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Abstract. There is significant interest in the beneficial health properties of anthocyanins/anthocyanidins. Future investigations
into their physiological effects will require human intervention with precise amounts of anthocyanins/anthocyanidins. We have
investigated the total anthocyanin/anthocyanidin content of common berry fruits and designed an intervention diet intended to
deliver a balanced profile of different anthocyanidins. Using acid hydrolysis and HPLC-diode array analysis we report the individual
profile and total anthocyanidin profile/content of blueberry (148.76 mg/100 g FW), blackberry (76.78 mg/100 g FW), cranberry
(19.30 mg/100 g FW), black grape (28.09 mg/100 g FW), raspberry (104.38 mg/100 g FW) and strawberry (41.09 mg/100 g FW).
The measured anthocyanidin content in the various fruits was used to design an intervention diet (15 g of blueberry, 5 g of
blackberry, 30 g cranberry, 20 g of grape, 5 g of raspberry and 25 g of strawberry; 100 g mixed fruit portion) capable of delivering
high amounts of the six main anthocyanidins.
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1. Introduction

Anthocyanins are found abundantly in a variety of berries [1–5], including blackcurrant [6–8] and grape [9, 10] and
their regular intake has been linked to a reduction in the incidence of many chronic diseases [11], such as cancer [12,
13], cardiovascular disease [14, 15] and neurodegeneration [16–18]. Furthermore, significant inverse associations
between the intake of anthocyanin rich foods and all-cause mortality, death due to coronary heart disease, and
death due to cardiovascular disease have been reported [19–22]. There are a wide variety of anthocyanins found
in plant foods, all of which have a flavylium (2-phenylbenzopyrylium) cation structure, but which vary in their
hydroxyl, methoxyl and glycosidic substitutions [23, 24] (Fig. 1). The anthocyanidins most commonly consumed by
humans are pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin (Fig. 1), predominately in their
glycosylated forms, in amounts up to 200 mg/day [25]. However, this estimate of intake is compromised due to the
huge structural diversity of anthocyanins present in the human diet and problems associated with their characterization
and quantification in foods [26]. For example, the total number of glycosylated anthocyanins present in berries is
estimated to be around 15 times greater than the number of aglycone forms [2]. As such, a full individual anthocyanin
characterization and quantification in foods represents a significant analytical challenge.
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Fig. 1. Chemical structures of major anthocyanidins.

Whilst the focus of many studies has been on the qualitative assessment of the different anthocyanin glycosides
present in foods, these studies are not suited to the accurate quantification of their total anthocyanidin content.
Such quantitative information is essential for those wishing to conduct well characterized and controlled human
intervention studies designed to investigate the impact of anthocyanidin intake on human health. Therefore, we have
analyzed a range of berries for their anthocyanidin content using a protocol optimised for the quantification of both
anthocyanidins and anthocyanins following their extraction and hydrolysis. We report the anthocyanidin content of
the six most commonly consumed berry fruits in the European Union and USA [1, 11] and have designed a dietary
intervention aimed at delivering balanced quantities of each of the 6 major anthocyanidins. We believe that this
diet represents a well-characterized and quantified intervention diet that can be used to fully assess the impact of
anthocyanidin intake on human health.

2. Experimental

2.1. Materials

Commercial UK varieties of blueberry (Vaccinium corymbosum), blackberry (Rubus fruticosus), cranberry (Vac-
cinium macrocarpum), black seedless grape (Vitis vinifera), raspberry (Rubus idaeus) and strawberry (Fragaria
ananassa) were obtained between the periods of July and September. HPLC grade methanol and acetonitrile were
purchased from Fisher Scientific UK Limited (Loughborough, UK). Distilled water was obtained from School of
Food Biosciences of The University of Reading (Reading, UK). Hydrochloric acid and sodium acetate were purchased
from Sigma Chemical Co. (St. Louis, USA). �-glucosidase from almonds was purchased from ICN Biomedicals
Inc., UK. The standards of cyanidin, delphinidin, malvidin, peonidin, petunidin and pelargonidin were obtained from
Extrasynthese (Genay, France).

