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The impact of Tween20 surfactant, applied in native form or as colloidal gas aphrons (CGAs),

on  the extractability/purification enhancement of antioxidant compounds from grape skins

(GS),  compared to conventional solid–liquid extraction (SLE), was evaluated.

Three strategies were developed (S1: partial ethanol replacement during SLE with aqueous

Tween20 solutions; S2: CGAs application to GS-extract suspension from SLE; S3: Tween20

addition to extracts before spray-drying). The effect of surfactant/solvent concentration (S1),

extract/CGAs volumetric ratio (S2), and surfactant addition (S3) on total phenolic compounds

(TPC), total anthocyanin compounds (TAC), and antioxidant power of recovered phases, was

investigated.

In  S1, using surfactants could not significantly reduce ethanol percentage in solvent to

achieve a given TPC yield, but similar TAC yields than those from SLE were obtained when

partially replacing ethanol with Tween20. In S2, CGAs allowed an averaged 40% recovery of

TPC,  and TAC contained in crude extract, with only a slight detected additional TAC recovery

from exhausted GS. Adding surfactants within spray-drying processes (S3) enhanced the

water solubility of powdered extracts, despite reducing the powder/phenolics yield due to

increased sample stickiness.

Results demonstrated the potential of employing food-grade surfactants at different
stages of grape pomace valorization process for the recovery of antioxidant extracts.

©  2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

he re-utilization of food industry-derived by-products, being capa-
le to retain large amounts of valuable compounds, represents an
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interesting approach to meet the bioeconomy challenges, due to their

economically and environmentally sustainable valorization (Galanakis,

2012, 2015; Rocha et al., 2018).

An interesting case study is given by the industrial processing of

grapes (Vitis Vinifera L.) for winemaking, whose world production, con-

sidering either red or white cultivars, was estimated to slightly exceed
63 million tonnes in 2018 (FAOSTAT, 2018). During harvesting and indus-

trial processing phases, about 20 % by weight of the total raw material is
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discarded as waste (Andrade et al., 2019). The majority of this biomass

is constituted by highly perishable vine shoots, stems, grape pomace

(skins, and seeds), and wine lees/sediments, which might lead to detri-

mental effects on the environment, together with dramatic economical

losses, if unutilized and not properly disposed (Antoniolli et al., 2015;

Bustamante et al., 2008; Negro et al., 2003; Prasad et al., 2015).

In the last decades, there has been an increasing attention towards

the valorization of by-products from the industrial vinification pro-

cess, among which grape pomace, being a cheap source of high-added

value molecules such as phenolic compounds, of interest for food,

feed, pharmaceutical, and cosmetic sectors, as well as for agricultural

and oenological purposes (Nayak et al., 2018; Nunes et al., 2017; Sette

et al., 2019; Sirohi et al., 2020). Several literature works highlighted the

capability of phenolic compounds to exert many protective benefits on

human health, since they act as antioxidant, antimutagen, anticarcino-

gen, and antimicrobial agents (Frontuto et al., 2019; Makris, 2018).

The exploitation of such antioxidant compounds may be achieved

by their proper solubilization from vacuoles of food by-products cells

where they are closely embedded, being surrounded by a rigid cell/wall

membrane system. This operation generally occurs via a conven-

tional solid/liquid extraction (SLE) step, involving an intimate contact

between the solid matrix and organic solvent or solvent mixture with

a high affinity for the target compounds. However, in order to intensify

SLE process efficiency in terms of extraction yields, long maceration

times, high temperatures, and large amounts of organic and pollut-

ing solvents are typically required, thus eventually causing the loss of

functionality of target compounds, as well as leading to co-extraction

of undesired molecules (Angiolillo et al., 2015; Barba et al., 2016).

Hence, these underlined drawbacks have triggered research to

explore safer, environmental-friendly, and more sustainable methods

for the extraction/purification of food by-products-derived phenolic

compounds. For instance, it was demonstrated that pre-treating grape

pomace with mild cell wall/membrane demolishing processes, such as

those based on the use of enzymes or pulsed electric fields, could dra-

matically enhance the extraction yield of phenolic compounds with

respect to a simple hydroalcoholic SLE (Binaschi et al., 2018; Brianceau

et al., 2015).

More recently, the utilization of approaches exploiting the

interaction of phenolic compounds with surface-active molecules (sur-

factants), applied either in their native state or in the colloidal gas

aphrons (CGAs) form, has been proposed and extensively investigated

for extraction/purification purposes (Dahmoune et al., 2013; Löf et al.,

2011; MohdMaidin et al., 2018, 2019; Spigno and Jauregi, 2005; Spigno

et al., 2010, 2015).

Specifically, CGAs are stable microbubbles (10–100 �m) created by

intense stirring (5000–10000 rpm) of a surfactant solution above its crit-

ical micellar concentration (CMC) (Jarudilokkul et al., 2004; Prasad et al.,

2015), composed of a gaseous inner core (≈ 65% by volume) surrounded

by a double layer of surfactant molecules with thin surfactant film

(Corpuz et al., 2019; Yan et al., 2020).

The characteristic structure of CGAs confers them several impor-

tant features, namely high foam stability, easy phase separation, and

capability to absorb particles/molecules to the encapsulating shell,

which could be properly tuned by varying the type of surfactant implied

for their production (Fuda and Jauregi, 2006; Jauregi and Varley, 1998;

Jauregi and Dermiki, 2010; Spigno et al., 2015). Within this frame,

different scientists have previously reported the successful applica-

tion of CGAs for the efficient recovery of proteins from whey (Amiri

and Valsaraj, 2004; Jarudilokkul et al., 2004), cellulose from paper mill

wastewaters (Hashim and Sen Gupta, 1997), oil from water (Corpuz

et al., 2019), and antioxidants from artichoke bracts/stems (Noriega

et al., 2018).

