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High-performance liquid chromatography combined with diode array and electrospray ionization mass
spectrometric detection was used to study soluble and insoluble forms of phenolic compounds in
strawberries, raspberries (red and yellow cultivated and red wild), arctic bramble, and cloudberries.
Hydroxycinnamic acids were present as free forms in cloudberries and mainly as sugar esters in the
other berries. Quercetin 3-glucuronide was the typical flavonol glycoside in all of the berries studied.
The composition of the predominant anthocyanins can be used to distinguish the studied red Rubus
species from each other since cyanidin was glycosylated typically with 3-sophorose (56%) in cultivated
red raspberry, with 3-sophorose (30%) and 3-glucose (27%) in wild red raspberry, and with 3-rutinose
(80%) in arctic bramble. Ellagic acid was present as free and glycosylated forms and as ellagitannins
of varying degrees of polymerization. Comparable levels of ellagitannins were obtained by the analysis
of soluble ellagitannins as gallic acid equivalents and by the analysis of ellagic acid equivalents
released by acid hydrolysis of the extracts.
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INTRODUCTION Phenolic compounds represent structurally diverse classes of
compounds with different kinds of conjugates (12). The major

class of phenolic compounds in strawberry, red raspberry, arctic
bramble, and cloudberry is represented by hydrolyzable tannins
. o . (gallo- and ellagitannins) with anthocyanins being the second

::r)] ufﬁé)’fg:%v'gf grecilglljocltjss fsrﬁ'éts] tggtj(;ar;lsbejuti:ggssurgﬁg Hgﬁgrgr most abundant class in pigmented berries and hydroxycinnamic
Phenolic compounds in the extracts of these berries were shownaC'dS’ flavonals, flavan-3-ols, and proanthocyanidins being the

. . . minor ones Figure 1) (4, 13—15). Previously, studies on the
to have a strong capacity to scavenge oxygen radical species

and to inhibit oxidation T—4) and the growth of pathogenic composition of anthocyanins have been performed on strawberry
bacteria b, 6). Moreover, strawberry and raspberry were shown and red raspl_)e_rry _cultlvarSLQ—18), on the composition of

to inhibit the growth of certain cancer cell lines in vitr8, (7, proanthq_cyanldms N strfawberry _and _raspberry (1.9)’ on the
8). The evaluation of berries as a source of bioactive phenolic €OMPOsition of ellagic acid glycosides in raspberry jag)(

antioxidants involves questions about their absorption, distribu- 21d O the composition of ellagitannins in raspbe@y, €2).

tion, metabolism, and excretion, which can be affected by the Hydrolyzable tannins consist of a polyol core (e.g., glucose
number, position, and nature of conjugated sug&siq). or quinic acid) esterified with either gallic acid(s) (gallotannins)
Hence, studies on the quantification of phenolic compounds needand/or hexahydroxydiphenic acid(s) (HHDP) (ellagitannins)
to take into account the variable structures of their conjugated (Figure 1). Additional galloyl residues may be attached to
forms. An additional aspect of interest for food scientists is to glucose via the so-calletieta-depside bonds (23). Mono- and
study the characteristic phenolic composition of berries as a digalloyl esters of glucose are not classified as gallotannins,
marker for the authenticity of the fruit-based products. since they lack the typical property of tannins to complex
strongly with carbohydrates and protein24). Upon acid
hydrolysis of ellagitannins, HHPD is released and spontaneously

Berries of the Rosaceae family, namely, raspbeRubus
idaeusL.), arctic bramble Rubus arcticumL.), cloudberry
(Rubus chamaemorus), and strawberry (Fragariax ananassa

* To whom correspondence should be addressed. ¥858-17-163103.

Fax: +358-17-163322. E-mail: Kaisu.Riihinen@uku.fi. lactonized to ellagic acid (25). Therefore, in some studies, the
lgstitutte of tApl?ligd %iotseqhmIOgé, Ur(\ji_VﬁrSlthy_Of K_L:OPi?- Aaricultural contents of diverse and polymerized ellagitannins are analyzed
epartment o 00 clence, swedis niversity o gricultural f : f : . :
Sciences (SLU). as ellagic acid equivalents after acid hydrolydi4, @6). Ellagic
8 Food and Health Research Centre, University of Kuopio. acid is found free, in methoxylated and glycosylated forms, and
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Figure 1. Structures of phenolic compounds.

as part of unknown polymers2Q, 22). Anthocyanins and
flavonol glycosides consist of phenolic aglycons and sugars.

Soluble hydroxycinnamic acids are found as glycosides and as

esters with sugars or quinic acid. Flavan-3-ols are found as
monomers as well as structural units in proanthocyanidin chains
ranging from dimers to long polymers, which are also known
as condensed tannins (12).

We have previously studied individual conjugated forms of
phenolic compounds in the berries Ribesspecies (27). The
aim of this paper was to tentatively identify and quantify soluble
free and conjugated forms of hydroxycinnamic acids, gallic acid,
ellagic acid, and flavonols as well as ellagitannins, flavan-3-
ols, and anthocyanins in berry extracts of four species of the
Rosaceae family, namely, strawberry; red, yellow, and wild (red)
raspberry; cloudberry; and arctic bramble. Moreover, insoluble
flavonol glycosides (possibly cell wall bound), polymeric
proanthocyanidins, and ellagitannins were quantified in extrac-
tion residues after conversion by acid hydrolysis to flavonols,
anthocyanidins, and ellagic acid, respectively. In the present
study, insoluble means nonextractable in methanol. Attention
was paid to the quantification of ellagitannins in their native
forms as either gallic acid equivalents or ellagic acid equivalents
after acid hydrolysis of the extract.

