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a b s t r a c t

Rapid, selective and sensitive methods were developed and validated to determine procyanidins, antho-
cyanins and alkaloids in different biological tissues, such as liver, brain, the aorta vein and adipose tissue.
For this purpose, standards of procyanidins (catechin, epicatechin, and dimer B2), anthocyanins (cyanidin-
3-glucoside and malvidin-3-glucoside) and alkaloids (theobromine, caffeine and theophylline) were used.
The methods included the extraction of homogenized tissues by off-line liquid–solid extraction, and then
solid-phase extraction to analyze alkaloids, or microelution solid-phase extraction plate for the analysis
of procyanidins and anthocyanins. The eluted extracts were then analyzed by ultra-performance liquid
chromatography-electrospray ionization-tandem mass spectrometry, using a triple quadrupole as the
analyzer. The optimum extraction solution was water/methanol/phosphoric acid 4% (94/4.5/1.5, v/v/v).
The extraction recoveries were higher than 81% for all the studied compounds in all the tissues, except the
PLC–MS/MS anthocyanins, which were between 50 and 65% in the liver and brain. In order to show the applicability of
the developed methods, different rat tissues were analyzed to determine the procyanidins, anthocyanins
and alkaloids and their generated metabolites. The rats had previously consumed 1 g of a grape pomace
extract (to analyze procyanidins and anthocyanins) or a cocoa extract (to analyze alkaloids) per kilogram
of body weight. Different tissues were extracted 4 h after administration of the respective extracts. The
analysis of the metabolites revealed a hepatic metabolism of procyanidins. The liver was the tissue which

ulati
produced a greater accum

. Introduction

Over recent years, research into the bioavailability of minor food
ompounds such as polyphenols (procyanidins and anthocyanins)
r alkaloids, has focused on the detection of metabolites in such
iological fluids as plasma [1–11], urine [3–7,12], milk [13], or saliva
5]. However, pharmacokinetics tend to go further, investigating
he behavior in all the tissues of the body. Until now, there have
een few studies in the literature that have measured procyanidins
2,6,8,14] and anthocyanins [10,15–17] in biological tissues, such
s the liver and brain. On the other hand, in the literature there are
o studies about the determination of alkaloids (theobromine and
affeine) in these samples.

Due to their complexity, an intense pre-treatment of the sam-

les is necessary to analyze biological tissues, to break down the
ollagen structure and free the analytes. Generally, the most com-
on sample extraction method for measuring phenols includes a

omogenization step in saline solution [6,8,16] or in strong acids,

∗ Corresponding author. Tel.: +34 973 702817; fax: +34 973 702596.
E-mail address: motilva@tecal.udl.es (M.-J. Motilva).

570-0232/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.03.042
on of these metabolites.
© 2011 Elsevier B.V. All rights reserved.

like trifluoracetic acid (TFA) [10,17], followed by an organic sol-
vent extraction. However, the use of electrospray ionization (ESI),
as the ionization technique in mass spectrometry (MS), is not com-
patible with the use of saline solutions for phenol extraction from
tissues. Thus, it is necessary to eliminate salts, prior to chromato-
graphic analysis or develop new extraction methods without the
use of saline solutions.

The pretreatment methodology has to allow working with small
sample quantities because the availability of this kind of samples is
limited. Recently, microelution SPE (�SPE) was used to determine
procyanidins and anthocyanins in plasma samples satisfactorily [9]
loading the micro-cartridge with such small sample quantities as
350 �l.

As well as the sample pretreatment method, the analytical sep-
aration technique is also very important. It is essential that this
analytical technique is sensitive, selective and reliable in order to
determine the target compounds at low concentration levels in

complex matrices, such as biological tissues. In the few studies
reported in the literature into measuring phenolic metabolites in
these samples, high-performance liquid chromatography (HPLC)
coupled to tandem MS (MS/MS) [2,6,14,15] and HPLC–MS [8,17]
were the chosen analytical technique. LC–MS/MS is a useful tool to

dx.doi.org/10.1016/j.jchromb.2011.03.042
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:motilva@tecal.udl.es
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etermine and identify the phenolic metabolites at low concentra-
ion levels in these biological complex matrixes (tissue samples).

Additionally, the speed of an analytical methodology (sample
retreatment and analysis) is very important. The use of �SPE
educes the analysis time because the evaporation and reconsti-
ution steps are avoided [9,18]. Additionally, the use of columns
ith low particle size, such as 1.7 �m in UHPLC, instead of 5 �m in
PLC, also reduces the analysis time by a factor of to five [19].

In order to extend and improve the developed methodologies,
n terms of speed, sensitivity and precision, and due to the lack
f validated analytical methods reported in the literature for the
etermination of procyanidins, anthocyanins and alkaloids in bio-

ogical tissues, this study was conceived to develop and validate
apid, sensitive, selective and reliable methods for the measur-
ng these compounds in different biological tissues, such as liver,
rain, aorta vein and adipose tissue. In addition, to our knowledge,
his is the first study where the alkaloids (theobromine and caf-
eine) are determined in tissue samples. The sample pretreatment

ethod was first studied and optimized in order to extract and
reconcentrate the studied compounds and clean up the sample
atrix. The analytical separation technique was ultra-performance

C (UPLC)–ESI–MS/MS, with quadrupole as the analyzer. Then, the
eveloped methods were applied to identify and quantify the stud-

ed compounds and their metabolites in different rat tissue samples
btained 4 h after the administration of a dose corresponding to 1 g
f grape pomace extract (to study the procyanidins and anthocyani-
ins) or 1 g of cocoa extract (to study the alkaloids) per kilogram of
ody weight.

