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Abstract The effects of different pectinolytic enzyme
treatments on the release of phenolic compounds from
blackcurrant berry mash into juice in experimental black-
currant juice production were examined. The influence
of enzyme dose (0–0.1% by weight), degree of berry
crushing, maceration time, and temperature on the total
phenol concentration, the juice yield, and on polysac-
charide degradation were evaluated for four commercial,
fungal enzyme preparations in statistically designed ex-
perimental templates. In optimal experimental conditions,
treatments with Macer8 [FJ] and Pectinex Ultra SP-L
released ~6500 and 6650 mg gallic acid equivalents/L of
total phenols, respectively. These levels correspond to
increases of 14–15% compared to the juice extracted
without enzymes, and were significantly higher than those
achieved with Rapidase BE Super and Grindamyl pecti-
nase treatments. Increased enzyme dosage gave larger
juice yields and higher phenol concentrations. There was
a positive, linear correlation between degradation of the
substrate polysaccharides and the amount of phenols re-
leased. The juice samples inhibited the oxidation of hu-
man low-density lipoproteins in vitro in a dose-dependent
matter. The non-enzyme-treated sample exhibited higher
antioxidant activity than the enzyme-treated juices at
equimolar test levels of phenols, presumably because of
differences in their phenolic profiles.

Keywords Enzymes · Maceration · Blackcurrant juice ·
Phenols · Antioxidant effect

Introduction

It is now widely recognized that the consumption of fruit
and fruit products, as well as of certain plant-based bev-
erages (including tea and wine) helps to protect against
the development of cardiovascular diseases and coronary
heart disease mortality [1, 2, 3]. The initiation and de-
velopment of atherosclerosis and coronary heart diseases
are believed to originate from the oxidative modification
of human low-density lipoproteins (LDL) [4]. The liter-
ature suggests that the cardioprotective effects of plant-
based foods and beverages are related to the antioxidant
activities of ascorbic acid, flavonoids, and other phyto-
chemicals present in these products [2, 5, 6]. Notably, the
cardioprotective effects of moderate wine consumption
have been linked to the ability of red wine phenolics to
retard lipid oxidation in LDL, as demonstrated in vitro
[7]. Various phenolic extracts, the juice expelled from
different dark red berries, as well as individual flavonoids
and other phenolic compounds present in red wines and
dark red berries have also been shown to exhibit potent
antioxidant activity against the oxidation of human LDL
in test tube assays [8, 9, 10, 11]. Blackcurrants are among
those berries that contain high amounts of phenolic
compounds. Fresh blackcurrants are particularly rich in
anthocyanins, notably the glucosides of delphinidin and
cyanidin, which may constitute up to 2% by weight of
the blackcurrant skins [12, 13]. Other principal phenolics
present in blackcurrants include flavonols, procyanidins,
and various phenolic acids, particularly hydroxycinna-
mates (chlorogenic, caffeic, and ferulic acid), and hy-
droxybenzoates (gallic acid) [12, 13]. Blackcurrants are
also high in vitamin C content. In Europe, the annual
blackcurrant harvest is around 500,000–600,000 tonnes/
year [14]. Only a very small portion is consumed fresh;
most is processed for juice concentrate. Therefore, a tar-
geted focus on improving the exploitation of blackcur-
rants and blackcurrant products as a source of potentially
health protective phytochemicals seems warranted.

Since blackcurrants contain relatively high levels of
pectin (40% of the primary cell walls [15]), addition of

R. Bagger-Jørgensen · A. S. Meyer ())
Food Biotechnology & Engineering Group,
BioCentrum-DTU, Building 221,
Technical University of Denmark,
2800 Lyngby, Denmark
e-mail: am@biocentrum.dtu.dk
Tel.: +45-45-252600
Fax: +45-45-498822



pectinolytic enzyme preparations to degrade the pectin is
a prerequisite step for efficient blackcurrant fruit pressing
and extraction of high juice yields. Because of the low pH
of blackcurrants (pH 2.6–2.8) and the high levels of
phenolics that may inhibit the fungal pectinases employed
for the maceration, relatively high pectinase dosage lev-
els, ~0.02–0.05% by weight, are used industrially in pre-
press blackcurrant juice maceration [16].

The press residues that remain from commercial black-
currant juice-making are abundant in phenolic antioxi-
dants, and it is possible to enhance their extraction by
enzyme-catalyzed degradation of the skin cell wall ma-
terial [17]. The present study was undertaken to investi-
gate whether enzymatic release of phytochemicals from
blackcurrant skins might also be exploited in the active
processing of blackcurrant juices. The main objective was
to investigate whether the concentration of phenols in
blackcurrant juice could be enhanced—without compro-
mising juice yields—by more forced enzymatic macera-
tion treatment of the blackcurrants prior to pressing. A
second objective was to evaluate the antioxidant activities
of the differently, aggressively enzyme-macerated black-
currant juice samples on human LDL oxidation in vitro.

The ability of four different plant cell wall-degrading
enzyme preparations to increase the juice yield and to
release phenols were examined in response to maceration
temperature, maceration time, enzyme dosage and degree
of substrate crushing in experimental design templates
(factorial 24 designs). Subsequently, the influences of
enzyme dosage and reaction time were evaluated in reg-
ular dose response experiments, and then the effects of
extended maceration, degree of berry crushing, and en-
zyme dosage were examined for the two best enzyme
preparations in response surface design experiments. Fi-
nally, the antioxidant activities of the juices with the
highest levels of phenols were tested on human LDL in
vitro, and the phenolic compositions of these juice sam-
ples were profiled by HPLC analysis.

