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ABSTRACT

Bioactive polyphenols were extracted from the peel fraction of bilberry processing waste
using aqueous ethanol as solvent. A response surface methodology was used to evaluate the
effects of liquid-to-solid ratio (R), solvent composition (C), extraction time (E) and temperature (T)
on the extraction yield. The following optimal conditions were determined: R = 30 mL/g, C =57%, E
=160 min, T = 40 °C. Phenolic extracts with a polyphenol content of 83.75 + 4.16 mg GAE/g and an
antioxidant activity of 7.64 + 0.43 mmol TE/g were also produced using a batch extractor operating
under optimal process conditions.

Keywords: Bilberry, Polyphenols, Extraction, Antioxidant Activity, Agro-Industrial Wastes.

INTRODUCTION

In recent years, environmental concerns
and sustainability issues have stimulated efforts
to develop suitable strategies for the efficient
management of agro-industrial wastes. Current
approaches are mostly based on low-value
applications, such as composting, energy production
and animal feeding. However, the presence of
several value-added compounds (e.g., polyphenols,
carotenoids and polysaccharides) in food and

vegetable wastes make them promising renewable
resources for the recovery of these substances'.

Polyphenols are a class of plant secondary
metabolites exhibiting high antioxidant activity
and other important properties such antimicrobial
activity?, reduction of inflammation® and inhibition of
the formation and growth of tumors*. The antioxidant
activity of these compounds is due to their ability
to quench reactive oxygen species (ROS) and
to stimulate the endogenous defense system?.
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For these reason, an adequate dietary intake of
polyphenols is thought to reduce the risk of oxidative
stress-related degenerative diseases®.

Bilberry (Vaccinium myrtillus L.) is a
perennial shrub native to Northern Europe and
cultivated for fruit production in many parts of
the world. Bilberry fruits are a very rich source of
polyphenols, particularly anthocyanins and flavanols’.
According to Giovanelli and Buratti®, the polyphenol
content of bilberry is approximately 600 mg/100 g and
is two to three times higher than in North-American
highbush blueberry (V. corymbosum). Studies have
also shown that the amount of polyphenols in bilberry
is closely related to the developmental stage of the
plant and that they tend to accumulate in the outer
part of the fruit, where they perform their biological
functions. Riihinen et al.® found an anthocyanin
content in the fruit peel over 20 times higher than in
the pulp and a similar tissue-specific distribution was
observed for quercetin and hydroxycinnamic acids.

From the industrial processing of bilberries
into juices, jams and purees, a solid waste consisting
mainly of the fruit skins and seeds is generated.
This material is available in relatively large amounts
in many European and American countries and is
usually disposed of or used for composting or animal
feeding. In contrast, its potential use as a source of
polyphenols for pharmaceutical, nutraceutical or
cosmetic applications has been the subject of only
limited attention. For example, Aaby et al.”® showed
that extracts from bilberry press residue exhibited
promising antiproliferative effects on three human
colon cancer lines. In another study, functional milk
products with high antioxidant capacity were obtained
using phenolic extracts from bilberry waste'".
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The aim of the present study was to develop
a simple and environmentally friendly procedure,
with a view to industrial scale-up, for the recovery
of polyphenols from bilberry processing waste. To
this end, aqueous solutions of ethanol, a ‘Generally
Recognized As Safe’ (GRAS) compound, were
used as solvent and the operating conditions were
varied within ranges of practical interest. Another
purpose of this study was to optimize the extraction
process and evaluate the characteristics of the
polyphenol extracts obtained under optimal process
conditions.

MATERIALS AND METHODS

Chemicals and plant material

Ethanol (CAS 64-17-5), methanol (CAS
67-56-1) and hydrochloric acid (CAS 7647-01-0)
were obtained from Carlo Erba (Milano, ltaly).
Gallic acid (CAS 149-91-7), Trolox (6-Hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid, CAS
53188-07-1), DPPH (2,2-diphenyl-1-picrylhydrazyl,
CAS 1898-66-4) and the Folin-Ciocalteu reagent
were purchased from Sigma-Aldrich (Milano, ltaly).
All chemicals were reagent grade and used without
further purification.