MATERIALS AND METHODS

Samples and StandardsFinnish berries from the Rosaceae family
(strawberries, raspberries, arctic bramble, and cloudberries) were
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solids as’Brix. The collected berries were at maturity according to the
following physicochemical characteristics: strawberrigBrik 9.4—
9.6, moisture 90%), raspberries (°Brix 8.3—12.8, moisture 79—86%),
arctic brambles®Brix 11.3—12.1, moisture 8682%), and cloudberries
(°Brix 8.0—8.4, moisture 83—84%).

p-Coumaric acid, caffeic acid, ferulic acid, sinapic acid, gallic acid,
ellagic acid, {-)-catechin, {)-epicatechin, rutin (quercetin 3-rutinoside),
quercetin, morin, and kaempferol were purchased from Sigma Chemical
Co. (St. Louis, MO). Benzoic acid was purchased from Merck
(Darmstadt, Germany), and cyanidin chloride was purchased from
Extrasynthese (Geney Cedex, France). These standards were dissolved
in methanol to a concentration efl mg/mL and stored at24 + 2
°C as stock solutions. Cyanidin 3-glucoside and pelargonidin 3-glu-
coside (both 2@tmol) were obtained from Polyphenols AS (Sandnes,
Norway) and dissolved in 10 mL of methanol for a stock solution.

Extraction of Phenolic Compounds.The extraction procedure for
soluble and insoluble phenolic compounds presented in our previous
study (28) was modified for the analysis of flavan-3-ols and low
molecular weight proanthocyanidins. The scheme of the two-phase
solvent extraction method is shownHigure 2. Samples of the edible
part of the berry (5 g) were weighed in centrifuge tubes, and 0.1 mL
of morin (concentrated 1 mg/mL in methanol) was added as an internal
standard for the quantification of flavan-3-ols and proanthocyanidins.
Morin was a suitable standard to compensate for the losses of flavan-
3-ols in the purification step, since it showed a similar solubility in the
extraction solvents. The extractions were performed by repeated
vigorous vortexing of samples with ethyl acetate X410 mL) and
intermittent centrifugation. The combined ethyl acetate extracts were
divided into two portions (20 mL each) containing soluble free and
conjugated forms of hydroxycinnamic acids, gallic acid, ellagic acid,
and flavonols as well as flavan-3-ols, low molecular weight proantho-
cyanidins, and some ellagitannins. One 20 mL portion was evaporated
to dryness with a rotary evaporator, dissolved in 1 mL of methanol,
and analyzed with LC-DAD (high-performance liquid chromatography
combined with diode array detection) and LC-MS (high-performance
liquid chromatography combined with electrospray ionization mass
spectrometric detection). Another 20 mL portion was extracted with 2
x 10 mL of sodium acetate buffer (0.1 M, adjusted to pH 7.0) and
then with 10 mL of water to remove ionizable phenolic acids into the
water phase. After this purification step, the extract was evaporated to
dryness with a rotary evaporator and dissolved in 1 mL of methanol
for analysis of flavan-3-ols and dimeric proanthocyanidin with LC-
DAD. After the ethyl acetate extraction, the berry residue was acidified
with HCI (2 M, 2 mL), and anthocyanins were extracted as flavylium
cations with methanol four times to a total extraction volume-60
mL. An aliquot of the methanol extract (10 mL) was evaporated to
dryness in a rotary evaporator, dissolved in 1 mL of methanol, and
analyzed with LC-DAD and LC-MS.

Acid Hydrolyses of Methanol Extract and Extraction Residue.
The extraction residue of the berry was suspended in 10 mL of
methanol, acidified to 0.6 M with concentrated HCI, and refluxed for
the first 2 h (60°C) for analysis of insoluble proanthocyanidins and
phenolic glycosides (2829). Subsequently, acid hydrolysis was
continued until 20 h for analysis of insoluble ellagitannins, since these

collected in years 2001 and 2002. Strawberry and raspberry are widely conditions were found optimal for the conversion ellagitannins to ellagic

cultivated but also grow wild in temperate climate areas. Arctic bramble
and cloudberry are confined to arctic regions of the North Temperate
Zone. The strawberry cultivars Honeoye, Jonsok, and Polka were
purchased from the local market in Kuopio (eastern Finland). The
raspberry cultivar Maurin makea, both red and yellow phenotypes, was
obtained from the Research Garden of the University of Kuopio; the
cultivar Muskoka was obtained from the local market, and wild
raspberry was obtained from the open woodland in Kuopio. Arctic
bramble, as a mixture of cultivars Mespi and Pima, was obtained from
the Berry Know-How Centre of Inner Savo (Suonenjoki, eastern
Finland) in 2001 and from a local farmer from Kuopio in 2002. The
wild cloudberry was obtained from the swampy woodlands of Kuusamo
(northeastern Finland). The berries were frozer-a8 + 2 °C until
analyzed within 2 months. An aliquot of homogenized berries was
freeze-dried overnight for the analysis of the moisture content and
centrifuged for the separation of juice in the analysis of the soluble

acid (26,30). Moreover, an aliquot of the methanol extract was acidified
(0.6 M, HCI) and refluxed for 20 h for analysis of the soluble
ellagitannins. Acid hydrolysates were analyzed with LC-DAD.
Chromatographic Analyses.All samples were filtered in vials prior
to autoinjection and separation in chromatographic systems as described
previously (27,28). Shortly, a 20 min linear gradient of acetonitrile in
1% formic acid was used to separate the free and conjugated forms of
all other phenolic compounds but anthocyanins in the extracts and acid
hydrolysates. A partly isocratic gradient of acetonitrile in 5% formic
acid was used to separate anthocyanins in the extracts.
Identification (LC-DAD and LC-MS) and Quantification (LC-
DAD). The analyses with LC-DAD and LC-MS were performed using
the same equipment and methods as previo@sly29, 31). The basis
of identification and quantification of phenolic compounds other than
free and conjugated forms of gallic and ellagic acid is described in
detail in our previous studie27, 28). As additional information,



6180 J. Agric. Food Chem., Vol. 52, No. 20, 2004 Maatta-Riihinen et al.

Berry Homogenate (5 g), Spiked With Morin (100 ug)

\Z Extraction with ethyl acetate (4 x 10 mL)
h 2
Ethyl Acetate Extract Purification with Ethyl Acetate Phase Evaporated
Free and conjugated forms of | liquid-fiquid flavan-3-ols, morin +in mpethanol’ to
hydroxycinnamic acids, galiic | €xtraction and dimeric LC-DAD

acid, ellagic acid and proanthocyanidins

flavonols as well as
ellagitannins, flavan-3-ols, Na-acetate
morin and dimeric buffer

