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Fractionation of Monomeric and Polymeric Anthocyanins from
Concord Grape ( Vitis labrusca L.) Juice by Membrane
Ultrafiltration
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Concord grape juice with 20% polymeric and 60% monomeric anthocyanin (Acy) forms was
ultrafiltrated using polyvinylidene fluoride flat sheet membranes ranging from 10 to 1000K molecular
weight cutoff (MWCO) to obtain different permeate and retentate fractions. Permeate flux, membrane
resistance, Acy rejection, fouling, Acy content and composition, color properties, and antioxidant activity
(AOX) were characterized. Results showed that permeate flux declined with lower MWCO, while
membrane resistance increased and related exponentially with fouling. Anthocyanin membrane
rejection differed for polymeric and monomeric Acy forms. Polymeric Acy increased (36—66%) and
monomeric Acy decreased (12—20%) in retentate fractions with membrane pore size of <100K
MWCO, while polymeric Acy decreased (11—28%) and monomeric Acy increased (5—7%) in permeate
fractions. Fraction properties showed that AOX related linearly with the total phenolic content, while
lightness and chroma color properties related linearly to the monomeric Acy content. These results
indicate that ultrafiltration can be used to tailor monomeric and polymeric Acy fractions with potential
effects in color and bioactive properties.

KEYWORDS: Grape anthocyanin composition; fractionation; ultrafiltration; color; membranes;
antioxidants

INTRODUCTION molecular weight of a solute, such as a globular protein, that is

o i i
Grape juice and grape skin extracts are an important com-gO/o rejected by the membrane under standard conditiidh)s (

mercial source of anthocyanins (Acy). Grape juice has a high Molecular masses of grape monomeric Acy pigment glyco-
proportion of monomeric and a small amount of polymeric Acy Sides are~350—600 Da (12); however, commercial grape
forms (1). Recent work has shown evidence of oligomeric Acy Pigment extracts are highly polymerized macromolecules of
in grape skin extracts2]. Anthocyanins exert different func- ~ ~12000 Da, with characteristics of both Acy and tannins, and
tional properties such as color potential, antimicrobial, antioxi- aré known as anthocyanotanniri]. Other Acy forms, such
dant activity, and health benefits (3—6). as vitisin A (malvidin-30-glucoside pyruvic acid), vitisin B
There are four Acy-derived food colorants used in the U.S. (malvidin-3-O-glucoside vinyl adduct), and their derivatives
market including a grape skin extract, grape color extract, fruit (including acetylvitisin A,p-coumaroylvisitin A, acetylvisitin
juices, and vegetable juices that have been approved by the FDAB. and p-coumaroylvisitin B) are pigments with molecular
(7). Among the methods used for concentration and separationWeights in the range of 530—730 (14-18).
of colorants, ultrafiltration (UF) technology has been used for  Since grape UF products may contain different amounts of
separation of different grape Acy-based products, such as grapanonomeric, polymeric and other Acy forms due to differences
Acy skin extracts §), red wine 9), and grape juicelQ) using in molecular weight, it is very likely that the relative Acy form
different types of membranes and pore size. The performancecontents will affect functional properties such as color potential
of a given membrane is dependent upon several factors includingand possibly antioxidant activities. Thus, the selection of the
the transmembrane pressure, crossflow velocity, molecular appropriate type of membrane and MWCO would influence
weight cutoff (MWCO), concentration of dissolved solids, and these properties in the obtained fractions.
fouling characteristics of the membrar@).(The MWCO isa |5 the present study, we evaluated the potential use of UF
term asgomated to pore size and is used to describe the potentigl, tailoring permeate and retentate Acy fractions from Concord
separating capabilities of a UF membrane. It refers to the yan0 juice to obtain different functional properties. In our
approach, we characterized the influence of different membrane
*To whom correspondence should be addressed. Phone: (979) 845-MWCO on the monomeric and polymeric Acy composition of
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MATERIALS AND METHODS Antioxidant Activity and Color Properties. Selected retentate and
permeate fractions with different total phenolic and Acy content
(monomers and polymers) were used for determining color properties
and antioxidant activity. The antioxidant activity (AOX) was determined
by the Brand-Williams et al. metho@T). Samples from the selected
retentate and permeate fractions were allowed to react with a stable
radical, 2,2-diphenyl-1-picrylhydrazyl (Sigma Chemical Co., St. Louis,
MO) monitoring absorbance readings at 515 nm through time until
steady state. Results were expressed as micrograms of Trolox equivalent
using a standard curve (28).