In our recent studies (Dahmoune et al., 2013; MohdMaidin et al.,

2018; Spigno et al., 2015), we demonstrated that high extraction yields of

polyphenols, and in particular anthocyanins, could be obtained when

applying CGAs, generated either by the cationic surfactant CTAB or

the non-ionic surfactant Tween20, to hydroalcoholic extracts of grape

pomace. More in detail, the highest values of recovery and separation
ratio of the investigated classes of compounds were detected at condi-

tions maximizing both the electrostatic and hydrophobic interactions
(use of CTAB at pH > 2). However, differently from what was reported

in the case of CTAB-generated CGAs, no substantial losses of antioxi-

dant capacity were observed in recovered fractions when Tween20 was

utilized (Spigno et al., 2015). These results suggested the possibility

to preserve intrinsic properties of extracted compounds, thus enabling

CGAs utilization in replacement to conventional separation techniques

(e.g., SLE).

To our knowledge, no work in the current literature explored the

integration of surfactants at different stages of the grape pomace

valorization process (e.g. SLE, separation/purification) to develop a

low-impact method for polyphenols exploitation. Therefore, this work

aimed to assess the potential of surfactants, applied either in their

native form or as CGAs, to intensify the extraction/selective recovery

of polyphenols from grape pomace, as well as to increase the stability

of powders obtained after spray-drying of crude extracts. Specifically,

the following strategies were investigated:

- S1: integration of native surfactants within SLE step;

- S2: integration of surfactants in the form of CGAs after SLE step;

- S3: integration of native surfactants within the spray-drying process

of extracts,

with the products obtained characterized in terms of total or

specific (e.g., anthocyanins) phenolic compounds recovery, and antiox-

idant capacity.

2.  Materials  and  methods

2.1.  Raw  materials  and  chemicals

Wine processing by-products, mainly composed of skins, were
gently provided by a winery located in Northern Italy. For this
work, grape pomace was obtained upon industrial pressing of
grapes belonging to the “Barbera” variety, which were field-
grown in the Piedmont region in 2015. In particular, pomace
was collected into plastic containers (20 kg) and transported
within 1 day to the research laboratories. Upon its arrival, the
biomass was dried at 55 ± 2 ◦C until reaching a residual mois-
ture content of <7% dry weight (DW)  and subsequently skins
were manually separated from seeds. Afterward, skins were
milled up to a final particle size of less than 2 mm.  Dried milled
grape skins (DMGS), used for carrying out all the experiments,
were packed in airtight bags and kept in a dark place until their
use.

Gallic acid, sodium carbonate, and Tween20 were pur-
chased from Fluka (Milan, Italy); potassium chloride, sodium
acetate, and hydrochloric acid were obtained from Carlo Erba
(Milan, Italy); ethanol and Folin-Ciocalteau reagent were sup-
plied by VWR  Chemicals (Milan, Italy); ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt) was
purchased from Sigma-Aldrich (Milan, Italy); maltodextrins
(Glucidex 120 IT 12 DE (dextrose equivalent)) were obtained
from Roquette Italia s.p.a. (Alessandria, Italy), while potassium
persulfate was provided by Merck (Darmstadt, Germany).

2.2.  Conventional  solid–liquid  extraction  (SLE)  step

Conventional SLE step was performed adopting the method
previously optimized by Amendola et al. (2010), using aque-
ous ethanol as extraction solvent (60%, v/v). Accordingly,
many  studies have highlighted the greater efficiency of an
ethanol/water mixture in extracting phenolic constituents
from winery by-products with respect to the corresponding

mono-component solvent systems (Alonso et al., 1991; Pinelo
et al., 2005; Yilmaz and Toledo, 2006).
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Fig. 1 – Flow diagram of the followed experimental plan,
with common steps for investigated strategies (S1, S2, and
S3) being enclosed within black-edged boxes. Legend: *
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product subjected to analysis).

Specifically, 125 g of DMGS were mixed with 1 L of solvent,
hus applying a solid-to-liquid ratio (SLR) of 1:8 (g/mL), and the

ixture was kept under stirring at 3500 rpm (mixer Silverson
5M) for 1 h at 60 ◦C (temperature maintained by means of
n electric heating plate). At the end of the SLE process, the
olid/liquid separation was achieved by centrifugation at 5000
pm for 10 min  (Centrifuge ALC 4237R), with the supernatant
extract) collected in glass flasks and stored under refrigerated
onditions (T = 4 ◦C) for further analysis (by 24 h).

.3.  Intensification  of  SLE  process

n order to gain insight into the effect of the implementa-
ion of surfactants, used either in their native form or as
GAs, to recover antioxidant compounds (e.g. phenolic com-
ounds, anthocyanins) from grape skins and their ethanolic
xtracts, as well as to assist the spray-drying step of the latter
roducts, three different strategies were proposed and alter-
atively applied (S1, S2, and S3), with their schematization
riefly illustrated in the flow diagram of Fig. 1.

.3.1.  S1:  surfactant-assisted  SLE  step
1 consisted of the conventional SLE with the partial or com-
lete replacement of the reference extraction solvent (60%
thanol, v/v) with aqueous or hydroalcoholic solutions of the
ween20 surfactant (10–20 mM,  30–60% ethanol v/v). Extrac-
ion and further solid–liquid separation steps were carried out
ccording to the procedure illustrated in the previous para-
raph (2.2) and Fig. 1.

.3.2.  S2:  CGAs-assisted  separation  step
2 involved the direct application of the CGAs into the ethanol
uspension (DMGS + extract) immediately after the conven-
ional SLE. The ethanol suspension is composed of a liquid
art, where the phenols are dissolved, and a solid part that
till contains phenolic compounds. Thus, this operation was
arried out to possibly improve the extractability of pheno-
ic compounds from partially spent DMGS by exploiting their
ffinity with CGAs, as well as to provide an integrated process
or a single stage of extraction/purification.