Sodium Acetate
Phase > Waste
free and conjugated

proanthocyanidins (0.1M, pH 7.0) forms of phenolic
v acids \ 4
Evaporated, in methanol to LC-DAD and LC-MS
Acidification with HCI (2 M, 2 mL)
Methanol Extract Extraction with MeOH (20 mL + 3x 10 mL)
Ellagitannins and some <
residues of other above V
compounds .
HClin MeOH (0.6 M)
Concentrated, 60°C,20h HClin MeOH (0.6 M)
to LC-DAD and LC-MS v 60°C,2h
Methanol Extract Acid Hydrolysate Berry Residue Acid Hydrolysate
Solubie ellagitannins as ellagic acid Insoluble proanthocyanidins as anthocyanidins
equivalents insoluble phenolic glycosides as aglycons
to LC-DAD HClin MeOH (0.6 M ¢
¢ ) to LC-DAD

60 °C. untit 20 h

y

Berry Residue Acid Hydrolysate
Insoluble ellagitannins as ellagic acid equivalents

to LC-DAD
Figure 2. Scheme for the analysis of soluble and insoluble phenolic compounds in berries of the Rosaceae family.

forms of gallic acid and ellagitannins (as gallic acid equivalents) in

mAY ,’\‘ ia"ii 322‘; (9332722) the extracts and ellagic acid (detection at 360 nm) for free and
K = 2520, nm) conjugated forms of ellagic acid in the extracts and acid hydrolysates
Iy / galloy! esters (ellagic acid equivalents). Ellagitannins were converted to ellagic acid

11 . (peaks 1, 3, 228, 23) (R = 16.1 min) and an unknown ellagic acid derivati/ € 18.0
Amex = 232 nm, 286-288 nm min) in the 20 h acid hydrolysis of the methanol extract and the
1L/ 3 extraction residue. Because ellagic acid glycosides deconjugate similarly
f ".,. L to ellagic acid in acid hydrolysis, the contents of free and glycosylated
‘/’ | forms of ellagic acid were subtracted from the contents of ellagitannins
] \\/ in the acid hydrolysates.
220 240 260 280 300 320 340 360 380 nm RESULTS AND DISCUSSION

mAUl ellagitannins (peaks 16, 17, 19B) Identification of Chromatographic Peaks.__The LC-DAD
E hepgy = 236 NM, sh= 254 nm chromatograms of the ethyl acetate extractSigure 4 include
all of the compounds discussed hereafter except the anthocyanins
1 ellagic acid glycosides i i i i
E / (peagks 18A’91>€’3A1 24, 25, 27A, 29, 30, 31) and some ellagltan.nlln.s, vyhlch were extracted subsequently in
1 Aongy = 254 M, 358-362 Nm methanol after acidification and were analyzed separately
¥ ellagic acid and its derivative (Figure 5). The peaks in the LC-DAD chromatograms in
(peaks 15A, 21A) Figures 4and5 were classified into free and conjugated forms
Amax = 254 nm, 368-370 nm of hydroxycinnamic acids, gallic acid, ellagic acid, and flavonols
"-":‘w.;_\ as well as ellagitannins, flavan-3-ols, and anthocyanins by
E Cm comparison of their UVvisible spectra with those of the

available standard aglyconp-foumaric acid, caffeic acid,
ferulic acid, gallic acid, ellagic acid, quercetin, kaempferol,
cyanidin, (+)-catechin, and-()-epicatechin] and the glycosides
(quercetin 3-rutinoside, pelargonidin 3-glucoside, and cyanidin
pelargonidin released in acid hydrolysis of the extraction residue was 3-g|ucos©e_). The minor peaks _W'thou_t the_ _typlcal SPQCtr_al
quantified using the response factor of cyanidin. Classification of peaks characteristics of standards remained unidentified. Esterification
in the DAD chromatograms to free and conjugated forms of gallic and Of aglycons with sugars causes bathochromic shifts (shifts to
ellagic acid as well as ellagitannins was based on spectral characteristicdonger wavelength) while glycosylation caused hypsochromic
shown inFigure 3. The representative standards for quantification in  shifts (shifts to shorter wavelengths) in the BVisible light
LC-DAD were gallic acid (detection at 280 nm) for free and conjugated absorption spectra of the conjugated forms of phenolic com-

220 240 260 280 300 320 340 360 380 nm
Figure 3. On-line UV-visible spectra of gallic acid, galloyl esters (upper
panel), ellagic acid, ellagitannins, and ellagic acid glycosides (lower panel).
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Figure 4. Chromatographic patterns at 280 nm of ethyl acetate soluble phenolic compounds in red, yellow, and wild raspberry, strawberry, arctic
bramble, and cloudberry. Peak numbers refer to Table 1. IS stands for the internal standard, morin, which is added to the samples prior to extractions.
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pounds as compared to the respective aglyc@i3. LC-MS and insoluble phenolic compounds, and these quantitative data
and the subsequent fragmentation of the predominant positiveare given inTable 3. Hereafter, we will discuss the basis of
and negative ions in MS-MS and further the positive fragments identifications in more detail and compare the quantitative data
ions in MS-MS-MS were used to obtain more information about to literature.

the molecular masses of conjugates, masses of the sugars bound Free and Conjugated Forms of Hydroxycinnamic Acids.

to the aglycons, and the structures of aglycons. WheneverThe retention times of standards confirmed the identifications
possible, chromatographic retention and literature were used toof free caffeic (peak 12)p-coumaric (peak 18B), and ferulic
support the identification of the peaks. The identified peaks are acid (peak 20A) Table 1). Identification ofp-coumaric acid
signed with numbers (232 for phenolic compounds other than  4-glucoside (peak 4p-coumaroyl sugar esters (peaks 7, 9, 10),
anthocyanins AntAn12) and letters for overlapping peaks caffeoylglucose (peak 5), and feruloylglucose (peak 11A) was
(e.g., 19A and 19B) following the elution order in LC-DAD  based on our previous study on the berriesRifesspecies
and LC-MS chromatograms of the ethyl acetate and methanol (Table 1) (27). Classification of peaks 8 and 15B as esters of
extracts of strawberry; red cultivated, yellow, and wild raspberry; caffeic or ferulic acid and peak 13 as an estepafoumaric
arctic bramble; and cloudberrfigures 4and5). Isolation and acid was based on the bathochromic shifts in theirtWisible
characterization of the predominant peak 32 are ongoing in our spectral maxima due to esterification. The respective signals
laboratories since the LC-DAD and LC-MS data obtained in for these esters were not clearly detected in LC-MS, which
the present study (Table 1) could not provide any indication as hampered further identification of these conjugated forms of
to the possible identity of this compound. The characterization hydroxycinnamic acids. Peaks with the bVisible spectral

