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The fruit of the American cranberry is known for its benefits on human health and its nutraceutical

potential. The enrichment of cranberry products with functional phytochemicals may improve their

functionality for enhancing health benefits, but this enrichment may be difficult due to the

commercial rarity and difficulty of purification of anthocyanins and other phytochemicals from natural

sources. The aim of this work was to evaluate the feasibility of the production of a cranberry juice

enriched with natural phenolic antioxidant compounds using an ultrafiltration (UF) membrane

stacked in an electrodialysis (ED) cell. Total concentrations of proanthocyanidins and anthocyanins

increased by 34.8% and 52.9%, respectively, in cranberry juice treated with the EDUF system.

Moreover, an 18% increase of the antioxidant capacity of the enriched cranberry juice was obtained

by the EDUF treatments. The EDUF process might be used for natural enrichment of cranberry juice

with antioxidant phenolics.
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INTRODUCTION

Cranberry fruit is a rich source of phenolic phytochemicals
including phenolic acids, flavonoids, and ellagic acids (1). These
phytochemicals may contribute to the beneficial effects of cran-
berry on human health because many of these compounds have
antioxidant activity that may help protect cells against oxidative
damage caused by free radicals (2). Some of the specific antho-
cyanidins in cranberry have antioxidant strength equal to or
greater than that of vitamin E (3). Moreover, proanthocyanidin
molecules in cranberry have been shown to inhibitEscherichia coli
adhesion to human body cells (4). They can also inhibit the
formation of bacterial complexes responsibles of dental pla-
que (5, 6), prevent gastric ulcers caused byHelicobacter pilori (7),
and display potent anticancer activity (8).

The enrichment of cranberry products with functional
phytochemicals may improve their functionality for enhanc-
ing health benefits (1), but this enrichment may be difficult
due to the commercial rarity and limitation in the processes
having the capacity to purify anthocyanins (9) and other phyto-
chemicals from natural sources. The cranberry juice could be
concentrated in phenolic phytochemicals to decrease the volume
of juice to be drunk to have the effective health benefits or to
decrease the cost of drying to obtained a natural extract. It would
be especially interesting to selectively concentrate the juice in
certain beneficial fractions without otherwise modifying the
composition in sugar or minerals. For instance, a cranberry juice
enriched in proanthocyanidins could be a useful means for
preventing urinary tract infections, whereas a juice enriched in

anthocyanins might be useful to reduce cardiovascular dis-
eases (10).

Membrane filtration techniques are used for the large-scale
isolation of bioactive molecules from complex feeds, but, un-
fortunately, they have a too low selectivity. To overcome this
drawback, a new method to separate bioactive molecules has
been developed: electrodialysis with ultrafiltration membrane
(EDUF). The ultrafiltration membrane is stacked as a molecular
barrier in an electrodialysis cell, and the driving force in the
process for the migration of molecules is an external electric
field (11). This technology has been applied with success for the
separation of chargedmolecules such as tobacco polyphenols (12)
and green tea polyphenols (13), for bioactive peptide purifica-
tion (14, 15), and for the electroseparation of chitosan oligo-
mers (11). As proanthocyanidins and anthocyanins are charged
molecules under specific pH conditions, this technology might be
used to enrich cranberry juice in bioactive components.

The objectives of the present work were to (1) determine the
direction of migration of the proanthocyanidin and anthocyanin
molecules at the pH of cranberry juice, (2) determine the appro-
priate configuration of theEDUFsystem for the separationof the
proanthocyanidins and anthocyanins in cranberry juice, and (3)
evaluate the feasibility of separating and concentrating natural
phenolic antioxidant compounds from cranberry juice with an
EDUF process.

MATERIALS AND METHODS

Material. Cranberry Juice. Treatments were carried out on com-
mercially available pasteurized 100% pure cranberry juice (Gourmet
Atoca, Maison Bergevin, Quebec, Canada).

Electrodialysis Cell. The electrodialysis cell was a Microflow type
cell with an effective area of 10 cm2 (ElectroCell AB, Karlskoga, Sweden)
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with one Neosepta CMX-SB cationic membrane (Tokuyama Soda Ltd.,
Tokyo, Japan), one Neosepta AMX-SB anionic membrane (Tokuyama
Soda Ltd.), and one filtration membrane. The cell had three closed loops,
and each was connected to a separate external reservoir to allow
recirculation of the solutions during treatments. The solutions were
circulated using three centrifugal pumps, and the flow rates were con-
trolled using flowmeters (Aalborg Instruments and Controls, Inc., Or-
angeburg, NY). The anode was a dimensionnally stable electrode (DSA),
and the cathode was a 316 stainless steel electrode. The anode/cathode
voltage difference was supplied by an electrical power supply (model HPD
30-10, Xantrex, Burnaby, Canada).

