of highly sophisticated techniques, such
as nuclear magnetic resonance [16] and infrared
spectroscopy would be necessary to confirm the full
structure.
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