Firstly, CGAs were generated from a 1 L Tween20 solution
20 mM)  by intense stirring at 8000 rpm with the Silverson

ixer for 5 min. Afterward, CGAs were pumped to a flota-

ion glass column (Dahmoune et al., 2013; Spigno et al., 2015)
mploying a peristaltic pump (Watson Marlow 505 U) from the
bottom, while the DMGS/extract suspension (feed), obtained
employing the protocol illustrated in Section 2.2, was manu-
ally transferred into the column from the top. Experimental
trials were performed at different sample/CGAs volumetric
ratios (1/9, 1/12, and 1/24 VExtract/VCGAs). Once the column was
filled, the mixture was left standing for 5 min  before pumping
out the separated bottom liquid phase (LP) and, after complete
collapse, also the upper aphron phase (AP). The latter was then
subjected to filtration in order to separate the exhausted skins
from the clear extract. The volumes of the separated liquid
phase and collapsed aphron phase were measured and used
to calculate the amount (in mg)  of target compounds recovered
in both streams. The percentage recovery of target compounds
in the aphron phase was calculated according to (Eq. 1):

AP recovery (%) = mgi, AP

mgi, Feed

(1)

where i represents the investigated species to be recovered
(phenolic compounds, anthocyanin compounds).

2.3.3.  S3:  surfactant-assisted  spray-drying  process
This step aimed to assess the capacity of Tween20 surfactant
to partially replace maltodextrins as encapsulation mate-
rial during a spray-drying process of DMGS hydroalcoholic
extracts.

Specifically, the extracts collected from the application of
conventional SLE step were concentrated three times under
vacuum by using an R-114 Rotavapor (BÜCHI Labortechnik AG,
Flawil, Switzerland) set at 30 ◦C, and then diluted to their initial
volume via water or aqueous solutions of Tween20 surfactant
of constant concentration (20 mM). Since a partial precipita-
tion phenomenon occurred after the dilution with Tween20
solution, the extract was left in darkness for one night and
then transferred to another flask to remove the precipitate.

Experimental trials for the encapsulation of extracts, added
or not with Tween20, were executed employing a laboratory
scale spray-dryer (Büchi Mini Spray Dryer B-290, Switzerland),
equipped with an atomization cylinder (0.48 m in height, 0.16
m in diameter). The liquid feed, composed of extract and
maltodextrins previously mixed at variable DE/GAE (dextrose
equivalent/gallic acid equivalent) molar ratios (0.64, 1.28, 2.44,
and 3.85 molDE/molGAE), was sent to the drying system via a
peristaltic pump working at a constant flow rate of 4 mL/min.
Compressed air at 38.5 m3/h was used to co-currently disperse
the liquid in fine droplets through a 0.7 mm nozzle to be sub-
sequently dried in the atomization cylinder at constant inlet
temperature (T = 150 ◦C). For each test, the aspiration rate was
set at 100%, with the obtained powder being collected into a
cyclone separator and stored for further analyses. The total
wet weight sample recovery, and the total phenols and antho-
cyanins recovery in the powder was calculated by comparing
their content in the spray-dried product with that of the initial
extract (Eqs. 2 – 5).

Wet  powder recovery (ReWP) = mWP

mextract
(2)

TPI280 recovery (RETPI280) = mWP, TPI280

mextract, TPI280

(3)
TPCFolin recovery (RETPCFolin) = mWP, TPCFolin

mextract, TPCFolin

(4)
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TAC recovery (RETAC) = mWP, TAC

mextract, TAC
(5)

where mWP is the mass of recovered wet powder after spray-
drying, mextract is the amount of solids present in the liquid
extract, mWP,TPI280 represents the amount of phenolic com-
pounds detected in the collected powder by TPI method,
mextract,TPI280 is the mass of phenolic compounds present in
the liquid extract by TPI method, mWP,TPCFolin is the amount
of phenolic compounds detected in the collected powder by
Folin-Ciocalteau method, mextract,TPCFolin is the mass of pheno-
lic compounds present in the liquid extract by Folin-Ciocalteau
method, mWP,TAC is the amount of anthocyanin compounds
detected in the collected powder, and mextract,TAC stands for the
mass of anthocyanin compounds present in the liquid extract.

2.4.  Analyses

2.4.1.  Flow  measurement  tests
Steady-state flow tests of surfactant solutions utilized
throughout the application of S1, with or without the addi-
tion of ethanol (10–20 mM,  30–60% ethanol v/v), were carried
out using a controlled stress and strain rheometer (MCR 302,
Anton Paar, Gratz, Austria), fitted with a cup and bob geome-
try. The system was thermally regulated by a Peltier plate and
a circulating water bath (FP 50, Julabo, Milan, Italy). For the
analysis, 20 mL  of sample were transferred into the cup and
kept at a fixed temperature (25 ◦C) for 2 min  to allow stress
relaxation and thermal equilibration. The apparent viscosity
(�, mPa s) of the samples was determined in the range of shear
rates (�, s−1) between 50 and 200 s−1. A new sample was used
for each determination.

2.4.2.  Characterization  of  CGAs
CGAs obtained from solutions of Tween20 surfactant at 1 mM,
10 mM,  and 20 mM (200 mL), were characterized for stability
in terms of gas hold up (�) and half-life (t1/2) in the gener-
ation vessel (Jauregi and Dermiki, 2010). Higher surfactant
concentrations were not tested since, as similarly reported by
Dermiki et al. (2010), no additional effects on CGAs structure
were observed. For the experiments, freshly produced CGAs
were transferred into a 500 mL  volumetric cylinder and the
volume of drained liquid was registered at regular time inter-
vals within the range 0–25 min, until complete foam collapse.
� was calculated according to (Eq. 6):

ε = VCGAs, t=0 − VDL, collapse

VCGAs, t=0
(6)

where VCGAs,t=0 is the initial volume of produced CGAs, and
VDL,collapse is the volume of drained liquid after complete foam
collapse (200 mL). Instead, the t1/2 was calculated as the time
required for the first 100 mL  to drain, corresponding to half of
the initial aqueous Tween20 solution volume.

2.4.3.  Total  phenolic  compounds  (TPC)
All the extracts and powders obtained from the application of
S1, S2, and S3, were subjected to TPC measurements adopting
two different methods, as previously reported by Amendola
et al. (2010):

- Total phenolic index (TPI280): when required, samples were

diluted with distilled water, and their absorbance was
measured at 280 nm using a UV-1601 spectrophotometer
(Shimazu, Milan, Italy). Gallic acid, previously dissolved in
aqueous ethanol or Tween20/aqueous ethanol mixture, was
used to generate a five-point standard calibration curve and
the results were expressed as mg  of gallic acid equivalent
(GAE) per L of sample (mgGAE/L) or per g of dry weight grape
skins (mgGAE/gDW).