. Experiment

.1. Chemical and reagents

The standards of (−)-epicatechin, (+)-catechin, theobromine,
heophylline, and caffeine were purchased from Sigma Aldrich (St.
ouis, MO, USA); procyanidin dimer B2 from Fluka Co. (Buchs,
25 Switzerland). The anthocyanins, cyanidin-3-glucoside and
alvidin-3-glucoside, were purchased from Extrasynthese (Genay,

rance). Acetonitrile (HPLC-grade), methanol (HPLC-grade), ace-
one (HPLC-grade) and glacial acetic acid (≥99.8%) were of
nalytical grade (Scharlab, Barcelona, Spain). Pure hydrochloric
cid (37%) was from Prolabo (Badalona, Spain). Ortho-phosphoric
cid 85% was purchased from Mont Plet & Esteban S.A. (Barcelona,
pain). Formic acid and l (+)-ascorbic acid (reagent grade) were all
rovided by Scharlau Chemie (Barcelona, Spain). Ultrapure water
as obtained from a Milli-Q water purification system (Millipore
orp., Bedford, MA, USA).

.2. Extracts

A grape pomace extract rich in procyanidins and anthocyanidins
nd a cocoa extract rich in alkaloids were used to show the appli-
ability of the developed methods. The extracts were obtained as
ollows.

Cocoa extract: An accelerated solvent extractor ASE100 (Dionex)
as used to extract the alkaloid compounds from cocoa powder.

his extractor allows faster extractions using solvents at high tem-
eratures and pressures [20]. 10 g of cocoa powder, which was
reviously cleaned with cold water to remove sugars, was mixed
ith 2.5 g of diatomaceous earth and was extracted with ace-
one/water/acetic acid (70/29.5/0.5, v/v/v) at 40 ◦C using a 100-ml
xtraction cell. The flush volume was set at 50% and four static
ycles of 5 min were carried out. After that, the sample was purged
ith nitrogen (≥99.99% purity, Air Liquide, Madrid, Spain). The

esulting extract was rotary evaporated until all of the acetone and
879 (2011) 1519–1528

acetic acid were eliminated, and was then freeze-dried and stored
at −18 ◦C in N2 atmosphere. The main alkaloids quantified in the
extract were theobromine and caffeine (Table 1 and Figure Addi-
tional Information).

Grape pomace extract: An accelerated solvent extractor ASE100
(Dionex) was also used to extract the phenolic compounds (pro-
cyanidins and anthocyanins) from grape pomace. 15 g of grape
pomace mixed with 5 g of diatomaceous earth was extracted twice
with acetone/water (25/75, v/v) at 80 ◦C using a 100-ml extrac-
tion cell. The flush volume was set at 50% and three static cycles of
5 min were carried out. The sample was then purged with nitro-
gen (≥99.99% purity, Air Liquide, Madrid, Spain). The resulting
extract was rotary evaporated until all of the acetone was elimi-
nated, and then freeze-dried and stored at −18 ◦C in N2 atmosphere.
The main procyanidins quantified in the extract were catechin,
epicatechin, dimer and trimer, and the main anthocyanins were
cyanidin-glucoside, petunidin-glucoside, delphinidin-glucoside,
peonidin-3-glucoside and malvidin-3-glucoside (Table 1 and Fig-
ure Additional Information).

2.3. Treatment of rats and tissue collection

Three-month-old male Wistar rats were obtained from Charles
River Laboratories (Barcelona, Spain). The rats were housed in cages
on a 12 h light-12 h dark schedule at controlled temperature (22 ◦C).
They were given a commercial feed, PanLab A04 (Panlab, Barcelona,
Spain), and water ad libitum. The rats were later kept under fasting
conditions for between 16 and 17 h with access to tap water. Two
different experiments were carried out.

Experiment 1 (five rats): a single dose of 1 g of grape pomace
extract/kg of body weight dispersed in water, as a source of
procyanidins and anthocyanins, was administered by intragastric
gavage.

Experiment 2 (five rats): a single dose of 1 g of cocoa extract/kg
of body weight dispersed in water, as a source of alkaloids, was also
administered by intragastric gavage.

Additionally, a control group (five rats) rats was maintained
under fasting conditions without extract ingestion and then sim-
ilarly euthanized. The animals were anesthetized with isoflurane
(IsoFlo, Veterinaria Esteve, Bologna, Italy) and euthanized by exsan-
guinations at 18 h. The liver, brain, aorta vein and adipose tissue
were excised from the rats. The tissues were stored at −80 ◦C and
freeze-dried for procyanidin, anthocyanin and alkaloid extraction
and chromatographic analysis. The study was approved by the Ani-
mal Ethics Committee of the University of Lleida.

2.4. Pre-treatment method of tissue sample

As the sample pretreatment, off-line liquid–solid extraction
(LSE)-SPE and off-line LSE-�SPE was used to analyze the phe-
nolic compounds (procyanidins and anthocyanins) and alkaloids
respectively. LSE was chosen because a liquid organic solvent was
used to extract the analytes in a solid matrix tissue. The biological
matrices were cleaned-up and the studied compounds were pre-
concentrated. To optimize the extraction step, a pool of liver tissue
from the control group was spiked with standards of procyanidins
(catechin, epicatechin and dimer B2), anthocyanins (cyanidin-3-
glucoside and malvidin-3-glucoside) and alkaloids (theophylline,
caffeine and theobromine) dissolved in phosphoric acid 4%.

The LSE was optimized to increase its suitability. The extrac-
tion procedure was as follows; 50 �l of ascorbic acid 1% and 100 �l

of phosphoric acid 4% were added to 60 mg of freeze-dried tis-
sue. The liver sample was extracted four times with 400 �l of
water/methanol/phosphoric acid 4% (94/4.5/1.5, v/v/v). In each
extraction, 400 �l of extraction solution was added; the sample
was sonicated (S-150D Digital SonifierRCell Disruptor, Branson,
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ltrasonidos S.A.E., Barcelona, Spain) during 30 s, maintaining the
ample in a freeze water bath to avoid heating and then centrifuged
or 15 min at 17,150 × g at 20 ◦C. The supernatants were collected,
nd then the extracts were cleaned-up by using �SPE to determine
rocyanidins and anthocyanins and SPE to determine alkaloids.

