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ABSTRACT: Anthocyanins and phenolic acids are major secondary metabolites in blueberry with important implications for
human health maintenance. An improved protocol was developed for the accurate, efficient, and rapid comparative screening for
large blueberry sample sets. Triplicates of six commercial cultivars and four breeding selections were analyzed using the new
method. The compound recoveries ranged from 94.2 to 97.5 ± 5.3% when samples were spiked with commercial standards prior
to extraction. Eighteen anthocyanins and 4 phenolic acids were quantified in frozen and freeze-dried fruits. Large variations for
individual and total anthocyanins, ranging from 201.4 to 402.8 mg/100 g, were assayed in frozen fruits. The total phenolic acid
content ranged from 23.6 to 61.7 mg/100 g in frozen fruits. Across all genotypes, freeze-drying resulted in minor reductions in
anthocyanin concentration (3.9%) compared to anthocyanins in frozen fruits. However, phenolic acids increased by an average of
1.9-fold (±0.3) in the freeze-dried fruit. Different genotypes frequently had comparable overall levels of total anthocyanins and
phenolic acids, but differed dramatically in individual profiles of compounds. Three of the genotypes contained markedly higher
concentrations of delphinidin 3-O-glucoside, cyanidin 3-O-glucoside, and malvidin 3-O-glucoside, which have previously been
implicated as bioactive principles in this fruit. The implications of these findings for human health benefits are discussed.
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■ INTRODUCTION

Commercially grown blueberries (Vacciniaceae family) com-
prise three predominant species, the lowbush or wild blueberry
(Vaccinium angustifolium Aiton.), the highbush (northern and
southern) (Vaccinium corymbosum L.), and rabbiteye (Vacci-
nium ashei Reade). Blueberries collectively are a major fruit
commodity in the United States with a total annual production
of 511 million pounds valued at U.S. $860.1 million in 2011.1

The per capita annual consumption of blueberry in the United
States has steeply risen through the past decade to a new record
(from 0.6 lb in 2000 to 1.5 lb in 2010). This rise was mainly
due to the increased public awareness of blueberries’ impact on
human health maintenance and studies that have shown an
inverse association between concentration of phytoactives and
incidence of human chronic diseases.2−6

Blueberry fruit contains several classes of bioactive
phytochemicals including phenolic acids, anthocyanins, proan-
thocyanidins, stilbenes, and organic acids.7−10 Blueberry is one
of the highest sources for five major anthocyanidins, namely,
cyanidin, delphinidin, malvidin, peonidin, and petunidin
(Figure 1), among vegetables and fruits.6,9 The major health
benefits of anthocyanins are due to their cellular activity as free
radical scavengers and interaction with biological systems.
Anthocyanins have been demonstrated to be enzyme inhibiting,
antibacterial, cardiovascular protective, and protective against
other diseases such as diabetes, cancer, and Alzheimer’s.5,6,11−13

Phenolic acids also contribute to these human health benefits as
free radical scavengers, and chlorogenic acid, a major phenolic
acid found in blueberry, was shown to slow the release of
glucose into the bloodstream after meals.14

Human health benefits of anthocyanins are well documented;
however, it is crucial to develop a method of extraction and
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Figure 1. Molar mass and chemical structure for the anthocyanin
aglycones (anthocyanidins) in blueberry fruits. Different combinations
of the substituents on ring B and the conjugated sugar types (glucose,
galactose, or arabinose) on ring C result in the formulation of different
anthocyanin species in blueberry shown in Table 1.
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accurate estimation of individual compound concentrations in
berries to accurately determine their contributions to overall
bioactivity. Routine handling of blueberry samples for analysis
can affect the integrity of flavonoids, because they are sensitive
and may be destabilized by laboratory procedures and variables
such as temperature, pH, oxygen, and exposure to anthocyanin
degradation enzymes.15 To obtain a precise profile of
anthocyanins that characterizes their native forms in situ, the
analytical protocol must be simple, fast, gentle, accurate, and
reproducible. In previous studies, depending on the extraction
methods and solvents used, markedly different concentrations
of anthocyanins have been reported for the same tissue type,
and it was noted that prolonged extraction and/or harsh
procedures resulted in significant anthocyanin degradation.7,16

Anthocyanin concentrations in blueberries have primarily
been estimated using colorimetric methods such as pH
differential, which gives only a total combined estimate. Various
LC and LC-MS methods have also been reported; however,
many of these methods have shown variable results with long
HPLC run times of 70−90 min per sample17−20 and have been
unable to provide an accurate estimation and quantification of
individual anthocyanins due to poor resolution for some of the
anthocyanins. This can be attributed to anthocyanin sensitivity
to acidity, long exposure during experimental procedures, and
the oxidative enzymes responsible for the degradation of
flavonoids in general.16 Brownmiller et al.21 reported a loss of
monomeric anthocyanins and antioxidant capacity by up to
59% and 71%, respectively, due to enzymatic polymerization
and/or degradation of anthocyanins in thermally treated berry
fruits. Acid type and concentration used during analysis, for
instance, can induce degradation via hydrolysis, obscuring a
realistic profile of anthocyanins, and can also result in changes
in individual peak response and the appearance of additional
false peaks.20

Recently, private and public breeding programs have
responded to the consumer demand for healthier fruits and
vegetables and have recognized the need for development of
extraction and analysis procedures that permit accurate, rapid
and reliable comparative screening for a large number of
samples.22 In this work, we developed a novel extraction and
analysis protocol which was simpler, faster, more efficient, and
more accurate than previously described methods, which
allowed us to simultaneously estimate individual anthocyanins
and phenolic acids (from frozen or freeze-dried fruits) and
comparatively screen large populations of different blueberry
genotypes.

