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ABSTRACT:Concentrations of the main dimeric and trimeric procyanidins (PC) and their monomeric constitutive units catechin
(CT) and epicatechin (EC) were determined in food samples by using reversed phase high-performance liquid chromatography
coupled to electrospray ionization tandemmass spectrometry (RP-HPLC-ESI-MS/MS). In a first step, 12 PCs (PC B1, B2, B3, B4,
B5, B6, B7, B8, C1, C2, and A2 and cinnamtannin B1), of which most are not commercially available, were isolated from plant
materials or synthesized and purified by a combination of column chromatographic separation techniques with different stationary
phases. These PCs in combination with CT and ECwere used as standard substances for identification and quantification during the
following screening of food samples by RP-HPLC-ESI-MS/MS analysis. The main focus of the newly developed RP-HPLC-ESI-
MS/MSmethod is the compensation of matrix effects by using the echo-peak technique simulating internal standard injection. The
suitability of this new method was demonstrated by the determination of recovery rates being 90% or higher. Use of this method
allowed the determination of patterns and concentrations of PCs in 55 food samples.
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’ INTRODUCTION

Proanthocyanidins (PA) as secondary plant metabolites are
present in a large number of foods. In the human diet fruits,
cereals, nuts, beverages, and chocolate are the main sources.1 On
the basis of hydroxylation pattern and linkage of constitutive
units PAs can be divided into several classes. The most common
PAs are procyanidins (PC) with catechin (CT) and epicatechin
(EC) as constitutive units (see Figure 1). Further important
classes of PAs are prodelphinidins and propelargonidins with
(epi)gallocatechin and (epi)afzelechin, respectively, as constitu-
tive units. In the case of linkage between units, B-type PAs with a
C4�C8 or C4�C6 linkage are the most dominant. A-type PAs
bear in addition to the C�C linkage an ether bond between C2
andO7 or betweenC2 andO5.2 PAs are bitter and astringent and
contribute by this to the taste of foods. Besides their sensory
properties, a large number of beneficial health effects are
described for PAs in the literature. Several studies demonstrate,
for example, their antioxidative3,4 and anticarcinogenic5 effects. A
reduction of the incidence of cardiovascular diseases is also
described in relationship to the so-called “French paradox”.6,7

Data concerning concentrations of PCs, the most common
group among PAs, are essential for a better understanding of
whether naturally occurring concentrations in foods are sufficient
for possible health effects. Therefore, different attempts were
made to quantify PCs in food samples in recent years.8 Simple
colorimetric assays are the acid�butanol and vanillin�HCl
assays. These assays allow only determination of total PCs as a
sum without a specification of individual compounds. By using
normal phase chromatography, a separation according to the
degree of polymerization (DP) in clusters up to a DP of 10 is
possible. Gu et al. used silica as stationary phase, and the mobile
phase consisted of methylene chloride, methanol, and a constant

concentration of acetic acid/water (1:1, v/v).9 A method devel-
oped by Kelm et al. avoided the use of halogenated solvents.
Instead, separation was performed on a diol phase with a gradient
of acidified acetonitrile and methanol/water.10 In contrast to
normal phase chromatography, RP chromatography enables sep-
aration of single compounds. Resolution is possible up to aDP of 4.
Higher oligomeric and polymeric PCs elute in an unresolved
hump. The elution order of PCs depends on the stereochemistry
and overall polarity of single compounds; for example, C4�C8
linked dimeric procyanidins elute prior to the C4�C6 linked
compounds. RP chromatography for quantification was used, for
example, by de Pascual-Teresa et al.11 After HPLC separation of
PCs, UV, FLD, or electrochemical detection as well as mass
spectrometry can be used. In the case of UV detection absorbance
at 280 or 210 nm can be performed. Also, a postcolumn
derivatization with p-dimethylaminocinnamaldehyde (DMACA)
before UV�vis detection is possible.11 Enhanced selectivity can be
reached by using FLD or electrochemical detection. Kelm et al.
used as excitation wavelength 276 nm, and emission wasmeasured
at 316 nm.10 Mass spectrometry offers high selectivity by measur-
ing the characteristic transitions of the different DPs.

The aim of this study was the development of a RP-HPLC-
ESI-MS/MS method for the quantification of 12 PCs and the
flavan-3-ols CT and EC (see Figure 1) in different food samples.
In comparison to other studies using equivalent concentrations
for quantification, authentic standard substances were used for
quantification in this study. Therefore, PC standard substances
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were isolated from plant materials or synthesized. Purification was
performed by using column chromatography with different sta-
tionary phases. With regard to quantification, the most important
task was the consideration of matrix effects. Therefore, the so-
called echo-peak technique with a time-shifted injection of CT and
EC solutions of known concentrations was applied.12 To show the
suitability of this method, recovery rates in two food samples
containing no PCs were investigated and calculated. In 55 food
samples, especially fruits, patterns and concentrations of PCs were
determined.