of the individual peaks belonging to each phenolic class was characteristics (maximum at 288 nm and shoulder at 316 nm)
performed according to data presented @ble 1, and quantita- of caffeic and ferulic acid glycoside27,32) were not detected
tive data for the identified compounds are provided able 2. in the berries studied. Sinapic acid was not detected in free (236
More berry samples were analyzed for the content of soluble and 326 nm), esterified, or glycosylated form.
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tion intensities in the region of 27285 nm than galloyl esters

mAUl | C-DAD at 280 nm " (including gallotannins), depending on the number of HHDP
with the same gradient as used i _
800 for thyl acetats oxracts 16 and galloyl groups present in the molecul88)( No LC-MS

400

An3

mAU

500

An3

LC-DAD at 520 nm
with the gradient separation optimized
for anthocyanins

data were obtained for the estimation of the molecular size and
polyol core of the galloyl esters (peaks 1, 3, 22B, 23) in
strawberry, raspberry, and arctic bramblalfle 1). These berry
extracts were supposed to show the strong background noise in
LC-MS, since previously galloyl esters were successfully
identified in oak samples using the same ionization parameters
in the negative mode3(). However, the presence of mono-
and digalloyl esters and gallotannins containing a glucose core
was established in the literature as typical for the family
Rosaceae (23). Screening of the negative ions fmoail50 to
1000 in LC-MS showed a molecular ion i’z 935 described

as typical for the galloyl-bis-HHDP-glucose (Figure 135).

This molecular ion fragmented to ions m/z 301, 451, 633,
and 898 in MS-MS, of which the masses 301 and 633 are known
to originate from the HHDP group and galloyl-HHDP-glucose,

respectively Figure 6) (36). On these bases, peaks 16, 17, and
30d 19B in the ethyl acetate extracts were tentatively identified as
ellagitannins including galloyl-bis-HHDP-glucose(s) in their
structure. Additional minor ellagitannin peaks were identified
and quantified in the methanol extracts using LC-DAD but were
not further identified by LC-MS Kigure 5). Previously,
ellagitannins named sanguiin H-6 and lambertianin C having
two and three 1-galloyl-2,3:4,6-bis-HHDP-glucose units, re-
spectively, were identified in raspberry (227).

HHDP is a biogenetic precursor of ellagic acid, which was
previously found in free, methoxylated, and glycosylated forms
as well as a part of an unknown structure in raspbe2y 22).

The presence of free ellagic acid (peak 21A) in samples was
confirmed by its retention time. Peak 15A was distinguished
as an ellagic acid derivative on the basis of almost a similar
UV —visible spectrum to that of ellagic acid@igble 1 andFigure

3), but no further data were obtained for its tentative identifica-
tion from the LC-MS analysis. The hypsochromic shifts-(®

nm) in UV—visible spectra of the peaks 18A, 19A, 24, 25, 27A,
29, 30, and 31 suggested glycosylated forms of ellagic acid
(Figure 3) (20). On the basis of LC-MS and MS-MS data, peaks
18A and 19A were identified as ellagic acid pentosides
arabinoside and xyloside) as described by Mullen et24).(

And

109 An5
An182 AnG

2 4 8 10 12 14 16 18 20 min
Figure 5. Chromatographic patterns at 280 (upper panel) and 520 nm
(lower panel) of methanol soluble phenolic compounds of red cultivated
raspberry (extracted after ethyl acetate). Peak numbers refer to Table 1.
ET stands for minor, not numbered ellagitannin.

An11
A

Hydroxycinnamic acids in strawberry, raspberry, and cloud-
berry were extracted in ethyl acetate and were not detected in
the subsequent methanol extract, but in the case of arctic
bramble, 17% of the total content was quantified in methanol.
Soluble hydroxycinnamic acids occurred mainly as esters in the
berries studied, except in cloudberijaple 2 and Figure 4).

Free hydroxycinnamic acids are infrequently reported in fruits
(12). However, wild berries are less studied and it is possible
that free hydroxycinnamic acids in cloudberry are released at

the late stages of ripening due to the environmental stress factorﬁ( X 4 . .
or that the unbound acids are typical for this wild berry. The the previous study, ellagic acid 4-acetyixyloside and 4-acetyl-

composition and contents of conjugated forms of hydroxycin- ahrab|n05|de Werle detec_tctjad on rasdpbemy)d( S'm”a(;l.y’ one of LC
namic acids in strawberry and raspberry were consistent with these two acetylpentosides was detected according to our LC-

those reported in previous studi@s 33) (Table 2). p-Coumaric MS data (Table 1), but thg exact position of the peak in L(;'
acid was the most abundant aglycon in strawberries, raspberries!:)'A‘D.Chro.m"j‘tograr.ns remained obscured by other close-eluting
and cloudberries but was present at equal level as caffeic and/e"ag'c acid glycosides (peaks 24, 25, 27A, 29, 30, 31).
or ferulic acids in arctic bramble in agreement with previous ~ Conjugated forms of gallic and ellagic acid as well as
results on StrawberrieS, C|oudberrie3, and arctic bram ( ellagitannins were present both in the ethyl acetate and in the
In the case of raspberries in the literatysegoumaric acid was ~ Methanol extractsHigures 4 and5). Ellagic acid was mainly
found to predominate in some but not in all cultivat8(33). quantified in methanol (65100%), which may be partly due
Free and Conjugated Forms of Gallic Acid, Ellagic Acid, to conversion of ellagitannins or deconjugation of glycosides
and HHDP. The retention time of standard gallic acid (peak in acidified conditions. There was variation and similarities in
2) confirmed its identification in cloudberry (Table 1). The the composition galloyl esters, ellagitannins, and ellagic acid
spectral features used to differentiate soluble galloyl estersglycosides in berries dfragaria and Rubusspecies (Table 2
(peaks 1, 3, 22B, 23) and ellagitannins (peaks 16, 17, 19B) in @nd Figure 4). Typical was the predominant occurrence of
the extracts are shown iBigure 3. Upon esterification to a  9alloyl esters (peaks 1, 3, 22B, 23) in strawberry. Two major
polyol core, the absorption maximum of gallic acid experiences €llagitannins (peaks 16, 17) were detected in all of the berries
the bathochromic shift of 2015 nm without a change in the ~ analyzed. Ellagic acid glycosides were detected only in raspber-
shape of the spectrun8g). In the biosynthetic pathways of ries, of which the wild one showed the most diverse composition
plants, gallotannins are transformed to ellagitannins by oxidative and the highest contents.
C—C coupling between two spatially adjacent galloyl groups  Flavan-3-ols and Dimeric Proanthocyanidin (+)-Catechin
and HHDP groups are formed. Therefore, ellagitannins exhibit (peak 6), (—)-epicatechin (peak 14), and B type proanthocya-
shorter wavelengths for absorption maxima and weaker absorp-nidin dimer (peak 11B) were identified by their typical LC-
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Table 1. Identification of Free and Conjugated Forms of Phenolic Compounds in Ethyl Acetate Extracts of Berries of the Rosaceae Family by Using
Their Spectral Characteristics in LC-DAD, Positive or Negative lons in LC-MS and MS-MS, Respective Standards, and Previous Identification Data?