■ MATERIALS AND METHODS
Chemicals and Reagents. Commercial standards of cyanidin 3-

O-glucoside, cyanidin 3-O-galactoside, cyanidin 3-O-arabinoside, and
peonidin 3-O-galactoside were purchased from Chromadex (Irvine,
CA, USA) and chlorogenic, caffeic, p-coumaric, and ferulic acids from
Sigma (St. Louis, MO, USA). Glucosides of delphinidin and malvidin
were purchased from Polyphenols Laboratories AS (Sandnes,
Norway). Methanol, formic acid, acetic acid, and 0.1% formic acid
in water or methanol (LC-MS) were purchased from Fisher Scientific
(Pittsburgh, PA, USA). All solvents were of HPLC or HPLC-MS
grades.
Plant Materials. Blueberry fruits of commercial cultivars and

breeding selections were collected from Piedmont Research Station,
Salisbury, North Carolina (NC), in the summer of 2009 when plants
were 5 years of age, where each genotype was replicated three times
(three individual plants). Commercial cultivars included Arlen, Legacy,
Lenoir, O’Neal, Pamlico, and Sampson, and breeding selections

(clones), developed by the NCSU blueberry breeding program,
included NC4385, NC4900, SHF2B-1 21:3 and SHF2B-1 25:41. All
blueberry plants received adequate rainfall with mulch covering the soil
around plants year around. Approximately 500 g of fully ripe fruits was
collected from each plant and immediately frozen on dry ice to
eliminate postharvest degradation of fruit constituents. Fruits were
consistently harvested at a uniform stage of maturity and from
comparable locations on each plant to facilitate cross-comparisons.
Frozen fruits were transported on dry ice to our adjacent laboratory in
the Plants for Human Health Institute (PHHI), North Carolina
Research Campus (NCRC), NC State University (NCSU), Kannap-
olis, NC. Frozen fruits from each plant were divided into two samples
(∼250 g each); the first sample was designated for direct frozen tissue
extraction, whereas the second sample was freeze-dried before
extraction. Samples were then stored at −80 °C until extraction as
described below.

Extraction of Frozen Blueberries. Frozen fruits (20−22 g) were
extracted with 30 mL of 0.3% acetic acid in MeOH using a high-speed
grinder while completely frozen for 2 min. Ground contents were
transferred into 50 mL tubes and vortexed for 2 s before centrifugation
at 4000 rpm for 15 min at 20 °C, and then supernatants were decanted
into 100 mL volumetric flasks. To the precipitated pellet was added 20
mL of 0.3% acetic acid, and the mixture was incubated for 15 min at
room temperature with vortexing to mix contents every 5 min.
Samples were centrifuged and supernatants were collected into flasks.
The extraction was repeated for a third time collecting each substrate
into the corresponding flasks, and the final volume was brought to a
100 mL with the same extraction solvent. Flasks containing
supernatants were swirled briefly to mix the three extractions, and
then two 1.5 mL samples were filtered into 2 mL amber HPLC vials
using 0.2 μm PTFE syringe filters (Fisher Scientific). From each vial, a
10 μL volume was injected into the HPLC on the same day of
extraction or within a week (stored at −20 °C) in the case of LCMS-
IT-TOF mass spectrometer analysis, described under the HPLC
analyses sections below.

Extraction of Freeze-Dried Blueberries. Frozen berries (−80
°C) were weighed prior to lyophilization using a VirTis 24Dx48
freeze-dryer (SP Scientific, Stone Ridge, NY, USA) with a temper-
ature-controlled chamber for samples. The freeze-drying program
started with −35 °C for 6 h, and then the sample temperature was
raised every 20 h to −20 °C, −10 °C, 0 °C, 5 °C, 10 °C, and 20 °C for
each temperature setting. After complete dryness, with no further
moisture loss from samples, freeze-dried berries were weighed to
estimate the moisture content and dry matter percent (DM%). The
freeze-dried samples were then kept at −20 °C until extraction.
Samples were extracted using the same extraction procedures
described above for frozen tissues, except the fruit sample weight
was 2.5−3.0 g and the extraction solvent was 0.3% acetic acid in
MeOH/H2O (70:30, v/v) to compensate for the water removed in the
freeze-drying process and to improve extraction efficacy for
anthocyanins and phenolic acids. From the three combined extracts,
two 1.5 mL samples were filtered into amber HPLC vials using 0.2 μm
PTFE filters, where 10 μL was injected into HPLC on the same day of
extraction or within a week (stored at −20 °C) in the case of LCMS-
IT-TOF mass spectrometer analysis.

Compound Recovery. To gauge the efficacy of the extraction
method, 2 or 1 mg of the anthocyanin or phenolic acid commercial
standards, respectively, was added to the ground tissue and solvent mix
at the first extraction in both frozen and freeze-dried extraction
procedures. This spiking was performed with 10 random samples, and
10 μL of each sample extract was injected into the HPLC-DAD
instrument. Samples extracted without the addition of commercial
standards were compared to the spiked samples, and recovery of
standard compounds was estimated by examining the difference in
compound concentration when spiked. For each compound, recovery
formula was calculated as follows: (TCC − CC)/TCC × 100), where
TCC is the total compound amount (μg) in spiked blueberry extract
sample and CC is compound amount in blueberry sample extract (μg)
without spiking.
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HPLC-DAD Analysis. Filtered samples were injected (10 μL) into
a 1200 HPLC system (Agilent Technologies Inc., Santa Clara, CA,
USA) equipped with a UV−vis diode array detector (DAD),
controlled-temperature autosampler (4 °C), and column compartment
(30 °C). Chemstation software (Agilent Technologies Inc.) was used
as the system run controller and for data processing. Anthocyanin and
phenolic acid separation was performed using a reversed-phase
Supelcosil LC-18 column, 25 mm × 4.6 mm × 5 μm (Supelco,
Bellefonte, PA, USA). The mobile phase consisted of 5% formic acid
in H2O (A) and 100% methanol (B). A step gradient of 10%, 15%,
20%, 25%, 30%, 60%, 60%, 10%, and 10% of solvent B at 0, 5, 15, 20,
25, 35, 36, 37, and 40 min, respectively, at a constant flow rate of 1
mL/min, was applied for samples and standards. Because there were a
large number of compounds in blueberry fruits, and not all standards
were available or were excessively expensive, the available standards
were mainly used for HPLC and LC-MS identification and verification
analysis. Individual and total anthocyanins in samples were quantified
as cyanidin 3-O-glucoside equivalents. Seven concentrations of
standards were prepared at 500, 250, 125, 62.5, 31.3, 15.6, and 7.8
μg/mL of 100% methanol, where 5 μL was injected before each
sample set as external standards. Compounds were quantified using a
standard curve calculated using peak areas at UV of 520 or 325 nm for
anthocyanins or phenolic acids, respectively, and the known injected
concentrations for standards.
HPLC-IT-TOF MS/MS Analysis. For compound verification, 2 μL