Protocol. Electrodialysis with Ultrafiltration Membrane
(EDUF) Treatments. On the basis of preliminary studies, a poly-
ether-sulfone ultrafiltration (UF) membrane with a molecular weight
cutoff (MWCO) of 500,000 Da (Millipore Corp., Bedford, MA) was
chosen for the treatments of cranberry juice. Treatments were performed
in batch process using a constant voltage difference of 30 V. The duration
of the treatments was 4 h, and three replicates of each treatment were
performed. As the proanthocyanidin and anthocyanin migration direc-
tions at the pH of the cranberry juice were unknown at the beginning of
this study, two different cell configurations (Figure 1) were used. In both
configurations, raw juices were added in both compartments of the EDUF
cell. In configuration 1, the filtration layer of the ultrafiltrationmembrane
was on the cathode side to facilitate themigration of thesemolecules if they
were negatively charged in cranberry juice. However, in the case that the
proanthocyanidin and anthocyanidinmolecules were positively charged at
cranberry juice pH, they would migrate toward the cathode. Conse-
quently, in a second configuration (configuration 2), the filtration layer
of the ultrafiltration membrane was placed on the anode side to facilitate
the migration of these molecules toward the cathode. In the electrodialysis
cell, two of the three compartments contained 450 or 200 mL of cranberry
juice (Figure 1). There was a 20 g/L KCl solution (350 mL) in the third
compartment for electrode rinsing. Cranberry juices flow rates were
100 mL/min, whereas the flow rate of the electrolyte solution was
300 mL/min. Conductivity and pH of cranberry juices were recorded
throughout the process as well as the global system resistance. Moreover,
measurements of the titrable acidity, color, and antioxidant capacity were
made on treated juices and on a control. Total proanthocyanidin and
anthocyanin contents of treated cranberry juices were also determined.

Analyses. Freeze-Drying. Samples (2.5 mL) of control and treated
juiceswere frozen at-18 �Cand then freeze-dried at room temperature for
12 h in a Labconco freeze-dryer (model 7750000, Kansas City, MO).
Samples of juices were freeze-dried before the oxygen radical absorbance
capacity (ORAC), total anthocyanin, and total proanthocyanidin were
analyzed.

Total Proanthocyanidin Content. Freeze-dried samples were
diluted with 10mL ofmethanol. Diluted samples were vortexed, sonicated
for 45 min in a water bath at room temperature, and centrifuged at
5000 rpm for 5 min. Then, 2.5 mL of 20% sulfuric acid solution in
methanol and 2.5mL of a 12 g/L vanillin solution inmethanol were added
to 1 mL of the resulting supernatants. The mixtures were incubated at
30 �C during 15 min, and the absorbance of the resulting solutions was
read at 500 nm in aHewlett-Packardmodel 8453 spectrophotometer (Palo
Alto, CA) (16, 17). Total proanthocyanidin content of the treated juices
was calculated on the basis of calibration curve obtained with a catechin
solution in methanol and expressed as catechin equivalents in milligrams
per milliliter.

Total Anthocyanin Content. Total anthocyanin content of the
cranberry juices was determined by HPLC. The system used was an
Agilent 1100 series (Agilent Technologies, Palo Alto, CA) equippedwith a
diode array detector. Anthocyanins were analyzed with a Luna 5 μm C18

column (2 mm � 250 mm, Phenomenex, Torrance, CA). Acetic acid/
acetonitrile/phosphoric acid (10%/5%/1% v/v) in water was used as
solvent for elution at a 1 mL/min flow rate. The detection wavelength
was 520 nm. The total anthocyanin content in samples was expressed as
percentage of the initial anthocyanin quantity in cranberry juices before
treatments (18).

pH. The pH was measured using a VWR Symphony electrode (VWR
Scientific, Ville Mont-Royal, Canada) equipped with an automatic
temperature compensation device and connected to a VWR Symphony
SR601C benchtop pH-meter.

Conductivity. AYSI conductivity meter, model 3100, was used with
a YSI immersion probe (model 3252, cell constant K = 1 cm-1; Yellow
Springs Instrument, Yellow Springs, OH) (11-13).

Global SystemResistance. The global resistance of the systemwas
calculated using the Ohms law (U = RI) for the values of current and
voltage read directly from the power supply indicators (12).

Titrable Acidity. Titrable acidity of a control and of treated juices
was determined on 20mL of juice with a solution ofNaOH (1mol/L) until
pH 7.0 was reached (19).

Juice Color. Color parameters of control and treated juices were
determined with a chromameter (model Minolta meter CR-300, Konica
Minolta Inc., Mississauga, ON, Canada). Results were reported as L
(luminescence or lightness), a (intensity of color varying from red to
green), and b (intensity of color varying from yellow to blue) (20-22).

Oxygen Radical Absorbance Capacity. Freeze-dried samples
were diluted in 10 mL of acetone/water/acetic acid (AWA; 70%/29.5%/
0.5%). Diluted samples were centrifuged two times at 5000 rpm during
5 min. The supernatants were removed and diluted with AWA to obtain a
final volumeof 25mL.Adilution (1:80) of the diluted supernatants was also
madewith 0.075Mphosphate buffer (pH7.0). The automatedORACassay
was carried-out with aGalaxy fluorometer (BGMLabTech,Durham,NC).
Trolox, a water-soluble analogue of vitamin E, was used as a control
standard. The experiment was conducted at 37 �C under pH 7.0 condition
with a blank sample in parallel. For the analysis, 200 μL of a fluorescein
solution (0.036mg/L) and 20 μL of the diluted samples were added in wells.
Then, 75 μL of a 2,20-azobis(2-aminopropane dihydrochloride) (AAPH)
solution at a concentration of 8.6mg/Lwas added inwells. AAPHwas used
as a source for the peroxyl radical, which is generated as a result of the
spontaneous decomposition of AAPH at 37 �C (2). The analyzer was
programmed to record, at the emissionwavelength of 520 nmand excitation
wavelengthof 485nm, the fluorescence 35 times during the 120min analysis.
ORAC results were calculated on the basis of Trolox standard curve
obtained and are reported as micromoles of Trolox equivalents (TE) per
gram of freeze-dried samples (23).