Materials and methods

Chemicals and enzymes

Folin-Ciocalteu phenol reagent, sodium carbonate, potassium so-
dium tartrate copper sulfate, and phosphate buffer salts were ob-
tained from Merck (Darmstadt, Germany). Gallic acid, human
LDL, and 3.5-dinitrosalicylic acid were purchased from Sigma-
Aldrich (St. Louis, MO). Glucose was from AnalaR BKH Ltd
(Poole, UK). The phenolic standard compounds catechin, rutin, and
caffeic acid were purchased from Sigma-Aldrich, while cyanidin
was obtained from Extrasynthese (Genay, France). Grindamyl
pectinase from Aspergillus niger was obtained from Danisco-Cultor
Ingredients (Brabrand, Denmark). Macer8 [FJ] from an Aspergillus
strain was obtained from Biocatalysts Ltd (Pontypridd, UK). Rap-
idase BE Super from a selected GRAS strain of Aspergillus niger
was from DSM/Gist-brocades France S.A. (Seclin, France). Pecti-
nex Ultra SP-L from Aspergillus aculeatus was obtained from
Novozymes A/S (Bagsvaerd, Denmark). Information regarding the
enzyme preparations’ activities is given in Table 1. All of the en-
zymes were employed in liquid preparations and they were selected
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for this study because they are already used in the juice and wine
industry.

Sample preparation

Blackcurrant berries (Ribes nigrum cv. Ben Lomond) were obtained
from Vallø Saft A/S (Køge, Denmark) and kept frozen (�20 �C)
until use. Prior to maceration the berries were defrosted and either
gently crushed or homogenized in order to obtain two pulps that
had been crushed to different extents and therefore had different
particle sizes. The gentle crushing was done with a stomacher
(Laboratory blender, Stomacher 400, Seward Medical, Alaska,
USA) and the homogenization was done with a laboratory hammer
mill (IKA-Universalm�hle H20, Janke & Kunkel, Staufen, Ger-
many). After crushing, the sample material was cooled rapidly
under nitrogen, vacuum packed in portions of 10 g, and frozen
(�20 �C) until further use.

Maceration

Prior to enzyme hydrolysis the pulp samples (10 g) were defrosted
in a thermostatic bath at 20 �C, heated to 80 �C for 1 min, and
rapidly cooled to 20 �C. Each enzyme preparation was added at a
specific enzyme/substrate ratio (E/S, w/w %; in other words, g
enzyme preparation/100 g wet mash) according to the experimental
design (see below). Samples were mixed thoroughly and placed
under nitrogen in a vibrating, thermostatically-controlled water
bath, and incubated according to the reaction time and tempera-
ture given in the experimental design. Immediately after enzyme
treatment the samples were heated to 100 �C for 10 min. The juice
yield was extracted from the macerated blackcurrant mash by
gentle pressing and vacuum assisted filtration through one layer of
Whatman No. 1 filter paper (supported by a Buchner filter). The
amount of juice extracted was determined by weighing.

Determination of total phenols
and total water-soluble carbohydrates

Total phenols in the juices were determined by the Folin-Ciocalteu
procedure, with total phenols expressed as mg/L gallic acid equiv-
alents (GAE) [18]. The extent of cell wall hydrolysis was assessed
by measuring the total water-soluble carbohydrates liberated from
the sample, as described by Slominski et al [19].

HPLC

The phenolic profiles of the extracts were analyzed by means of a
HPLC procedure described by Lamuela-Ravent�s and Waterhouse
[20]. Based on spectral identification, the areas of five different
phenol classes: hydroxybenzoates (peaks at 280 nm), anthocyanins
(peaks at 520 nm), flavan-3-ols (peaks at 280 nm), flavonols (peaks
at 365 nm) and hydroxycinnamates (peaks at 316 nm), were quan-
tified (mg/L equivalents) by calibration with the authentic com-
pounds: gallic acid, cyanidin, catechin, rutin, and caffeic acid, re-
spectively.

Inhibition of human LDL oxidation

The antioxidant power of each blackcurrant juice sample to inhibit
the copper-catalyzed oxidation of human LDL (37 �C, 5 mM
CuSO4) was assayed by monitoring the formation of conjugated
diene hydroperoxides (234 nm) over five hours [21]. Immediately
prior to assay, the extracts were diluted with doubly distilled water
and tested at equimolar concentrations of 2.5 and 5 mM GAE. After
triplicate analyses, the antioxidant activities of each sample were
evaluated on the basis of the net lag time prolongation (the lag time

minus the lag time of the control sample, which contained all of the
ingredients except the juice sample).