of sample extract was injected into the HPLC MS-IT-TOF mass
spectrometer (Shimadzu Scientific Institute, Columbia, MD, USA).
The mass spectrometer was attached to a UFLC system (Shimadzu)
equipped with photodiode array detector (PDA, flow cell 40 °C),
controlled-temperature autosampler (10 °C), and column oven (40
°C). UV−vis spectra were acquired at a range of 200−600 nm. LCMS
Solution software (Shimadzu) was used as a system controller for
HPLC and mass spectrometer and for data analysis. Compounds were
separated using a reversed-phase Shim-pack XR-ODS column, 50 mm
× 3.0 mm i.d. × 2.2 μm (Shimadzu). For MS acquisition, gas flow of
1.5 L/min, detector voltage of 1.6 kV, and TOF area vacuum of 1.9e−
002 Pa were applied. The mobile phase consisted of 0.1% formic acid
in H2O (A) and 0.1% formic acid in methanol (B). A step gradient of
0%, 30%, 60%, 90%, 0%, and 0% of solvent B at 0, 30, 45, 50, 51, and
60 min, respectively, at a constant flow rate of 0.35 mL/min was
applied. Mass data were acquired at ranges of m/z 150 −1500 for
original parent ions and m/z 100−1000 for resulting ion fragments,
where mass data were further fragmented (MS/MS) to verify the
parent ions for compound molecules in the blueberry samples.
Data Presentation and Statistical Analysis. Data are presented

as milligrams per 100 g with the frozen and freeze-dried blueberry
fruits. To investigate if the freeze-drying had any adverse effects on
anthocyanin and phenolic acid profiles and concentrations, data from
freeze-dried berries were converted back to obtain estimates of
compounds on a frozen fruit basis. Analysis of variance (ANOVA) was
performed using PROC GLM procedures to compare concentrations
among cultivars using SAS software version 9.2 (SAS Institute Inc.,
Cary, NC, USA; 2009), and means were compared using the least
significant difference (LSD) test at P ≤ 0.05. Student’s t test with two-
tailed distribution was used to test if lyophilization had effects on
individual and total compound concentrations in berries when freeze-
dried (P ≤ 0.05).

■ RESULTS AND DISCUSSION

Analysis Method and Compound Recovery. The
extraction procedure and HPLC protocol developed in this
study accomplished the simultaneous quantification of 18
anthocyanin and 4 phenolic acid compounds in blueberry fruits.
A list of the anthocyanins and phenolic acids identified in
frozen and freeze-dried blueberries and their average
occurrences (percent) across 10 genotypes are presented in
Table 1. The identification of anthocyanins and phenolic acids
was verified using maximum absorption for UV−vis wavelength

spectra, commercial standards when available, HPLC-ESI-MS/
MS data, and comparison with published studies.9,13,17,19,23,24

The HPLC-DAD chromatogram obtained at a wavelength of
520 nm demonstrating the separation of individual anthocya-
nins in blueberry frozen fruits is shown in Figure 2. A
representative mass spectrum of LC-ESI-MS showing m/z for
anthocyanins identified in the O’Neal cultivar is presented in
Figure 3. The compound recovery for commercial standards
ranged from 94.2 to 97.5 ± 5.3% when added at the first step of
extraction. Retention times were validated for stability during
chromatographic separation by spiking a subset of samples with
known amounts of commercial standards prior to extraction.
Using this extraction method, the average quantities of
anthocyanin and phenolic acid compounds extracted from
fruit tissues were 90.2 ± 3.3%, 8.4 ± 2.2%, and 2.7 ± 0.6% for
the first, second, and third extractions, respectively. This has
assured efficient and complete extraction of compounds in fruit
tissues in much less time than previously reported by other
investigators.13,17,20,23,25 Compared to our previous HPLC
protocols,13,25 the compound separation in this method was
shorter by 20 min per sample (from 60 min), using a standard
HPLC system, which can significantly save on analysis time.
Across all genotypes, malvidin 3-O-galactoside (11),

delphinidin 3-O-galactoside (1), malvidin 3-O-arabinoside
(13), cyanidin 3-O-arabinoside (6), and delphinidin 3-O-
arabinoside (4) constituted 69.3% of the total anthocyanins