peak LC-DAD LC-DAD LC-MS data* tentative
no. R (min)? data (nm) MW MS (mlz) MS-MS (mlz) identification
hydroxycinnamic acids negative ions
4 7.6 264, 296 326 371 (164 + 162 + 45) 163, 325 p-coumaric acid 4-glucoside (27)
5 79 246, 300sh, 330 342 341 (180 + 162 — 1) 161, 179 caffeoylglucose (27)
7,9,10 9.6,10.1, 236, 300sh, 314 326 371 (164 + 162 + 45) 325 p-coumaroyl sugar esters (27)
10.6
8, 15B 9.9,12.6 244,300sh, 326-328 ND ND ND caffeic/ferulic acid esters
11A 111 246, 296sh, 330 ND ND ND feruloylglucose (27)
12 11.4 240, 300sh, 324 ND ND ND caffeic acid (std)
13 11.7 228, 300sh, 314 ND ND ND p-coumaric acid ester
18B 14.7 236, 300sh, 310 ND ND ND p-coumaric acid (std)
20A 16.0 238, 300sh, 326 ND ND ND ferulic acid (std)
gallic acid, ellagic acid, and HHDP negative ions
1,3 24,67 232,288 ND ND ND galloyl esters
2 3.4 232,272 ND ND ND gallic acid (std)
15A 12.7 256, 370 ND ND ND ellagic acid derivative
16, 17, 19B 13.9,14.2, 236, 254sh [936]" 935 (774 +162 — 1), 934 301, 451, [galloyl-bis-HHDP-glucose]”
154 633, 898
18A, 19A 14.8,153 252,362 435 434 (302 +132 -1) 301 ellagic acid 4-pentosides
21A 16.1 254, 368 302 301 (302 - 1), 603 255, 271 ellagic acid (std)
22B, 23 16.6,17.1 236, 286 ND ND ND galloyl esters
24,25, 27A 17.7,18.0, 254,358 476 475 (302 +132 +42 - 1) 301, 415 ellagic acid acetylpentoside
18.9 (among other unidentified) (among other ellagic acid glycosides)
29, 30, 31 209,232, 254,358 ND ND ND ellagic acid glycosides
235
flavan-3-ols and proanthocyanidin positive ions
6,14 9.2,12.0 278 290 291 (290 +1) 139,165, (+)-catechin, (-)-epicatechin (std)
273
11B 11.2 278 578 579 (289 + 289 + 1) 409, 427, dimer B2 [EC-(4,8)-EC] (39)
291
flavonols positive ions
20B 15.8 254, 300sh, 354 624 625 (302 + 176 + 146 + 1) 479, 303 quercetin 3-glucurone-deoxyhexoside
21B 16.5 254, 300sh, 354 464 465 (302 + 162 + 1) 303 quercetin 3-glucoside
22A 16.7 254, 300sh, 354 478 479 (302 + 176 + 1) 303 quercetin 3-glucuronide
26 185 254, 300sh, 348 462 463 (286 + 176 + 1) 287 kaempferol 3-glucuronide
27B 18.9 254, 300sh, 354 492 493 (316 + 176 + 1) 303, 317 isorhamnetin 3-glucuronide
28 19.6 254, 300sh, 348 ND ND ND kaempferol glycoside
dominant unknown compound negative ions
32 24.2 278 ND 695 487, 649 unknown compound
anthocyanidins positive ions
Anl 8.8 280, 516 449 449 (287 + 162) 287 cyanidin hexoside
An2 8.9 280, 516 595 595 (287 + 162 + 146) 287 cyanidin hexose-deoxyhexoside
An3 10.0 280, 516 611 611 (287 + 162 + 162) 287 cyanidin 3-sophoroside
And 10.6 280, 516 757 757 (287 + 162 + 162 + 146) 287,611 cyanidin 3-(26-glucosylrutinoside)
Anb5 12.1 280, 516 449 449 (287 + 162) 287 cyanidin 3-glucoside
Anb6 139 280, 516 595 595 (287 + 162 + 146) 287 cyanidin 3-rutinoside
An7 15.0 276, 504 433 433 (271 + 162) 271 pelargonidin 3-glucoside
An8 15.8 276, 504 579 579 (271 + 162 + 146) 271,433 pelargonidin 3-rutinoside
An9 16.7 280, 516 ND ND ND cyanidin glycoside
Anl10 18.1 276, 504 519 519 (271 + 248) 271 pelargonidin 3-malonylglucoside
Anll 18.7 274,524 ND ND ND cyanidin (std)
Anl2 19.7 276, 504 533 533 (271 + 262) 271 pelargonidin 3-succinylglucoside

a Abbreviations used in the table: ND, not detected; sh, maximum of the shoulder in the spectrum; std, standard; EC, (-)-epicatechin. ® HPLC separation was achieved
on a LiChroCART Purospher RP-18e column (125 mm x 3 mm i.d., 5 um, Merck, Darmstadt, Germany) using a gradient of acetonitrile in 1% formic acid for other phenolic
compounds than anthocyanins and acetonitrile in 5% formic acid for anthocyanins. ¢In MS-MS, the most abundant parent ion of LC-MS is fragmented; in the case of
several ions, the most abundant one is shown bolded. Masses in parentheses refer to supposed structural units: the identified phenolic residues, conjugates (162 to
hexose, 132 to pentose, 146 to deoxyhexose, 175 to glucurone, 248 to hexose-malonate, and 262 hexose-succinate), adducts (one to hydrogen, 45 to formate).