’MATERIALS AND METHODS

Chemicals. Solvents used for sample extraction and chromatogra-
phy were obtained from VWR (Darmstadt, Germany) and Carl Roth
(Karlsruhe, Germany). Water was purified with a Milli-Q Gradient A10

system (Millipore, Schwalbach, Germany). Grape seed extract (GSE)
was kindly provided by Kaden Biochemicals (Hamburg, Germany).
(+)-CT was obtained from Applichem (Darmstadt, Germany) and from
Carl Roth. (�)-EC was purchased from Sigma-Aldrich (Steinheim,
Germany) and (+)-taxifolin from Foxtank GmbH (Berlin, Germany).
Sephadex LH20 was obtained from GE Healthcare (Freiburg,
Germany). MCI CHP20P was obtained from Sigma and diol material
from VWR.
Isolation of PCs. The following PCs were isolated from the plant

materials given in parentheses: PC B1 (apple peel, variety Cox Orange);
PCs B2, B5, and C1 (cocoa); PC B3 (barley); PCs B4 and B7 (GSE);
and PC A2 as well as cinnamtannin B1 (both litchi pericarp). With the
exception of grape seed extract, the plant materials were ground and
defatted with n-pentane in the case of cocoa and barley. Procyanidins
were extracted with acetone/water (70:30, v/v). Acetone was removed,
and the aqueous residue was extracted three times with the same volume

Figure 1. Structures of analyzed flavan-3-ols and procyanidins: (+)-catechin (1); (�)-epicatechin (2); procyanidins B1 (3), B2 (4), B3 (5), B4 (6),
B5 (7), B6 (8), B7 (9), B8 (10), A2 (11), C1 (12), and C2 (13); cinnamtannin B1 (14). Numbering of important C atoms is given for catechin (1).
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of ethyl acetate. The ethyl acetate extracts were reduced to dryness. The
ethyl acetate extract of cocoa was additionally macerated with a small
amount of cold methanol to remove theobromine. The supernatant
containing PCs was evaporated to dryness.
Synthesis of PCs. Procyanidins B6 and C2 were obtained by

synthesis according to the method of Delcour et al.13 In brief, (+)-
taxifolin (10 mmol) and (+)-CT (3.5 mmol) were dissolved in 30 mL of
absolute ethanol. A solution of sodium borhydride (6.6 mmol) dissolved
in 7 mL of absolute ethanol was added dropwise under nitrogen during
30 min. After the addition of water (35 mL), the pH was adjusted to 5.0
with acetic acid solution (0.15 M). After 24 h of stirring, ethanol was
evaporated. PCs were extracted three times with the same volume of
ethyl acetate from the aqueous residue. Ethyl acetate extracts were
combined and reduced to dryness. PC B3 can be also obtained by the
same synthesis. In the case of PC B8 (�)-EC was used as educt instead
of (+)-CT. As second reaction product, PC B4, can be also purified out
of the same reaction mixture.
Column Chromatography with Sephadex LH20. A column

filled with Sephadex LH 20 (5.5� 90 cm (fill height)) was used for the
separation of PCs in the obtained dry ethyl acetate extracts or,
respectively, the grape seed extract. The column was equilibrated with
ethanol for 96 h at a flow rate of 1 mL/min. Plant extracts (maximal 15 g
for described column dimension) were dissolved in a small amount of
ethanol and loaded onto the column. Elution was performed with
ethanol as eluent at a flow rate of 1 mL/min. Fractions (20 mL) were
collected with a fraction collector. Elution was monitored by combina-
tion of UV detection and thin-layer chromatography on silica with ethyl
acetate/formic acid/water (90:5:5, v/v/v) as mobile phase. For detec-
tion, vanillin�HCl spray reagent was used. The eluates were combined
to the following fractions: monomeric compounds (fraction 1),
C4�C8-linked dimeric PCs (fraction 2), and C4�C6-linked dimeric
and trimeric PCs (fraction 3) . Separation of A-type PCs was analogue.
Depending on separation, fractions were in some cases combined to
subgroups, which simplified further purification. The combined frac-
tions were reduced to dryness.
Column Chromatography with MCI CHP20P. The system