Table 1. Anthocyanins and Phenolic Acids Identified in
Frozen and Freeze-Dried Blueberries and Their Average
Occurrence (Percent) in 10 Blueberry Genotypesa

no.b compound name tR
c m/zd %e

anthocyanins
1 delphinidin 3-O-galactoside 20.7 465/303 16.0
2 delphinidin 3-O-glucoside 22.4 465/303 3.4
3 cyanidin 3-O-galactoside 23.8 449/287 3.1
4 delphinidin 3-O-arabinoside 24.9 435/303 9.2
5 cyanidin 3-O-glucoside 25.7 449/287 1.0
6 cyanidin 3-O-arabinoside 26.9 419/287 9.0
7 petunidin 3-O-galactoside 27.7 479/317 1.3
8 petunidin 3-O-glucoside 28.3 479/317 3.5
9 peonidin 3-O-galactoside 29.4 463/301 1.5
10 petunidin 3-O-arabinoside 30.3 449/317 4.8
11 malvidin 3-O-galactoside 30.9 493/331 24.1
12 malvidin 3-O-glucoside 31.7 493/331 6.7
13 malvidin 3-O-arabinoside 32.7 463/331 11.0
14 delphenidin 3-O-(6″-acetyl)glucoside 33.9 507/303 1.6
15 cyanidin 3-O-(6″-acetyl)glucoside 34.7 491/287 0.5
16 malvidin 3-O-(6″-acetyl)galactoside 35.1 535/331 1.0
17 petunidin 3-O-(6″-acetyl)glucoside 35.7 521/317 0.4
18 malvidin 3-O-(6″-acetyl)glucoside 36.7 535/331 0.9

phenolic acids
chlorogenic acid 11.6 355/303 96.5
caffeic acid 12.9 181/− 1.2
p-coumaric acid 19.2 164/− 1.4
ferulic acid 23.6 194/− 0.9

aBlueberry genotypes included commercial cultivars (Arlen, Legacy,
Lenoir, O’Neal, Pamlico, and Sampson) and breeding selections/
clones (NC 4385, NC4900, SHF2B-1 21:3, and SHF2B-1 25:41)
developed by North Carolina State University blueberry breeding
program. bHPLC peak number identification for anthocyanins.
cRetention time (minutes). dMS and MS/MS (m/z) masses recorded
at positive ion mode. eAverage ratio for individual anthocyanins and
phenolic acids across all 10 genotypes.
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where their proportions were 24.1%, 16.0% 10.9%, 9.0%, and
9.2%, respectively. These proportions were in agreement with
previously published data,17 where derivatives of malvidin and
delphinidin accounted for the majority of anthocyanins in
blueberry.26 Chlorogenic acid was the predominant phenolic
acid in all genotypes, constituting 96.5% of the total phenolic
acid quantities found in frozen blueberry fruits. This was in
agreement with previous work, which also reported that minor
phenolic acids in berry constituted about 3% of the total
phenolic acids.27

Most published work has relied on using pH differential or
colorimetric methods, which can give variable results with a
tendency to underestimate concentrations, and cannot
discriminate between anthocyanin species.28,29 We hypothe-
sized that extended extraction and incubation times used in
previous studies17,19,20 were responsible for diminished
anthocyanin yields. To test this hypothesis and to compare
extraction efficiencies, we extracted three subsets of eight
random samples at different incubation conditions including
(1) extracts incubated for 2 h at room temperature, (2) extracts

incubated overnight at 4 °C, and (3) extracts incubated
overnight at 20 °C. Total anthocyanins were diminished by
15.3%, 18.8%, and 23.7% after extracts were incubated for 2 h,
overnight at 4 °C, and overnight at 20 °C, respectively,
compared to our new streamlined method (15 min incubation
time). Although all possible precautions were taken while
practicing this new method, a minor decrease in compound
concentration can be expected due to sensitivity to extraction
procedures.
Whereas previous studies have used abrasive reagents

(hexane, acetone, or ethyl acetates and hydrochloric acid),
only methanol and acetic acid (0.3%) were used in this study to
stabilize anthocyanins during extraction. Cleaning procedures
typically used in sample preparation and analysis such as
fractionation and drying down were completely avoided in this
streamlined method, which helped to avoid degradation due to
temperature and loss of compounds during prolonged drying
down. The extraction procedures in this study were simple and
rapid, which eliminated excessive compound exposure to

Figure 2. Representative HPLC-DAD chromatogram showing relative abundance of individual anthocyanins in the frozen fruits of Pamlico and
NC4900 blueberries. Anthocyanin peak identification: 1, delphinidin 3-O-galactoside; 2, delphinidin 3-O-glucoside; 3, cyanidin 3-O-galactoside; 4,
delphinidin 3-O-arabinoside; 5, cyanidin 3-O-glucoside; 6, cyanidin 3-O-arabinoside; 7, petunidin 3-O-galactoside; 8, petunidin 3-O-glucoside; 9,
peonidin 3-O-galactoside; 10, petunidin 3-O-arabinoside; 11, malvidin 3-O-galactoside; 12, malvidin 3-O-glucoside; 13, malvidin 3-O-arabinoside; 14,
delphenidin 3-O-(6″-acetyl)glucoside; 15, cyanidin 3-O-(6″-acetyl)glucoside; 16, malvidin 3-O-(6″-acetyl)galactoside; 17, petunidin 3-O-(6″-
acetyl)glucoside; 18, malvidin 3-O-(6″-acetyl)glucoside.
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oxidative factors such as oxygen, temperature, pH, and internal
oxidative enzymes.16,30