DAD, LC-MS, and MS-MS dataTable 1), which are described
in previous studies2(7, 38). In addition, the B type dimer was
assumed to be B2 [()-epicatechin-(4,8)-{)-epicatechin)] since

it eluted closely prior to {)-epicatechin as expected in the
reversed phased systeB0]. In the present study, the highest
amounts of flavan-3-ols and dimer B2 were quantified in arctic
bramble as compared to other berries of Bigbusspecies

22A, 27B) and at 348 nm (peaks 26, 28) in LC-DAD (27). LC-
MS in the positive ionization mode and the subsequent MS-
MS were used for further identification of quercetin 3-glucoside
(peak 21B), quercetin 3-glucuronide (peak 22A), and kaempferol
3-glucuronide (peak 26) with reference to similar data previously
reported for raspberries22). Peak 20B showed a positive
molecular ion am/z625 in LC-MS, which fragmented to ions
(Table 2). atm/z479 (loss of a deoxyhexose) and 303 (loss of a glucurone-
Flavonol Glycosides The classification of the peaks of deoxyhexose)in MS-MS. Peak 27B showed a positive molecular
flavonol glycosides was based on the typical shape of the ion atm/z493 in LC-MS, which fragmented to ions @/z303
spectrum and absorption maximum at 354 (peaks 20B, 21B, (loss of a methyl and a glucurone) and 317 (loss of a glucurone)
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Table 2. Contents? of Phenolic Compounds in Strawberry, Raspberries, Arctic Bramble, and Cloudberries?

raspberry
strawberry red cultivated yellow red arctic bramble cloudberry

phenolic compounds (peak no.)° Jonsok Muskoka cultivated wild Mespi and Pima wild
free and conjugated forms of hydroxycinnamic acids
p-coumaric acid 4-glucoside (4) ND 1 2 2 ND ND
p-coumaroyl esters (7, 9, 10, 13) 23 7 12 13 16 ND
p-coumaric acid (18B) ND ND ND ND ND 43
caffeoyl/feruloyl esters (5, 8, 11A, 15B) ND 1 6 3 16 ND
caffeic acid (12) ND ND ND ND ND 10
ferulic acid (20A) ND ND ND ND ND 10
free and conjugated forms of gallic acid, ellagic acid and HHDP
galloyl esters (1, 3, 22B, 23) 115 ND 5 ND 47 ND
gallic acid (2) ND ND ND ND ND 42
ellagitannins (16, 17, 19B, minor peaks in methanol) 177 977 1262 1560 2434 1605
ellagic acid pentosides (18A, 19A) ND 8 14 25 ND ND
other ellagic acid glycosides (24, 25, 27A, 29, 30, 31) ND 12 8 36 ND ND
ellagic acid derivative (15A) ND ND ND 12 26 26
ellagic acid (21A) 41 15 12 112 40 153
flavan-3-ols and proanthocyanidin
(+)-catechin (6) 24 ND 2 ND 23 5
(=)-epicatechin (14) ND 11 3 9 18 8
dimer B2 (11B) ND 3 ND ND 26 4
flavonol glycosides
quercetin 3-glucurone-deoxyhexoside (20B) ND ND ND ND 3 ND
quercetin 3-glucoside (21B) ND 2 2 ND ND ND
quercetin 3-glucuronide (22A) 11 5 6 1 148 5
isorhamnetin 3-glucuronide (27B) ND ND ND ND 14 ND
kaempferol 3-glucuronide (26) glycoside (28) 6 ND ND ND 3 ND
anthocyanidin and anthocyanins
cyanidin 3-hexoside and hexose-deoxyhexoside ND 105 ND 43 ND ND
(An1, An2)
cyanidin 3-sophoroside (An3) ND 499 ND 216 ND 2
cyanidin 3-(26-glucosylrutinoside) (An4) ND 106 ND 117 ND 2
cyanidin 3-glucoside (An5) 22 125 ND 195 160 4
cyanidin 3-rutinoside (An6) ND 45 ND 137 713 9
cyanidin glycoside (An9) 7 ND ND ND 8 ND
pelargonidin 3-glucoside (An7) 248 4 ND 5 2 ND
pelargonidin 3-rutinoside (An8) 12 2 ND 4 5 ND
cyanidin (An11) 5 3 ND 13 2 ND
pelargonidin 3-malonylglucoside (An10) 25 ND ND ND ND ND
pelargonidin 3-succinylglucoside (An12) 45 ND ND ND ND ND

2The contents of ethyl acetate and methanol extractable phenolic compounds together are expressed in milligrams per kilogram of fresh weight for the weight of
aglycon. The mean values are for duplicate assays of the selected berries harvested in year 2002. The contents of flavan-3-ols and dimer B2 were quantified after a
purification step (Figure 2) using morin as an internal standard to compensate losses in this step. © Abbreviation used in the table: ND, not detected. ¢ Peak numbers refer
to the identified phenolic compounds in ethyl acetate and methanol extracts (Table 1).

in MS-MS. On the basis of these fragmentation patterns, the Anthocyanins. Anthocyanins (anthocyanidin glycosides) are
rare quercetin glycosides in arctic bramble were identified as responsible for the black and red pigments in berries. For
quercetin 3-glucurone-deoxyhexoside (peak 20B) and isorham-identification and quantification, they were extracted with
netin 3-glucuronide (peak 27B). The further fragmentation of methanol after ethyl acetate extraction and acidification of the
ag|yc0ns in MS-MS-MS to the typ|ca| fragment jons of quercetin berry matrix Figure 2). The UV—visible spectral characteristics
and isorhamnetin amn/z 229, 257, and 285 (collision energy ~ showed a difference of 12 nm in the absorption maxima between
was set at 30%) confirmed these LC-MS identificationg)(  the glycosides of pelargonidin (504 nm) and the glycosides of
The late-eluting kaempferol glycoside (peak 28) in strawberry cyanidin (516 nm). The identification of cyanidin 3-sophoroside
remains without further identification. (peak An3), 3-(2-glucosylrutinoside) (peak An4), 3-glucoside