The off-line �SPE was based on the methodology described in a
revious study [9] using OASIS HLB �Elution Plates 30 �m (Waters,
ilford, MA, USA). Briefly, the micro-cartridges were conditioned

equentially with 250 �l of methanol and 250 �l of 0.2% acetic
cid. 350 �l of phosphoric acid 4% was added to 350 �l of liver
xtract, and then this mixture was loaded onto the plate. The loaded
lates were washed with 200 �l of Milli-Q water and 200 �l of 0.2%
cetic acid. The retained procyanidins and anthocyanins were then
luted with 2 x 50 �l of acetone/Milli-Q water/acetic acid solution
70/29.5/0.5, v/v/v). The eluted solution was directly injected in the
PLC–MS/MS, and the sample volume was 2.5 �l.

On the other hand, the recovery of the alkaloids from the liver
xtract was by off-line SPE using OASIS HLB cartridges (60 mg,
aters Corp., Milford, USA). These were conditioned sequentially
ith 1 ml of methanol and 1 ml of Milli-Q water. 1 ml of liver extract
as loaded onto the cartridge. The loaded cartridges were washed
ith 1 ml Milli-Q water. The retained alkaloids were then eluted
ith 1 ml of methanol. This solution was directly injected into the
PLC–MS/MS, and the sample volume was also 2.5 �l.

.5. UPLC–ESI–MS/MS

Procyanidin, anthocyanin and alkaloid tissue extracts were ana-
yzed by Acquity Ultra-PerformanceTM liquid chromatography and
andem MS from Waters (Milford MA, USA), as reported in our
revious studies [1,9,21]. Briefly, the column was an Acquity high-
trength silica (HSS) T3 column (100 mm × 2.1 mm i.d., 1.8 �m
article size) with 100% silica particles, also from Waters (Milford
A, USA). Two different mobile phases were used to analyze these

ompounds [9]. The procyanidins and alkaloids were separated
ith a mobile phase that consisted of 0.2% acetic acid (eluent A) and

cetonitrile (eluent B), and the anthocyanins with 10% acetic acid
eluent A) and acetonitrile (eluent B). The flow-rate was 0.4 ml/min.
he elution gradient was 0–10 min, 5–35% B; 10–10.10 min, 35–80%
; 10.10–11 min, 80% B isocratic; 11–11.10 min, 80–5% B; and
1.10–12.50 min, 5% B isocratic.

Tandem MS analyses were carried out on a triple quadrupole
etector (TQD) mass spectrometer (Waters, Milford MA, USA)
quipped with a Z-spray electrospray interface. The ionization
echnique was ESI. The procyanidins were analyzed in the nega-
ive ion mode, and the anthocyanins and alkaloids in the positive
on mode, and the data was acquired through selected reaction

onitoring (SRM). Two SRM transitions were studied, selecting
he most sensitive transition for quantification and a second one
or confirmation purposes. The SRM transitions and the individual
one voltage and collision energy for each analyte are shown in
able 1. The dwell time established for each transition was 30 ms.
ata acquisition was carried out with the MassLynx v 4.1 software.

.6. Analytical characteristics of the method

After the development of the extraction methods, liver, brain,
orta and adipose tissue (obtained from the control rats) were
piked with the standards of procyanidins, anthocyanins and alka-
oids at different concentrations before the sample pre-treatment.
hen the instrumental quality parameters: linearity, extraction

ecovery, calibration curves, intra-day and inter-day precision,
ntra-day and inter-day accuracy, detection limit (LOD), quantifica-
ion limit (LOQ), and the study of the matrix effect were evaluated.

The linearity of the method was evaluated using control tissue
amples spiked with the standards. Calibration curves (based on
879 (2011) 1519–1528 1521

peak area abundance) were plotted using y = a + bx, where y is the
analyte peak abundance and x is the analyte concentration. Con-
centrations of the procyanidins, anthocyanins and alkaloids were
calculated by interpolating the analyte peak abundance on their
calibration curves. These curves were obtained by analyzing five
points at different concentration levels and each standard solution
was injected three times. The studied standard compounds in the
tissue samples were quantified by using their calibration curves.
On the other hand, due to the lack of standards, the metabolites of
catechin and epicatechin were tentatively quantified by using the
calibration curve of catechin and epicatechin, respectively. Other
anthocyanins detected in tissues after the ingested of grape pomace
extract were tentatively quantified by using the calibration curve
of malvidin-3-glucoside.

Extraction recoveries (%R) were determined by comparing the
absolute response of the analytes spiked in control tissues before
and after the sample pre-treatment. The precision of the meth-
ods (intra-day and inter-day precision) were determined as the
relative standard deviation (% RSD) of the concentration (n = 3).
The matrix effect was evaluated by comparing peak abundances
of the analytes spiked in the tissue matrices after the sample pre-
treatment, LSE-�SPE (procyanidins and anthocyanins) and LSE-SPE
(alkaloids), with the peak abundances of the analytes spiked in
the elution solvent, (acetone/Milli-Q water/acetic acid, 70/29.5/0.5)
and methanol, respectively. The intra-day and inter-day accuracy
(n = 3) were calculated as the ratio between the mean measured
concentration and the nominal concentration multiplied by 100.
The extraction recovery, precisions of the method and accuracy
were studied at three concentration levels (n = 3), 8.0, 2.4 and
0.6 nmol/g tissue for the liver, 6.0, 1.7 and 0.4 nmol/g tissue for
the brain, 38.0, 11.5 and 2.6 nmol/g tissue for the aorta vein, and
23.0, 6.8 and 1.6 nmol/g tissue for the adipose tissue. The LODs and
LOQs were calculated using the signal-to-noise criterion of 3 and
10, respectively.

3. Results and discussion

3.1. Pre-treatment of tissue sample

Initial experiments for measuring procyanidins, anthocyanins
and alkaloids and their metabolites were based on the conditions
previously reported for the analysis of procyanidins and antho-
cyanins in plasma samples [9]. In that study, these compounds
and their metabolites were extracted by �SPE with good extrac-
tion recoveries. Tissues are more complex matrices than biological
fluids, such as plasma, saliva and urine, because the former are
complex cellular structures with high contents of proteins, collagen
and fat, depending on the tissue. For this reason, as well as �SPE,
another sample pre-treatment technique, such as LSE, was com-
bined to extract the soluble phenolic compounds and alkaloids by
diffusion from the solid tissue matrix to a liquid extraction solvent.