Statistical Analyses.Data obtained during treatments were subjected
to multivariate analysis of variance using JMP IN software (version 5.1,
SAS Institute Inc., Cary, NC). A Tukey test was also performed on data
using Sigma Stat software (version 2.03, SPSS Inc., Chicago, IL).

Figure 1. Configurations of the EDUF system used to enrich cranberry
juice with the filtrating side of the ultrafiltration membrane in the cathode
direction (a) or in the anode direction (b). AEM: anion-exchange mem-
brane, UF: ultrafiltration membrane, CEM: cation-exchange membrane,
ProA: proanthocyanidins and anthocyanins.
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RESULTS AND DISCUSSION

Proanthocyanidin Content. Statistical analysis of proanthocya-
nidin data revealed that the processing time (P=0.0003) and the
juice volume (P = 0.0416) as well as the dual interaction time/
configuration (P = 0.0008) and time/juice volume (P < 0.0001)
had significant effects on the electromigration rates of proantho-
cyanidins from cranberry juices.

When configuration 1 was used (Figure 2), the total proantho-
cyanidin content of the 450mL juice compartment increased from
0.557 to 0.603 mg of catechin equiv/mL, which for an initial juice
volume of 450 mL corresponds to a total increase of 20.7 mg of
catechin equiv in that compartment. A decrease of the total
proanthocyanidin content from 0.544 to 0.321 mg of catechin
equiv/mL was measured for the 200 mL juice compartment. This
corresponds, for an initial juice volume of 200 mL, to a total
decrease of 46.4 mg of catechin equiv in that compartment.
However, when the EDUF treatments were carried out with
configuration 2, the total proanthocyanidin content of the
450 mL juice compartment decreased from 0.601 to 0.434 mg
of catechin equiv/mL, whereas the total proanthocyanidin con-
tents in the 200 mL juice increased from 0.466 to 0.628 mg of
catechin equiv/mL. Therefore, a total increase of 32.4 mg of
catechin equiv and a total decrease of 75.15 mg of catechin equiv
in the proanthocyanidin contents occurred, respectively, in the
200 and 450 mL cranberry juice compartments when configura-
tion 2 was used.

Results obtained showed that the proanthocyanidins always
migrated in the cathode direction. These molecules are then
positively charged at the pH of cranberry juice. Moreover, the
total increase in the proanthocyanidin content was, for the same
process duration and the same surface of themembrane in contact
with the juice, more important when configuration 2 was used for
the EDUF treatments. This could be explained by the cell
configuration. In the two system configurations used, the filtrat-
ing layer of the UF membrane was always on the side of the
450 mL juice compartment. As the proanthocyanidin migration
always migrated in the cathode direction, the migration should
have been facilitated in configuration 2.

Only a limited part (about 44%) of the total proanthocyanidins
content that had left the feed juice was recovered in the enriched
juice after EDUFof cranberry juices with the two configurations.
This could be caused by a fouling of the UF membrane or by an
accumulation of proanthocyanidin molecules inside the UF
membrane. At the end of the 4 h treatments, some proanthocya-

nidin molecules might not have entirely crossed through the UF
membrane and stayed in the membrane because the electric field
application was stopped.

Total Anthocyanin Content. The multivariate analysis of var-
iance of the data showed that the configuration (P<0.0001), the
juice volume (P < 0.0001), the dual interactions configuration/
juice volume (P=0.0114), time/configuration (P<0.0001), and
time/juice volume (P< 0.0001), and the triple interactions time/
configuration/juice volume (P = 0.0020) had significant effects
on the evolution of the total anthocyanin contents in cranberry
juices during EDUF treatments. Moreover, results of the multi-
variate analysis of variance performed on individual anthocyanin
compound evolution during the EDUF treatments were similar
to those obtained for the data of total anthocyanin contents
except that the triple interaction time/configuration/juice volume
had not a significant effect (P = 0.051) on the evolution of the
concentration of the anthocyanin cyanidin-3-glucoside.

As previously observed for the total proanthocyanidin con-
tents of the cranberry juices, the anthocyanins alwaysmigrated in
the cathode direction. These molecules are then also positively
charged at the pH of cranberry juice. Moreover, when config-
uration 1 was used during EDUF treatments, the total antho-
cyanin contents increased by 17.7% in the 450 mL juice
compartment (Figure 3) and decreased by 42.9% in the 200 mL
cranberry juice compartment. However, in the EDUF system
with configuration 2, an increase of 52.9% of the total antho-
cyanin content was observed in the 200 mL juice and the
concentration dropped by 24.4% in the 450 mL juice. The
increase of the total anthocyanidin contents in cranberry juice
was more important when configuration 2 was used for the
EDUF treatments for the same process duration and the same
surface of membrane in contact with the juices. This could be
explained in the same way as for the total proanthocyanidin
contents in treated juices. In the two system configurations used,
the filtrating layer of the UFmembrane was always on the side of
the 450 mL juice compartment. The anthocyanin migration
should then have been facilitated in configuration 2. The higher
volume in this configuration could also explain this observation.