Experimental design

Individual and interactive effects on plant cell wall degradation,
juice and phenol yields were first screened in two randomized,
factorial 24 designs [22], the first with the enzyme preparations
Macer8 [FJ] and Pectinex Ultra SP-L and the second with the en-
zyme preparations Grindamyl Pectinase and Rapidase BE Super.
The substrate particle size was kept constant (homogenized) while
the maceration time (1 h vs. 4 h), the maceration temperature
(30 �C vs. 50 �C), and enzyme addition levels (0% E/S vs. 0.05%
E/S) were varied according to the experimental design. The levels
of maceration time and enzyme dosage in the factorial 24 designs
were within the range generally used in berry juice processing [16,
23]. The effect of enzyme dosage (0% E/S, 0.0125% E/S, 0.025%
E/S, 0.05% E/S, 0.075% E/S, 0.1% E/S) on plant polysaccharide
degradation, juice and phenol yields were subsequently examined
on homogenized blackcurrant pulp at the same hydrolysis time (1 h)
and temperature (50 �C) for all four enzymes. The effects of
maceration time (0 min, 1 min, 5 min, 10 min, 15 min, 30 min,
45 min, 60 min) and enzyme addition level (0.05% E/S, 0.1% E/S)
on plant polysaccharide degradation, juice and phenol yields were
then examined for Macer8 [FJ] and Pectinex Ultra SP-L with the
homogenized pulp at the high reaction temperature (50 �C). Finally,
the individual and interactive effects on plant polysaccharide deg-
radation, juice and phenol yields of Macer8 [FJ] and Pectinex Ultra
SP-L treatment were analyzed in a randomized, quadratic central
composite circumscribed (CCC) response surface design with the
enzyme addition (0% E/S vs. 0.05% E/S), maceration time (1 h vs.
6 h), maceration temperature (30 �C vs. 50 �C) and degree of berry
crushing (mashed vs. homogenized) as experimental variables. The
experimental plan of each enzyme preparation was composed of 25
different process combinations, including two star points and with
three replicated centerpoints.

Statistics

The computer program Modde (Umetri AB, Ume�, Sweden) was
used to aid the statistical designs of the factorial and the response
surface experiments and to fit and analyze the data by multiple
linear regression (factorial) or partial least squares regression (re-
sponse surface). Significance of the results was established at
P�0.05. Differences in the responses in the maceration design
templates and in the LDL antioxidant activities were determined by
one-way analysis of variance, where the 95% confidence intervals
were calculated from pooled standard deviations (Minitab Statis-
tical Software, Addison-Wesley, Reading, MA). The statistical
significance of linear correlations was tested by the dose-response
F-test [24].

Results and discussion

Screening for enhanced juice yield, phenols,
and polysaccharide degradation

Juice yield

For all of the four enzyme preparations (Table 1), an
increased enzyme dosage in the pre-press treatment of
homogenized blackcurrant pulp significantly increased
the juice yield in the initial screening experiments (Ta-
ble 2). This was expected, since all the enzyme prepara-
tions contained pectinolytic activities and were developed
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for use in the juice industry. In the production of fruit
juice, the degradation of the pectin in the primary cell
wall matrix and in the middle lamella is necessary to
break the water binding capacity of the pectin, which in
turn allows maximal juice levels to be expelled and so
enhances the utilization of the press [16, 25]. Rapidase
BE Super was, however, the only preparation that was
fit for the very low pH range of the blackcurrant juice
(pH 2.8) (Table 1). In both factorial designs the enzyme
interactions (Macer8 [FJ] � Pectinex Ultra SP-L and
Rapidase BE Super x Grindamyl pectinase, respectively)
had a significant negative effect on the juice yield (Ta-
ble 2). The four enzyme preparations were alike; they
were all produced from Aspergillus strains, with two of
the preparations from Aspergillus niger, and the main
activities of all were pectinolytic (Table 1). Presumably
the negative enzyme interactions on juice yield were a
result of decreased hydrolysis rates with both enzyme
preparations present, and this may be ascribable to non-
productive, competitive adsorption of enzymes on the
polysaccharide substrates. Competitive adsorption is a
phenomenon related to the required adsorption of poly-
saccharide-degrading enzymes to the substrate prior to
the catalytic reaction. The non-productive adsorption oc-
curs when pectinases (and other polysaccharide-degrad-
ing activities) adsorb temporarily to sites that contain
bonds that they cannot attack [26]. If too many sites are
occupied in this way, for example when relatively high
concentrations of mixed plant cell wall degrading enzyme
preparations are employed, the non-productive adsorption
sterically blocks the access for those enzymes that actu-
ally can catalyze hydrolysis at these sites, and this situa-
tion results in a lower net hydrolysis [26].

Increasing the maceration time from 1 h to 4 h did not
increase the juice yield (Table 2). This indicates that the
necessary enzymatic degradation of the pectin for juice
release occurred within the first hour of reaction. An in-

crease in maceration temperature from 30 �C to 50 �C only
had a significant effect in the factorial design with Rapi-
dase BE Super and Grindamyl pectinase (Table 2). This
result agreed well with the temperature optima of the
pectinolytic activities in these preparations (Table 1). The
temperature optimum of Pectinex Ultra SP-L was 35 �C
and the Macer8 [FJ] preparation was stated to have a
relatively wide optimum from 40–50 �C (Table 1). Cou-
pled with the relatively low pH in blackcurrant mash, the
higher temperature optimum of the Macer8 [FJ] prepara-
tion may not have been pronounced enough to manifest as
a significant effect of temperature in the factorial design.