. . (peak An5), 3-rutinoside (peak An6), pelargonidin 3-glucoside
Flavonol egCOS|des were extrac.ted in ethyl acetatg and Were(peak An7), and 3-rutinoside (peak Ang8) was based on LC-MS
not detected in methanol, except in the case of a_rctlc bramble jo14 and the identity of anthocyanins in strawberry and red
where 1_4% of the tqtal conten@ was extrgcted in _methanol. raspberry comparable to those published in earlier studis (
Quercetin 3-glucuronide was typical to berriesoagariaand 18 40). The identification of anthocyanins in arctic bramble
Rubus species. The contents and composition of quercetin anq cloudberry was then made by reference to the respective
3-glucuronide and kaempferol glycosides in strawberry were anthocyanins in raspberry. Two nonpolar pelargonidin glyco-
consistent with the results reported by Wang and Zhél)g ( sides (An10 and An12) in strawberry showed molecular ions
The contents of quercetin and kaempferol in strawberries; red, at m/z 519 and 533, of which mass units 248 (hexoside-
yellow, and wild raspberries; and cloudberries were in good malonate) and 262 (hexoside-succinate) were, respectively, lost
accordance with the respective results published previously, butin the subsequent fragmentation in MS-MS. Peaks An10 and
the content of these flavonols in arctic bramble was 10 times An12 were, thus, identified as pelargonidin 3-malonylglucoside
higher in the present study (13). and 3-succinylglucoside in agreement with previous studigs (
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Table 3. Contents? of Selected Phenolic Classes in Strawberries, Raspberries, Arctic Bramble, and Cloudberries?

ellagitannins GA equivalents

(EA equivalents)®
berry, cultivars, HCA GAIGE soluble in soluble in EA/IEAC flavonol anthocyanin

harvest year soluble soluble EtOAC MeOH insoluble soluble soluble soluble
strawberry
Honeoye, 2002 37+2 162+ 6 56 + 2 115+5 (524 + 28) (224 + 20) 40+0 29+1 361+6
Jonsok, 2002 2310 115+1 69+1 108 + 8 (455 + 10) (151+6) 412 17+2 365+ 37
Polka, 2002 17+1 94 +7 46+8 79 9 (416 + 54) (150+7) 35+9 15+6 314+4
raspberry
red, Maurin makea, 2001 11+1 ND 55+6 968 + 81 NA 45+5 2+0 536 + 27
red, Muskoka, 2002 9+0 ND 52+1 924 + 15 (1030 + 33) (745 + 6) 35+3 6+1 888 + 12
yellow, 2001 12+1 6+0 68+9 966 + 74 NA 30+2 3+0 ND
yellow, 2002 1940 5+0 168+5 1094 + 34 (1130 + 69) (605 + 29) 33+2 8+2 ND
red, wild, 2001 12+2 ND 100 £ 16 1460 + 23 NA 90 + 16 1+0 761+ 15
red, wild, 2002 18+1 ND 158 +5 1402 + 31 (1199 £ 8) (1159 + 135) 185+9 1+0 730+3
arctic bramble
Mespi and Pima, 2001 25+2 97+2 60+ 2 2017 + 127 NA 62+4 91+9 702 + 55
Mespi and Pima, 2002 32+2 47+4 8l+1 2352 + 91 (2425 + 16) (1286 + 23) 66 +9 168 + 13 890 + 30
cloudberry
wild, 2001 52+3 70+5 25+5 682 + 68 NA 28+8 5+1 204
wild, 2002 63+7 42+4 101+4 1504 + 72 (1646 + 94) (1647 £ 9) 179 £ 17 5+0 18+0

2 Contents are expressed as means + SD in milligrams per kilogram of fresh weight (n = 4 in year 2001 and n = 2 in year 2002). Soluble means ethyl acetate and
subsequently methanol extractable compounds, and insoluble means their extraction residues in the berry matrix. ? Abbreviations used in the table: HCA, hydroxycinnamic
acids; GA, gallic acid; GE, galloyl esters; EA, ellagic acid; EAC, ellagic acid conjugates; EtOAc, ethyl acetate; MeOH, methanol; NA, not analyzed; ND, not detected.
¢ Ellagitannins were quantified as gallic acid equivalents in soluble form in the extracts and as ellagic acid equivalents after 20 h of acid hydrolysis in the methanol extract
and extraction residue (results shown in parentheses).

OH -
- HO ‘ OH
HO o o © OH
HO °
e S
o]
OH
HO HO
-H
HO
L m/z 633 1
Spontaneous
lactonization )
after cleavage

m/z 301

Figure 6. Proposed diagnostic MS-MS fragmentation of galloyl-bis-HHDP-glucose (m/z 935) in negative ion LC-MS. The arrows indicate the sides of
cleavages.