consisted of a Degasys DG-1310 (Uniflows, Japan), an L-6200 pump,
and an L-7420 UV detector (Merck). As stationary phase a self-packed
column (25� 390 mm, YMC Europe, Dinslaken, Germany) filled with
MCI CHP20P was used. The mobile phase consisted of a linear gradient
of water/methanol (80:20, v/v) (A) and water/methanol (20:80, v/v)
(B). Before loading, the column was equilibrated with 100% A for 1 h.
Afterward, the sample dissolved in a small amount of mobile phase Awas
loaded onto the column via an injection valve 7725i (Rheodyne, USA).
The following gradients were used: cleanup of PC B2 from fraction 2 of
cocoa, 0% B (0 min), 50% B (120 min), 50% B (150 min), 75% B (210
min); separation of PCs B5 and C1 from fraction 3 of cocoa, 0% B (0
min), 100% B (240 min); separation of dimeric C4�C8-linked PCs
from fraction 2 of the grape seed extract, 0% B (0 min), 0% B (60 min),
50% B (300 min), 50% B (360 min); cleanup of cinnamtannin B1 from
fraction 3 of litchi pericarp, 0% B (0 min), 0% B (60 min), 50% B (240
min), 50% B (300 min). The flow rate was 6 mL/min in all cases, and
detection was performed at 280 nm. Fractions (15 mL) were collected
with a fraction collector and combined according to the results of UV
detection with the exception of the fractions obtained from the grape
seed extract (fraction 2). In this case fractions were monitored by
analytical RP-HPLC (system see HPLC-DAD, -FLD, and -ELSD) and
combined according to these results. Solvent was removed from the
combined fractions, and the aqueous residue was freeze-dried. After
every separation, the MCI CHP20P column was washed with pure
methanol for 1 h.
ColumnChromatographywith DiolMaterial. For the separa-

tion of fraction 3 containing C4�C6-linked dimeric and C4�C8-linked
trimeric PCs from the grape seed extract obtained with Sephadex LH20,

column chromatography with diol material as stationary phase was used.
The column (15 � 200 mm) was equilibrated with acetonitrile. The
fraction containing the PCs described above was dissolved in a small
amount of acetonitrile and loaded onto the column. Elution was
performed by the following mixtures of acetonitrile (A) and metha-
nol/water (95:5, v/v) (B): 100% A (20 mL), 97.5% A (20 mL), 95% A
(30 mL), and 92.5% A (20 mL). The flow rate was about 1 mL/min.
Fractions (10 mL) were monitored by thin-layer chromatography with
the described system and combined appropriately.
Preparative RP-HPLC. Final purification, if necessary, was per-

formed by preparative RP-HPLC. System A consisted of two PU-2080
pumps, a PU-2070 UV�vis detector (both Jasco, Gross-Umstadt,
Germany), and a 7725i injector (Rheodyne), and system B consisted
of two Pro Star M-210 pumps, a Pro Star 325 UV�vis detector (both
Varian, Waldbronn, Germany), and a 7725i injector (Rheodyne). As
stationary phases Eclipse XDB-C18, 250 � 9.4 mm with 5 μm particle
size (Agilent, Waldbronn, Germany) and Microsorb 100-5 C18, 250 �
10 mm, with 5 μm particle size (Varian) were used. As eluents 0.01%
formic acid and methanol or acetonitrile were used. The flow rate was
4 mL/min in all cases. Detection was monitored at 280 nm.
MS, NMR, and CD. The identity of standard substances was

checked by mass spectrometry and nuclear resonance spectroscopy.
Data are in accordance with the literature.14�20 Stereochemistry was
investigated by circular dichroism spectroscopy.
RP-HPLC-DAD, -FLD, and -ELSD. The purity of isolated PCs was

investigated by RP-HPLC coupled to a diode array (DAD), fluorescence
(FLD), or evaporation light scattering (ELSD) detector. The system
consisted of a DGU-20A3 degasser, two LC-20AT pumps, an SIL-20A
autosampler, an SPD-M20A DAD, an RF-10AXL fluorescence detector,
and an ELSD-LT evaporation light scattering detector (all from Shimadzu,
Duisburg, Germany). Separation was performed on a LiChrospher RP18
column, 250� 2mm, with 5 μmparticle size (Merck) as stationary phase.
The mobile phase consisted of the following linear gradient of water/
formic acid (99.9:0.1 v/v) (A) and acetonitrile (B): 10%B (0min), 10%B
(5 min), 15% B (15 min), and 40% B (30 min). The flow rate was set at
300 μL/min. The injection volume was 10 μL (dissolved in 0.1% formic
acid/acetonitrile 10:90, v/v). In the case of the DAD absorbance was
recorded at 280 nm. The excitation wavelength of the FLD was 276 nm,
the emissions were monitored at 316 nm. The ELSD parameters were the
following: temperature, 40 �C; and pressure, 2.5 bar (air).