Carbohydrate hydrolysis and total phenols

The enzyme preparations’ ability to release soluble car-
bohydrates and phenols differed in the two factorial de-
signs (Table 2). In the design with Macer8 [FJ] and Pec-
tinex Ultra SP-L, all of the main factors except time had a
significant effect on the release of soluble carbohydrates
and phenols. In addition, there was a significantly negative
interaction between the two enzymes on the total phenols
and soluble carbohydrates. This negative interaction pre-
sumably resulted from non-productive competitive ad-
sorption of the enzymes in these preparations, as discussed
above. In the design with Rapidase BE Super and Grin-
damyl pectinase, the temperature was the only factor that
had an effect on the release of phenols (Table 2). The
significantly increased release of soluble carbohydrates
and total phenols obtained with the enzyme preparations
Macer8 [FJ] and Pectinex Ultra SP-L indicated an in-
creased extent of cell wall degradation and a concomi-
tantly elevated liberation of phenolics from the blackcur-
rants. In the complex structure of the plant cell wall, the
location, type of bonding, and possible entrapment of the
phenol compounds is basically unknown. Nevertheless,

Table 2 Screening study: multiple linear regression results for the factors and the significant interactions that influence the yields of juice,
total carbohydrates, and total phenols (GAE)

Responses

Total carbohydratea Juice yieldb Total phenolc

Factors and interactions (�) Regression
coefficients

Pd Regression
coefficients

Pd Regression
coefficients

Pd

Time No effect No effect No effect
Temperature 0.350 0.007 No effect 157.2 0.006
Macer8 [FJ] 0.564 1.93�10�4 0.686 2.58�10�4 212.4 6.34�10�4

Pectinex Ultra SP-L 0.284 0.021 0.936 1.31�10�5 122.7 0.023
Macer8 [FJ] � Pectinex Ultra SP-L �0.493 5.92�10�4 �0.770 9.05�10�5 �288.9 3.93�10�5

Constante 15.31 2.87�10�21 5.613 1.45�10�15 5455 2.06�10�21

Time No effect No effect No effect
Temperature No effect 0.552 1.18�10�4 355.4 0.011
Rapidase BE Super No effect 0.776 3.85�10�6 No effect
Grindamyl pectinase No effect 1.008 2.04�10�7 No effect
Rapidase BE Super � Grindamyl
pectinase

No effect �0.769 4.20�10�6 No effect

Constante 14.11 3.09�10�18 5.135 8.94�10�17 5041 8.99�10�16

a The limit of 95% confidence was €0.349; b the limit of 95% confidence was €0.299; c the limit of 95% confidence was €258.4; d P<0.05
indicates significance at 95% level; e the linear regression coefficient constant
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the elevated polysaccharide degradation afforded by the
enzymes implied that the release of the phenols was fa-
cilitated by an increase in the substrate porosity. The high
temperature (50 �C) increased the amount of soluble car-
bohydrates and phenols in the design with Macer8 [FJ]
and Pectinex Ultra SP-L. This observation indicates that
the enzymes had a higher activity at 50 �C than 30 �C and
that the enzyme-catalyzed degradation of the primary cell
wall polysaccharides and/or middle lamella pectin in-
creased the phenol release. The significantly higher phenol
yields obtained with the higher treatment temperature also
indicate that the phenols were not significantly degraded
during the enzyme treatments at 50 �C. The significant
effect on the polysaccharide degradation of Macer8 [FJ]
was higher than that of Pectinex Ultra SP-L, indicating
that the enzyme activities of the Macer8 [FJ] preparation
were more aggressive on the blackcurrant polysaccharides
for the experimental conditions examined. This apparently
higher activity of the Macer8 [FJ] preparation could be
related to the differences in temperature optima between
the two enzymes preparations: Macer8 [FJ] had the
highest activity at 40–50 �C, whereas the maximum ac-
tivity of Pectinex Ultra SP-L was at 35 �C (Table 1). As
with the juice yield, an increase in maceration time did not
increase the amount of soluble carbohydrates and phenols
in the two factorial designs (Table 2). The lack of an effect
of extended enzyme treatment time indicates that the de-
crease in viscosity taking place concomitantly with the
degradation of pectin during the maceration did not affect
the enzyme catalysis. Increased addition levels of Grin-
damyl pectinase or Rapidase BE super did not result in
significantly enhanced polysaccharide degradation nor in
significantly increased phenol concentrations in the juice,
despite the enhancing effects of these enzyme treatments
on juice yields (Table 2). A reason could be that the en-
zyme activities required for degradation of other poly-
saccharides than pectin, and therefore for phenol release,
were less active under the experimental conditions and/or
present at lower concentrations in these preparations
compared to those present in Macer8 [FJ] and Pectinex
Ultra SP-L. The main difference between these four multi-
component enzyme preparations may therefore be found
in the unspecified side activities. However, very little is
known about synergistic effects, antagonistic effects, and
non-productive absorption among fruit plant cell wall-
degrading enzyme activities. The cell wall polysaccharides
in blackcurrant have similar structures to those of other
fruits such as apple [27], and since both Macer8 [FJ] and
Pectinex Ultra SP-L are also designed to degrade the fruit
pulp of apples and pears, they may have some of the same
side activities that are important in the degradation of the
blackcurrant cell wall and phenol release.