- Folin-Ciocalteau method (TPCFolin): for the analysis, 25 mL of
water, 0.5 mL of extract or diluted powder sample, 2.5 mL  of
undiluted Folin-Ciocalteau reagent, and 5 mL of sodium car-
bonate (20%, v/v in water) were mixed, brought to 50 mL,  and
allowed to stand for 30 min  at 40 ◦C. A mixture of water and
reagents was used as a blank. The absorbance of the react-
ing mixture was then spectrophotometrically measured at
750 nm.  Gallic acid was used as the standard for the cali-
bration curve and the TPCFolin values were expressed as for
those of TPI280.

2.4.4.  Total  anthocyanins  content  (TAC)
Total anthocyanins of liquid extract samples were evaluated
by diluting them in acid-ethanol (ethanol:water:HCl, 70:30:1,
v:v:v) and reading their absorbance at 538 nm against the
same acid-ethanol. In this case, a calibration curve was not
performed but the value was multiplied by a dilution factor
and by 26.6, being a literature conversion coefficient used for
a mixture of the five main grape anthocyanins (Di Stefano
and Cravero, 2001). TAC values were expressed as mg  of wine
anthocyanins equivalents (WAE) per L of sample (mgWAE/L) or
per g of dry weight grape skins (mgWAE/gDW).

Instead, as far as powdered extracts are concerned, the
pH differential method optimized by Lee et al. (2005) was
applied, since preliminary studies revealed the interference
of maltodextrins upon the usage of acid-ethanol mixtures
(data not shown). Specifically, samples were diluted by two  dif-
ferent buffer solutions (sodium chloride pH 1.0, and sodium
acetate pH 4.5) and their absorbances were spectrophoto-
metrically measured at specific wavelengths (520 nm,  and
700 nm)  against water (blank sample). The concentration of
anthocyanins was expressed as mg  of cyanidin-3-glucoside
equivalents (C3GE) per L of diluted powder (mgC3GE/L) or per g
of dry powdered extract (mgC3GE/gDW).

2.4.5.  Antioxidant  capacity
The antioxidant power of all investigated samples was
assessed by the ABTS assay (Re et al., 1999). In brief, a radical
solution was prepared with 7 mM ABTS (2,2′-Azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt) and
2.45 mM potassium persulfate and subsequently kept in the
dark at room temperature for 16 h before its use. Such a
solution was then diluted with absolute ethanol up to an
absorbance of 0.70 (±0.02) at 734 nm and equilibrated at 30
◦C. For the analysis, 2 mL  of the diluted radical solution were
mixed with 20 �L of the sample, opportunely diluted with
water, and the mixture absorbance was read after 6 min  at
734 nm against ethanol 50%. A blank sample (2 mL  of diluted
ABTS mixed with 20 �L of water) and a control sample (2 mL  of
diluted ABTS) were also included and utilized to calculate the
antioxidant capacity in terms of percentage inhibition (AOC%),
as previously reported by Amendola et al. (2010).

2.4.6.  Water  solubility  index  (WSI)
The WSI  of the powders obtained from spray-drying was deter-
mined using the method described by Kha et al. (2010). In brief,

2.5 g of powder was added to 30 mL  of distilled water in a
50 mL centrifuge tube. The obtained mixture was then vig-
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Fig. 2 – Curves of apparent viscosity (�, mPa s) against the
shear rate (�, s−1), for the hydroalcoholic Tween20
solutions. Standard deviations were  used as error bars (p ≤
0.01).
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rously shaken on a vortex, and then incubated at 37 ◦C in
 water bath for 30 min. Afterward, the suspension was cen-
rifuged for 20 min  at 10,000 rpm, with the supernatant being
ollected in a pre-weighed crucible and dried in an oven at 105
C until achieving constant weight. The WSI  (%)  was calculated
s the percentage of solubilized powder (the residual solids of
upernatant dried at 105 ◦C) with respect to the initial powder
ass.

.5.  Statistical  analysis

ll experiments and analyses were executed in triplicate, with
ll the obtained results reported as mean ± standard deviation
SD). ANOVA test was carried out in order to evaluate the influ-
nce of specific process variables on measured parameters. In
ase of significant influence, assessed at a 99 % confidence
evel, variance homogeneity was checked and Tukey’s post-
oc test was applied for means discrimination (p ≤ 0.01). The
tatistical analysis was performed using the IBM SPSS Statis-
ics 19 software (SPSS Inc, Chicago, USA).

.  Results  and  discussion

.1.  S1:  surfactant-assisted  SLE  step

he results of apparent viscosity measurements, carried out
n aqueous/ethanolic solutions of Tween20 surfactant, are
epicted in Fig. 2.

The hydroalcoholic solution (60%, v/v) was characterized

y the highest values of � (2.84 mPa s, on average), exhibit-
ng a pure Newtonian fluid behavior due to the absence of

Table 1 – Extraction yields of total phenolic compounds (TPC) a
dried Barbera skins, as a function of the concentration of Tween
The results are expressed as mean ± SD. Values with different 

significantly different (p ≤ 0.01).

Tween20 [mM] Ethanol [% v/v] TPI280 [mgGAE/gDW] TPCFolin [m

0 60 24.6 ± 1.2d 24.3 ±
20 0 4.3 ± 0.5a 4.1 ± 

20
30 8.9 ± 0.1b 11.8 ±
60 12.7 ± 0.1c 20.5 ±

10
30 8.9 ± 0.7b 13.6 ±
60 13.1 ± 0.1c 20.1 ±
shear effects on flow resistance, in line with the findings of
Kadlec et al. (2010). Instead, the aqueous solution of Tween20
(20 mM), having significantly (p ≤ 0.01) lower � values than
those observed for 60% ethanol, showed a typical shear-
thickening behavior, with an increasing trend as a function
of the shear rate. Interestingly, regardless of either the sur-
factant or ethanol concentration in the extraction system, all
the flow curves associated with hydroalcoholic Tween20 solu-
tions, reporting a similar behavior to that detected for 60% (v/v)
ethanol, never exceeded that of the reference solvent.