Variation in Anthocyanins and Phenolic Acids. The
total anthocyanins in the frozen fruits of 10 genotypes ranged
from 201.4 to 402.8 mg/100 g with a mean of 282.7 ± 58.3
mg/100 g (Table 2). This indicated that the highest yielding
genotype for total anthocyanins (Pamlico) accumulated twice
the anthocyanin concentration compared to the lowest
accumulating genotype (Sampson). However, relative levels
of individual anthocyanin species varied even more dramatically
between genotypes. For example, quantities for delphinidin 3-
O-glucoside (2), cyanidin 3-O-glucoside (5), petunidin 3-O-
glucoside (8), and malvidin 3-O-glucoside (12) were up to 77-,
52-, 75-, and 33-fold higher in high-yielding genotypes
compared to other genotypes. A similar trend was observed
for phenolic acids estimated in this study. The total phenolic
acids ranged from 23.6 to 61.7 mg/100 g, with a mean of 33.9
± 9.2 mg/100 g in the frozen fruits (Table 2). The highest
concentration of chlorogenic acid observed was 2.7-fold higher
in NC4900 compared with the lowest inherent concentration
(SHBF2B-1 25:41). These results agree with previous studies,
where large variations in anthocyanins depending on genotype
were observed.23,24,26,32 The wide range in anthocyanin and
phenolic acid concentrations observed in this study may have a
direct bearing on the in vivo bioactivity and suggests a strong
potential for selectively breeding blueberry for improved
anthocyanin and phenolic acid content.
Individual and Total Anthocyanins and Phenolic

Acids. The mean concentrations for individual and total
anthocyanins estimated in the frozen fruits are presented in

Table 3. The data showed significant differences among
blueberry genotypes for individual and total anthocyanins in
the frozen berries. Pamlico and O’Neal contained the highest
concentrations of total anthocyanins among the commercial
cultivars (383.9 mg/100 g and 357.0 mg/100 g, respectively),
whereas Arlen, Legacy, Lenoir, and Sampson contained
significantly lower concentrations (Table 3). For the breeding
selections, NC4900 had a total anthocyanin concentration of
315.7 mg/100 g, significantly higher than SHF2B-1 25:41, but
lower than Pamlico and O’Neal cultivars. In addition to the
total anthocyanin variations, certain genotypes had significantly
higher or lower concentrations of individual anthocyanin
compounds. For instance, Pamlico contained the highest
concentration of delphinidin 3-O-galactoside (1) (79.1 mg/
100 g), whereas Lenoir had only 27.8 mg/100 g of this
compound. For delphinidin 3-O-glucoside (2), one of the most
variable compounds among genotypes, O’Neal had 36.8 mg/
100 g followed by the breeding selections NC4900 and SHF2B-
1 21:3 with 27.3 mg/100 g and 25.3 mg/100 g, respectively. Six
of the genotypes accumulated low amounts of this compound,
and levels were only 0.5 mg/100 g in Lenoir (Table 3).
Similarly, for the rest of anthocyanins, data showed that
individual anthocyanins significantly differed among genotypes
(Table 3). Generally, the blueberry genotypes accumulated
mostly glycosidic anthocyanins (compounds 1−13, listed in
Table 1), whereas the acylated anthocyanins (compounds 14−
18, listed in Table 1) constituted a small portion of the total
anthocyanins. The SHF2B-1 21:3 breeding selection contained
the highest content of the acylated anthocyanins, significantly
higher than the rest of the genotypes, in particular for malvidin

Figure 3. Representative HPLC-MS spectrum showing mass-to-charge ratio (m/z) for anthocyanins and chlorogenic acid in frozen fruits of O’Neal
blueberry cultivar. Bold numbers refer to the 18 anthocyanin compounds listed in Table 1. Electrospray ionization scan (ESI) was produced by
extracting total ion current (TIC) chromatogram for a range of 15−32 min, where all anthocyanins were eluted from the LC column using 6220
TOF LC/MS (Agilent Technologies, Inc.). Peak a, chlorogenic acid.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400823s | J. Agric. Food Chem. 2013, 61, 4806−48154810



3-O-(6″-acetyl) glucoside (18) (16.2 mg/100 g). This was in
agreement with previous studies, where acylated anthocyanins
constituted a minor portion of the total anthocyanins
depending on the genotypes.7,9,19,23

Genotypes included in this study showed variable capacity in
accumulating phenolic acids (Table 4). The breeding selection
NC4900 contained the highest concentration for total phenolic
acids (53.2 mg/100 g). Commercial cultivars contained
different but not statistically significant concentrations of
chlorogenic acid, ranging from 27.6 mg/100 g (Arlen) to
34.9 mg/100 g (Sampson), whereas the breeding selection
NC4900 had significantly higher concentration (51.8 mg/100
g). In addition to chlorogenic acid, all genotypes accumulated
minor amounts of the caffeic, p-coumaric, and ferulic acids
constituting 3.5% of the total phenolic acids across all 10
genotypes (Table 4). Chlorogenic acid was reported as the
major phenolic acid in blueberry species.27,32

Anthocyanins are primarily stored in the blueberry fruit
skins; therefore, fruit size (weight and diameter) was a factor in
the estimation due to different fruit surface area.26 Legacy and
Arlen had the largest fruit weight (2.4 g), whereas Pamlico fruit
was the smallest (1.4 g). The fruit weight was positively
correlated with fruit diameter (R = 0.92) (Table 4). Significant
but negative correlations between total anthocyanins and both
fruit weight and diameter were observed with R = −0.70 and
−0.66, respectively. This was in agreement with previous
studies;26 however, in contrast, a report by Kalt et al.7 on a
survey of 22 high- and lowbush genotypes showed no

relationship between anthocyanins and fruit size. Phenolic
acid concentration did not show correlation with either fruit
weight or diameter (R = −0.16 and 0.09, respectively),
indicating that phenolic acids are primarily accumulated in
the fruit flesh rather than the outer skins.
Anthocyanin content in blueberry can vary depending on