Fractions of the separation on MCI CHP20P were monitored with the
sameHPLCsystem.AnEclipseXDB-C18column, 150� 4.6mm,with5μm
particle size (Agilent) as stationary phase and at a flow rate of 1 mL/min was
used. The mobile phase consisted of the following linear gradient of water/
formic acid(99:1v/v) (A) andmethanol (B): 15%B(0min), 21%B(14min),
100% B (15 min). Detection was performed by UV and fluorescence.
RP-HPLC-ESI-MS/MS. PCs and flavan-3-ols were analyzed on an

Agilent 1200 series HPLC (Agilent) linked to an API 3200 mass
spectrometer (Applied Biosystems, Darmstadt, Germany). A LiChro-
spher RP 18 column, 250� 2 mm, with 5 μm particle size (Merck) was
used as stationary phase. Chromatographic separation was performed by
using the following binary gradient of water/formic acid (99.9:0.1, v/v)
and acetonitrile/formic acid (99.9:0.1, v/v) at a flow rate of 300 μL/min:
10% B (0 min), 10% B (10 min), 15% (20 min), 40% B (35 min).
Column temperature was set at 25 �C. For the echo-peak technique the
following injector program was used: inject CT-echo, wait 5 min, inject
calibration standard/sample, wait 9 min, inject EC-echo. The injection
volume was in all cases 20 μL, and the concentration for CT- and EC-
echo solutions was 500 ng/mL in both cases. For the removal of sugars
and other polar compounds a valve was used. At the beginning of each
run the column eluate was delivered into waste. The valve was switched
9 min after the start of a run and the column eluate delivered into the ion
source. The mass spectrometer was operated in the MRM mode
detecting negative ions. The ion spray voltage was set at �4500 V.
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Zero-grade air served as the nebulizer gas (30 psi) and was heated at
350 �C, as turbo gas for solvent drying (45 psi). For fragmentation of the
molecular ions into the specific fragment ions, nitrogen was used as
collision gas (12 psi). The following transition reactions monitored
(each 150 ms) in the negative mode were used for quantification
(declustering potential (DcP), collision energy (CE), and collision exit
potential (CXP) are given in parentheses): monomeric compounds,
289.0�124.9 (DcP, �40 V; CE, �34 V; CXP, 0 V); dimeric com-
pounds, 577.1�124.9 (DcP, �10 V; CE, �46 V; CXP, �2 V); dimeric
compounds A-type, 575.0�284.9 (DcP,�95V;CE,�38V;CXP,�20V);
trimeric compounds, 865.3�125.1 (DcP, �75 V; CE,�74 V; CXP, 0 V);
and trimeric compounds A-type, 863.1�284.9 (DcP, �75 V; CE, �60 V;
CXP, �24 V). The following transitions were measured additionally:
monomeric compounds, 289.0�245.0 and 289.0�109.1; dimeric com-
pounds, 577.1�407.0 and 577.1�289.0; dimeric compounds A-type,
575.0�124.8 and 575.0�108.9; trimeric compounds, 865.3�407.0 and
865.3�289.1; trimeric compounds A-type, 863.1�288.9 and 863.1�124.9.
For the calculation of calibration curves the peak area ratios of the analytes to
one of the echo-peaks were plotted against the concentration of the analyte
for each point of the calibration curve. For CT and PCs B1, B3, and C2 the
CT echo-peak was used and for EC, PCs B2, B4, B5, B6, B7, B8, C1, and A2,
and cinnamtannin B1 the EC-echo-peak was used.
Sample Preparation. Samples were collected from local markets.

Peels, skins, pips, and/or stones, which are normally not ingested by
humans, were removed from at least 500 g of sample. Samples were cut
into slices and freeze-dried. Water content was calculated on the basis of
the weight before and after freeze-drying. Dry samples were ground into
powder and sieved for homogenization (100 μm). One gram of sample
was extracted in a 50 mL screw-cap tube with 15 mL of n-hexane to
remove fat and chlorophyll. Therefore, samples were vortexed for 30 s
and mechanically shaken for 10 min. After centrifugation (10 min,
8000g, 10 �C) the n-hexane phase was decanted. The remaining organic
solvent was removed under reduced pressure. PCs were extracted with
15 mL of acetone/water (70:30, v/v). After vortexing (1 min) and
sonification (10 min), samples were shaken mechanically for 15 min.
Samples were centrifuged (10 min, 8000g, 25 �C), and the supernatant
was transferred into a 50 mL volumetric flask. The residue was extracted
for a second time according to the above-mentioned procedure, and the
supernatant was combined with the first one. The volumetric flask was
filled with acetone/water (70:30, v/v); 100, 250, 500, and 1000 μL were
evaporated under a nitrogen stream to dryness and dissolved in 1 mL of
0.1% formic acid/acetonitrile (90:10, v/v). The sample in the concen-
tration range of the calibration curve was used for quantification. Results
were given as milligrams per 100 g of fresh weight of the edible part
under consideration of the water content.