Prior to the LSE extraction, the tissues were lyophilized to elim-
inate water and thus improve the contact between the solvent
extraction and the matrix tissue. 50 �l of ascorbic acid 1% was added
to the tissue sample to avoid phenol oxidation during extraction,
and 100 �l of phosphoric acid 4% was added to denaturalize pro-
teins. Then, some parameters were studied in order to optimize the
extraction. These were sample weight, extraction solvent, number
of extractions, and disruption treatment (sonicator/vortex).

Firstly, the sample pre-treatment studies were evaluated using

the liver as the tissue sample. The weight of freeze-dried tissue
subjected to extraction was the first parameter to optimize. Dif-
ferent weights were tested, from 60 to 100 mg. The use of weights
higher than 60 mg was discarded because the supernatant could
not be completely separated from the solid residue when the mix-
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Table 1
Optimized SRM conditions for the analyses of the studied compounds and their metabolites by UPLC–MS/MS.

Compound ESI SRM 1 (quan-
tificaction)

Cone
voltage (V)

Collision
energy (eV)

SRM 2
(confirmation)

Cone
voltage (V)

Collision
energy (eV)

Reference

Standards
Catechin Negative 289 > 245 45 15 289 > 205 45 10 [1,2]
Epicatechin Negative 289 > 245 45 15 289 > 179 45 10 [1,2]
Dimer B2 Negative 577 > 289 45 20 289 > 425 45 15 [1,2]
Theophylline Positive 180.6 > 123.5 45 15 180.6 > 96 40 25
Theobromine Positive 181 > 163 45 15 181 > 140 45 10 [2]
Caffeine Positive 195 > 138 45 15 195 > 110 45 20 [2]
Cyanidin-3-Glucoside Positive 449 > 287 40 20 – – – [3]
Malvidin-3-Glucoside Positive 493 > 331 40 25 493 > 315 40 20 [3]

Metabolites
Catechin glucuronide Negative 465 > 289 40 20 289 > 245 45 15 [1,2]
Epicatechin glucuronide Negative 465 > 289 40 20 289 > 245 45 15 [1,2]
Methyl catechin-glucuronide Negative 479 > 303 40 25 289 > 245 45 15 [1,2]
Methyl epicatechin-glucuronide Negative 479 > 303 40 25 289 > 245 45 15 [1,2]
Catechin sulphate Negative 369 > 289 40 20 289 > 245 45 15
Epicatechin sulphate Negative 369 > 289 40 20 289 > 245 45 15
Methyl catechin-sulphate Negative 383 > 303 40 15 289 > 245 45 15 [1,2]
Methyl epicatechin-sulphate Negative 383 > 303 40 15 289 > 245 45 15 [1,2]
Peonidin-3-Glucoside Positive 463 > 301 40 25 – – – [3]
Delfinidin-3-Glucoside Positive 465 > 303 40 20 – – – [3]
Petunidin-3-Glucoside Positive 479 > 317 40 20 – – – [3]
Cyanidin-3-AcetylGlu Positive 491 > 287 40 20 – – – [3]
Peonidin-3-AcetylGlu Positive 505 > 301 40 25 – – – [3]
Delfinidin-3-AcetylGlu Positive 507 > 303 40 25 – – – [3]
Petunidin-3-AcetylGlu Positive 521 > 317 40 30 – – – [3]
Malvidin-3-AcetylGlu Positive 535 > 331 40 25 535 > 315 40 20 [3]
Cyanidin-3-CoumaroylGlu Positive 595 > 287 40 30 – – – [3]
Peonidin-3-CoumaroylGlu Positive 609 > 301 40 25 – – – [3]
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Delfinidin-3-CoumaroylGlu Positive 611 > 303 40
Petunidin-3-CoumaroylGlu Positive 625 > 317 40
Malvidin-3-CoumaroylGlu Positive 639 > 331 40

ure was centrifuged. When the extraction was done with 60 mg of
reeze-dried tissue, full separation of the solid residue and solvent
xtraction was obtained. 60 mg of sample was accordingly chosen.

Afterwards, following the work by Urpi-Sarda et al. [14], who
sed 1.5 M f formic acid with 5% methanol, six different extraction
olvents were tested to determine the more appropriate compo-
ition to obtain the maximum extraction of the different analytes:
.5 M formic acid (solvent 1), 1.5 M formic acid with 5% of methanol
solvent 2) [14] and 1.5 M formic acid with 5% of acetone (solvent
). Water (solvent 4) was tested as a control solvent extraction.
ydrochloric acid (solvent 5) was also tested to evaluate the influ-
nce of the pH of the medium on the extraction efficiency of
ompounds, in line with Zafra-Gómez et al. [22]. These authors
eported that the extraction efficiency increases for acid pH val-
es because the dissociated forms may remain in the aqueous
hase. Finally, water/methanol/H3PO4 4% (94/4.5/1.5, v/v/v) (sol-
ent 6) was chosen as a mix between the control tested and the
ethod proposed by Urpi-Sarda et al. [14]. To optimize the extrac-

ion solvent, freeze-dried liver tissue was spiked with the studied
nalytes, and the extraction recoveries (%R) are shown in Table 2.
he recovery studies used 60 mg of sample, sonicator and two
xtractions. No differences were observed between the procyani-
in and anthocyanin recoveries obtained when 1.5 M formic acid
solvent 1), 1.5 M formic acid with 5% of methanol (solvent 2) and
.5 M formic acid with 5% of acetone (solvent 3) were tested. How-
ver, 1.5 M formic acid with 5% of acetone (solvent 3) was discarded
ecause the separation of the supernatant was more difficult than
ith the other extraction solvents. Nevertheless, Garcia-Viguera

t al. [23] reported that acetone is more efficient than acidified

ethanol for extracting anthocyanins from red fruit. On the other

and, when water (solvent 4) was used as the extraction solvent,
igh anthocyanin recoveries were obtained, 98% for cyanidin-
-glucoside and 100% for malvidin-3-glucoside. In contrast, the
xtraction recoveries of procyanidins were lower than 50%. In order
35 – – – [3]
25 – – – [3]
25 639 > 315 40 20 [3]

to improve this low percentage of procyanidin recovery, different
proportions of methanol, water and diluted phosphoric acid were
tested [24]. Water/methanol/H3PO4 4% (94/4.5/1.5, v/v/v) (solvent
6) was shown to be a more appropriate extraction solvent for pro-
cyanidins, reaching recoveries of 77%, 80% and 65% for catechin,
epicatechin and dimer B2, respectively. In contrast to the results
obtained by Zafra-Gómez et al. [22], in the present study, no com-
pounds were recovered when hydrochloric acid (solvent 5) was
tested as the extraction solvent.