42). Cyanidin 3-hexoside and cyanidin 3-hexose-deoxyhexoside cyanin profile was found in wild raspberry with equal amounts
(peaks Anl and An2) eluted at early retention times in raspberry of cyanidin 3-sophoroside (30%) and cyanidin 3-glucoside
as part of a polar “hump” of anthocyaninBigure 5). (27%) (Table 2). The characteristic anthocyanin in arctic
Anthocyanins were extracted mainly in methanol, but neg- bramble was cyanidin 3-rutinoside (80%) (Table 2).
ligible amounts (+2%) were pre-extracted in ethyl acetate Contents of Phenolic ClassesThe contents of selected
(Figures 4 and 5). However, in the case of strawberry, the phenolic classes in three cultivars of strawberry and two cultivars
amounts of anthocyanins in the ethyl acetate extract were higherof red raspberry, yellow raspberry, wild rasberry, arctic bramble,
(21-24%), due to the less polar pelargonidin glycosides. and cloudberry analyzed for two seasons’ harvest are shown in
Pelargonidin 3-glucoside (68%) was the major anthocyanin in Table 3. The contents of insoluble hydroxycinnamic acids,
the strawberry (cultivar Jonsok) in accordance with previously flavonols, and proanthocyanidins are summarized later on in
published chromatographic profiles (8) and the quantified  this chapter, since they were not detected in all of the samples
amounts (recalculated for the weight of aglyco®)44). The and the methods are considered semiquantitative.
contents and composition of anthocyanins in red cultivated In agreement with the previous stud§){ ellagitannins are
raspberry Muskoka were comparable to those of Ceva, one ofthe major phenolic class that characterizes berrigsragaria
the four Spanish raspberry cultivars reported by de Ancos et andRubusspecies (Table 3). The presence of ellagitannins in
al. (16), although another study showed a different anthocyanin both the ethyl acetate and the methanol extracts as well as in
composition for the same Spanish cultivar (45). Cyanidin their extraction residues suggests variable molecular sizes and
3-sophoroside was the major anthocyanin (56%) in cultivated structures. Ellagitannins were analyzed with two different
red raspberry in the present study and is known to be typical methods: in the soluble form (gallic acid equivalents in ethyl
for European cultivarsl). However, a distinguishable antho- acetate and methanol extracts) and in the form of conversion
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products after acid hydrolysis (ellagic acid equivalents in red raspberry showed a pronounced content of ellagitannins as
methanol extracts and extraction residue). Ellagitannins were well as free and conjugated forms of ellagic acid as compared
converted by acid hydrolysis to ellagic acid and a less polar to cultivated red raspberries in both years 2001 and 2002.
derivative, 20—26% of the content, which was assumed to be Phenolic Compounds inFragaria and RubusBerries. The

a methoxylated ellagic acid formed by the electrophilic attack identification and quantification of individual conjugated forms
of methanol to unsubstituted carbons in an intermediate structureof phenolic compounds revealed the similarities and variation
(25). It should be noted that in previous studies ellagic acid in the composition oFragaria andRubusspeciesp-Coumaric

was quantified as one conversion produt#,(26, 30). The acid was the predominant hydroxycinnamic acid as sugar esters
contents of ellagitannins as gallic acid equivalents and ellagic in strawberries and raspberries and as free form in cloudberries,
acid equivalents in the methanol extracts were comparable inbut arctic bramble showed its own typical composition of
the berries oRubusspecies but not in strawberries (Table 3). conjugated forms of hydroxycinnamic acids. Quercetin 3-glu-
The possible explanation is that the fibrous berry matrix of the curonide was the predominant flavonol glycoside in all of the
strawberries, which was partly solubilized in methanol, may berries studied, although strawberry and arctic bramble showed
contain insoluble or extensive, unresolved ellagitannins. Our other flavonol glycosides, which distinguished them from the
results on the total contents of ellagitannins were similar to those Other berries studied. The anthocyanin composition was distin-
where soluble forms were extracted with 70% acetone and 9uishable from others among the species and between cultivated
quantified using ellagic acid as a standa#)l. (The estimated ~ @nd wild raspberries. Galloyl esters were typical to strawberries.
intake of ellagic acid should sum up free and conjugated forms The same ellagitannins were found in strawberries as in the

of ellagic acid as well as soluble and insoluble ellagitannins. Perries of theRubusspecies, although the contents were lower.
According to our results, these contents (mg/kg in fresh weight) AS & new methodological note, the content of ellagitannins

would be approximately 6568850 in strawberries, 1900 in

evaluated as conversion products after acid hydrolysis was

cultivated raspberries, 2700 in wild raspberries, 3900 in arctic consistent with the values achieved for soluble, tentatively
bramble, and 3600 in cloudberries. In addition, soluble galloyl dentified ellagitannins.
esters were a noteworthy phenolic class in strawberries, arcticACKNOWLEDGMENT

bramble, and cloudberries but not in raspberries.

Berry samples were obtained from the Berry Know-How Centre

The second major phenolic class was anthocyanins in berriesyt |nner Savo (Suonenjoki, Finland) and the Research Garden
of Fragaria andRubusspecies in consistency with the literature ot he University of Kuopio. We express our gratitude to Riitta
(4). The content of anthocyanins (mg/kg in fresh weight) varied \/engsinen and Kalle Métts for picking up wild berries;

from 18 to 20 in cloudberries to 31861 in strawberries and
536—890 in raspberries and arctic bramblable 3). Hydroxy-

Johanna Hulkko, Virve Lahtinen, and Eeva-Liisa Palkésfoa
help in sample preparations; and Dr. Seppo Auriola for

cinnamic acids and flavonols were minor phenolic classes. The 5ggjstance with LC-MS analysis.

content of hydroxycinnamic acids (mg/kg in fresh weight) varied
from 9 to 19 in raspberries to 583 in cloudberries in
accordance with previously published studiesl@). The total
content of soluble flavonols was clearly highest in arctic
bramble.

The levels of insoluble phenolic compounds were quantified
after acid hydrolysis of the extraction residug6( 28, 29).
Ellagic acid equivalents and anthocyanidins were released from
the extraction residues of all of the berriebable 3), but
flavonols were only released from strawberries (Honeoye and
Polka 12 mg/kg and Jonsok 5 mg/kg) and hydroxycinnamic
acids from none of the berries. Insoluble flavonols (kaempferol)
in strawberry are supposed to represent the cell wall bound
phenolic compounds. The levels of insoluble (polymeric or cell
wall bound) condensed tannins were aroune-20 mg/kg in
the berries studied. According to the spectral characteristics,
the released anthocyanidins were cyanidin and pelargonidin,
which represent the constituent units (epi)catechin (procyanidin)
and (epi)afzelechin (propelargonidin), respectivélig(re 1).

In strawberries, cloudberries, and arctic bramble, (epi)catechin
units dominated (approximately 80%), but in raspberries, both
units were detected in approximately equal amounts. In the study
of Gu et al. (9), the molar proportion of epiafzelechin was 6%
in strawberry and 14% in raspberry for those proanthocyanidins,
which were soluble in 70% acetone.

The quantification data enable comparison of three strawberry
cultivars Honeoye, Jonsok, and Polka and the related raspberries
(two red cultivars, a yellow cultivar, and a wild on€)aple
3). The highest contents of flavonols and hydroxycinnamic acids
were detected in Honeoye, consistent with the respective
previous comparisong6). The lowest contents of all phenolic
classes were in the cultivar Polka. Unpigmented, yellow
raspberries lack anthocyanins, but the contents of other phenolic
classes were comparable to red cultivated raspberries. The wild
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