For determination of recovery rates, melon and pineapple containing
no flavan-3-ols and procyanidins were used as matrix. CT, EC, and PCs
B2, B3, B5, C1, C2, and A2 were added to melon at a concentration of
0.5, 1, or 10mg/100 g dry weight (corresponding to 0.05, 0.1, and 1mg/
100 g fresh weight in the case of a water content of 90%). In the case of
pineapple CT, PCs B2 and C1 were added in higher concentrations of 5
and 50 mg/100 g dry weight (corresponding 0.5 and 5 mg/100 g fresh
weight in the case of a water content of 90%).

’RESULTS AND DISCUSSION

A large number of beneficial health effects are described for
PCs, but the knowledge of occurrence and concentrations in
food samples is rather limited. For a reliable identification and
quantification of PCs authentic standard substances are essential.
With only a few exceptions PCs are not commercially available.
For this reason often equivalent concentrations were used for
quantification. PCs were mostly determined as CT or EC
equivalents. Therefore, one focus of this study was the use of
authentic PC standard substances for identification as well as for
quantification. PCs were isolated from plant materials and/or
synthesized by reaction of (+)-taxifolin with (+)-CT or (�)-EC.
In the case of PCs B3 and B4, besides isolation from plant
material, synthesis is also possible. In the following the method
for isolation from plant materials is described. For isolation from
plant materials PCs were extracted with acetone/water (70:30,
v/v). The aqueous residue after evaporation of acetone was
extracted with ethyl acetate. Thereby, an effective enrichment of
dimeric and trimeric PCs besides monomeric flavan-3-ols is
possible. For purification different column chromatographic
systems were used. An overview about sources for isolation
and used techniques for purification is shown in Table 1 (for
further details see Materials and Methods). The most important
and essential step during purification is the column chromatog-
raphy with Sephadex LH20 using ethanol as eluent.21 PCs elute
nearly according to the degree of polymerization under these
conditions. The desired PCs were further purified by column
chromatography with RP, MCI CHP20P, and diol as stationary
materials with the exception of PC A2. Purity was sufficient after
the Sephadex LH20 column in the case of PC A2. Procyanidins
B1, B3, B6, and B8 were purified only by using preparative
RP-HPLC. For purification of PCs B2, B5, and C1 and cinnam-
tannin B1 MCI CHP20P was used. MCI CHP20P (styrene�
divinylbenzene copolymer) separates PCs like RP material, but
this material is useful especially for large-scale separation.22 Over
100 mg of pure substance can be obtained in one run. PC B4 was
isolated by a combination of a separation withMCI CHP20P and
RPmaterial. The fraction from the separation on Sephadex LH20
contains PCs B1, B2 and B3 besides B4. Therefore, a cleanup step
on MCI CHP20P was used for the enrichment of B4. Final
purification by preparative RP-HPLC was clearly simplified.
Using first diol material as stationary phase and then preparative
RP-HPLC led to the purified standard of PC B7. The use of
column chromatography on diol material was necessary for the
separation of PC B7 and the trimeric PC C1, which was also
present in the Sephadex LH20 fraction. Diol material under the
used conditions enables separation according to the degree of
polymerization.10 A direct separation between PCs B7 and C1
was not possible on RP material, because they elute too close
together. As second step preparative RP-HPLCwas used only for
final purification.

Table 1. Sources and Combinations of Different Chromatographic Techniques for Purification of Procyanidins B1, B2, B3, B4,
B5, B6, B7, B8, C1, C2, and A2 and Cinnamtannin B1 (Cin B1)

B1 B2 B3 B4 B5 B6 B7 B8 C1 C2 A2 CinB1

source apple peel cocoa barley GSE cocoa synthesis GSE synthesis cocoa synthesis litchi pericarp
Sephadex LH20 X X X X X X X X X X X X

MCI CHP20P X X X X X

diol X

RP X X X X X X X
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Purities of standard substances were determined by RP-
HPLC-ELSD, -UV, and -FLD. By using an ELSD no impurities,
which are non-UV, respectively, nonfluorescence active, were
detected. Table 2 shows the results for the detection by UV
(280 nm) and FLD (ex, 276 nm; em, 316 nm). Purities were
about 90% or higher.