Once the optimal extraction solvent had been selected, the num-
ber of extractions, from 1 to 5, was studied. No differences were
observed between 4 and 5 extractions. Thus, the number of extrac-
tions selected was 4. As an example, the extraction recoveries for
catechin and epicatechin improved from 77% to 100% and from 80%
to 100%, respectively, when 4 extractions were carried out instead
of 2.

Finally, a sonicator and vortex were compared to disrupt the
tissue. Only the sonicator was able to break the tissue and free the
analytes from the matrix. This extraction system was previously
applied by Talavéra et al. [15]. Sonication is faster and more efficient
than such traditional methods as maceration/stirring, because the
surface area in contact between the solid and liquid phases is much
greater due to particle disruption taking place. On the other hand,
other authors, such as Vanzo et al. [16], carried out the extraction
satisfactorily using vortex.

For the analyses of alkaloids, the LSE-�SPE recoveries were
lower than 5% in all the extraction solvents tested. In order to
improve the retention of these analytes in the sorbent and increase
the extraction recovery, these compounds were analyzed by off-

line SPE, instead of �SPE. The LSE conditions were those used for
the analysis of procyanidins and anthocyanins. Firstly, the off-line
SPE method was based on the recommended generic Oasis® HLB
SPE method from Waters in which the cartridges were conditioned
by adding sequentially 1 ml of methanol and 1 ml of Milli-Q water.
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Table 2
Extraction recovery (%R) for the determination of the studied compounds by off-line LSE and �SPE-UPLC–MS/MS in spiked liver (mean ± SE).

Solvent extraction

1.5 M formic
acid

1.5 M formic
acid + 5% methanol

1.5 M formic
acid + 5% acetone

Water 0.1 M HCl Water/methanol/H3PO4 4%
(94/4.5/1.5, v/v/v)

Procyanidins
Catechin 62 ± 2 56 ± 2 50 ± 3 49 ± 3 0 77 ± 2
Epicatechin 51 ± 2 51 ± 2 47 ± 3 43 ± 3 0 80 ± 3
Dimer B2 0 0 0 0 0 65 ± 4

Alkaloids
Theophylline 0 0 0 0 0 2 ± 0
Caffeine 0 0 0 0 0 4 ± 1
Theobromine 0 0 0 0 0 5 ± 1

Anthocyanins
89 ± 4
66 ± 3

F extra

E
o
b
w
s
s
v
t
1

F
e
3

Cyanidin-3-Glucoside 100 ± 2 98 ± 3
Malvidin-3-Glucoside 71 ± 2 69 ± 2

or experimental conditions see in Section 2.4: 60 mg tissue sample, sonicator, two

xtractions were done by loading 1 ml of extract that had previ-
usly been mixed with 20 �l of phosphoric acid 85% to break the
onds between the proteins and alkaloids. The loaded cartridges
ere washed with 1 ml of Milli-Q water. Then, in order to elute the
tudied compounds, and based on the literature, different elution
olvents, such as chloroform [12], ethyl acetate/2-propanol (93/7,
/v) [12], water and chloroform/2-propanol (80/20, v/v) [12], were
ested. However the best extraction recoveries were obtained when
ml of methanol was used as the elution solvent, and the extraction

A
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Time

1 2 3 4 5
1

1
2

100

0

100

1 2 3 4 5

449 > 287
2.88 x 105

1

100

1 2 3 4 5

180.6 > 123.5
2.06 x 104

0
1 2 3 4 5

195 >
3.78 

100

0

57
6.

100

1 2 3 4 5

0

493 > 331
2.41 x 105

100

1 2 3 4 5

0

181 > 163
2.35 x 105

100

1 2 3 4 5

3

4

5

6

7

8

ig. 1. Extracted ion chromatograms from blank liver tissue spiked with the studied comp
picatechin, 6 nmol/g tissue; (3) dimer, 3 nmol/g tissue; (4) theophylline, 8.5 nmol/g tissu
-glucoside, 3 nmol/g tissue; (8) malvidin-3-glucoside, 3 nmol/g tissue.
98 ± 3 0 65 ± 4
100 ± 4 0 60 ± 2

ctions.

recoveries were 52%, 61% and 72% for theophylline, caffeine and
theobromine, respectively. Fig. 1 shows the extraction ion chro-
matograms obtained from the analysis of liver tissue spiked with
the studied compounds under optimum extraction conditions.
Once the method had been developed and optimized to extract
the studied compounds (LSE-�SPE for procyanidins and antho-
cyanins and LSE-SPE for alkaloids) using liver as the tissue, the
extraction recoveries were also determined for the analysis of brain,
aorta vein and adipose tissue (Table 3). The results showed that

 (min)

6 7 8 9 10

289 > 245
3.13 x 104

6 7 8 9 10

6 7 8 9 10

6 7 8 9 10

 138
x 105

7 > 289
07 x 104

6 7 8 9 10

6 7 8 9 10

6 7 8 9 10

ounds. Their designation and concentrations were (1) catechin, 6 nmol/g tissue; (2)
e; (5) theobromine, 14.5 nmol/g tissue; (6) caffeine, 7 nmol/g tissue; (7) cyanidin-
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Table 3
Extraction recovery (%R) for the determination of the studied compounds by off-line LSE and �SPE-UPLC–MS/MS (procyanidins and anthocyanidins) or SPE-UPLC–MS/MS
(alkaloids) in spiked liver, brain, aorta vein and adipose tissue (mean ± SE).