Dosage: response effects

A series of individual maceration treatments with each of
the four enzyme preparations added at different E/S ratios
were carried out in order to obtain more knowledge about

the enzymatic enhancement of juice yields, soluble car-
bohydrates, and phenols in the maceration step of black-
currant juice. Maceration time and temperature were se-
lected from the results of the initial screening experiments
(1 h, 50 �C). The concentrations of soluble carbohydrates
in juice samples resulting from treatments with each of
the four enzyme preparations as a function of the E/S ratio
were basically identical (Table 3). An increased E/S ratio
from 0% to 0.0125% resulted in a significant increase in
the release of soluble carbohydrates, which confirmed the
enzyme preparations’ ability to catalyze the breakdown of
blackcurrant (cell wall) polysaccharides even at low en-
zyme addition levels. However, increases in the E/S ratio
beyond 0.0125% E/S did not increase the levels of soluble
carbohydrates (Table 3). The response in juice yield with
increased E/S was also basically identical among the four
enzyme preparations (Table 3) and increased with in-
creasing E/S ratio up to 0.025% (Grindamyl pectinase and
Pectinex Ultra SP-L) or 0.075% (Macer8 [FJ] and Rapi-
dase BE Super) (Table 3). These observations are in ac-
cordance with the dependence of the reaction velocity, v,
on the substrate concentration, [S], in enzyme-catalyzed
reactions that follow Michaelis-Menten kinetics (Eq. 1)
[28]:

v ¼ � d S½ �
dt
¼ d½P�

dt
¼ kþ2

Et½ � S½ �
S½ � þ Km

ð1Þ

where [P] is the product concentration, k+2 is the rate
limiting velocity constant in the enzyme reaction, [Et] the
total enzyme concentration, and Km is the Michaelis
constant involving the velocity constants, k-1, k+1, k+2 for
the formation and the decay of the enzyme-substrate
complex (Eq. 2):

Km ¼
k�1 þ kþ2

kþ1
ð2Þ

This study was not designed to evaluate the enzyme
kinetics. The data nevertheless indicate that the increased
enzyme concentration did not necessarily increase the
reaction velocity linearly, and this result is presumably
explained by the dependence of the reaction velocity of
the enzyme-catalyzed reactions on the substrate concen-
tration [28]. In the case of enzymatic hydrolysis of com-
plex polysaccharides, further issues related to competitive
enzyme adsorption and access to the substrate(s) arise
[26], but it was beyond the scope of the present work to
investigate these issues further.

The effect of the increase in E/S ratio from 0% to
0.0125% on the phenol concentration (Table 3) demon-
strated that all four enzyme preparations could release
phenols during degradation of the blackcurrant polysac-
charides. The phenols released at an E/S ratio 0% were
probably achieved via limited thermal degradation of the
blackcurrant polysaccharides during the reaction at 50 �C
and during the 10 min boiling treatment which was in-
cluded to halt the enzyme reactions, but also done on the
non-enzyme-treated controls. At an E/S ratio of 0.1%,
Macer8 [FJ] and Pectinex Ultra SP-L treatments gave the
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highest amount of phenols within the E/S ratios examined:
6532 and 6460 GAE mg/L, respectively (Table 3). This
level was significantly higher than the amount of phenols
released by Rapidase BE Super and Grindamyl pectinase
at the same enzyme addition level (Table 3). The phenol
release as a function of the E/S ratio resembled a straight
line (not shown). In agreement with our previous study
on the enzyme-assisted extraction of phenols from black-
currant juice press residues [17], the enzyme-catalyzed
polysaccharide hydrolysis therefore boosted the phenol
extraction beyond what could be measured directly from
the increase in liberated polysaccharides. This suggests
that the enzymatic degradation of the blackcurrant poly-
saccharides increased the overall substrate porosity and
that this—rather than direct and/or selective enzyme-cat-
alyzed release of phenols from the cell wall matrix—fa-
cilitated the enhanced extraction of the phenols. An in-
crease in the E/S ratio furthermore released a higher
amount of phenols into a larger amount of juice yield. The
increase in the juice yield therefore did not have a diluting
effect on the total phenol concentration.

Effect of enzyme maceration time
over the first sixty minutes

Based on the results obtained in the initial screening ex-
periments and in the enzyme dose experiments, the en-
zyme preparations Macer8 [FJ] and Pectinex Ultra SP-L
were selected for further examination. The ability of
Macer8 [FJ] and Pectinex Ultra SP-L to induce increased
yields of juice, soluble carbohydrates, and phenols as a
function of maceration time (0–60 min) was examined at
two dosage levels (0.05% and 0.1%) at constant reaction
temperature (50 �C). The juice yield obtained by Macer8
[FJ] and Pectinex Ultra SP-L treatments at 0.05% and
0.1% enzyme addition levels were almost the same, and
the juice yield generally increased with increasing mac-
eration time (Table 4). The release of soluble carbohy-
drates as a function of the maceration time differed be-
tween Macer8 [FJ] and Pectinex Ultra SP-L. Pectinex
Ultra SP-L degraded the substrate rapidly; the highest
level of soluble carbohydrate was obtained with macera-
tion times of 10 min. The level remained constant for the
remaining maceration time. The degradation of the sub-
strate with Macer8 [FJ] was more moderate, with the
highest amounts obtained after 45 min. (Table 4). The rate
of carbohydrate degradation apparently differed between
the two enzyme preparations, presumably because of dif-
ferences in their main activities and their undeclared side
activities. In contrast to Macer8 [FJ], the Pectinex Ultra
SP-L is stated to contain hemicellulotic activities (Ta-
ble 1), and the presence of hemicellulases apparently
boosted the pectinolytic degradation. The amounts of sol-
uble carbohydrates released with time resembled a rect-
angular hyperbola curve (not shown), which, as discussed
above, signified a general enzyme-catalyzed progress
reaction curve. The amount of phenols released with time
differed between the two E/S ratios. With a 0.05% E/ST
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ratio, a final phenol concentration of 5644–5896 GAE
mg/L was obtained after 15 min of maceration, whereas at
the 0.1% E/S ratio a final phenol concentration of 6217–
6532 GAE mg/L was obtained after 45 min of maceration
(Table 4). A reason for this difference could be that the
concentrations of side activities in the enzyme prepara-
tions may have been high enough to play a role at the
0.1% E/S addition level while the concentrations of these
same side activities were too low at the 0.05% E/S ratio to
have an impact. A side activity such as ferulic acid es-
terase could have had an effect since this enzyme cat-
alyzes the liberation of hydroxycinnamic acids (notably
ferulic acid) directly from the polysaccharides [29]. In-
tensified side activities at the 0.1% E/S ratio would cause
the phenol profiles of the two E/S ratios to differ. It was,
however, not possible to determine any differences in the
profiles with the total phenol assay used. The assay was
quantitative and the molar response was proportional to
the amount of hydroxyl groups [30]. The correlation be-
tween total carbohydrates and total phenols (Table 4) was