For the analysis of flavan-3-ols and PCs food samples, mainly
fruits, were first freeze-dried, ground, and homogenized. Only
the edible parts of samples were used for the investigation. Fat
and chlorophyll, which can interfere during further analysis, were
removed by extraction with n-hexane. PCs were not detected in
the n-hexane phase (data not shown). Acetone/water (70:30, v/v)
was used for the extraction of PCs. An acidification of the acetone/
water mixture by acetic acid as described in the literature did not
improve the efficiency of the extraction.23 Two extractions of
samples are sufficient to extract >98% of flavan-3-ols and dimeric
and trimeric PCs. After acetone/water extracts had been diluted
to a definite volume, aliquots were reduced to dryness. These
aliquots were directlymeasured by RP-HPLC-ESI-MS/MS after dis-
solving. Gu et al. used an additional cleanup step with Sephadex
LH20 before measurement to remove sugars and other polar
compounds.9 This step can be skipped and replaced by the use of
a valve that allows delivery of the HPLC eluate during the first
minutes into waste and not into the MS/MS system. The HPLC
eluate during the first minutes contained mainly sugars and other
polar compounds. The valve was switched 9 min after the start of
each run that the eluate can reach the ion source before PCs elute.

Identification and quantification was performed by using mass
spectrometry in the MRM mode, which offers the advantage of
an unambiguous identification of PCs by measuring the char-
acteristic mass spectrometric transitions of the different DP in
contrast to other detection methods, such as UV or fluorescence
detection. In extracts of plant materials a large number of other
substances can occur, which can, for example, interfere during
UV detection. If UV or fluorescence detection is used, often a
baseline shift during the HPLC run can be observed caused by
higher oligomeric procyanidins with their large structural diver-
sity. These two effects can make peak integration much more
difficult. Besides the above-mentioned unambiguous assignment,
another important advantage of using mass spectrometry is the
shortening of run times because analytes with different m/z can
elute at the same time. A run time of 30 min is sufficient for the
separation of all analytes (see Figure 2). Examples of simulta-
neous elution of analytes with different m/z at the same time are
PC B6 and EC and PCs B8 and C1. In contrast, the use of a UV,
FLD, or electrochemical detector requires baseline separation of
the analytes, leading to an extended run time. De Pascual Teresa

et al. needed run times of 180 min using UV�vis detection after
derivatization with DMACA.11

A general problem of mass spectrometry in comparison to UV
or fluorescence detection is the appearance of matrix effects.
Especially in the quantitative analysis of complex biological or
food samples, analyte signals can be suppressed or enhanced in
the presence of matrix compounds. Because of the significant
difference in the response of an analyte in pure solvent in
comparison to that in matrix, it is difficult to obtain accurate
results. Different attempts can be made for the compensation of
matrix effects. Themost usual solution is the use of stable isotope
labeled substances as internal standards. A total synthesis of all
PC standard substances as isotopically labeled standards would
be time-consuming and very complex. Multistep synthesis and
the use of protecting groups are necessary to obtain the desired
stereochemistry. For that reason only a few attempts were done

Table 2. Purity (Percent) of Isolated/Synthesized Procyani-
dins Determined by RP-HPLC with UV and FLD

analyte

UV

(280 nm)

FLD

(ex, 276 nm;

em, 316 nm) analyte

UV

(280 nm)

FLD

(ex, 276 nm;

em, 316 nm)

B1 g100.0 g100.0 B7 95.9 97.1

B2 98.7 99.2 B8 92.3 95.3

B3 95.3 99.8 C1 96.9 95.8

B4 95.1 98.9 C2 93.3 95.0

B5 88.5 90.8 A2 99.0 97.7

B6 96.0 99.1 Cin B1a 97.8 96.8
aCin B1, cinnamtannin B1.

Figure 2. RP-HPLC-ESI-MS/MS chromatograms of a mixture of
standard substances (500 ng/mL): (A) monomeric compounds with
MRM m/z 289.0 � 124.9 [M � H]�; (B) dimeric procyanidins with
MRM m/z 577.1� 124.9 [M�H]�; (C) dimeric procyanidins A-type
with MRM m/z 575.0 � 284.9 [M � H]�; (D) trimeric procyanidins
with MRM m/z 865.3 � 125.1 [M � H]�; (E) trimeric procyanidins
A-type with MRMm/z 863.1� 284.9 [M�H]�. Peaks: catechin-echo
(1e); catechin (1); epicatechin (2); epicatechin-echo (2e); procyanidins
B1 (3), B3 (5), B4 (6), B2 (4), B6 (8), B8 (10), B7 (9), B5 (7), A2 (11),
C2 (13), and C1 (12); cinnamtannin B1 (14).
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for total synthesis of PCs until now.24 Besides this, internal
standards with a similar chemical structure are also quite often
used for quantification. Ideally, the internal standard and the
investigated compound should coelute or elute very close to each
other from the HPLC columns. Only in this case will the altered
ionization efficiency caused by matrix effects have the same
impact on internal standard and analyte. An interesting, but until
now rarely used, solution for the above-mentioned problems is
the so-called echo-peak technique. In the literature the use of this
technique is described first for the quantification of pesticide
residues in plant materials.12 Afterward, Bartke et al. quantified
sphingolipids in potatoes and sweet potatoes by using the echo-
peak technique.25 The principle of the echo-peak technique in
the case of the analysis of PCs is demonstrated in Figures 2 and 3,