Sample pre-treatment Tissue samples

Liver Brain Aorta vein Adipose tissue

Procyanidins
Catechin LLE-�SPE 100 ± 3 100 ± 3 100 ± 2 100 ± 2
Epicatechin LLE-�SPE 100 ± 3 96 ± 2 100 ± 2 100 ± 2
Dimer B2 LLE-�SPE 85 ± 2 94 ± 4 100 ± 3 100 ± 3

Anthocyanins
Cyanidin-3-Glucoside LLE-�SPE 60 ± 2 65 ± 2 84 ± 2 90 ± 2
Malvidin-3-Glucoside LLE-�SPE 50 ± 1 60 ± 2 92 ± 3 100 ± 3

Alkaloids
Theophylline LLE-SPE 75 ± 2 57 ± 1 100 ± 2 63 ± 1

8 ± 2
2 ± 3

F extra
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Theobromine LLE-SPE 7
Caffeine LLE-SPE 8

or experimental conditions see in Section 2.4: 60 mg tissue sample, sonicator, four

lmost 100% of the monomers catechin and epicatechin were recov-
red in all tissues. The dimer B2 showed recoveries from 85% in the
iver to 100% in the adipose tissue. The recoveries of cyanidin-3-
lucoside and malvidin-3-glucoside ranged from 50% to 65% in the
iver and the brain tissue, respectively, and these were higher than
4% in the aorta vein and adipose tissue.

Finally, in relation to the extraction recoveries of alkaloids, it was
oted that 100% of theophylline was recovered from the aorta vein.

n the other tissues studied, this extraction recovery was lower,
nd the lowest extraction recovery was in the liver (57%). Simi-
arly, theobromine and caffeine generally showed higher extraction
ecoveries than theophylline. The lowest extraction recovery val-
es were observed with caffeine from the brain and the aorta vein,
hich were 66% and 62%, respectively.

.2. Quality parameters

The quality parameters of the developed methods for the mea-
uring the studied compounds in the four tissues are shown in
able 4 (linearity, LOD and LOQ). The linearity was evaluated fol-
owing the procedure developed in the range from 0.2 to 80 nmol/g
iver, from 0.2 to 57.5 nmol/g brain, from 0.4 to 380 nmol/g aorta
ein, and from 0.1 to 227 nmol/g adipose tissue. The calibra-
ion curves were plotted as the peak areas according to analyte
oncentration. The functions were linear, with mean correlation
oefficients >0.99.

The intra-day precision (within-day precision, n = 3) of the
ethods, obtained for each analyte during the same day that the tis-

ues were spiked with the analytes, was expressed as the relative
tandard deviation (% RSD) of the concentration, and was calcu-
ated at three different concentration levels according to the tissue

atrix (Table 2 Additional Information). These values were lower
han 9.0% in the liver, 7.7% in the brain, 7.6% in the aorta vein and
.0% in the adipose tissue. The lowest intra-day precision of pro-
yanidins (catechin, epicatechin and dimer B2) was obtained in the
rain, with values between 1.8% and 6.0%, and the aorta vein, with
alues between 0.5% and 7.6%. On the other hand, the intra-day
recision values obtained in the adipose tissue were the highest,
ith values between 6.0% and 10.1%. The intra-day precision of

lkaloids obtained in liver, vein aorta and adipose tissue was sim-
lar, with values between 2.8% and 5% for the liver, 2.3% and 5.9%
or the aorta vein and 2.7% and 5.7% for the adipose tissue. In con-
rast, the intra-day precision values obtained in the brain covered a

ide range, with values between 0.2% and 5.9%. The inter-day pre-

ision (different-day precision) was similar or slightly higher than
he intra-day precision.

The accuracy of the intra-day and inter-day methods developed
n = 3) was also calculated at three different concentration levels,
92 ± 2 100 ± 2 79 ± 2
66 ± 2 62 ± 1 74 ± 2

ctions, extraction solvent; water/methanol/H3PO4 4% (94/4.5/1.5, v/v/v).

according to the tissue matrix studied, and the values were between
95% and 103%. No differences were shown between intra-day and
inter-day accuracy. The results for precision and accuracy appear to
indicate that the methodology for extracting the compounds from
the studied tissues is highly reproducible and robust.

The LODs (concentration for signal/noise = 3) were lower than
0.9 nmol/g fresh liver, 1.1 nmol/g fresh brain, 13.3 nmol/g fresh
aorta vein and 5.7 nmol/g fresh adipose tissue. The LOQs (concen-
tration for signal/noise = 10) were lower than 3.3 nmol/g fresh liver,
4.6 nmol/g fresh brain, 35.8 nmol/g fresh aorta vein and 19.0 nmol/g
fresh adipose tissue. However, the highest LOQ and LOD values in all
the studied tissues corresponded to theobromine. The other LOQs
and LODs were practically ten times lower.

The quality parameters obtained in the methods validation were
not compared with the results obtained by other authors because
the research works in which procyanidins [2,6,8,14], and antho-
cyanins [10,15–17] were detected in tissue samples, the validation
procedure was not studied.

3.3. Matrix effect

The signal response of the analytes obtained from standard solu-
tions prepared with organic solvent, acetone/Milli-Q water/acetic
acid solution (70/29.5/0.5, v/v/v) or methanol, and matrix sam-
ples may differ significantly [25,26]. This fact, known as the matrix
effect, occurs when the molecules originating from the sample
matrix coelute with the analytes of interest and can compete for
ionization capacity and interfere with the ionization process of
the analytes in LC–ESI–MS/MS. This coextracted sample matrix can
suppress or, less frequently, enhance the analyte signal response,
according to whether the signal response of the analytes in the stan-
dard solutions is lower or higher than the response of the analytes
in the sample matrix, respectively.

In order to study the influences on the MS signal responses
by coeluting substances originated from complex biological tis-
sues (brain, liver, aorta vein and adipose tissue), the matrix effect
(%) was studied at different concentration levels. This was eval-
uated by comparing the peak abundances obtained from a pool
of control samples spiked after sample pre-treatment with those
obtained from standard solutions (acetone/Milli-Q water/acetic
acid (70/29.5/0.5, v/v/v) for procyanidins and anthocyanins, or
methanol for alkaloids) at different concentrations.