For measurements of color properties, samples from selected retentate
and permeate fractions were adjusted to a similar absorbance range of
0.55—0.56 using deionized water and evaluated at-%2% nm and
pH of 3.1-3.2. Afterward, lightnessL{, chroma (Ch), and hueH)
were measured with a Minolta CT-310 colorimeter (Minolta Corp.,
Ramsey, NJ) using a 2-mm-cell path cuvette and light source D. The
L, Ch, andH values were plotted against the percent of monomer Acy
present in the samples.

In general, each UF run was replicated two or three times, and all
collected data were processed statistically using linear or nonlinear
regression analysis with 3.08 KaleidaGraph Synergy software (Reading,
PA) and 1.01 CA-CricketGraph Il software (Islanadia, NY).

Grape Juice Samples.Frozen concentrated Concord grape juice
(Welch’s Concord) containing 85 mg of Acy/100 g was diluted with
water to obtain two initial feed concentrations of 17 and 8.5 mg of
Acy/100 g of solution. The prepared samples were then centrifuged at
10 000 rpm for 1 h taemove suspended polymers such as proteins,
tannins, and polysaccharide complexes in red grape jui®g (The
clear juice was removed from each centrifuge bottle, and its precipitate
was weighed giving-0.37 and 0.30% w/w sediment aflrix of ~10.6
and 5.2 for initial feed concentrations of 17 and 8.5 mg of Acy/100 g
of solution, respectively. Th&Brix remained constant for each run in
the retentate and permeate fractions.

Ultrafiltration Process. Prepared samples were run through poly-
vinylidene fluoride (PVDF) membranes of 1000, 500, 250, 100, 30,
and 10K MWCO (Niro, GEA Filtration, Hudson, WI.). PVDF is a
polymer membrane widely used in the food and medicine field for
ultrafiltration (20,21). A pilot plant ultrafiltration unit (model LAB-
20-0.72, DDS RO- Division, Nakskov, Denmark) with four flat sheet
membranes was used for each run (total membrane area, Area
0.122 522 4 f). The ultrafiltration unit operated in the mode of batch
ultrafiltration with full recycle of the retentate and a transmembrane
pressure (AP) of 400 kPa. Samples of 2 L were used for each run at
room temperature until obtaining final volumes of 1.8 L of permeate
and 0.2 L of retentate. Two to three replicates were used for each run. RESULTS AND DISCUSSION

Permeate flux was determined at room temperature by ultrafilration  Anthocyanin Concentration in Permeate and Retentate
gf 2 L of water and To(rj.bow fet'ﬁd Stf”“t'ons' ge(;'qeate ﬂé‘x Wa;gglcu'f‘te]f‘ Fractions. Initial results showed that Acy concentration in the
Yy measuring periodically the ime nheedea 1o produce M- O retentate and permeate fractions was dependent on membrane

permeate until reaching a final permeate volume of 1.8 L. The slope . . . -
of the linear portion of the curve was used for estimating the flux. For MWCO and followed a logarithmic relationship of the type

membranes of 2561000K MWCO, linear curves were obtained for
collected permeate volumes 8200 mL, while for membranes of 10 C,orC, =K, + K, Ln(MWCO) 3)
100K MWCO, linear curves were obtained for collected permeate
volumes of>800 mL. Membrane permeate flud) felates to the overall

membrane resistance {Roy (11). whereK; and K, are constants of the equatior? (¢ 0.77—

0.92) (Figure 1A,B). After a 10-volume reduction of the initial

J=APIR, (1) feed solution, MWCO membranes of 1000K showed retentate
and permeate Acy concentrations similar to that of the initial
wherelJ is defined in L/m-h, Ry, in kPa n#-h/L, and AP in kPa. feed solution | > 0.05). For membranes in the range of
The performance of each membrane MWCO is characterized by 1000K—30K MWCO, the retentate and permeate Acy concen-
determining the rejection factoR) using the following expressior2®), trations slightly increased and decreased, respectively, and these

changes were even larger for MWCO 30K (~2-fold). This
trend was observed for both initial feed Acy concentrations used
(Figure 1A,B), and could be associated with the smaller

R=1-CJC, )

whereC, and C; are the permeate and retentate Acy concentrations, b . th ibl f Acv d it
respectively, in mg/mL. membrane pore size, the possible presence of Acy deposition,