2.2. Sample preparation

All fruits were frozen at −20◦C, freeze-dried for 4–6 days and ground to a powder on dry ice. Freeze dried powders
were then analyzed following the protocol previously described by Nyman et al. [2]. Briefly, samples (10 mg) were
extracted and acid hydrolysed using 1 ml of acidified aqueous methanol (75% MeOH; 2M HCl). Extracts were
vortexed for 30 sec, filtered (0.45 �m) and the supernatant retained. After two further extractions of the remaining
pellets, samples (∼3 ml) were hydrolysed for 50 min at 90◦C. Following hydrolysis, samples were cooled to room
temperature, microfuged at 10,000 × g for 3 min and 50 �l was subjected to HPLC analysis. Control experiments were
conducted to assess the stability of pure anthocyanidins (cyanidin, delphinidin, malvidin, peonidin, pelargonidin; all
100 mM) under these processing conditions and indicated that they did not undergo breakdown.
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Fig. 2. HPLC chromatograms and spectra of blueberry without hydrolysis (A) and after acidic hydrolysis (B).

Table 1

Parameters of regression equations for calibration curves, limit of detection (LOD) and limit of quantification (LOQ)

Compound RT (min) Intercept Slope R2 LOD (uM)a LOQ (uM)b

Delphinidin 28.0 −81.29 75.48 0.9990 0.05 0.025

Cyanidin 31.5 −85.32 114.64 0.9994 0.025 0.05

Petunidin 32.8 −86.20 93.37 0.9992 0.05 0.025

Pelargonidin 34.8 −82.83 112.61 0.9995 0.025 0.05

Peonidin 36.4 −75.96 127.80 0.9988 0.025 0.05

Malvidin 37.0 −100.73 126.12 0.9994 0.05 0.025

a Concentration yielding a signal-to-noise ratio of 5; b Concentration yielding a signal-to-noise ratio of 10.

2.3. HPLC analysis

HPLC analysis utilised a Hewlett-Packard 1100 series liquid chromatograph (Agilent Technologies, Palo Alto,
CA) equipped with a diode array detector (HP ChemStation Software system). Separation of samples was achieved
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by RP-HPLC using a Nova-Pak C18 column (4.6 �m × 250 mm; 4 �m particle size) (Waters) held at a temperature
of 30◦C. The mobile phase consisted of a mixture of aqueous methanol (5% MeOH; 0.1% HCl 5M) [phase A]
and aqueous acetonitrile (50%; 0.1% HCl 5M) [phase B] and was pumped through the column at a flow rate of
0.7 ml/min. The following gradient system was used (min/% B): 0/5, 5/5, 40/50, 55/100, 59, 9/100, 60/5. The eluent
was monitored by photodiode array detection at 520 nm and spectra of products were obtained over the 200–600 nm
range. Calibration curves of the compounds were constructed using authentic standards (0.1 to 100 �M) and in each
case were found to be linear with correlation coefficients of >0.995. Before calibration, Linearity and detection and
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Fig. 3. HPLC chromatograms of blueberry, blackberry, cranberry, grape, raspberry and strawberry extracts after acidic hydrolysis: (1) delphinidin;

(2) cyanidin; (3) petunidin; (4) pelargonidin; (5) peonidin; (6) malvidin.
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Table 2

Anthocyanidin contents of different fruits

Anthocyanidin content (mg/1 00 g fresh weight)

name delphinidin cyanidin petunidin pelargonidin peonidin malvidin total

Blueberry 56.54 8.28 29.48 nd 2.06 52.40 148.76

Blackberry nd 70.92 nd nd nd 5.86 76.78

Cranberry 1.08 10.29 nd 0.56 6.92 0.45 19.30

Grape 2.91 1.57 3.35 nd 2.86 17.40 28.09

Raspberry nd 91.96 nd 7.93 nd 4.49 104.38

Strawberry nd 6.60 nd 33.64 nd 0.85 41.09

nd = non detected.

quantification limits were tested. Limit of detection (LOD) and limit of quantification (LOQ) were defined as the
concentration yielding a signal-to-noise ratio of 5 and 10 respectively.