The results shown so far seem to suggest the possibility
to use surfactant-based hydroalcoholic solutions, in place of
only hydroalcoholic solutions (60% ethanol, v/v), to potentially
enhance the extractability of target intracellular compounds
from DMGS (S1). In particular, the lower the solvent viscos-
ity, the higher its diffusivity coefficient which enables a better
penetration within the pores of the given plant materials
and, hence, greater recovery of their bioactive constituents
(Wijekoon et al., 2011). Within this frame, Table 1 reports
the extraction yields of total polyphenols and anthocyanins
obtained after either a conventional or surfactant-assisted SLE
step.

The hydroalcoholic solution allowed to efficiently recover
antioxidant intracellulars from DMGS, showing significantly
(p ≤ 0.01) higher TPC extraction yields than those observed in
the presence of Tween20, with or without ethanol. Moreover,
no statistical differences (p > 0.01) in terms of phenolic yields
could be detected when increasing the surfactant concentra-
tion in the extraction medium. This suggests a lower capability
of Tween20 to efficiently interact with the solid matrix, in com-
parison with the ethanol solution implied for SLE. However,
it should be also noted that similar TAC values than those
observed when employing 60% ethanol as extraction medium
were detected (p > 0.01) when partially replacing the organic
solvent with surfactant (10–20 mM,  30% ethanol v/v), thus indi-
cating a particular affinity of Tween20 towards anthocyanin
compounds, in accordance with the results reported in our
previous study (Spigno et al., 2015). Such a statement is also
reinforced by the lower TPC/TAC ratios detected in the pres-
ence of surfactant, rather than for conventional SLE.

Additional information on the quality of achieved extracts,
related to the occurrence of polyphenols oxidation phenom-
ena, is given by the ratio between the Folin index (TPCFolin) and
total polyphenols index (TPI280). For instance, a higher ratio
indicates a reduced oxidation extent of the recovered com-
pounds (the Folin index is more  influenced by the oxidative
status of the molecules than the total polyphenol index), as
well as a different composition of the extract (Spigno et al.,
2015). In this context, the results of Table 1 reflected the
combined potential of Tween20 and ethanol in protecting the

recovered compounds from oxidation reactions, with respect

nd total anthocyanin compounds (TAC) in extracts from
20 (mM)  and ethanol (% v/v) in the extraction system.

superscript letters within the same column are

gGAE/gDW] TAC [mgWAE/gDW] TPCFolin/TAC TPCFolin/TPI280

 2.8c 6.4 ± 0.9b 3.79 0.99
0.3a 2.6 ± 0.1a 1.56 0.94

 0.8b 5.8 ± 0.4b 2.04 1.33
 0.2c 7.0 ± 0.0b 2.94 1.62

 1.2b 5.5 ± 1.0b 2.12 1.53
 0.6c 7.2 ± 0.1b 2.80 1.53
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Fig. 3 – Antioxidant capacity (AOC% based on ABTS test) of
the extracts obtained from dried Barbera skins, as a
function of the TPC, for different concentrations of Tween20
(mM)  and ethanol (% v/v) in the extraction system.

Table 2 – Evaluation of CGAs stability, in terms of gas
hold up (ε) and half-life (t1/2), as a function of Tween20
concentration in the starting aqueous solutions. Results
are expressed as mean ± SD. Values with different
superscript letters within the same column are
significantly different (p ≤ 0.01).

Tween20 [mM] � [-] t1/2 [s]

1 0.49 ± 0.00a 173 ± 1a

10 0.65 ± 0.01b 523 ± 1b

20 0.71 ± 0.01c 701 ± 4c

Fig. 4 – Evolution of the drainage time (min) against the
drained liquid volume (mL) for the CGAs generated from
aqueous Tween20 solutions. Standard deviations were
used as error bars (p ≤ 0.01).
Standard deviations were  used as error bars (p ≤ 0.01).

to the application of single-component systems for extraction
purposes.

Remarkable outcomes were achieved in the research study
of Papaioannou and Karabelas (2012), who  investigated the
influence of an enzymatic pre-treatment, applied alone or
in presence of different non-ionic surfactant agents, on the
extractability of lycopene from tomato peels. Specifically, the
authors found that the utilization of Span20 surfactant dra-
matically enhanced lycopene recovery, whose extent reached
4-fold and 10-fold increases as compared to only enzy-
matically pre-treated and untreated samples, respectively.
Therefore, following a similar “green” approach, in our work
the direct application of Tween20 solutions during the organic
SLE step of DMGS could represent a low-cost method for the
intensification of bioactive compounds recovery. For instance,
according to the results reported in Table 1, it might be hypoth-
esized to perform a first extraction stage with Tween20 10
mM/ethanol 30% to recover the majority of anthocyanins
together with half of the other phenolic compounds, followed
by a minor SLE step with ethanol 60% for the solubilization of
the remaining polyphenols fraction.

The analysis of the antioxidant capacity of all the obtained
extracts via ABTS assay (Fig. 3) furtherly confirmed the
mildness of surfactant-assisted extraction protocol, since no
significant reduction in the antiradical activity of the phenolic
compounds could be detected when Tween20 was integrated
into the extraction solvent. This eventually endorses the pos-
sibility of using Tween20 to reduce ethanol consumption
during the SLE step without affecting the functionality of
recovered compounds. However, deeper studies on surfactant-
assisted extraction are strictly necessary in order to better
elucidate the interaction occurring between surfactant and
solvent during SLE, aiming at maximizing the extraction yields
of specific classes of phenolic compounds by possibly reducing
either the solvent volume or the extraction time.