Anthocyanin and Total Phenolic Analysis Total phenolics were ~ @nd the gel layer formed, which would increase the overall
quantified by the Folin—Ciocalteu method (23) and reported as resistance to Acy movement through the membrane.
milligrams of chlorogenic acid, while Acy content was measured by ~ Permeate flux, Membrane Resistance, and Fouling-or
the Fuleki and Francis method (24) and reported as milligrams of each membrane MWCO, plotting permeate volume versus time
cyanidin-3-glucoside (molecular weight 449/miBk= 25965 M cm™) gave linear curves for water and nonlinear curves for the Acy
(25). The monomeric, polymeric, and other Acy form pigment content golutions (Figure 2A,B). The permeate fluxes for water and
was determined using the bisulfite solution method, in which grape the Acy solutions were calculated from the slopes using the
solutions were bleached with potassium metabisulfite and the absor-“near portion of the curvesT@ble 1). The resulting water flux

bance reading/) were taken on bleached and nonbleached samples atvalue was relatively constant for different membrane MWCO

the Acy Amax 420 and 700 nm2g). In this method, the monomeric ] . - . . .
Acy are bleached by bisulfite, whereas polymeric Acy pigments are (~41.2 Lin-h), while for Acy solutions, it declined with
not since the number 4 position in the molecule is blocked. Similarly, Membrane MWCO. Water flux value was2.6—11.4-fold

other Acy forms or visitin-type pigments also have the 4 position higher than the Acy solution fluxes at the range of MWCO
blocked (due to formation of an additional ring by reaction with pyruvic — tested. The decline in permeate flux of the Acy solutions through
acid or acetaldehyde) (17) and are not bleached with bisulfite. The time (Figure 2A,B) and for each membrane MWCDaple 1)
different Acy forms including monomeric, polymeric, and other Acy ~ could be due to the gel layer formed, the presence of fouling,

forms were calculated as follows: _ or both (29), affecting the overall membrane resistance.
(&) monomeric Acy %) = (monomeric color/color densityy 100 The calculated membrane resistariRg(eq 1) for permeate
where monomeric Colof= (Aumax Of sample— Azoonm Of sample)— water flux, was relatively constant at different MWCOY.7

(Aimax Of bleached sample- Azoonm Of bleached sample) and color

density of sample= (Auma — Aroon) + (Aszorm — Aroom) kPa nt-h/m, Figure 3A). However, theR, for Acy solutions

(b) polymeric Acy @) = (polymeric color/color density) 100 increased with decreasing membrane MWCO. For example, at
where polymeric color of bleached sampte/Aimax — Azoon) + (Aszonm a 1000K and 10K MWCO, th&®y value_s for Acy permeates
— Avoonn) were~2.7 and 9.5-fold higher, respectively, compared to that
(c) other Acy forms %) = 100— (monomeric Acy(%) + polymeric of pure water. In general, thR, values were slightly higher
Acy (%)). for the feed solution with higher initial Acy concentration.
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Figure 2. Permeate volume through time for water (closed symbols) and
grape juice (open symbols) with initial feed Acy concentrations of (A) 8.5
L and (B) 17 mg/100 g of solution.
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Figure 1. Effect of membrane pore size on Acy concentration of permeate Table 1. Estimated Permeate Flux (J) from the Permeate Volume
and retentate fractions of grape juice with initial feed Acy concentration versus Time Curves (Figure 2A,B)
of (A) 85 _and (B) 17 rr_]g/lOO g of solulnon, and after a 10-volume reduction initial feed solution initial feed solution
of the initial feed. Solid and dotted lines correspond to eq 3. membrane (17 mg Acy/100 g) (8.5 mg Acy/100 g)
MWCO J(L/m2h) J(Lim%h)

It has been reported that intrinsic membrane resistangg (R’ égg&K ﬁgg 12-;5
relates to pore _S|zepl f_oIIowmg the power relationshiR'm ~ 250K 1001 10.99
f(p™@ (11). Similarly, in the present studiR, was related to 100K 507 7.30
MWCO by the power relationship 30K 4.69 6.58

10K 3.61 5.39
Ry = Kz (MWCO)* (4)
whereK3; andK, are constants of the equation. Using eq 4 gave layer resistanc®, (11); thus,Rn = R'm + R + Ry. The R’y
curves with good visual fitting and a? > 0.91 (Figure 3A). was already estimated using water flux in the present study.
The obtainedK; and K4 values were 136.63 kPa%h/L and The R would depend on the Acy deposition on the membrane

—0.236, respectively, for an initial feed Acy concentration of or fouling (i.e., anthocyaninmembrane interactions) whik

8.5 mg/100 g, and 246.36 kP&4m/L and—0.309, respectively,  would depend on parameters that affect the gel layer for-

for an initial feed Acy concentration of 17 mg/100 g. The lower mation including pressure, feed concentration, and feed velocity

power values obtained fd{s using MWCO compared t@ (12).