linear with both enzyme preparations at both E/S ratios;
for instance:

y ¼ 431:21x� 1153:7;

R2 ¼ 0:9541 ðMacer8 ½FJ�; 0:05% E=SÞ
y ¼ 425:66x� 1287;

R2 ¼ 0:8691ðPectinex Ultra SP� L; 0:05% E=SÞ

Maximal phenols release

To establish which factors resulted in the highest phenol
release, the response surfaces of phenols, soluble carbo-
hydrates, and the yield of juice were studied in response
to variations in maceration reaction conditions with each
of the enzyme preparations Macer8 [FJ] and Pectinex
Ultra SP-L (Table 5). The influence of variations in re-
action time (1 h vs. 6 h) and temperature (30 �C vs. 50 �C)
of the maceration together with enzyme dose (0% vs.
0.05%) and particle size (mashed vs. homogenized) were

Table 5 Response surface examination: Partial least squares regression results for the influence of various factors and the interaction
time � temperature on the yields of juice, total carbohydrate, and total phenols (GAE)

Responses

Total carbohydratea Juice yieldb Total phenolc

Factors and interactions
(�)

Enzyme preparation Regression
coefficients

Pd Regression
coefficients

Pd Regression
coefficients

Pd

Time Macer8 [FJ] 0.128 0.012 0.225 3.78�10�3 101.0 4.54�10�4

Temperature Macer8 [FJ] No effect 0.231 3.08�10�3 72.98 0.006
Particle size Macer8 [FJ] 0.326 1.19�10�6 0.368 2.73�10�5 240.9 6.60�10�9

E/S ratio Macer8 [FJ] 0.513 1.44�10�9 1.064 6.28�10�13 414.0 9.25�10�13

Time � Temperature Macer8 [FJ] 0.169 5.46�10�4 No effect 104.8 8.75�10�5

Constant5 Macer8 [FJ] 16.90 1.43�10�31 4.838 1.37�10�21 6156 7.97�10�29

Time Pectinex Ultra SP-L No effect 0.241 5.62�10�4 133.5 0.009
Temperature Pectinex Ultra SP-L No effect 0.232 8.15�10�4 No effect
Particle size Pectinex Ultra SP-L 0.432 3.58�10�4 0.296 6.68�10�5 304.4 2.65�10�6

E/S ratio Pectinex Ultra SP-L 0.417 5.21�10�4 1.164 3.39�10�14 354.6 3.10�10�7

Time � Temperature Pectinex Ultra SP-L No effect No effect No effect
Constant5 Pectinex Ultra SP-L 16.62 3.00�10�29 5.272 3.97�10�22 5973 1.47�10�24

a The limit of 95% confidence was €0.360; b the limit of 95% confidence was €0.244; c the limit of 95% confidence was €175; d P<0.05
indicates significance at 95% level; e the partial least squares regression coefficient constant

Table 4 The yields of total carbohydrate, juice, and total phenols (GAE) as a function of time and the enzyme/substrate (E/S) ratio for the
enzymes Macer8 [FJ] (M) and Pectinex Ultra SP-L (P)

Time
(min)

Total carbohydrate (mg/ml) Juice (g) Total phenols (mg/L)

M P M P M P M P M P M P

0.05% 0.05% 0.1% 0.1% 0.05% 0.05% 0.1% 0.1% 0.05% 0.05% 0.1% 0.1%

0 14.39a,z 14.83a,z 14.81a,z 14.08a,z 3.38a,z 3.90a,z 3.86a,z 3.92a,z 5078a,z 5101a,z 5053a,z 5066a,z

1 15.15ab,z 15.52b,z 15.30ab,z 15.52b,z 3.99b,z 3.78a,z 4.11a,z 4.40a,z 5384b,z 5200a,z 5254ab,z 5170ab,z

5 15.24ab,z 15.93bc,z 15.38ab,z 15.72bc,z 3.93ab,z 4.23a,z 4.97b,y 4.05a,z 5450b,z 5460b,z 5215ab,z 5452bc,z

10 15.48bc,z 16.36c,z 15.48ab,z 16.36cd,z 4.28b,z 4.20a,z 4.72b,z 4.38a,z 5399b,z 5544bc,z 5315b,z 5552c,z

15 15.86bcd,zy 16.37c,y 15.64ab,z 16.37cd,y 5.60c,zy 5.88b,y 5.11b,z 5.06b,z 5732cd,z 5644bcd,z 5560c,z 5671c,z

30 15.93bcd,zy 16.45c,y 15.72b,z 16.36cd,zy 5.98c,z 5.95b,z 5.91c,z 6.18c,z 5664c,z 5797d,z 5812d,z 5705c,z