Bilberry residues were obtained from “Rigoni
di Asiago SRL’, a fruit transformation company
located in Asiago (VI, Italy). The waste consisted
mainly of the fruit skins and was stored in plastic bags
at —20 °C. When needed, an aliquot of the frozen
material was thawed in air at room temperature and
assayed for moisture and polyphenols.

Analytical methods
Moisture content was determined by drying
to constant weight. Measurements were made with

Table 1: Actual and coded levels of the factors of the
experimental design

Factor Unit Coded level

-2 -1 0 +1 +2
Liquid-to-solid ratio (R)  mL/g 10 20 30 40 50
Solvent composition (C) % v/v 10 30 50 70 90
Extraction time (E) min 30 90 150 210 270
Temperature (T)°C 20 30 40 50 60
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an electronic moisture analyzer (MAC 50/1, Radwag,
Poland). The polyphenol content of bilberry residues
was determined using a three-stage extraction
procedure'2. Specifically, 1 g of plant material and the
appropriate amount of 50% (v/v) aqueous ethanol
(100, 50 and 20 mL in the first, second and third
stage, respectively) were placed in screw-top glass
flasks. After 90-min stirring at 40 °C, the solution was
filtered at 0.45 ym and assayed for total polyphenols.
The polyphenol content of the plant material was
calculated as the sum of the values obtained in each
stage.

Total polyphenols were determined by the
Folin-Ciocalteu method with some modifications’.
The results were expressed as gallic acid equivalents
(GAE) per unit weight or volume of sample using
a calibration curve obtained with gallic acid
standards.

Antioxidant activity was determined by
the DPPH assay, according to the procedure
described by Brand-Williams et al.'*. The results
were expressed as Trolox equivalents (TE) per unit
weight or volume of sample using a calibration curve
obtained with Trolox standards.

Table 2: Experimental design layout and observed extraction yields
(y)- SO is the standard order and RO the run order of experiments

SO RO Coded level Response
X, X, X, X, y (%)
1 3 —1 —1 —1 —1 51.4+1.2
2 12 +1 —1 —1 —1 57.4+1.0
3 21 —1 +1 —1 —1 61.7+1.7
4 1 +1 +1 —1 —1 71.9+1.8
5 27 —1 —1 +1 —1 548 +1.4
6 9 +1 —1 +1 —1 58.0+1.5
7 5 —1 +1 +1 —1 62.8+1.2
8 26 +1 +1 +1 —1 68.4 +2.0
9 20 —1 —1 —1 +1 73.9+22
10 10 +1 —1 —1 +1 79.7 1.6
11 25 —1 +1 —1 +1 721 £ 2.1
12 17 +1 +1 —1 +1 86.0+1.8
13 16 —1 —1 +1 +1 752 +1.6
14 18 +1 —1 +1 +1 80.7+15
15 23 —1 +1 +1 +1 789 +1.9
16 29 +1 +1 +1 +1 86.6 +1.7
17 11 -2 0 0 0 60.2 +1.3
18 30 +2 0 0 0 83.8+2.0
19 24 0 -2 0 0 46.0+1.2
20 28 0 +2 0 0 64.0+1.8
21 7 0 0 -2 0 66.5 + 1.6
2 22 0 0 +2 0 704 £ 2.1
23 13 0 0 0 -2 68.7 + 1.6
24 4 0 0 0 +2 929+1.9
25 14 0 0 0 0 80.9+22
26 2 0 0 0 0 80.7+1.9
27 8 0 0 0 0 73.7+2.0
28 15 0 0 0 0 76.1+1.8
29 6 0 0 0 0 80.5+1.9
30 19 0 0 0 0 743 +1.7
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Extraction procedure

The extraction of polyphenols from
bilberry residues was performed in batch mode
using aqueous ethanol of various concentrations as
solvent. Appropriate amounts of plant material and
solvent were initially loaded into screw-cap flasks.
The flasks were placed in a water bath thermostated
at the desired temperature (£0.1°C) and were
magnetically stirred. At the selected time, an aliquot
of the liquid was taken, passed through a 45-pm
nylon filter and assayed for total polyphenols.