would depend most likely on the specific relationship existent  After each batch run of an Acy solution, membranes

between MWCO and the membrane pore sjze ( had the presence of Acy deposition. The amount of Acy
The overall membrane resistarRgis formed by the intrinsic membrane depositionACy,) was determined for each pore

membrane resistané®y, the fouling resistancB;, and the gel size using the experimental data of Acy concentrati@sC;,
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Figure 3. Relationship between overall membrane resistance (Ry) and (A) membrane pore size and (B) membrane anthocyainin deposition (Acy/
Areap,), for grape juice samples. Solid lines of power curves in (A) correspond to eq 4 and solid line in (B) correspond to eq 6.

and C,, the corresponding volumes and a mass balance.whereKs and K¢ are constantsr{~ 0.86). Equation 6 was
Thus, obtained by insertingC, and C, described by eq 3 and by
inserting Ry, described by eq 4, into the anthocyanin mass
balance described by eq 5. The curve intersectedytlagis

(constanKs) at a value 0f~20.4 kPa ri-h/L corresponding to
whereC, is initial feed Acy concentration (mg/mL) and, V,,

val the resistanc®'n, + Ry (assuming thaRy is constant for each

andV, are the initial feed, retentate, and permeate volumes (mL), ore size and independent of Adfrean values). Resistance
respectively. The calculated Acy membrane deposition _expressec{jalues above the intersection in tNeaxis would correspond
as Acy/Arean (mg’”f) ranged from~1.2 to 6 for an initial solely to the fouling resistanc&;, which would be dependent
feed Acy concentration of 8.5 mg/100 g and frer3.5 to 8.6 on the Acy/Arean values
for an initial feed Acy concentrations of 17 mg/100 g. _ an ’ _

Results indicated that the overall membrane resistance According to these results, sing&, was~ 9.7 kPa mi-h/L
increased with increasing amounts of Acy membrane deposition (Figure 3A), then Ry was ~10.7 kPa rih/L for both feed

Acy, = CoV, — CV, — C,V, )

or fouling, for both initial feed Acy concentrations usétdgure solutions used. On the other harl,ranged from~5 to 53.7
3B). PlottingRm versus Acy/Area, gave a distinct exponential  and from ~8.5 to 90.2 kPa rh/L for initial feed Acy
relationship of the type concentrations of 8.5 and 17 mg/100 g, respectively. Thus, the

contribution of individual resistances followed the oréer >
Ry = Ks exp(KsAcy/Area,) (6) Ry = R'm. The R played a major role in increasing the overall
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retentate showed a lower monomer {20%) and higher
polymer Acy content (3666%). Other Acy forms showed
changes of less than 10% with decreasing MWCO. These results
indicate that different Acy fractions may be obtained using
different membrane pore size. The percentage of different Acy
forms followed logarithmic relationships with membrane MWCO
similar to eq 3 Figure 4A,B). Furthermore, the concentrations
of different Acy forms followed logarithmic relationships with
membrane MWCO as well, similar to eq 3 (data not shown).
Membrane rejections @&, form) for monomer, polymer, and
other Acy forms were obtained modifying eq 2 as follows,

RAcy form — 1- Cp(%ACyform)/ Cr(%ACyform) (7)

where (%Acym) is the percent anthocyanin form corresponding
to monomer, polymer, or other Acy forms.

The calculated membrane rejections showed similar curves
for monomer Acy’s and other Acy forms, while a higher
rejection curve was observed for polymer AcyRdure 5A,

B). For all three curves, rejection increased with decreasing
MWCO. This trend was observed for both initial Acy feed
solutions. The difference between rejection curves was evident
in all the MWCO range tested. The obtairRgy rorm expressed

as percentage followed a nonlinear relationship with the
membrane MWCO giving curves of the type

R

‘Acy form

=100~ (K, + Kg Ln MWCO)/(K, +
Ko Ln MWCO) (8)

The equation was obtained by inserting eq 3 into eq 7, where
K;—Kyp are constants {r~ 0.94—0.97).