The individual anthocyanins detected in the cranberry juice
were cyanidin-3-galactoside, cyanidin-3-glucoside, cyanidin-
3-arabinoside, peonidin-3-galactoside, peonidin-3-glucoside, and
peonidin-3-arabinoside (Table 1). These anthocyanins are the
same as those identified in cranberry fruits by Vvedenskaya and
Vorsa (24). The evolution of individual anthocyanin molecules in

Figure 2. Evolution of total proanthocyanidin content of cranberry juices
as a function of time during EDUF treatments with configurations 1 and 2.

Figure 3. Evolution of total anthocyanin content of cranberry juices as a
function of time during EDUF treatments with configurations 1 and 2.
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cranberry juices during EDUF treatments was similar to the
evolution of the total anthocyanin content in the treated juices
(results not shown).

Because proanthocyanidins and anthocyanins were positively
charged at cranberry juice pH and the migration of these
compounds was more important in EDUF system with config-
uration 2, only the results concerning electrodialytic parameters
and juice characteristics obtained during EDUF treatments with
configuration 2, which was more efficient, will be presented
hereafter.

Conductivity. The multivariate analysis of variance of the data
showed that time (P < 0.0001) had a significant effect on
conductivity during EDUF.

The averaged initial electrical conductivity of the cranberry
juice was 2625 μS/cm. As presented in Figure 4, the conductivity
of the 450 mL juice increased from 2655 to 2749 μS/cm, whereas
the conductivity of the 200mL juice dropped over time from2568
to 2117 μS/cm during treatments. This decrease in conductivity
corresponded to a 17.6% demineralization of the 200 mL juice.
According to Perez et al. (25) and Hiroaka et al. (26), the
conductivity of a solution is a suitable criterion for following a
demineralization process.

Variations in conductivity data of treated cranberry juices are
consistent with the cell configuration (Figure 1b). In the 200 mL
juice in contact with the cationic membrane, Kþ ions migrated
through this membrane during the EDUF treatments. At the
same time, proanthocyanidins, anthocyanins, and Kþ ions from
the 450 mL juice compartment migrated to the 200 mL juice
compartment and the anions (Cl-) in the 200 mL juice would
migrate through the ultrafiltrationmembrane toward the 450mL
juice. As the mobility of the proanthocyanidin and anthocyanin
molecules is supposed to bemuch lower than that of theKþ (67�
10-5 cm2/s 3V (19, 20)) and that of Cl- (68 � 10-5 cm2/s 3V
(27, 28)) ions, the conductivity of the 200 mL juice decre-
ased during the treatments. This led to a demineralization of the

200 mL cranberry juice. Moreover, at the beginning of treat-
ments, the arrival of each anion in the compartment must be
compensated by the loss of another ion with the same charge or by
the arrival of cation to maintain electroneutrality during
EDUF (29). This phenomenon may explain, in part, the relatively
constant conductivity in the 450 mL juice compartment in contact
with the anionic membrane during the first 2 h of the treatments.
Such a phenomenom of cation/anion balance migration was
observed previously during EDUF (11, 14, 29). However, the
quantity of ions available for the migration was less important in
the 200 mL juice compartment than in the 450 mL juice
compartment, and the drop in conductivity in the 200 mL juice
probably resulted in water dissociation at the surfaces of the
anionic and cationic membranes. In addition, because water
dissociation is usually higher for anion-exchange membranes than
for cation-exchange membranes (30, 31), this would explain why
the 450 mL juice became acidified. More H3O

þ was probably
produced in the 450 mL juice compartment at the anionic
membrane interface than OH- in the 200 mL juice compartment
at the cationic membrane interface. The protons generated at the
anionic membrane interface, which have the highest electrical
mobility (325 � 10-5 cm2/s 3V (27, 28) may have contributed to
the increase in conductivity of the 450 mL juice observed after 2 h
of treatment.

pH. The multivariate analysis of variance of the data showed
that time (P<0.0001) and the dual interaction time/juice volume
(P = 0.0002) had significant effects on the evolution of pH of
juices during EDUF treatments.

The mean initial pH value of the cranberry juices was 2.54. As
can be seen in Figure 5, the pH of the 450 and 200 mL cranberry
juices dropped 0.59 and 0.23 pH units, respectively, during
treatments. Therefore, the pH of the two juices decreased during
treatments, but the drop in pHwasmore important in the 450mL
juice compartment. As previously mentioned, water dissociation

Table 1. Total Anthocyanin Content (in Percent of Initial Concentration) of Cranberry Juices Treated by EDUFa

configuration juice cyd-3-gal cyd-3-glu cyd-3-arab pnd-3-gal pnd-3-glu pnd-3-arab

1 450 mL 117.16( 2.93 122.16( 10.88 116.78( 3.15 117.07( 2.84 117.02( 2.96 116.13( 2.42

200 mL 56.29( 3.18 59.57( 7.02 55.44( 3.22 57.26( 3.05 57.70( 3.42 56.28 ( 3.09

2 200 mL 150.55( 3.44 167.84( 24.14 150.51( 3.81 149.71( 3.21 149.32( 3.16 149.47( 3.30

450 mL 75.44( 2.22 75.40( 5.80 74.62( 2.22 76.03( 2.31 76.99( 1.93 75.43 ( 2.38

a cyd-3-gal, cyanidin-3-galactoside; cyd-3-glu, cyanidin-3-glucoside; cyd-3-arab, cyanidin-3-arabinoside; pnd-3-gal, peonidin-3-galactoside; pnd-3-glu, peonidin-3-glucoside;
pnd-3-arab, peonidin-3-arabinoside.