genotype, maturity, and growing environment.7,24,31,32 In a
survey of nine blueberry cultivars, Conner et al.32 reported a
range of 105−236 mg/100 g in frozen fruit, with Legacy
containing 183 mg/100 g. In contrast, the streamlined
methodology presented here provided higher estimates
(261.4 mg/100 g), most likely because of the shorter extraction
and analysis time and reduced solvent/tissue ratios (1:5 as
opposed to 1:3 in previous studies), which protected the
anthocyanin integrity. Also, the use of HCl, a strong acid,
during extraction can induce anthocyanin degradation via
hydrolysis,20 which was avoided in this new method. In another
survey by Prior et al.31 on 15 blueberry varieties grown in
different locations in 1997, total anthocyanins ranged from 61.8
mg/100 g to 235.4 mg/100 g. The low estimates can be
attributed to differences in cultivars/genotypes, differences in
maturity, long transportation period before analysis, and the use
of pH differential assay, which tends to underestimate
concentrations.28,29 Lower estimates of anthocyanins were
reported by Gavrilova et al.33 when a one-time extraction was
applied with 1:2 of tissue/solvent ratio (i.e., 56.4 mg/100 g).
Overall, it is evident that the experimental protocol has a
significant influence on anthocyanin estimates and can

Table 2. Descriptive Statistics and Ranges for Anthocyanins and Phenolic Acids in the Frozen Fruits of 10 Blueberry Genotypes

range

no. compound name mean ± SDa min max CVb

anthocyanins (mg/100 g)
1 delphinidin 3-O-galactoside 45.2 ± 14.7 26.5 81.4 10.3
2 delphinidin 3-O-glucoside 9.7 ± 13.9 0.5 38.7 28.5
3 cyanidin 3-O-galactoside 8.7 ± 4.2 3.7 18.3 10.0
4 delphinidin 3-O-arabinoside 26.0 ± 6.1 15.8 39.2 9.1
5 cyanidin 3-O-glucoside 2.9 ± 3.6 0.2 10.5 24.0
6 cyanidin 3-O-arabinoside 27.9 ± 9.0 16.8 52.8 9.0
7 petunidin 3-O-galactoside 3.8 ± 2.6 1.0 8.7 22.6
8 petunidin 3-O-glucoside 10.0 ± 11.9 0.5 37.9 22.7
9 peonidin 3-O-galactoside 4.2 ± 1.6 2.7 8.8 9.5
10 petunidin 3-O-arabinoside 13.6 ± 2.9 9.4 21.3 7.2
11 malvidin 3-O-galactoside 68.1 ± 16.2 34.4 108.8 10.0
12 malvidin 3-O-glucoside 19.0 ± 25.6 2.6 86.1 18.5
13 malvidin 3-O-arabinoside 31.1 ± 9.3 14.4 47.3 9.1
14 delphenidin 3-O-(6″-acetyl)glucoside 4.5 ± 7.7 0.0 25.1 19.9
15 cyanidin 3-O-(6″-acetyl)glucoside 1.4 ± 2.1 0.0 7.5 75.9
16 malvidin 3-O-(6″-acetyl)galactoside 2.9 ± 3.4 0.1 9.1 8.3
17 petunidin 3-O-(6″-acetyl)glucoside 1.2 ± 2.4 0.0 10.2 69.7
18 malvidin 3-O-(6″-acetyl)glucoside 2.6 ± 5.0 0.1 21.4 64.6
phenolic acids (mg/100 g)

chlorogenic 32.7 ± 9.0 22.7 60.2 13.6
caffeic 0.4 ± 0.3 0.1 1.4 45.6
p-coumaric 0.5 ± 0.2 0.2 1.0 17.2
ferulic 0.3 ± 0.1 0.2 0.6 28.1

fruit weight (g)c 1.9 ± 0.4 1.1 2.8 5.7
fruit diameter (mm)d 16.1 ± 1.7 12.5 19.0 8.3

aMean and standard deviation (n = 10 genotypes). bCoefficient of variation (n = 10). cAverage frozen fruit weight (n = 10). dAverage frozen fruit
width (n = 10), measured using a Westward digital caliper, 0 −150 mm (Fisher Scientific). Anthocyanin values are calculated as cyanidin 3-O-
glucoside equivalents.
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condition levels reported in various publications. This is
particularly true for sample handling, extraction procedure, and
method of quantification, variations in which can result in
inconsistent estimates for compounds of interest. Although in
previous investigations, investigators have used extended
incubation times and harsh conditions in an attempt to more
thoroughly extract all anthocyanins from tissue, instead we have
demonstrated that such conditions actually lead to under-
estimation.

Freeze-Drying Effects on Anthocyanins and Phenolic
Acids. To evaluate the effects of freeze-drying, anthocyanin
and phenolic acid contents in freeze-dried fruits were compared
with those in frozen fruits. To attain this comparison,
compound concentrations in freeze-dried tissues were con-
verted back to a frozen fruit basis. The converted values for
individual anthocyanins and phenolic acids were statistically
analyzed using ANOVA and showed comparable results as was
observed with the frozen fruits (data not shown). The

Table 3. Mean Concentrations of Individual and Total Anthocyanins Estimated in 10 Blueberry Genotypes Harvested in the
Summer of 2009 in North Carolina