45 16.35d,z 16.29c,z 16.69c,z 16.79d,z 5.64c,z 6.68c,y 6.05c,zy 6.19c,zy 5896d,z 5766cd,z 6301e,y 6217d,y

60 16.17cd,z 16.40c,z 16.57c,z 16.68d,z 6.12c,z 6.42bc,z 6.71d,z 6.47c,z 5883d,z 5741cd,z 6532e,y 6460d,y

M=Macer8 [FJ], P=Pectinex Ultra SP-L. Superscript letters a, b, c, d and e indicate grouping within a column. Superscript letters z and y
indicate grouping within a row of a response. Different letters show statistical difference p<0.05
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examined. Six hours was selected as the high level of
maceration time, since four hours did not have a signifi-
cant effect in the initial screening experiments. With both
enzyme preparations, all of the factors had a positive ef-
fect on the juice yield (Table 5). The homogenized mash
gave significantly higher juice yield, and higher carbo-
hydrate and phenol concentrations in the juice than the
more gently crushed mash (Table 5). This was expected
since homogenization reduces the crystallinity of cellu-
lose, increases the surface area, and shortens the distance
for extraction from the matrix [31]. It is therefore well
known that enzymatic saccharifaction of complex cell
wall structures is improved by a decrease in substrate
particle size [32, 33]. As the temperature optimum of
Pectinex Ultra SP-L was 35 �C, the effect of temperature
could be due to thermal degradation of the substrate, or to
undeclared side activities having a major impact. In the
release of phenols and soluble carbohydrates, the particle
size and the E/S ratio had, as expected, a positive effect
with both enzyme preparations. With Macer8 [FJ], the
maceration time and the interaction time � temperature
also had a significantly positive effect on the release of
phenols and soluble carbohydrates. The interaction effect
may, at least partly, be due to slight thermal degradation
of the substrate over time, and therefore the effect of the
combination of time and temperature was more pro-
nounced than estimated from the factors’ individual ef-
fects. With Pectinex Ultra SP-L, an increase in macera-
tion time had a positive effect on the phenol release, but
the maceration time (1 h vs. 6 h) did not affect the release
of soluble carbohydrates. This may be because Pectinex

Ultra SP-L rapidly (within an hour of reaction time)
catalyzed the degradation of the substrate, as seen in the
maceration time experiments (Table 4). Due to the dif-
ferences in the temperature optima of the two enzyme
preparations (Table 1), the high level of temperature
(50 �C) only had a significant effect with Macer8 [FJ].
The response surfaces for phenol release for Macer8 [FJ]
and Pectinex Ultra SP-L are shown in Fig. 1 and Fig. 2
respectively. The extent of substrate crushing (substrate
particle size) and E/S ratio were the most significant
factors and were therefore kept constant in the figures
(homogenized, 0.05%). The maximum released amounts
of phenols with Macer8 [FJ] and Pectinex Ultra SP-L
within the experimental conditions were approximately
6500 GAE mg/L (44 �C, 5.5 h) and 6650 GAE mg/L
(42 �C, 4.5 h) (Figs. 1 and 2). The response surfaces for

Fig. 1 The response surface (homogenized berries, 0.05% E/S) of
the yield of total phenols (GAE) versus the enzyme preparation for
Macer8 [FJ]

Fig. 2 The response surface (homogenized berries, 0.05% E/S) of
the yield of total phenols (GAE) versus the enzyme preparation for
Pectinex Ultra SP-L

Fig. 3 The correlation between the yield of total phenols (GAE)
and the total soluble carbohydrate in the response surface exami-
nations
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soluble carbohydrates for Macer8 [FJ] and Pectinex Ultra
SP-L (not shown) were identical, and the curves had
similar shapes to those shown in Figs. 1 and 2. The cor-
relation between total phenols and total carbohydrates
was a linear function and the lines were practically the
same for the two enzyme preparations (Fig. 3). The strong
linear correlation between phenols and liberated carbo-
hydrate confirmed that the phenol compounds were re-
leased as a result of the enzymatic degradation of the
blackcurrant cell wall polysaccharides.

Phenolic profiles

Table 6 shows the phenol amounts and profiles of three
blackcurrant juice samples pre-treated with different en-
zymes (0.05% E/S, 6 h, 50 �C). The enzyme-treated ex-
tracts differed in anthocyanin contents: while almost 64%
of the extracted phenols were anthocyanins with Macer8
[FJ], less than 50% were anthocyanins with Pectinex Ultra
SP-L. The reason for this difference may be that Pectinex
Ultra SP-L possesses b-glucosidase activity, which is able
to catalyze the hydrolysis of the glycosylated anthocyanin
to produce unstable aglycons [34]. Macer8 [FJ] was also
previously shown to contain anthocyanin-degrading en-
zyme activity [17], but this activity presumably did not
manifest itself at the low pH of the blackcurrant mash.
The sample extracted without enzyme contained rela-
tively more flavan-3-ols than anthocyanins, whereas,
somewhat surprisingly, the opposite trend was found in
the samples extracted with enzymes (Table 6). At present
it is uncertain whether this observation is directly due to a
better extraction of anthocyanins than flavan-3-ols with
enzymes. A significant antioxidant activity on human