3.2.  S2:  CGAs-assisted  separation  step

In this work, S2 was implemented for potentially achieving a
double aim, that is to integrate the extract-solids separation
step with a purification/fractionation step, and to furtherly

increase the recovery of phenolic compounds from exhausted
DMGS.
The stability of CGAs, generated by aqueous solutions of
surfactant (1–20 mM Tween20) was assessed by measuring
the gas hold-up (�) and half-life (t1/2, in s), with the results
schematized in Table 2.

The increase in surfactant concentration in aqueous solu-
tions contributed to improving the stability of achieved
structures, as testified by the significant (p ≤ 0.01) increase in
both observed parameters along the investigated domain. As
expected, the lowest stability was observed for a 1 mM aque-
ous solution of Tween20, being the considered concentration
very close to the reported value of CMC in water (0.08 mM)  by
Kim and Hsieh (2001).

The greater stability of CGAs generated from a 20 mM
Tween20 solution is also corroborated by the results depicted
in Fig. 4, showing the dependence of drainage time from the
produced liquid volume during sampling. In particular, the
system containing the highest amount of surfactant agent,
showing the greatest t1/2 value (Table 2), underwent a com-
plete collapse approximately 3.5 min  later than the foam
obtained from the solution at the intermediate concentration
of Tween20 (10 mM).

In light of these results, a 20 mM concentration of Tween20
was selected and utilized to perform the experiments on
CGAs-assisted purification of bioactive molecules from DMGS
extracts.

Table 3 schematizes the yields/amounts of total pheno-
lic compounds and anthocyanins calculated on the basis of
the collected volume of the separated aphron phase, for dif-
ferent extract/CGAs volumetric ratios. As it clearly emerges
from the results, maximum values of TPC and TAC extraction
yields were obtained at 1:24 V /V , being significantly
Extract CGAs

higher (p ≤ 0.01) than those observed within the range 1:9 –
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Table 3 – Extraction yields and quantity of collected mass in the Aphron phase (AP) of total phenolic compounds (TPC)
and total anthocyanin compounds (TAC), as a function of the ethanol suspension/CGAs volumetric ratio. The results are
expressed as mean ± SD. Values with different superscript letters within the same column are significantly different (p ≤
0.01).

VExtract/VCGAs [–] TPI280 TPCFolin TAC

Yield [mgGAE/gDW] mgGAE (AP) Yield [mgGAE/gDW] mgGAE (AP) Yield [mgWAE/gDW] mgWAE (AP)

1/9 3.6 ± 0.1a 33.8 ± 1.1b 6.0 ± 0.2a 56.2 ± 2.2b 1.5 ± 0.0a 13.9 ± 0.1b

1/12 6.4 ± 0.5b 44.4 ± 3.2c 10.1 ± 0.9b 70.2 ± 6.0c 1.9 ± 0.1b 16.5 ± 0.1c

1/24 7.4 ± 0.3c 25.8 ± 1.0a 11.0 ± 0.9b 38.4 ± 3.1a 2.6 ± 0.1c 9.1 ± 0.5a

Fig. 5 – Antioxidant capacity (AOC% based on ABTS test) as
a function of the TPC for the liquid feed, aphron phase (AP),
a
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Fig. 6 – Recovery (%) of total phenolic compounds (TPC) and
total anthocyanin compounds (TAC) in the aphron phase,
calculated according to Eq. (1), as a function of the ethanol
suspension/CGAs volumetric ratio. For each investigated
class of compounds, different letters above the bars indicate
nd liquid phase (LP) collected upon the application of S2.

:12 VExtract/VCGAs. Conversely, if we  consider the total amount
f antioxidant compounds retained in the aphron phase for
he different trials, the highest values (p ≤ 0.01) were achieved
n correspondence of the intermediate volumetric ratio, likely
ue to a maximization of hydrophobic forces participating in
he separation of extracted compounds from the liquid feed.
dditionally, no significant losses in antioxidant activity of
ompounds recovered in the aphron phase were detected over
hose of the crude extract or liquid phase (Fig. 5).

However, in order to enable the comparison of our data
ith those reported in previous research works, the percent-

ge recovery of interest compounds in the aphron phase was
alculated according to Eq. (1), with the results reported in the
istograms of Fig. 6.

It should be noted that the percentage recovery of TPC and
AC (even at 1:24 VExtract/VCGAs) were significantly lower than
hose achieved by Spigno et al. (2015) when applying CGAs
enerated from a 10 mM Tween20 solution at similar volu-
etric ratios (1:22 VExtract/VCGAs) to a DMGS liquid extract (74

 and 80% for TPC and TAC, respectively). This discrepancy
ould be due to the higher surfactant concentration used in the
urrent work (20 mM),  previously selected for imparting the
reater foam stability (Table 2), which might have prevented a
ood interaction among micelles and phenolic compounds.
s similarly reported by Das et al. (2008), it could be likely

hat the presence of more  surfactant agent (higher molar-
ty) at the CGAs/extract interface has caused an increase in

ass transfer resistance with a reduced intake of phenolic
ompounds to the internal CGAs core. Another possible expla-
ation for the observed trend could arise from the presence
f solid particles contained in the ethanolic DMGS extracts,
hich might have consistently decreased the contact surface

etween interest phases. However, this aspect is worth inves-
igating in future works, due to the lack of comparative studies
significant differences among the mean values (p ≤ 0.01).

reported in the current literature on the CGAs-assisted purifi-
cation of solid–liquid extracts.

Nevertheless, the trends of TPC and TAC observed in Fig. 6
are in good agreement with the findings of Noriega et al. (2018),
who detected a gradual enrichment of the aphron phase with
phenolics extracted from artichoke wastes when increasing
the volumetric ratio, independently of the surfactant agent
utilized for CGAs generation (Tween20, CTAB).