Figure 4. Evolution of juice conductivity as a function of time during EDUF
treatments with configuration 2.

Figure 5. Evolution of juice pH as a function of time during EDUF
treatments with configuration 2.
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should have occurred at the anionic membrane surface. In this
situation, Hþ andOH-would have been generated at the anionic
membrane interface and the amount of Hþ in the 450 mL juice
compartment should have increased; this would have resulted in
the important decrease in pHmeasured in this compartment. The
Hþ electrogenerated at the interface of the anionicmembranewas
used to acidify the 450 mL juice solution, whereas Kþ ions,
present as intrinsic ionic species in cranberry juice, would migrate
through the ultrafiltration membrane toward the cathode to the
200 mL juice compartment. Kþ ions participated in the compen-
sation of electroneutrality in response to proanthocyanidin and
anthocyanin migration as well as Hþ electrogeneration. When
almost all of theKþ ions from the 450mL juice havemigrated, the
migration of the Hþ ions to the 200 mL juice happens, and this
results in a decrease of the pH within this compartment. The pH
of the 200 mL cranberry juice compartment decreased during the
first 90 min of EDUF but stabilized thereafter. The equilibrium
between protons entering and leaving this compartment explains
the resulting stabilization of the pH as already observed when
there was a lack of intrinsic cations during EDUF (29) and
bipolar membrane electrodialysis (32-34).

Global System Resistance. The multivariate analysis of var-
iance of the data showed that time (P<0.0001) had a significant
effect on the evolution of the global system resistance during
EDUF treatment.

The global system resistance increased from 69.5 ( 5.0 to
99.2( 7.0Ω in the ED cell with configuration 2. The increase in
the global system resistance was important during the first 10min
of the treatments (Figure 6) and was slower thereafter. These
results confirm the hypothesis mentioned earlier that water
dissociation might have occurred at membrane interfaces. Water
dissociation might result in a slower increase in the system global
resistance after the first 10 min of the process, due to the high
electrical conductivity of Hþ ions.

Titrable Acidity. The multivariate analysis of variance showed
that the titrable acidity values of all samples were significantly
different (P < 0.0001).

Titrable acidity values of all treated juices decreased during the
EDUF treatments (Table 2) in comparison with the control, but
the drop in titrable acidity of the 200 mL juice was more
important than in the 450 mL juice compartment. The decrease
in titrable acidity of the two treated juices might be explained by
the cell configuration. The dissociated organic acids (R-COO-)
in the 200mL cranberry juice compartment should havemigrated
in the anode direction through theUFmembrane to reach the 450
mL juice compartment. This could explain, in part, the important
decrease in the titrable acidity of the 200 mL juice. However, to
maintain the electroneutrality of the 450 mL juice, for each
negatively charged organic acid received from the 200 mL juice
compartment, one anion and/or organic acid would have mi-
grated to the electrolyte. Then the titrable acidity value for the
450 mL juice remained similar that for the control.

Cranberry Juice Color.Themultivariate analysis of variance of
colorimetric data showed that samples of treated juices were
significantly different for the a (P<0.0001) parameter values and
not significantly differents for theL (P>0.530) and b parameters
(P > 0.114).

As can be seen in Figure 7, the 200 mL enriched juice seems to
be darker than the control and the 450mL juice. On the contrary,
the 450 mL juice, with a lower concentration in proanthocyani-
dins and anthocyanins, appears lighter than the other juices. This
might be explained by the migration, during the EDUF treat-
ments, of the anthocyanins in the cranberry juice from the 450mL
juice compartment to the 200mL juice compartment. Fourmajor
anthocyanin pigments are responsible for the red color of the
cranberry, cyanidin galactoside, peonidin galactoside, cyanidin
arabinoside, and peonidin arabinoside (35). However, lumines-
cence values of the control and treated juices were very similar,
and the a color parameter value for the 450 mL juice was
significantly higher than for the control and the 200 mL juices
(Table 3). The dark color of the 200 mL juice after treatments
might have interfered with the measurement of the a color
parameter of that juice.

To evaluate in a preliminary way the effect of the EDUF
treatments on the organoleptic properties of cranberry juice, the

Table 2. Titrable Acidity of Control and Treated Cranberry Juices with an
EDUF Process (Configuration 2)

juice titrable aciditya (mL of NaOH)

control 6.98( 0.03 a

200 mL 5.40( 0.51 b

450 mL 6.87( 0.31 a

aMeans that are followed by the same letter are not significantly different (P >
0.05).

Figure 6. Evolution of system resistance as a function of time during
EDUF treatments with configurations 1 and 2 of cranberry juices.

Figure 7. Photographs of cranberry juices before (control) and after
EDUF treatments.