A Pyrex glass vessel (1.5-L working volume)
provided with a mechanical stirrer (two-blade 60-mm
impeller) and a thermostated water jacket was used to
produce bilberry extracts. About 40 g of plant material
were loaded into the extractor together with the
appropriate amount of aqueous ethanol. The stirring
speed was set at 300 rpm. At the end of extraction,
the vessel was emptied and the suspension filtered
on paper. The liquid was evaporated in a Rotavapor
(R-215, BUCHI Labortechnik AG, Switzerland)
equipped with a vacuum controller and a diaphragm
pump. Evaporation was carried out at 40 °C for
about 2 h by reducing the pressure, stepwise or
continuously, down to 15-20 mbar. The dried extract
was weighed and assayed for total polyphenols and
antioxidant activity.

Experimental design

A central composite design (CCD) was
used to investigate the effects of liquid-to-solid ratio
(R), aqueous ethanol concentration (C), extraction
time (E) and temperature (T) on the recovery
of polyphenols from bilberry residues The CCD

Table 3: Estimates of the regression
coefficients in Eq. (3) together with their
corresponding standard errors (s), t-values (t),
and p-values (p)

Coefficient Value s t p

a, 77.367 1.091  70.927 <0.0001
a, 4.372 0.771 5.668 <0.0001
a, 3.886 0.771 5.038 <0.0001
a, 0.799 0.771 1.036 0.311
a, 8.127 0.771  10.537 <0.0001
a,, -5.489 0.708 -7.747 <0.0001
a -2.124 0.708 -2.999 0.006
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consisted of a full two-level factorial design (16 runs),
a replicated central point (6 runs) and axial points at
distance o from the central point (8 runs). The value
of o was taken as (2*)* = 2 to ensure rotatability of
the design'®.

Factor levels were chosen to cover a
range of values of practical interest. They are
reported in Table 1 in both actual (X)) and coded (x)
values, the latter being obtained by the following
transformations:

X —Xio

xl_ = —
AX; (1)

where X, is the actual value of the /-th factor

at the center-point level and AX; is the step change
value for that factor.

The extraction yield of polyphenols (y),
expressed as the percentage amount of extracted
polyphenols to the initial amount of polyphenols in the
plant sample, was used as the response variable.

Overall, the experimental design consisted
of 30 runs (Table 2), which were performed in random
order to minimize the effects of uncontrolled factors.
The statistical software JMP® (version 11, SAS
Institute, Cary, NC, USA) was used for the design of
experiments and the analysis of the results.

RESULTS AND DISCUSSION

Polyphenol content of bilberry residues

The moisture content of bilberry peels
was about 57% (w/w). The total polyphenol content
determined by the three-stage extraction procedure
was 1.19 + 0.12 g GAE per 100 g fw, corresponding
to 27.83 + 2.81 mg GAE/g dw. This value is higher
than those reported for similar agro-industrial wastes.
For example, values close to 14 mg GAE/g were
determined for grape pomace' and carrot peel
waste'. A polyphenol content of 10.85 mg GAE/g
was found in olive pomace', while 8.2 and 11.4
mg GAE/g were obtained for kiwi and apple peel
wastes'®. Finally, artichoke bracts and stems,the two
major components of artichoke processing waste,
were found to possess a polyphenol content of 10.23
and 16.36 mg GAE/g, respectively?®. Therefore,
based on the total phenolic content, it can be said that
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bilberry residues are an important and potentially
valuable source of polyphenols.

Modelling of polyphenol extraction

The experimental design results are shown
in Table 2. The polyphenol extraction yields (y) were
correlated in terms of the dimensionless independent
variables (x) by the following full second-order
polynomial equation:

4 4 3 4
_ 2
y=a, +Z“fxf +Zaiixl. +Z Z a5,
i=1 i=1

i=l j=itl

(2

where a, is the intercept, a, a, and a,are
the linear, pure quadratic and interaction regression
coefficients, and x; are the coded variables defined
as in Eq. (1). After eliminating the non-significant
terms (o = 0.05), the following reduced hierarchical
model was obtained:

_ 1,0
VEG N, FOX, TN AN, T X,
.(3)