As per the literature survey, several previous authors have
assessed the efficiency of various methods for the purifi-
cation/fractionation of phenolic compounds, in particular
anthocyanins, obtained from different food by-products. For
instance, Negro et al. (2003) performed a purification step
of “Negro Amaro” grape skins, preliminarily homogenised
in 80% ethanol (v/v), by solid-phase extraction using a C18
column, which yielded a 35% recovery of the total antho-
cyanins contained in the processed biomass. Better results
were reported in the recent work of Pazir et al. (2021) on
the effect of either temperature, pressure, or time applied
during a supercritical CO2 (SC-CO2) extraction from grape
pomace on the achieved anthocyanins yield. Specifically, the
above-mentioned authors showed that increasing the contact
time between SC-CO2 and the investigated biomass positively
affected the total monomeric anthocyanins content (TMAC)
of collected extracts, which rose up to a saturation extrac-
tion efficiency value of 63% after 180 min  of processing.
Instead, in the work of Jampani et al. (2014) the adsorption and
desorption capacity of seven different resins towards water-
extracted anthocyanins from Jamun  fruit seeds was tested.
The authors detected the highest anthocyanins desorption

ratio (87%) using the Amberlite XAD7HP resin, despite the elu-
tion was assisted by organic solvents (e.g., ethanol). Although
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Table 4 – Values of TPC and TAC recovered in both the aphron (AP) and liquid (LP) phases, in comparison with those
contained in the ethanol suspension feeding the flotation column (Feed), as a function of the ethanol suspension/CGAs
volumetric ratio. The results are expressed as mean ± SD. When reported, the symbol * indicates a significant difference
(p ≤ 0.01) between the class of compounds (TPC, TAC) in the considered samples (AP + LP, and Feed), at a fixed volumetric
ratio.

VExtract/VCGAs [–] TPI280 TPCFolin TAC

AP + LP [mgGAE] Feed [mgGAE] AP + LP [mgGAE] Feed [mgGAE] AP + LP [mgGAE] Feed [mgGAE]

1/9 137.9 ± 1.1 138.3 ± 2.5 224.8 ± 3.1 222.6 ± 9.6 55.9 ± 0.6* 51.9 ± 1.3*
1/12 102.7 ± 7.2 108.6 ± 12.6 161.1 ± 8.2 155.1 ± 1.4 38.6 ± 0.6 40.5 ± 4.1

1.1 ±
1/24 49.8 ± 1.6 48.9 ± 0.8 7

any comparison with data from the aforementioned litera-
ture works is very difficult due to the different separation
methods and raw materials utilized, in our investigation we
found that the application of CGAs induced approximately
a 50 % recovery of the total anthocyanins dissolved in the
crude DMGS extract without involving the additional usage of
organic solvents, thus standing as a potential low-cost alter-
native purification method.

The results of Table 4 showed the poor capability of CGAs
to additionally extract bioactive compounds from exhausted
DMGS. Peculiarly, regardless of the considered extract/CGAs
volumetric ratio, statistically similar (p > 0.01) values were
detected when comparing TPC content of the output process-
ing streams (AP + LP) with that initially contained in the liquid
feed. However, only at 1:9 VExtract/VCGAs of volumetric ratio, a
slight but significant (p ≤ 0.01) increase in the TAC recovery
over the crude extract was observed, thus indicating a fur-
ther extraction from the solid matrix. Therefore, based on this
result, it could be speculated that the utilization of lower vol-
umetric ratios than the minimum one adopted in this work
(1:9 VExtract/VCGAs) leads to even higher extraction yields of
valuable compounds from grape skins.

Evaluation of the scale-up feasibility and techno-economic
analysis of the proposed strategy were not carried out dur-
ing this work but previous research (Dermiki et al., 2010)
tested both batch and continuous operation modes of CGA-
based separation process, showing potential scalability of the
process. In our case, the presence of particles would surely
complicate the process and additional trials would be required
for testing continuous operation mode in terms of separation
efficiency and economic viability.

Overall, collected results corroborated the greater affinity
of Tween20 towards anthocyanin compounds, in total agree-
ment with the results of Table 1, as well as with previous
literature findings (MohdMaidin et al., 2018; Spigno et al.,
2015).

3.3.  S3:  surfactant-assisted  spray-drying  process

Due to the formation of a sticky dark red precipitate after
the Tween20 addition to the concentrated extract (data not
shown), samples to be spray-dried were again analyzed in
terms of TPI280, TPCFolin, and TAC, with the results schema-
tized in Table 5.

Precipitation led to a partial mass loss of around 34–39
% for total phenolic compounds (TPCFolin and TPI280, respec-
tively), while the TAC concentration was not significantly (p >
0.01) varied after the surfactant addition. The observed result
may be explained by considering that the applied pH differ-
ential method is capable of determining only the monomeric

anthocyanin pigment, while polymerized anthocyanin com-
pounds are not detected. Thus, it could be likely that the
 6.4 78.1 ± 1.1 18.5 ± 1.3 17.3 ± 0.2

addition of Tween20 to concentrated DMGS extract has caused
the separation of polymerized anthocyanins from the system
via precipitation, due to their greater affinity with the surfac-
tant agents (Spigno et al., 2015). On the same line, Dahmoune
et al. (2013) observed that pumping CGAs in a flotation col-
umn, previously filled with extracts from the pomace of “Pinot
noir” grape variety, implied the formation of insoluble dark red
agglomerates in the aphron phase which could not be recov-
ered, thus remaining unquantified. Nevertheless, in order to
confirm our hypothesis and to better characterize the achieved
products after Tween20 usage, further analyses on the precip-
itated fraction need to be performed.

Table 6 reports the principal characteristics of pow-
ders obtained from spray-dried DMGS extracts added with
Tween20, as a function of the DE/GAE ratio, in terms of mass,
TPC, and TAC recovery (%), as well as of WSI  (%). More-
over, for two specific values of DE/GAE ratio (0.64, and 2.44
molDE/molGAE), experimental trials were also performed on
DMGS extracts without the addition of the surfactant agent.

In the absence of Tween20, results clearly show that, as
long as the DE/GAE ratio was raised, a higher mass yield and a
slightly higher protective effect against degradation of pheno-
lic compounds were observed. The latter can be inferred from
the comparison of the phenolics and anthocyanins recovery
at the two  investigated DE/GAE ratios, and also from the com-
parison of the phenolics and mass yield. In fact, similar values
of yields indicate that no degradation phenomena occurred
during the spray-drying process.