Table 3. Color Parameters Measured for Control and Treated Cranberry
Juices with EDUF System (Configuration 2)a

juice L a b

control 23.21( 0.05 a 2.00( 0.15 a 0.22( 0.14 a

200 mL 23.22( 0.05 a 1.74( 0.07 a 0.03( 0.13 a

450 mL 23.33( 0.22 a 2.81( 0.28 b 0.28( 0.11 a

a For each column, means that are followed by the same letter are not
significantly different (P > 0.05).
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taste of treated cranberry juices was compared with the taste of
the control juice, by five untrained people. The 450 mL juice,
characterized by a reduced concentration in proanthocyanidins
and anthocyanins, was bitter and had a bad taste, different from
the control juice. On the contrary, the taste of the 200 mL juice,
characterized by a higher concentration in proanthocyanidins
and anthocyanins, tasted better than the control juice. The good
taste of the enriched juice was surprising because proanthocya-
nidin are very astringent (36, 37). However, in addition to
polyphenols, the major organic acids in cranberry juice (malic,
citric, and quinic acid) are also expected to contribute to astrin-
gency. The addition of acid to wines or tannic acid solutions has
been shown to increase astringency (38-40). Because the titra-
table acidity of the 200 mL juice decreased during the EDUF
treatments due to a migration of organic acids from that
compartment to the 450 mL one, the astringency of the 200 mL
could also be less important after treatments.

Antioxidant Capacity. The multivariate analysis of variance of
the data showed that time (P< 0.003) had a significant effect on
the antioxidant capacity of the juices treated by EDUF.

The antioxidant capacity of the control juice was 180.53 μM
Trolox equiv (TE)/g of freeze-dried juice samples (Table 4). The

antioxidant capacity of the 450 mL juice decreased slightly (7%
drop) during the treatments. However, an 18% increase of the
antioxidant capacity of the 200 mL juice was obtained by the
EDUF treatments of cranberry juices. This result suggests that
phenolic antioxidants (proanthocyanidins and anthocyanins)
migrated from the 450 mL juice to the 200 mL juice during
EDUF, and that would have had an effect on the antioxidant
capacity of the 200 mL juice. Earlier studies also found a positive
correlation between ORAC antioxidant capacity of berries and
their total phenolic content (41-43).

Conclusion. Results obtained in this study confirm that
proanthocyanidin and anthocyanin molecules are positively
charged, at cranberry juice pH (pH 2.54), because they always
migrated in the cathode direction. When configuration 2 of the
EDUFsystemwas used,migration yields of proanthocyanidin and
anthocyanin molecules were higher. The total concentrations of
proanthocyanidins and anthocyanins increased by 34.8% and
52.9%, respectively, in cranberry juice when the EDUF system
was used with that configuration. Moreover, an 18% increase of
the antioxidant capacity of the 200 mL enriched cranberry juice
was obtained by the EDUF treatments. Then, the EDUF process
might be used for natural enrichment of cranberry juice with
phenolic antioxidant. Moreover, the taste of the enriched cranber-
ry juice seems to be improved in comparison with the nontreated
juice. However, this process should be optimized to increase the
migration rates of proanthocyanidins and anthocyanins through
the UF membrane, and the electromigration time must be in-
creased to allow the complete migration of these compounds.

In all previous studies onEDUF, themolecules of interest were
recovered in a KCl solution to obtain an enriched permeate that
could be used to fortify other products. However, in this study,
EDUF has been used to concentrate a cranberry juice in its own
specific compounds. The production of phenolic antioxidant
enriched cranberry juice could be feasible at a large scale with
no production of juice with low content in antioxidants and bad
taste. Indeed, as presented in Figure 8, the EDUF process could
be directly integrated to the bottling process of cranberry juice to
produce antioxidant-enriched cranberry juices in batch process
(circuit 1) and cranberry juice with very low variation in anti-
oxidant content in a continuous process. In fact, the residence
time of raw cranberry juice in the anode side of the ultrafiltration
compartment of the EDUF cell allows the migration of a
restricted quantity of proanthocyanidin and anthocyanin. In
addition, due to the volume of raw cranberry juice treated, the
increase in these phenolics antioxidants of juice recirculating in
circuit 1 would effectively produce an antioxidant-enriched
cranberry juice.

This technology is a sustainable and environnementally
friendly technology and appears to be a one-step process.
Another advantage of this technology is that compounds of
interest would be directly transferred from one juice to another
without the need for previous solvent extraction, and without
sugar concentration or migration.

ACKNOWLEDGMENT

We give special thanks to Monica Araya-Farias for technical
support. We also thank Pascal Dub�e for technical help with
HPLC and ORAC sample analyses.

LITERATURE CITED

(1) Vattem, D. A.; Ghaedian, R.; Shetty, K. Enhancing health benefits
of berries through phenolic antioxidant enrichment: focus on cran-
berry. Asia Pac. J. Clin. Nutr. 2005, 14, 120–130.

(2) Wada, L.; Ou, B. Antioxydant activity and phenolic content of
Oregon caneberries. J. Agric. Food Chem. 2002, 50, 3495–3500.

Figure 8. Schematic flow diagram for the production of antioxidant-
enriched cranberry juices.

Table 4. Antioxidant Capacity (in Micromolar Trolox Equivalents per Gram of
Freeze-Dried Juice Samples) of Control and Treated Juices with EDUF
System (Configuration 2)a

juice 0 h 4 h

control 180.53( 8.95 a

200 mL 212.09( 47.08 a 250.71( 37.97 b

450 mL 256.01( 21.48 a 238.41( 31.80 a

a For each row, means that are followed by the same letter are not significantly
different from the control (P > 0.05).