Although the studied compounds could be present in biological

tissues at low concentration levels, the matrix effect was studied
in all the linearity range in order to compare this effect at dif-
ferent concentrations. Fig. 2 shows the absolute matrix effect (%)
for catechin, dimer B2, caffeine and malvidin-3-glucoside, as the
representative studied compounds, in the four tissues studied (the
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Table 4
Retention time (RT), linearity (nmol/g tissue), LOD and LOQ to determine the studied compounds by off-line LLE and off-line �SPE-UPLC–MS/MS in spiked liver, brain, aorta
vein and adipose tissue.

Tissue/Compound RT (min) Linearity (nmol/g fresh tissue) LOD (nmol/g fresh tissue) LOQ (nmol/g fresh tissue)

Liver
Catechin 3.98 1.0–80 0.4 1.0
Epicatechin 4.55 1.0–80 0.6 1.0
Dimer B2 4.09 0.2–80 0.08 0.2
Cyanidin-3-Glucoside 1.90 1.6–80 0.6 1.6
Malvidin-3-Glucoside 2.96 1.5–80 0.5 1.5
Theophylline 2.72 1.0–80 0.4 1.0
Theobromine 2.01 3.3–80 0.9 3.3
Caffeine 3.61 1.5–80 0.5 1.5

Brain
Catechin 3.98 0.9–57.5 0.3 0.9
Epicatechin 4.55 0.9–57.5 0.4 0.9
Dimer B2 4.09 0.2–57.5 0.06 0.2
Cyanidin-3-Glucoside 1.90 1.3–57.5 0.5 1.3
Malvidin-3-Glucoside 2.96 1.1–57.5 0.3 1.1
Theophylline 2.72 0.9–57.5 0.3 0.9
Theobromine 2.01 4.6–57.5 1.1 4.6
Caffeine 3.61 0.9–57.5 0.3 0.9

Aorta vein
Catechin 3.98 11.4–380 3.4 11.4
Epicatechin 4.55 9.2–380 3.0 9.2
Dimer B2 4.09 0.4–380 0.07 0.4
Cyanidin-3-Glucoside 1.90 6.84–380 1.9 6.8
Malvidin-3-Glucoside 2.96 4.5–380 1.5 4.5
Theophylline 2.72 3.8–380 1.1 3.8
Theobromine 2.01 35.8–380 13.3 35.8
Caffeine 3.61 3.0–380 1.1 3.0

Adipose tissue
Catechin 3.98 6.1–227 1.8 6.1
Epicatechin 4.55 4.5–227 1.6 4.5
Dimer B2 4.09 0.1–227 0.03 0.1
Cyanidin-3-Glucoside 1.90 2.5–227 0.7 2.5
Malvidin-3-Glucoside 2.96 1.0–227 0.2 1.0
Theophylline 2.72 3.6–227 1.1 3.6
Theobromine 2.01 19.0–227 5.7 19.0
Caffeine 3.61 3.4–227 1.1 3.4

Fig. 2. Matrix effect study for the determination of catechin, dimer B2, caffeine and malvidin-3-glucoside in brain, liver, aorta vein and adipose tissue.
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ig. 3. Extract ion chromatograms obtained for the analysis of the liver extract aft
alkaloids).

rain, liver, aorta vein and adipose tissue) at the different concen-
rations of the linearity range. The matrix effect (%), expressed as
he signal suppression (%), was calculated for each compound as
he percentage decrease in signal intensity in the biological tissue

atrix versus the elution solvent [26]. Although the Fig. 2 shows the

bsolute matrix effect (%), both positive and negative effects were
bserved, which meant the signal of the analyte in the spiked matrix
as respectively higher or lower than the signal in the standard

olution. The matrix effect was reduced as the analyte concentra-
ion decreased. At high concentration levels, the signal abundances
ingestion of grape seed extract (procyanidins and anthocyanins) or cocoa extract

of the analytes in the standard solutions were higher than the sig-
nal abundances of the same analytes at the same concentration
extracted from the spiked tissue. This means that the coeluting
matrix substances reduced the ion intensity of the studied com-
pounds and caused signal suppression. On the other hand, at low

concentration levels (for example lower than 3, 6, 26 and 16 nmol/g
tissue for the determination of catechin in brain, liver, aorta vein
and adipose tissue, respectively) the matrix effect was small, being
less than 10% for catechin, dimer B2 and caffeine, and 17% for
malvidin-3-glucoside in all the tissues. In summary, the alkaloid
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Table 5
Concentration (nmol analyte/g tissue) of procyanidins and anthocyanins and their metabolites at 4 h after the administration of a 1 g of grape pomace extract/kg rat weight
(Experiment 1), and concentration of alkaloids and their metabolites at 4 h after the administration of a 1 g of cocoa extract/kg rat weight (Experiment 2) (mean ± SE).

Liver Brain Aorta vein Adipose tissue

Procyanidins
Catechin n.d. n.d. n.d. n.d.
Epicatechin 13.6 ± 0.10 n.d. n.d. n.d.
Catechin glucuronide n.d. 2.12 ± 0.14 n.d. n.d.
Epicatechin glucuronide n.d. 5.48 ± 0.36 n.d. n.d.
Methyl catechin-glucuronide n.d. 1.87 ± 0.00 n.d. n.d.
Methyl epicatechin-glucuronide 13.5 ± 0.07 1.60 ± 0.08 n.d. n.d.
Catechin sulphate 16.1 ± 0.34 n.d. n.d. n.d.
Epicatechin sulphate 14.0 ± 0.07 n.d. n.d. n.d.
Methyl catechin-sulphate 32.8 ± 0.78 0.45 ± 0.09 n.d. n.d.
Methyl epicatechin-sulphate 30.3 ± 0.54 0.51 ± 0.19 n.d. n.d.
Dimer B2 n.d. 1.16 ± 0.11 1.05 ± 0.10 0.17 ± 0.01

Anthocyanins
Malvidin-glucoside 3.55 ± 0.07 n.d. n.d. n.q.
Peonidin-glucoside 2.40 ± 0.01 n.d. n.d. n.q.
Delfinidin-glucoside 2.53 ± 0.01 n.d. n.d. n.d.
Malvidin-acetylglucoside 2.51 ± 0.01 n.d. n.d. n.d.
Malvidin-coumarylglucoside 2.41 ± 0.01 n.d. n.d. n.d.