3. Results and discussion

In plant foods, anthocyanidins are present as glycosidic forms (anthocyanins) bound to glucose, galactose, ara-
binose, rutinose, sambubiose, sophorose, sometimes with the addition of an acetyl, caffeoyl, dioxalyl, malonyl,
coumaroyl, or succinyl moiety [2, 7, 27]. Direct extraction and analysis of foods for their anthocyanin content often
yields complex chromatograms with many unresolved peaks, thereby accurate quantification is difficult. In our study,
HPLC analysis of un-hydrolysed fruit samples resulted in chromatograms in which it was difficult to resolve indi-
vidual anthocyanins and anthocyanidins (Fig. 2A; blueberry as example). In addition, as anthocyanins are relatively
unstable, the availability of authentic anthocyanin standards is limited and thus it is virtually impossible to achieve
a complete and accurate quantification of the total anthocyanin content via the assessment of anthocyanins alone. In
this study we achieved an accurate quantification of the total anthocyanidin content of each fruit via quantification of
their major anthocyanidin content post hydrolysis of the extracted fruit. Parameters of calibration curves are reported
in Table 1. Acid hydrolysis of the extracted fruits, allowed resolution of individual anthocyanidins (Fig. 2B, blueberry
as example), indicating that all the glycosidic forms present in the fruit has been effectively cleaved to yield their
respective anthocyanidins. This technique allowed the characterisation of the major anthocyanidins in a number of
other anthocyanin-rich fruits (Fig. 3) and allowed quantification of their total anthocyanidin content (Table 2). Cyani-
din and malvidin were the most common anthocyanidins as they were present in all fruits tested, whilst petunidin was
the least common, present only in blueberry and grape (Table 2). Blueberry, cranberry and grape contained the most
diverse array of anthocyanidins with five present in total, whilst blackberry contained the least with only cyanidin
and malvidin (Fig. 3; Table 2).

The results obtained in this study were compared with the data available on the USDA Database for the Flavonoid
Content of foods (release 2.1, 2007) and the phenol explorer database (Table 3). Generally, our data for each fruit
tested were in agreement with the anthocyanidin data reported in both of these databases. For example, our data for
blueberry are in agreement with the reported anthocyanidin content for blueberry in the USDA database and slightly
higher than the max anthocyanidin value reported in the Phenol Explorer database. The slight differences in the
amounts measured in our study and the two databases may reflect differences in the extraction and analysis of fruits
[24–27], although differences are also likely to occur due to varietal differences in the fruits analysed, differences in
the growing environment, fruit ripeness and storage time [7, 26, 28]. In addition to those anthocyanidin data reported
in the two databases, we also observe the presence of malvidin in blackberry and strawberry and pelargonidin in
cranberry. Compared to the USDA database, we found higher amounts of cyanidin in raspberry and strawberry and
higher amounts of malvidin in raspberry.

The quantification of the total anthocyanidin content in fruit is of particular importance when designing intervention
diets for human clinical studies. Indeed, only the use of foods or test materials that have been analytically well charac-
terized and standardized with regard to their flavonoid content and profile will enable significant advancements to be
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Table 3

Anthocyanidin content of tested samples and results from database

Anthocyanidin content mg/100 g of fresh weight

Sample Anthocyanidin Present study USDA flavonoids databasea Phenol explorer databaseb