no. Arlen Legacy Lenoir O’Neal Pamlico Sampson NC4385 NC4900
SHF2B-1
21:3

SHF2B-1
25:41

LSD
α 0.05

anthocyanin (mg/100 g)a

1 48.0 bc 42.8 cd 27.8 e 28.0 e 79.1 a 41.4 cd 52.7 b 52.4 b 36.5 d 42.3 cd 7.9
2 1.1 c 0.9 c 0.5 c 36.8 a 1.7 c 0.9 c 1.2 c 27.3 b 25.3 b 0.9 c 4.7
3 7.3 cd 5.8 e 3.7 f 7.0 de 18.2 a 6.4 de 12.0 b 12.5 b 8.6 c 6.2 de 1.5
4 31.0 b 20.4 d 19.4 d 19.3 d 38.3 a 21.9 d 26.3 c 28.0 bc 28.0 bc 27.8 bc 4.1
5 0.5 d 0.3 d 1.1 d 10.0 a 1.1 d 0.3 d 0.8 d 8.0 b 6.3 c 0.3 d 1.2
6 28.5 cd 30.5 bc 19.6 e 17.7 e 49.5 a 26.8 cd 32.9 b 28.2 cd 19.8 e 26.0 d 4.3
7 2.1 d 1.9 d 1.0 d 7.2 a 5.7 b 1.5 d 1.5 d 4.8 bc 3.8 c 8.1 a 1.5
8 1.1 e 1.0 e 0.5 e 36.1 a 3.7 de 2.9 e 7.3 d 24.2 b 18.8 c 2.4 de 3.8
9 3.5 def 4.0 cd 3.2 ef 4.2 c 8.1 a 3.3 ef 5.9 b 3.7 cde 2.9 f 3.7 cde 0.7
10 15.7 b 12.8 cd 12.9 cd 9.9 e 20.1 a 12.0 cd 13.2 c 11.5 de 12.6 cd 15.0 b 1.7
11 71.6 bc 81.1 b 65.4 cd 61.9 cde 97.3 a 59.7 de 78.1 b 52.1 ef 41.9 f 71.5 bc 11.7
12 3.6 d 3.0 d 4.6 d 81.0 a 8.6 d 3.7 d 4.3 d 46.0 b 32.1 c 3.3 d 6.0
13 37.7 b 31.2 c 45.1 a 23.7 d 39.1 b 23.5 d 29.7 c 16.0 e 24.2 d 40.4 ab 4.8
14 0.5 de 25.1 a 1.4 cde 2.4 c 2.8 c 1.7 cd 0.1 e 0.3 de 10.3 b 0.2 de 1.5
15 0.2 d 0.2 d 4.2 ab 2.6 bc 1.2 cd 0.4 d 0.0 d 0.1 d 5.5 a 0.2 d 1.9
16 0.3 e 0.2 e 8.7 a 3.4 c 8.6 a 0.8 d 0.5 de 0.1 e 5.7 b 0.3 e 0.4
17 0.1 c 0.1 c 0.0 c 1.9 b 0.0 c 1.7 b 0.0 c 0.1 c 7.6 a 0.1 c 1.4
18 0.1 d 0.1 d 0.3 d 3.8 b 0.8 cd 3.3 bc 0.3 d 0.5 cd 16.2 a 0.2 d 2.8

total anthocyanins
(mg/100 g)b

252.9 de 261.4 d 219.3 ef 357.0 a 383.9 a 212.0 f 266.6 cd 315.7 b 306.0 bc 248.9 def 40.1

total anthocyanins,
converted
(mg/100 g)c

247.1 c 254.3 c 199.1 d 331.5 b 373.3 a 203.1 d 257.8 c 300.6 b 304.1 b 246.7 c 39.0

aIdentification of individual anthocyanins 1−18 as listed in Tables 1 and 2. Means with different letters within rows are significantly different at P ≤
0.05. bTotal anthocyanins (sum of individuals) in frozen fruits. cTotal anthocyanins (sum of individuals) estimated in freeze-dried fruits, but values
were converted back to frozen fruit basis. Values are calculated as cyanidin 3-O-glucoside equivalents.

Table 4. Mean Concentrations of Individual and Total Phenolic Acids, Fruit Weight, and Size and Dry Matter Content (DM%)
Estimated in 10 Blueberry Genotypes Harvested in the Summer of 2009 in North Carolina

Arlen Legacy Lenoir O’Neal Pamlico Sampson NC4385 NC4900
SHF2B-1
21:3

SHF2B-1
25:41

LSD
α 0.05

phenolic acids (mg/100 g)a

chlorogenic 27.6 bcd 34.6 bc 29.3 bcd 35.0 bc 27.3 bcd 34.9 bc 26.6 cd 51.8 a 36.5 b 23.3 d 9.7
caffeic 0.3 bc 0.3 bc 0.9 a 0.5 b 0.3 bc 0.4 bc 0.4 bc 0.5 b 0.2 c 0.2 c 0.3
p-coumaric 0.3 de 0.7 a 0.7 a 0.2 de 0.6 b 0.5 bc 0.2 e 0.5 bc 0.9 a 0.3 cd 0.1
ferluic 0.3 ab 0.3 ab 0.2 b 0.3 ab 0.4 ab 0.3 ab 0.4 ab 0.4 ab 0.3 ab 0.3 ab 0.1

total phenolic acids
(mg/100 g)b

28.5 bcd 35.9 bc 31.2 bcd 36.1 bc 28.5 bcd 36.0 bc 27.6 cd 53.2 a 37.8 b 24.1 d 10.0

total phenolic acids,
converted (mg/100 g)c

48.2 ef 65.6 bcd 43.9 f 72.5 bc 54.3 def 59.7 bcd 69.7 bc 99.7 a 76.7 b 49.3 ef 14.5