Alkaloids
Theophylline n.d. n.d. n.d. n.d.
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Theobromine 3.82 ± 0.10
Caffeine 5.24 ± 0.18

.d.: not detected. n.q.: not quantified.

affeine showed the lowest matrix effect and the anthocyanin
alvidin-3-glucoside the highest matrix effect in the four tissues.

he matrix effect (%) of epicatechin was similar to catechin; theo-
romine and theophylline to caffeine; and cyanidin-3-glucoside to
alvidin-3-glucoside.
Due to the complexity of the biological sample matrix, the sam-

le preparation and the use of an exhaustive sample extraction step
s essential to maintain high sensitivity and signal reproducibility
o qualitatively and quantitatively determine metabolites at very
ow concentrations.

.4. Application of the developed methods

The first method described above was applied to determine the
rocyanidins and anthocyanins and their metabolites in the liver,
rain, aorta vein and adipose tissue obtained from rats 4 h after a
ingle administration of a grape pomace extract (Experiment 1 of
ection 2.3). Similarly, the second method was applied to determine
lkaloids and their metabolites in the same tissue samples obtained
rom rats 4 h after a single administration of a cocoa extract (Exper-
ment 2 of Section 2.3). Fig. 3 shows, as an example, the extract ion
hromatograms of the generated metabolites of procyanidins and
nthocyanins, obtained by UPLC–MS/MS, for the analysis of liver
xtract after the ingestion of grape pomace extract.

Table 5 shows the results of the quantification of procyanidins,
nthocyanidins and alkaloids in the different tissues analyzed. The
nalysis of procyanidins showed intense metabolism in the liver
nd brain. The free form of epicatechin was only quantified in the
iver (13.6 nmol/g tissue), and the free form of dimer B2 in the brain,
orta vein and adipose tissue (1.16, 1.05 and 0.17 nmol/g tissue,
espectively). Among the anthocyanins, malvidin-glucoside was
uantified in the liver at a concentration of 3.55 nmol/g tissue but
ot in the adipose tissue, because its concentration was between its
OQ and LOD. In the other tissues, namely the brain and aorta vein,
he anthocyanins were not detected. Theobromine and caffeine, the
ree forms of the alkaloids, were detected in all the tissues analyzed,

ith concentrations ranging between 2.82 and 289 nmol/g tissue

nd 5.24 and 27.2 nmol/g tissue, respectively, except in the adipose
issue where they were not quantified (their concentrations were
etween their LOQ and LOD). The amount of theobromine and caf-
eine in the aorta vein was higher than in the other tissue analyzed
25.6 ± 1.42 289 ± 6.00 n.q.
2.36 ± 0.08 27.2 ± 1.14 n.q.

(289 and 27.2 nmol/g tissue, respectively). Despite the high concen-
tration of alkaloids quantified in the different tissues, theophylline
was not detected.

After determining the studied phenolic compounds and alka-
loids (included in the study of analytical characteristics of the
methods) in the tissues, the developed methods were also applied
to identify and quantify metabolites resulting from the hepatic
metabolism. The metabolites generated from the standard com-
pounds were identified by using full-scan mode, by the MS mode,
and by neutral-loss scan and product ion scan, by the tandem
MS mode. These techniques are excellent tools for verifying the
chemical structure when standards are not available. The catechin
and epicatechin metabolites showed the same MS fragmentation
pattern but different retention times. In order to identify these
metabolites, the same UPLC elution order of catechin and epicate-
chin standards was considered. Therefore, the catechin metabolites
eluted earlier than the epicatechin metabolites. A wide range
of metabolites of catechin and epicatechin were identified and
quantified, including catechin and epicatechin glucuronide, methyl
catechin and epicatechin glucuronide, catechin and epicatechin
sulphate, and methyl catechin and epicatechin sulphate. These
metabolites were quantified in the liver and brain, and the high-
est concentration was found in the liver tissue. Therefore, as can
be seen in Table 5, the main procyanidin metabolites found in the
liver was methyl catechin-sulphate with 32.8 nmol/g tissue, fol-
lowed by methyl epicatechin-sulphate with 30.3 nmol/g tissue. The
glucuronide forms were not found in the liver, with the exception
of methyl epicatechin-glucuronide, but they were quantified in the
brain at much lower concentrations. No procyanidin metabolites
were detected in the aorta vein and adipose tissue.

Apart from malvidin-glucoside, other anthocyanins, such
as peonidin-glucoside, delphinidin-glucoside, malvidin-
acetylglucoside and malvidin-coumaroyl-glucoside were also
determined in the liver, these being present in the grape pomace
extract administered to the rats (Table 1 Additional Information).
The concentrations of these compounds were between 2.41 and

3.55 nmol/g tissue. Delphinidin-glucoside was also detected in
the liver, as reported by Vanzo et al. [16]. No anthocyanins were
detected in the brain and adipose tissue. Peonidin-glucoside
was identified in the adipose tissue, and its concentrations were
between its LOQ and its LOD.
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. Concluding remarks

In the present study, rapid, selective and sensitive methods
ere developed to determine procyanidins, anthocyanins and

lkaloids in biological tissues. The use of the off-line LSE and off-
ine �SPE or off-line SPE sample preparation with UPLC–MS/MS
llows the rapid determination of these compounds and their
etabolites at low concentration levels in different tissue sam-

les. The matrix effect was small, lower than 10% for procyanidins
nd alkaloids and lower than 17% for anthocyanins, and the cal-
bration curves were prepared with spiked tissue samples to
educe inaccuracies by sample matrix (coeluting matrix sub-
tances). The application of the developed methods to analyze
ifferent tissues (liver, brain, aorta vein and adipose tissue)
llowed the identification and quantification of procyanidins,
nthocyanidins and alkaloids and their metabolites at different
oncentration levels. The analysis of the metabolites revealed a
epatic metabolism of procyanidins, the liver being the tissue
hich produced the greatest accumulation of these metabo-

ites.
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