showing the RP-HPLC-MS/MS analysis of a standard solution
and of an apple sample. CT and EC were used for the generation
of echo-peaks. Therefore, solutions of CT and EC in a constant
concentration were injected time-shifted to the calibration
standard/sample. In the case of the CT echo-peak the solution
is injected before injection of the calibration standard or sample,
and in the case of the EC echo-peak it is injected after injection of
the calibration standard or sample. In sum, each analysis com-
prises three injections, two for the echo-peaks and one for the
calibration standard or sample. The resulting two echo-peaks
(CT-echo and EC-echo, see peaks 1e and 2e in Figure 3) were
used as internal standards to calculate the analyte concentrations
and to compensate matrix effects in the analyzed food samples.
The CT echo-peak (1e in Figure 3) was used as internal standard
for CT and PCs B1, B3, C2 and the EC echo-peak (2e in
Figure 3) as internal standard for EC, PCs B2, B4, B5, B6, B7, B8,
C1, and A2, and cinnamtannin B1. For the calibration curves the
peak area ratios of the corresponding analyte to one of the echo-
peaks were plotted against the concentration of the analyte for
each point of the calibration curve. For example, to quantify B1, a
calibration curve was generated by plotting the peak area ratios of
B1 to CT-echo against the concentration of B1. In the same way
calibration curves were generated for all other analytes.

A quantification of every analyte by using its own echo-peak
according to the method of Zrostlikova et al.12 was not possible
because of the complexity of the separation as well as overlapping
MS transitions.

The suitability of the methodology was evaluated by the
determination of recovery rates of selected and representative
analytes in melon and pineapple. These matrices were chosen
because they contain no flavan-3-ols and no PCs, which was
demonstrated in preliminary tests. CT and EC were chosen as
monomeric compounds for determination of recovery rates in
melon, and PCs B2 and B3 were chosen as C4�C8-linked
dimeric compounds. B3 represents a polar dimeric PC eluting
early from the column, whereas PC B2 represents a less polar
compound. Procyanidin B5 was selected as C4�C6-linked
dimeric procyanidin and PC A2 as A-type PC. Furthermore,
the polar trimeric PC C2 and the less polar trimeric PC C1 were
used for the determination of recovery rates. In the case of melon
as matrix obtained recovery rates vary between 90 and 110%with
the exception of EC, showing a bit lower recovery rate (see
Figure 4). To pineapple as second tested matrix, CT, dimeric PC
B2, and trimeric PC C1 were added in higher concentrations

Figure 3. RP-HPLC-ESI-MS/MS chromatograms of apple sample
(Braeburn): (A) monomeric compounds with MRM m/z 289.0 �
124.9 [M � H]�; (B) dimeric procyanidins with MRM m/z 577.1 �
124.9 [M � H]�; (D) trimeric procyanidins with MRM m/z 865.3 �
125.1 [M � H]�. Peaks: catechin-echo (1e); catechin (1); epicatechin
(2); epicatechin-echo (2e); procyanidins B1 (3), B2 (4), B7 (9), B5 (7),
and C1 (12).

Figure 4. Recovery rates of catechin(CT), epicatechin(EC), and procyanidins B2, B3, B5, C1, C2, and A2 inmelon as matrix. Added concentrations are
0.5, 1, and 10 mg/100 g dry weight, respectively, 0.05, 0.1, and 1 mg/100 g fresh weight, in the case of 90% water content (n = 3).
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of 5 and 50 mg/100 g dry weight (corresponding to 0.5 and
5 mg/100 g fresh weight in the case of an assumed water content
of 90%). Similar recovery rates were obtained, in detail being CT,
104.5 ( 6.5% (0.5 mg/100 g fresh weight added) and 100.3 (
7.0% (5 mg/100 g fresh weight added); PC B2, 102.1( 3.0 and
100.4 ( 0.8%; and PC C1, 86.8 ( 4.1 and 92.3 ( 4.9%.