Article J. Agric. Food Chem., Vol. 57, No. 21, 2009 10251

(3) Yan, X;Murphy, B. T.; Hammond, G. B.; Vinson, J. A.; Neto, C. C.
Antioxidant activities and antitumor screening of extracts from
cranberry fruit (Vaccinium macrocarpon). J. Agric. Food Chem.
2002, 50, 5844–5849.

(4) Howell, A. B. Bioactive compounds in cranberries and their role in
prevention of urinary tract infections.Mol. Nutr. Food Res. 2007, 51,
732–737.

(5) Howell, A. B.; Vorsa, N.; Der Maderosian, A. Inhibition of the
adherence of P-fimbriated Escherichia coli to uroepithelial;all sur-
face by proanthocyanidin extracts from cranberries.N. Engl. J.Med.
1998, 339, 1005–1006.

(6) Weiss, E. L.; Lev-Dor, R.; Kashman, Y.; Goldhar, J.; Sharon, N.;
Ofek, I. Inhibitory effect of a high-molecular-weight constituent of
cranberry on adhesion of oral bacteria. Crit. Rev. Food Sci. Nutr.
2002, 42 (3 Suppl.), 285–292.

(7) Shmuely, H.; Yahav, J.; Samra, Z.; Chodick, G.; Koren, R.; Niv, Y.;
Ofek, I. Effect of cranberry juice on eradication of Helicobacter
pylori in patients treated with antibiotics and a proton pump
inhibitor. Mol. Nutr. Food Res. 2007, 51, 746–751.

(8) Neto, C. C.; Amoroso, J. W.; Liberty, A. M. Anticancer activities of
cranberry phytochemicals: an update.Mol. Nutr. Food Res. 2008, 52,
S18–S27.

(9) Kraemer-Schafhalter, A.; Fuchs, H.; Pfannhauser, W. Solid-phase
extraction (SPE);a comparison of 16 materials for the purification
of anthocyanins from Aronia melanocarpa var. Nero. J. Sci. Food
Agric. 1998, 78, 435–440.

(10) Ruel, G.; Couillard, C. Evidences of the cardioprotective potential of
fruits: the case of cranberries. Mol. Nutr. Food Res. 2007, 51, 692–
701.

(11) Aider, M.; Brunet, S.; Bazinet, L. Electroseparation of chitosan
oligomers by electrodialysis with ultrafiltration membrane (EDUF)
and impact on electrodialysis parameters. J. Membr. Sci. 2008, 309,
222–232.

(12) Bazinet, L.; Degrandpr�e, Y.; Porter, A. Electromigration of tobacco
polyphenols. Sep. Purif. Technol. 2005, 41, 101–107.

(13) Labb�e, D.; Araya-Farias, M.; Tremblay, A; Bazinet, L. Electromi-
gration feasibility of green tea catechins. J. Membr. Sci. 2006, 54,
101–109.

(14) Poulin, J. F.; Amiot, J.; Bazinet, L. Simultaneous separation of acide
and basic bioactive peptides by electrodialysis with ultrafiltration
membrane. J. Biotechnol. 2006, 123, 314–328.

(15) Firdaous, L.; Dhulster, P.; Amiot, J.; Gaudreau, A.; Lecouturier, D.;
Kapel, R.; Lutin, F.; V�ezina, L.-P.; Bazinet, L. Concentration and
selective separation of bioactive peptides from an alfalfa white
protein hydrolysate by electrodialysis with ultrafiltration mem-
branes. J. Membr. Sci. 2009, 329, 60–67.

(16) Broadhurst, R. B.; Jones, W. T. Analysis of condensed tannins using
acidified vanillin. J. Sci. Food Agric. 1978, 29, 788–794.

(17) Sun, B.; Leandro, C.; Ricardo da Silva, J. M.; Spranger, I.
Separation of grape and wine proanthocyanidins according to
their degree of polymerization. J. Agric. Food Chem. 1998, 46, 1390–
1396.

(18) Wrolstad, R. E.; Acree, T. E.; Decker, E. A.; Penner, M. H.; Reid,
D. S.; Schwartz, S. J.; Shoemaker, C. F.; Smith, D. M.; Sporns, P.
Pigments, colorants, flavors, texture and bioactive food components.
In Handbook of Food Analytical Chemistry; Wiley Interscience:
Chichester, U.K., 2005; pp 34-35.

(19) Office International de la Vigne et du vin (OIV). Recueil des
M�ethodes Internationales d’Analyse des Vins; 1969; Vol. A10, pp 1-3.

(20) CIE. Recommendations on Uniform Color Spaces, Color Difference
Equations, Psychometric Color Terms, CIE Publication 15 (E-1.3.1)
1971, Suppl. 2; Bureau Central de la CIE: Vienna, Austria, 1978.

(21) Lam Quoc, A.; Mondor, M.; Lamarche, F.; Ippersiel, D.; Bazinet,
L.; Makhlouf, J. Effect of a combination of electrodialysis with
bipolar membranes and mild heat treatment on the browning and
opalescence stability of cloudy apple juice. Food Res. Int. 2006, 39,
755–760.