fruit weight (g)d 2.4 a 2.4 a 1.9 bc 1.6 c 1.4 c 2.2 ab 1.6 c 1.8 bc 1.5 c 2.3 ab 0.5
fruit diameter (mm)e 17.2 ab 17.7 a 16.6 abcd 14.7 cde 14.5 de 16.8 abc 14.2 e 16.5 abcd 15.3 bcde 17.2 ab 2.3
DM%f 16.8 c 14.5 e 17.2 b 17.3 b 15.5 d 14.5 e 14.2 f 16.8 c 18.1 a 15.5 d 0.2
aMeans with different letters within rows are significantly different at P ≤ 0.05. bTotal phenolic acids(sum of individuals) in frozen fruits. cTotal
phenolic acids (sum of individuals) estimated in freeze-dried fruits but values were converted back to frozen fruit basis. dAverage frozen fruit weight
(n = 10). eAverage frozen fruit width (n = 10), measured using a Westward digital caliper, 0−150 mm (Fisher Scientific). f: percent of dry mater
contents in fruits (dry fruit weight/frozen fruit weight x 100).
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converted total anthocyanin and phenolic acid values for the 10
freeze-dried blueberry genotypes are presented in Tables 3 and
4, respectively. Paired comparisons between anthocyanin
concentrations in frozen fruits with those in freeze-dried fruits
(after conversion) showed no significant differences, using the t
test (P ≤ 0.05) within genotypes. However, there was a small
reduction in anthocyanin content (3.9%) when fruits were
freeze-dried, with a range of 0.6−9.2%, depending on the
genotype. In contrast, large increases in phenolic acid
concentrations by an average of 1.9-fold (±0.3) in freeze-
dried over frozen fruits were observed in this study and were
genotype-dependent (Table 4). In the course of freeze-drying,
the sample temperature was gradually increased (from −35 to
20 °C) to allow moisture removal; however, this process
appeared to allow minor degradation in anthocyanins by active
enzymes such as anthocyaninase, polyphenol oxidase, and
peroxidase.16,21,34 In previous studies, depending on the fruit
treatment after harvest, significant reductions in anthocyanins
and phenolics were reported.35,36 Partial degradation of
anthocyanins due to their sensitivity to experimental
procedures was observed in several studies.15,20,21,25,36,37 On
the other hand, increases in phenolic acid concentrations when
fruits were maintained at low temperatures were reported in
different plant commodities including blueberries.38−41 The
increase in chlorogenic acid concentration was attributed to the
accumulation of sugars, which act as substrates for the synthesis
of this compound. Data from this study demonstrated that
while freeze-drying resulted in minor reductions in anthocya-
nins, an increase in the chlorogenic acid was observed;
however, the changes in phytochemical composition during
freeze-drying appeared to be genotype-dependent. Whereas
data showed the best results can be obtained when fresh fruits
are analyzed, with a large number of samples it becomes
necessary to freeze-dry samples to maintain their phytochemical
content and for safe handling, particularly when samples are to
be kept for an extended period of time.
Implications for Human Health Benefits. Blueberry

genotypes accumulated significant anthocyanin and phenolic
acid concentrations as shown in Tables 3 and 4. Because
anthocyanin bioavailability depends on their basic structures
and the conjugated glycosides,42−44 anthocyanins with the same
glycosidic type were grouped and are presented in Table 5.
Across all genotypes, glucoside, galactoside, arabinoside, and
acylated anthocyanins constituted 14.6%, 46.0%, 34.9%, and
4.6% of total anthocyanins, respectively. However, some of the
genotypes accumulated roughly equal concentrations of
glucoside- and galactoside-based anthocyanins (O’Neal,
NC4900, and SHF2B-1 21:3) (Table 5). Although a relatively
small number of blueberry genotypes were evaluated in this
study, three of the genotypes displayed significantly higher
concentrations for malvidin 3-O-glucoside (12) (O’Neal,
NC4900, and SHF2B-1 21:3) (Table 3). These genotypes
also contained higher concentrations of other glucoside-based
anthocyanins (delphinidin 3-O-glucoside (2) and cyanidin 3-O-
glucoside (5). In a recent study, malvidin 3-O-glucoside (12)
showed significantly higher hypoglycemic activity compared to
delphinidin 3-O-glucoside (2).13 This indicated that hypo-
glycemic activity of blueberry extract was largely anthocyanin
specific. Delphinidin 3-O-glucoside (2) showed lower absorp-
tion and transport efficiency compared to malvidin 3-O-
glucoside (12), and glucoside-based anthocyanins were more
readily bioavailable than galactose-based anthocyanins.43 The
absorption and antioxidant activities of acylated anthocyanins in T
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humans were remarkably low compared to the glycosidic
forms.42 Except for Legacy, Lenoir, and SHF2B-1 21:3, these
genotypes contained low concentrations of the acylated
anthocyanins (Table 5). Whereas intact anthocyanins were
detected in pig organs,18 low anthocyanins (0.03 μmol/L) but
higher chlorogenic acid (0.26 μmol/L) concentrations were
observed in human plasma.45 However, in previous studies,
anthocyanin bioavailability could be underestimated due to
incomplete understanding of their metabolism and the lack of
assessment techniques for their in vivo formulations.45,46

Accurate and efficient estimation of individual anthocyanins
and phenolic acids, as well as other phytochemicals in
blueberry, is critical to understanding their potential impact
on human health maintenance.47,48 However, inclusive
absorption, bioavailability, and metabolism assessments for
individual compound(s) are needed to help explain their
specific bioactivities. On the basis of the existing literature for
anthocyanin bioavailability and our data presented in Tables
3−5, we concluded that genotypes with higher concentrations
for certain anthocyanins and chlorogenic acid can be more
influential in health interventions and potentially prioritized
targets in future blueberry breeding programs.
In conclusion, the streamlined analytical protocols developed

and validated in this study can provide simple and efficient
analyses without sacrificing the accuracy of results. Individual
and total anthocyanins and phenolic acids were estimated in
frozen and freeze-dried berries, which offered insight into
freeze-drying effects on metabolites in blueberry fruits. Large
variability in total and individual anthocyanins and phenolic
acids were observed across the evaluated genotypes. Even when
genotypes contained similar concentrations of total anthocya-
nins, they varied significantly for the individual species of
anthocyanins. Several genotypes contained uniquely higher
concentrations of individual anthocyanins and phenolic acids.
This paper can assist in the design of blueberry breeding
programs by aiding in prioritization of genotypes with
improved concentrations for the more readily bioavailable
anthocyanins, which can potentially confer better human health
benefits.
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