Conversely, when Tween20 was added to the feeding
extract, dramatically reduced mass yields were recorded as
compared to those from powders obtained without surfactant
addition, at a constant DE/GAE ratio. As far as the degrada-
tion of phenolic compounds is concerned, this is evident from
the recovery values of TPCFolin and TAC, being significantly
lower than the corresponding mass powder recovery. Despite
this, the yield of TPI280 remained almost constant. This is, any-
way, related to the fact that such parameter is not affected by
the oxidative status of the phenolic compounds (Spigno et al.,
2015).

However, apart from the abovementioned degradative
effect induced towards phenolic compounds, the evident
reduction in RETPI280, RETPCFolin, and RETAC when diminish-
ing the amount of coating agent utilized during spray-drying
could be likely attributed to the increased hydrophilicity of the
DMGS extracts upon the addition of surfactant, thus imparting
a sticky behavior to the product being processed and, hence,
complicating the separation of water from solids by evapora-
tion. Similar results were achieved in the work of Adhikari
et al. (2009), who assessed the influence of low-molecular-
weight surfactants, such as Tween80, on the surface stickiness

of a rich-sugar product utilized for carrying out spray-drying
tests. Specifically, the authors underlined the difficulty in
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Table 5 – Concentrations of phenolic and anthocyanin compounds in extracts to be spray−dried, before (pre) and after
(post) the addition of Tween20 solution. The results are expressed as mean ± SD. Values with different superscript letters
within the same column are significantly different (p ≤ 0.01).

DMGS extract TPI280 [mgGAE/gDW] TPCFolin [mgGAE/gDW] TAC [mgWAE/gDW]

pre 14.04 ± 0.06b 26.48 ± 0.01b 1.93 ± 0.05a

post 8.62 ± 0.03a 17.55 ± 1.85a 2.09 ± 0.20a

Table 6 – Recovery (%) of total wet powder (WP) mass, total phenolic/anthocyanin compounds, and WSI  of powders
obtained from spray-drying of DMGS extracts, with or without Tween20, as a function of the DE/GAE ratio. The results
are expressed as mean ± SD. Different lowercase and uppercase letters within the same column express significant
differences (p ≤ 0.01) among powder characteristic parameters due to the effect of DE/GAE ratio, in the presence and
absence of Tween20, respectively. When reported, the symbol * indicates significant differences (p ≤ 0.01) between
powder characteristic parameters, at constant DE/GAE ratio, only due to the effect of surfactant agent.

DE/GAE [–] REWP [%] RETPI280 [%] RETPCFolin [%] RETAC [%] WSI [%]

3.85 (+Tween20) 71.0 ± 1.3b 90.0 ± 0.1c *57.0 ± 1.9c 55.0 ± 5.6b 93.0 ± 0.1c

2.44 (+Tween20) *73.0 ± 0.2b *75.0 ± 0.2b 49.0 ± 0.9b *47.0 ± 1.7b *90.0 ± 0.1b

1.28 (+Tween20) 26.0 ± 3.3a 26.0 ± 2.7a 18.0 ± 2.3a 12.0 ± 2.4a 89.0 ± 0.6a

0.64 (+Tween20) *25.0 ± 2.5a *24.0 ± 2.0a *19.0 ± 1.9a *15.0 ± 3.8a *88.0 ± 0.6a

2.44 *91.0 ± 1.0B *88.0 ± 0.1A *80.0 ± 3.2A *93.0 ± 5.5A *86.0 ± 0.2B

0.64 *80.0 ± 1.7A *86.0 ± 2.1A *81.0 ± 0.9A *85.0 ± 2.1A *74.0 ± 0.9A
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btaining high powder recoveries after processing, reaching
n almost null value when Tween80 was integrated into the
tarting solutions. Such outcome was ascribed to the so-called
orogenic displacement” phenomenon, which consisted in the
islodgement of the proteins added to the starting formula-
ion from the surface of the produced droplets, as caused by
he non-ionic surfactant agent, thus remaining unprotected
nd, hence, depositing on the spray-dryer walls.

Looking at the water solubility of the obtained pow-
ers (Table 6), as expected, an increase in the maltodextrin
mount led to an increase in WSI, such as the addition of
ween20, which would furtherly confirm the hypothesized
reater hydrophilic behavior of DMGS extracts in the presence
f surfactant. In conclusion, the application of surfactants for
pray-drying of bioactive compounds remains worth investi-
ating due to their capability to mainly modify/improve the
olubility of powders and the further release of stored com-
ounds. However, additional efforts are required to optimize
heir dosage within liquid formulations to avoid the observed
osses in both the mass and antioxidant power of final pow-
ers.

.  Conclusions

his work assessed the feasibility to integrate food-grade
urfactant agents at different stages of the grape skins val-
rization process for intensifying the extraction/purification
f their main bioactive constituents (polyphenols, antho-
yanins). As regarding the surfactant-assisted SLE (S1), a
ustainable and low solvent consuming two-steps process
ould be proposed (1ST extraction: 10 mM Tween20/30 %
thanol, 2ND extraction: 60 % ethanol) in order to selectively
nd efficiently recover anthocyanins and other phenolic com-
ounds from dried milled grape skins, thus potentially leading
o a more  economical and environmentally friendly process
ue to a reduced consumption of organic solvents. Instead,
hen Tween20 was used in the form of CGAs (S2), maximum

ecoveries of phenolics (49.3 %) and anthocyanins (52.3 %) were

btained at the highest investigated extract/CGAs volumet-
ic ratio, without leading to substantial losses of antioxidant
capacity of extracted compounds. The addition of surfac-
tant to the liquid extracts before spray-drying (S3) caused
an increase in the water solubility of the resulting powders,
despite the percentage recovery of mass, TPC, and TAC were
significantly lower, as compared to those obtained from crude
extracts in the absence of surfactant.

Additional studies need to be addressed to better clarify the
behavior of surfactant agents in the presence of solid particles
like grape skins during the CGAs-assisted extraction step, as
well as the generated impact on the achieved degree of extract
purification and on the process energy requirements. Viability
and techno-economic analysis of a scaled-up version of the
proposed technology will have to be established.
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