(22) Mel�endez-Martı́nez, A. J.; Vicario, I. M.; Heredia, F. J. Correlation
between visual and instrumental colour measurements of orange
juice dilutions: effect of the background. Food Qual. Pref. 2005, 16,
471–478.

(23) Cao, G.; Alessio, H. M.; Cutler, R. G. Oxygen-radical absorbance
capacity assay for antioxidants. Free Radical Biol. Med. 1993, 14,
303–311.

(24) Vvedenskaya, I. O.; Vorsa, N. Flavonoid composition over fruit
development and maturation in American cranberry. Plant Sci.
2004, 167, 1043–1054.

(25) P�erez, A.; Andr�es, L. J.; Alvarez, R.; Coca, J. Electrodialysis of whey
permeates and retentates obtained by ultrafiltration. J. Food Process.
Eng. 1994, 17, 177–190.

(26) Hiroaka, Y.; Itoh, K.; Taneya, S. Demineralization of cheese whey
and skimmed milk by electrodialysis with ion exchange membranes.
Milchwissenschaft 1979, 34, 397–400.

(27) Milazzo, G. In �Electrochimie: Bases Th�eoriques. Applications Analy-
tiques. �Electrochimie des Colloı̈des; Dunod: Paris, France, 1969; Vol. 1,
p 375.

(28) Bazinet, L.; Castaigne, F.; Pouliot, Y. Relative contribution of
proteins to conductivity changes in skim milk during chemical
acidification. Appl. Eng. Agric. 2005, 21, 455–464.

(29) Labb�e, D.; Bazinet, L. Effect of membrane type on cation migration
during green tea electromigration and equivalent mass transported
calculation. J. Membr. Sci. 2006, 275, 220–228.

(30) Rubinstein, I.; Warshawsky, A.; Schechtman, L.; Kedem, O. Elim-
ination of acid-base generation (water-splitting) in electrodialysis.
Desalination 1984, 51, 55–60.

(31) Simons, R. Strong electric field effects on proton transfer between
membrane-bound amines and water. Nature 1979, 280, 824–826.

(32) Bazinet, L.; Ippersiel, D.; Gendron, C.; Beaudry, J.; Mahdavi, B.;
Amiot, J.; Lamarche, F. Cationic balance in skim milk during
bipolar membrane electroacidification. J. Membr. Sci. 2000, 173,
201–209.

(33) Tronc, J.-S.; Lamarche, F.; Makhlouf, J. Effect of pH variation by
electrodialysis on the inhibition of enzymatic browning in cloudy
apple. J. Agric. Food Chem. 1998, 46, 829–833.

(34) Lam Quoc, A.; Lamarche, F.; Makhlouf, J. Acceleration of pH
variation in cloudy apple juice using electrodialysis with bipolar
membranes. J. Agric. Food Chem. 2000, 48, 2160–2166.

(35) Zapsalis, C.; Francis, F. J. Cranberry anthocyanins. J. Food Sci.
1965, 30, 396–399.

(36) Sarwar, G.; Bell, J. M.; Sharby, T. F.; Jones, J. D. Nutritional
evaluation of meals and meal fractions derived from rape and
mustard seeds. Can. J. Anim. Sci. 1981, 61, 719–733.

(37) Clifford, M. N. Astringency. In Proceedings of the Phytochemical
Society of Europe- Phytochemistry of Fruits and Vegetables; Tomas-
Barberan, F. A., Robins, R. J., Eds.; Clarendon Press: Oxford, U.K., 1977;
Vol. 41.

(38) Fischer, U.; Noble, A. C. The effect of ethanol cathechin concentra-
tion and pH on sourness and bitterness of wine. Am. J. Enol. Vitic.
1994, 45, 6–10.

(39) Guinard, J.-X.; Pangborn, R. M.; Lewis, M. J. Preliminary studies
on acidity-astringency interactions in model solutions and wines.
J. Sci. Food Agric. 1986, 37, 811–817.

(40) Kallithraka, S.; Bakker, J.; Clifford,M.N. Red wine andmodel wine
astringency as affected by malic and lactic acid. J. Food Sci. 1997, 62,
416–420.

(41) Kalt, W.; Howell, A. B.; MacKinnon, S. L.; Goldman, I. L. Selected
bioactivities ofVaccinium berries and other fruits crops in relation to
their phenolic contents. J. Sci. Food Agric. 2007, 87, 2279–2285.

(42) Prior, R. I.; Cao, G.; Martin, A.; Sofic, E.; McEwen, J.; O’Brien, C.
Antioxidant capacity as influenced by total phenolic and anthocya-
nin content, maturity and variety of Vaccinium species. J. Agric.
Food Chem. 1998, 46, 2686–2693.

(43) Kalt, W.; Lawand, C.; Ryan, D. A. J.; McDonald, J. E.; Donner, H.;
Forney, C. F. Oxygen radical absorbing capacity, anthocyanin and
phenolic content of highbush blueberries (Vaccinium corymbosum
L.) during ripening and storage. J. Am. Soc. Hortic. Sci. 2003, 128,
917–923.

Received June 22, 2009. Revised manuscript received September 17,

2009. Accepted September 28, 2009. The financial support of the

Natural Sciences and Engineering Research Council of Canada

(NSERC) is acknowledged.