Table 3 reports the estimates of the

100
[ ”
// o
N e CCDruns f
9 / °
L . ’ . I/
o Validation runs i ol
80 L / yd
) ade
s /(
-~ 70 k ’ ’
& ‘ 0.6 o 90,1
< [ . L
L3 k
-5 [ s
< 60 | AL s
3 F rd
[ y p
, ,
[ S ~
50 r ,; /’,
- ,’ ,’
[ , >
L s s
W0 r S
L 7 7’
y p
, v
P g
30 Wl \ N L Lo vy

3 40 5 60 70 8 90 100
Yerp (%)

Fig. 1: Comparison between experimental (y,, )
and calculated (y_,.) polyphenol extraction
yields. The latter were obtained from Eq. (3)

with the regression coefficients listed in Table

3.The dashed lines delimit the + 10% deviation
band
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coefficients in Eq. (3) obtained by least-squares
fitting together with their standard errors, t-values
and p-values. Examination of the p-values reveals
that, with the exception of a,, all the coefficients of
the reduced model were statistically significant at
the 95% confidence level. However, the term a x,
was retained in the model to ensure hierarchy. We
also note that all the interaction coefficients were not
significant, this implying that each factor exerted its
effect independently of the others.

Overall, the model provided a good fit to
the data (Fig. 1), with a coefficient of determination
(R?) of 0.91 and an average percent difference
between experimental and calculated extraction
yields of about 4%. Moreover, ANOVA analysis
indicated that the lack of fit was not significant and
hence that the reduced model described by Eq. (3) is
statistically sound. To check for the accuracy and the
predictive capability of the model, seven additional
experiments were performed (Table 4). Validation
runs were conducted both inside (trials 1—4) and
outside (trials 5-7) the factorial space. The mean
difference between the observed and predicted
yields was 5.5% and all of the predicted values fell
inside the 95%-prediction intervals, further validating
the model described by Eq. (3).

Fig. 2 shows the response surface plots of
the polyphenol extraction yield as a function of two
factors varying in the factorial part of the design
(=1 < x, < +1) while setting the others to their
center-point values. As is evident from Fig. 2a, when
plotting the yield against liquid-to-solid ratio (R)
and temperature (T), a planar response surface is
observed, in accordance with the linear dependence
of y on x, and x,in Eqg. (3). Since the associated
model coefficients, a,and a, are both positive,
it follows that an increase in R or T improves the
efficiency of polyphenol extraction. This can be easily
explained by considering that higher liquid-to-solid
ratios enhance the mass-transfer of the polyphenols
into the solvent?' and that temperature has a
positive effect on the extraction kinetics, which can
be attributed to the weakening of the solute—matrix
interactions and/or to its influence on the properties
of the solvent®2. Since a,is greater than a,, it follows
that temperature has a more pronounced effect than
liquid-to-solid ratio on polyphenol recovery.
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Fig. 2: Response surface plots showing the effects of: (a) liquid-to-solid ratio (R) and temperature
(T); (b) solvent composition (C) and extraction time (E); (c) liquid-to-solid ratio (R) and solvent
composition (C); (d) liquid-to-solid ratio (R) and extraction time (E); (e) solvent composition (C)
and temperature (T); and (f) extraction time (E) and temperature (T) on the polyphenol extraction
yield (y). For each surface plot, the levels of the other factors are held at their central values
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When the levels of R and T are kept
constant, the response surface displays a maximum-
like behavior (Fig. 2b). To better investigate the effects
of solvent composition (C) and extraction time (E),
the right-hand side of Eq. (3) was differentiated with
respect to x, and x, (with x, = x, = 0) and equated
to zero. The following stationary point coordinates
were obtained: x,; = 0.35 and x,, = 0.19 or, in
terms of uncoded variables: C = 57.1% (v/v) and
E = 161.3 min. From the above analysis and the
plots reported in Figs. 2¢ to 2f, it can be said that
the response surface can be described as a “rising
ridge”. Therefore, for any given value of R and T, the
polyphenol extraction yield can be maximized by
setting the solvent composition and the extraction
time to their optimal levels. Regarding the latter two
variables, we note that solvent composition has a
much greater effect on polyphenol extraction, being
a,almost five times higher than a_.