LDL oxidation in vitro was observed for the selected
phenol extracts at 2.5 and 5 mM GAE (Table 7). At a
concentration of 2.5 mM GAE, there was a significant
difference in the antioxidant effects of the extracts, with
the non-enzyme-treated sample exerting highest activity.
The extracts were diluted to the same equimolar con-
centrations of total phenols, and the differences in the
antioxidant effects were therefore presumably due to
differences in the phenolic compositions of the samples.
The antioxidant potencies of samples of wine, grape jui-
ces, fresh grapes and of various berry extracts on human
LDL oxidation have previously been shown to correlate
with the presence of distinct types of phenols, and in turn
to their relative abundances in the particular samples
being tested [11, 35]. The high level of flavan-3-ols
(46.7%) in the sample extracted without enzymes could
be the reason for higher antioxidant activity. When com-
paring the phenolic compositions of the enzyme-extracted
samples, the Pectinex Ultra SP-L sample contained a
higher level of flavan-3-ols than the Macer8 FJ-treated
sample, and this might explain why the Pectinex Ultra SP-
L-treated sample exerted a slightly better antioxidant ef-
fect than the Macer8 FJ-treated juice sample (Tables 6
and 7). The variation in the antioxidant effect could,
however, also result from differences in the ascorbic acid
content. Besides the antioxidant affect, the released phe-
nols protect ascorbic acid from oxidation [36]. The data
available on the bonding and localization of phenolics in
blackcurrant does not allow any firm conclusions to be
drawn about the direct influence of specific enzyme ac-
tivities on the release of phenols from the blackcurrant
cell wall matrix. In addition, it was beyond the scope of
the present investigation to assess all of the individual
enzyme activities present in the enzyme preparation and
to evaluate their individual activities on the blackcurrant
phenolics and in turn on antioxidant activity. Neverthe-
less, the results indicate that the different enzyme treat-
ments influenced the phenolic composition of the black-
currant juice, and furthermore that this affected the anti-
oxidant potencies of the blackcurrant juice samples. A
more detailed understanding of the influence of plant
cell wall-degrading activities, for instance pectinase and
b-glucosidase activities, on the release of phenols from
plant cell wall polysaccharide matrices in fruits and ber-
ries—as well as an improved understanding of the action
of these enzymes on the phenols—is warranted. It is
therefore one of our future research priorities to provide

Table 6 Amounts and profilesa

of the phenols in three selected
blackcurrant juice samples

Enzyme Total phenolsb

GAE (mg/L)
Anthocyanins Flavan-3-ols Flavonols Hydroxy-

cinnamates

%c %c %c %c

None 5690 42.3 46.7 7.7 3.3
Macer8 [FJ]d 6497 63.7 19.5 14.0 2.8
Pectinex Ultra
SP-Ld

6420 49.4 38.3 9.5 2.8

a The content of hydroxybenzoates was below the detection level in all three extracts; b the experi-
mental parameters were 50 �C and 6 h; c percent of the total amount of phenols as determined by
HPLC; d the enzyme/substrate ratio was 0.05%

Table 7 Antioxidative activities of the blackcurrant juice extracts
expressed as the prolonged induction time of LDL oxidation (ex-
perimental parameters: 50 �C and 6 h; enzyme/substrate ratio:
0.05%)

Enzyme Induction time at Induction time at

2.5 mM GAE (min) 5.0 mM GAE (min)

None 11.2€0.18a 82.80€5.66a

Pectinex Ultra SP-L2 10.1€0.21b 92.76€4.96a

Macer8 [FJ]2 9.40€0.28c 88.49€5.64a

Superscript letters a, b and c indicate grouping within a column.
Different letters show statistical difference p<0.05
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data on these issues, as this will give a significantly im-
proved basis for tailoring the enzymatic pre-press treat-
ment to release the most potent antioxidant phenolics into
fruit juices. Further work is also needed to translate the
relative antioxidant activities of phytochemicals from in
vitro observations to effects in vivo.

Conclusions

Among the four commercial pre-press preparations ex-
amined, Macer8 [FJ] and Pectinex Ultra SP-L released
significantly higher amounts of phenols from blackcur-
rants than Rapidase BE Super and Grindamyl pectinase at
optimal experimental conditions. The amount of both juice
and phenols increased with the enhanced enzyme treat-
ment, and the result was a larger juice yield with a high
phenol concentration. The levels of phenols achieved with
the optimal enzyme treatments were 14–15% higher than
those extracted without enzymes. The variation between
the pectinolytic enzyme preparations in their ability to
release phenols could be due to differences in their un-
specified side activities. Mixing the enzyme preparations
decreased the phenol release, probably due to competitive,
non-productive adsorption to the substrate polysaccha-
rides. The correlation between the release of soluble car-
bohydrates (cell wall degradation) and the release of
phenols was linear and mainly similar for the two enzyme
preparations Macer8 [FJ] and Pectinex Ultra SP-L.

The extracts obtained with or without enzymatic hy-
drolysis inhibited the oxidation of LDL in vitro. The
variations in antioxidant activity between the extracts
were presumably based on differences in their phenolic
composition, but might also result from differences in
ascorbic acid content.

Among the enzyme preparations examined, Pectinex
Ultra SP-L seemed to be the best enzyme preparation to
use to release high amounts of phenols with potent anti-
oxidant effects. However, relatively little is known about
the side activities in commercial pectinolytic enzyme
preparations, as well as the allocation, bonding type and
so on of the phenols in the fruit cell wall. More infor-
mation is needed to allow the rational design of enzymatic
maceration treatments that both induce maximal juice
yields and that release potent antioxidant phytochemicals
from the fruits and berries into the juice.
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