The similar rejection pattern between monomer Acy and other
Acy forms would be related to their similar molecular
weights. Monomer Acy have been reported to be in the range
of ~350—600 Da (12), while other monomeric Acy forms such
as visitin-type pigments are in the range 5380 Da (14—
18). The higher rejection of polymers Acy would be related to
their higher molecular masses 6f1000—12000 Da (213).
Overall, the three Acy forms were rejected in a broad range of
membrane MWCO used despite the smaller molecule size of

membrane resistance to permeate flux especially at smallerthe Acy forms. It is likely that pore size restriction due to

membrane MWCO (Figure 3B).

fouling, the presence of association within each Acy form (e.g.,

The presence of an exponential relationship instead of a linearhydrogen bonding), or both factors together influenced rejection.
curve for both initial feed Acy concentrations suggests that Acy Nevertheless, differences in molecular weight among the Acy
fouling followed different particle deposition patterns, which components and the use of a range of membrane pore size
affected the overall membrane resistance. Membrane fouling confirm the potential for tailoring different Acy fraction
may occur by deposition of particles inside the pores or on top compositions using membrane technology.

of the pore membrane3(). These deposition patterns would

Fraction Properties. In this part of the study, we character-

have differing effects on membrane resistance. According to ized the color properties of different retentate and permeate Acy

this, it is likely that, for an initial Acy feed of 8.5 mg/100 g,

fractions obtained with membranes of 30K MWCO from both

fouling was caused mainly by deposition of particles inside the initial feed Acy solutions and adjusted to similar absorbance
pores and in smaller proportion on top deposition, while for an (~0.55). Results showed thhtand Ch increased linearly with

initial Acy feed of 17 mg/100 g, fouling occurred by a

increasing percentage of monomer Acy ¢ 0.96), while not

combination of particle deposition inside pores and a larger affecting H values (Figure 6). Adjusting the composition of

proportion of deposition on top.

Anthocyanin Fractionation and Rejection. The grape Acy’s
used in this study were formed by60% monomers;~20%
polymers, and~20% of other Acy forms. This composition was
similar for both initial Acy feed solutions used. After a 10-

monomeric Acys indicates the potential of tailoring fractions
with differing color attribute intensities.

In addition, we characterized the antioxidant or antiradical
activities (AOX) of retentate and permeate fractions obtained
with membranes of 30K MWCO and the two initial feed Acy

volume reduction in the UF process, the Acy composition of solutions (Figure 7). Results showed a linear relationship
retentate and permeate fractions differed from the initial feed between total phenolics present in each fraction and AGX (

for each membrane MWCGOr{gure 4A,B) with a larger effect

~ 0.99). Fractions with higher phenolic content (mg/mL)

for MWCO < 100K. For example, permeate had higher showed higher antioxidant activityud of trolox/mL) as
monomer (5—7%) and lower polymer Acy content {128%)
compared to the initial feed composition. On the other hand, total phenolic compounds present in each fraction analyzed had

expected. The slope of the linear relationship indicated that the
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similar antiradical properties on a phenolic basid 135ug of

Figure 7. Antioxidant activity of different permeate and retentate fractions
with differing total phenolic content.

phenolics (e.g., 4748% Acy for blueberries28), 77% Acy

trolox/mg of phenolic). These results suggest that despite eachfor purple corn 82)) would be important to obtain the full
fraction showing different polymer and monomer Acy composi- benefit of membrane technology for Acy fractionation and its
tions, it did not affect the antioxidant activity on a phenolic use in bioactive properties. However, crops with relative lower
basis. It is likely that since the Acy content represented only levels of Acy would be more limiting (e.g., ¥416% Acy for
~6—9% of the total phenolic content of each fraction used, it Concord grape 33), 19% Acy for sweet potato,28)). In
did not affect the scavenging properties of other phenolic addition, strategies that could increase the relative amount of
compounds present in larger proportion. In the present study, Acy in relation to the total phenolics before UF processing
total phenolic and Acy content ranged freab4 to 359 mg of would be useful, such as ion-exchange columns and liquid
CHA/100 mL and from~3.3 to 26.8 mg of Acy/100 mg of  liquid separation among other methods. Sequential membrane
solution, respectively. Concord grape main phenolic groups pore size UF would be an interesting approach to be considered
include benzoic acids, hydroxy cinnamates, anthocyanins, for Acy fractionation. Previous work with olive phenols using
flavan-3-ols, and flavonols3@). In general, the relatively small a sequential membrane fractionation approach was shown to
amount of Acy in the obtained fractions affected only color be very promising for testing bioactive properties (34).
properties but was not enough to affect the antioxidant activity  In general, a mixture of different Acy forms is present usually
on a phenolic basis. in plant extracts, and the bioactivity and functionality are tested
According to these results, processing extracts from crops that way. However, recent work by Tsai et 885§ has shown
with initial relative higher levels of Acy in relation to total that antioxidant properties depend on the Acy form. The present
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study has demonstrated that membrane technology could be used(19) Fukui, M.; Yokotsuka, K. Content and origin of protein in white

for tailoring monomer and polymer Acy fractions. The simple

empirical equations proposed in this study may be used for this

purpose. The Acy composition of the fractions may affect color
properties and could potentially influence other functional
properties as well, including antioxidant activity.
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