Table 3 presents analysis results of investigated food samples,
mainly fruits. Nearly all samples contain flavan-3-ols and PCs
with only some exceptions. Only in melon fruits (melon,
honeydew melon, red and yellow watermelon, and cantaloupe
melon), citrus fruits (clementine, lemon, and orange), pineapple,
and cape gooseberry none of the investigated analytes were
identified. The sum of PCs varied between several hundred
micrograms, as in the case of banana or papaya, and 40 mg/100 g
fresh weight (edible part) in the case of blackberry. High
concentrations were quantified especially in apples, pears, berry
fruits, and plums. The monomers CT and EC occur in nearly all
samples. Only a few samples contain only one of the flavan-3-ols
such as litchi. In the case of dimeric procyanidins C4�C8-linked
PCs are more frequently present as C4�C6-linked PCs. Within
the groups frequency of occurrence also differs. PCs B1 and B2
were identified and quantified in more samples in comparison to
PCs B3 and B4. In the case of C4�C6-linked PCs the difference is
clearer. PC B6 and especially PC B8 occur only in a very few
samples. A relevant concentration of B8 was determined only in
raspberry. A-type procyanidins were identified in higher con-
centrations in apricot, avocado, blueberry, cranberry, litchi,
mirabelle, pear, and plum. The obtained results concerning the
occurrence of PCs are in accordance with literature data. The
study of Gu et al. demonstrated the occurrence and absence of
PCs for the same fruits, which are mentioned here.9 In our study
more analytes were investigated, and also slight concentration
differences were detected in comparison to other studies quanti-
fying procyanidins as single compounds, for example, that of de
Pascual-Teresa et al.11

Considering these data, interesting observations concerning
the patterns of PCs can be made. A comparison of the patterns of
PCs of different fruits shows great variations. However, if one
considers fruits that are more closely related to each other,
similarities can be observed in the patterns of PCs. An example is
the comparison between apple, pear, and quince. Pear and quince
contain additionally small concentrations of PCs B3 and B4 in
comparison to apple. Pear differs from both of the others in the
occurrence of A-type PCs. Another example is blackberry and
raspberry. In this case the high concentrations of PC B4 are also
of interest, because they are characteristic in comparison to other
fruits. Different cultivars show nearly the same pattern of PCs, as
in the case of different apples. The sum (25�40 mg/100 g fresh
weight (edible part)) and also the single concentrations of occurring
flavan-3-ols and PCs differ between the cultivars, but, interestingly,
the relative concentrations of all five apple samples have nearly the
same percentage distribution (see Figure 5). Further investigations
are necessary to confirm these observations concerning relative
concentrations because in this study only a small number of samples
were investigated. The pattern of PCs in foods as well as relative
concentrations are also useful to control the authenticity of fruits or
fruit products such as fruit pulps.

Data generated by this method in combination with con-
sumption data can contribute to a better understanding of any
biological effects of PCs in humans. Under consideration of daily
ingested amounts of different fruits, an estimation of the daily
intake of flavan-3-ols and of the most important dimeric andT
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trimeric PC is possible. For a reliable estimation of the daily
intake, more samples of the same fruit have to be screened.
Especially samples of different years, different cultivars, and
different times of harvest are of interest. The presented data
show distinct differences in contents of PCs for the same fruit, for
example, for strawberry. The total content varies between 8 and
18 mg/100 g fresh weight (edible part). Similar variations were
observed for different varieties of apples, berries, and grapes.26�28

Besides the above-mentioned effects, also storage and processing
can have an impact on the content of PCs.29,30 By taking the
estimated daily intake in relationship to the ingested concentra-
tions of PC in bioavailability studies, an evaluation is possible if
naturally occurring concentrations are sufficient for any systemic
effect in humans. According to the present knowledge only flavan-
3-ols and low molecular weight PCs, especially dimeric and
trimeric PCs, can be absorbed.31�34 Holt et al., for example, could
detect PC B2 in human plasma after consumption of cocoa.35

In conclusion, the newly developed method based on RP-
HPLC-ESI-MS/MS offers a powerful tool for the identification
and especially quantification of flavan-3-ols and the main dimeric
and trimeric PCs in foods. For quantification the use of the echo-
peak technique is the crucial step. In consideration of the obtained
data of 55 food samples and further investigations taking into
account the naturally occurring variability, an estimation of the
daily intake of flavan-3-ols and the main dimeric and trimeric PCs
in the human diet is possible. A transfer of the presentedmethod to
other foods such as cereals or nuts seems to be very interesting.
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