The existence of an optimum aqueous
ethanol concentration for the recovery of polyphenols,
lying roughly between 50 and 60% (v/v) ethanol,
has been reported in several other studies on plant
wastes, such as peanut skins?®, olive leaves?,
kiwifruit residues? and potato peels?. An explanation
can be given by the fact that the various polyphenols
present in bilberry skins have different affinities for
ethanol and water. Accordingly, an optimal aqueous
ethanol concentration may exist which maximizes the
total amount of polyphenols extracted?”. However, it
cannot be excluded that other solvent-related effects,
e.g., solvent-induced perturbations of solute—matrix

Table 4: Experimental (y__) and predicted (y

exp
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interactions or swelling, are also involved?®. Swelling
occurs when solvent molecules adsorb on specific
functional groups of the structural plant components
such as cellulose and lignin, causing an expansion of
the plant tissues. This increases solvent penetration
in the plant matrix, improving the extraction of matrix-
bound compounds. Due to their small molar volume,
high hydrogen bonding capability and large basicity,
ethanol and water are effective swelling agents®,
which suggests that swelling phenomena may play
a role in the extraction process.

Production and characteristics of dry bilberry
extracts

Dry bilberry extracts were produced as
described in the Experimental section by vacuum
evaporation of the polyphenol solution obtained
in the mechanically stirred vessel operated under
optimum extraction conditions. The conditions
were set as follows: R = 30 mL/g, C = 57% (v/v),
E = 160 min, T = 40 °C. The resulting dry extracts
had a moisture content of 5.8 + 0.2 (% w/w) and
a polyphenol content of 83.75 + 4.16 mg GAE/g
dw. The antioxidant activity, expressed as Trolox
equivalents (TE), was 7.64 + 0.43 mmol TE/g dw.
It is interesting to compare this value with those
obtained for extracts from different plant materials.
Gong et al.*report an antioxidant activity of 0.3 to
1.83 mmol TE/g for alcoholic extracts from marigold
(Tagetes erecta L.) residues. In the case of grape
pomace?®', values ranging from 0.9 to 2.34 mmol
TE/g were determined, while extracts from Jatropha
curcas L.*2had an antioxidant activity of 8.53-8.84

pred) polyphenol extraction yields for model

validation together with the 95%-prediction intervals (PI). Superscripts in the first
column denote experiments performed inside (in) and outside
(out) the factorial region

Trial R(mUg) C(%viv) Emin) T(C) v, (%) V(%)  PI(%)

1in 25 50 180 50 84.5 83.18  74.9-915
2n 30 60 210 40 73.5 76.61  68.4-84.8
3n 25 40 150 35 63.2 67.80  59.6-76.0
4i 45 50 150 55 91.0 96.11  87.3-104.9
Bout 30 10 30 40 39.0 37.54  26.0-49.0
Bout 40 50 270 60 97.4 91.09  80.7-101.5
7ou 30 70 210 25 56.6 62.25  53.6-70.9
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mmol TE/g. It is also of interest to consider that raw
cocoa beans® and commercial cocoa powders®,
which are well-known rich sources of antioxidant
phenolic compounds, exhibited antioxidant activities
ranging from 0.1 to 3 mmol TE/g.

From the above results, it can be concluded
that dry bilberry extracts obtained from bilberry skins
under optimized extraction conditions have a very high
antioxidant capacity and could, therefore, be used
as valuable functional ingredients in pharmaceutical,
nutraceutical and cosmetic products.

CONCLUSIONS

The results of this study demonstrate that
bilberry processing waste is a very rich source of
polyphenols and that they can be easily recovered,
in the form of a phenolic-rich extract, by an

FIDALEO et al., Orient. J. Chem., Vol 32(2), 759-767 (2016)

environmentally friendly extraction procedure using
aqueous ethanol as solvent. We have also shown
that the extraction efficiency is mainly affected
by temperature, liquid-to-solid ratio and solvent
composition and, to a lesser extent, by extraction
time.

Future research should focus on the
possibility of using mixed wild fruit wastes and
the identification of bioactive compounds other
than polyphenols, such as vitamins, peptides,
polysaccharides and sterols, in the resulting
extracts.
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