mean min max mean min max

Blueberry Cyanidin 8.28 16.97 4.79 48.06 6.43 1.56 13.54

Delphinidin 56.54 47.4 20.82 124.16 30.22 14.52 49.28

Malvidin 52.4 61.35 32.95 126.44 32.34 20.40 40.86

Peonidin 2.06 11.38 1.01 38.99 1.17 0.25 2.23

Petunidin 29.48 26.42 7.19 74.89 19.34 7.94 33.01

Total 148.76 163.52 66.76 412.54 89.49 44.67 138.91

Blackberry Cyanidin 70.92 90.31 44.17 199.41 107.23 61.27 153.02

Malvidin 5.86 na na na na na na

Pelargonidin nd 0.15 nd 0.51 na na na

Total 76.78 90.46 44.17 199.92 107.23 61.27 153.02

Cranberry Cyanidin 10.29 41.81 32.16 53.35 9.22 9.22 9.22

Delphinidin 1.08 7.66 0.12 10.66 na na na

Malvidin 0.45 0.31 nd 1.34 na na na

Peonidin 6.92 42.1 32.56 58.18 23.70 23.70 23.70

Pelargonidin 0.56 na na na na na na

Total 19.3 91.88 64.84 123.53 32.92 32.92 32.92

Black Grape Cyanidin 1.57 na na na 0.74 nd 4.36

Delphinidin 2.91 na na na 2.04 0.32 7.44

Malvidin 17.4 na na na 37.45 6.57 106.92

Petunidin 3.35 na na na 1.85 0.03 6.31

Peonidin 2.86 na na na 3.94 1.38 12.82

total 28.09 na na na 46.01 8.30 137.86

Raspberry Cyanidin 91.96 35.84 20.73 71.11 32.23 nd 96.09

Delphinidin nd 0.29 nd 2.01 0.14 nd 1.94

Malvidin 4.49 0.7 nd 2.75 0.42 nd 2.68

Pelargonidin 7.93 1.85 nd 8.23 2.90 nd 10.28

total 104.38 38.68 20.73 84.1 35.68 nd 110.99

Strawberry Cyanidin 6.6 1.96 nd 5.42 2.98 0.93 6.02

Delphinidin nd 0.32 nd 2.6 na na na

Malvidin 0.85 na na na na na na

Pelargonidin 33.64 31.27 nd 57.49 42.52 15.34 70.45

total 41.09 33.55 nd 65.51 45.50 16.28 76.47

a Where the values for individual glycosides were determined, USDA scientists converted the glycoside values into aglycone conversion factors

based on molecular weight to make data consistent across the database. b Data from the database have been reported in the table after conversion

of the glycoside values into aglycone forms using conversion factors based on molecularweight. nd = non detected; na = non available.

made with regards to the physiological functions of these diets [29]. Methodological differences in sample collection,
preparation, chromatographic separation, detection, purity of reference standards, methods of data evaluation, and
others result in significant inter-laboratory variations, and represent a limitation with regard to study comparisons
and intervention diet design [29]. When added to varietal, agricultural and ripeness differences, we suggest that it
is essential that all intervention diets should characterised and quantified prior to their use in human clinical studies
in order to facilitate the accurate delivery of precise anthocyanin doses to individuals. We believe that the method
reported here represents a rapid and accurate way of achieving this.
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Fig. 4. Design of a fruit mixture containing a balanced amount of all anthocyanidins: (A) HPLC chromatogram of the fruit mixture after acid

hydrolysis: (1) delphinidin; (2) cyanidin; (3) petunidin; (4) pelargonidin; (5) peonidin; (6) malvidin. (B) Anthocyanidin content for the fruit

mixture containing 15 g of blueberry, 5 g of blackberry, 30 g of cranberry, 20 g of grape, 5 g of raspberry and 25 g of strawberry.

We also used our fruit anthocyanidin quantification data to create an intervention diet that best delivers a balanced
profile of the six main anthocyanidins (Fig. 4). The six common anthocyanidins are powerful antioxidants in vitro, and
different glycosylation patterns, hydroxyl and methyl groups presence and position, either enhance or diminish the
antioxidant power [23, 30]. In addition, absorption and metabolism in vivo will affect their antioxidant potential [27,
31], but health benefits are still reported [27, 31, 32]. To date, most human intervention studies have been conducted
with single anthocyanin-rich fruits [14, 15], meaning that the biological effects of select anthocyanins have been
tested. We have designed an intervention diet (Fig. 4), which we believe delivers the most balanced profile of the
major fruit anthocyanins (15 g of blueberry, 5 g of blackberry, 30 g cranberry, 20 g of grape, 5 g of raspberry and 25 g
of strawberry; 100 g mixed fruit portion). This diet contains a balanced amount of the 6 anthocyanidins delphinidin
(9.39 mg/100 g FW), cyanidin (14.44 mg/100 g FW), petunidin (5.09 mg/100 g FW), pelargonidin (8.97 mg/100 g
FW), peonidin (2.96 mg/100 g FW) and malvidin (12.21 mg/100 g FW), and may be utilised to assess the full impact
of anthocyanins on the vascular system, the brain and against cancer cell proliferation in human studies. This
diet represents an excellent basis for a future mixed anthocyanidin intervention diet. In addition, analyses should be
performed before intervention to check that the designed diet reflects the balanced anthocyanidin profile. Furthermore,
the use of food and test materials that are analytically well characterized and standardized with regard to anthocyanin
content will enable significant advancement and allow high-quality data comparison, and the potential impact of
dietary anthocyanins on health could be more comprehensively evaluated [29].
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