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Abstract The purpose of this study was to compare the ef-
fects of the non-thermal technologies of pulsed electric fields
(PEF), high-voltage electrical discharges (HVED) and ultra-
sound (USN) on bioactive compounds (ascorbic acid, total
carotenoids, total phenolic compounds and total anthocya-
nins) and antioxidant capacity of a fruit juice (papaya and
mango) blend sweetened with Stevia rebaudiana .
Experiments were carried out at two equivalent energy inputs
(32–256 kJ/kg) for each technology. Principal component
analysis (PCA) was used to understand the contribution of
ascorbic acid, total carotenoids and oxygen radical absorbance
capacity (ORAC) values. These parameters were better
retained with PEF treatments. Nevertheless, the use of
HVED and USN technologies cannot be ruled out, as they
may enhance the contents of other bioactive compounds such
as total phenolic compounds when HVED technology is ap-
plied at an energy input of 256 kJ/kg. The obtained data can
contribute to the determination of optimum processing condi-
tions for production of high nutritional quality liquid foods.

Keywords Exotic fruit juices . Pulsed electric fields .

High-voltage electrical discharges . Ultrasound . Bioactive
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Introduction

In the last two decades, a growing demand for exotic fruits has
been observed. Amongst these, mango and papaya are some
of the most important, now ranked second and third of the
total tropical fruit production, only behind banana production
(Evans and Ballen 2012). Moreover, consumption of several
mango- and papaya-derived products such as juices, purées
and fresh-cut mango slices has increased in response to con-
sumer’s demand for highly nutritious healthy foods (Rawson
et al. 2011a). These products contain a large amount of bioac-
tive compounds, including ascorbic acid, phenolic com-
pounds and carotenoids, that have shown to be good contrib-
utors to the total antioxidant capacity of foods (Zulueta et al.
2009; Vijaya et al. 2010) and have been associated with a
reduced risk of degenerative diseases such as cancer and cor-
onary heart disease (Abuajah et al. 2014; Pistollato and
Battino 2014).

Although thermal treatments have been traditionally used
in the preservation of liquid foods due to their ability to inac-
tivate microorganisms and spoilage enzymes, several chemi-
cal and physical changes may take place, especially when high
temperatures (>100 °C) are used, impairing organoleptic prop-
erties and reducing bioactive compound content.
Consequently, new processing technologies which can avoid
microbial contamination and allow the obtainment of high-
quality food with “fresh-like” characteristics and improved
functionalities are required (Rawson et al. 2011a). In this line,
the use of electrotechnologies, such as pulsed electric fields
(PEF), high-voltage electrical discharges (HVED) and ultra-
sound (USN) processing, has been shown to be promising for
liquid food preservation (Toepfl et al. 2006, 2007; Barba et al.
2012; Zulueta et al. 2013). Additionally, PEF and USN treat-
ment can be combined with conventional preservative tech-
niques, such as the use of green herbs with antimicrobial
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activity in order to enhance the lethal or inhibitory effect of
these technologies on microorganisms (Ross et al. 2003) as
well as their preservation of nutritional properties (Wang et al.
2008; Soria and Villamiel 2010; Boussetta and Vorobiev
2014). Such combinations enhance food preservation at lower
individual treatment intensities (Ross et al. 2003). Moreover,
HVED, which is a pulsed electric-based technology, has also
the potential to be used for food preservation. However, the
formation of reactive species (e.g. ozone) generated during the
discharges makes necessary deeper studies about the effect of
this technology in the nutritional properties of foods (Sarkis
et al. 2015).

In two previous studies, Carbonell-Capella et al. (2013)
and Barba et al. (2014) combined a non-thermal technology
(high pressure processing) with a natural antimicrobial Stevia
rebaudiana Bertoni (Siddique et al. 2014), obtaining interest-
ing results regarding Listeria monocytogenes, polyphenol ox-
idase (PPO) and peroxidase (POD) inactivation. Moreover, a
significant increase of bioactive compounds and antioxidant
capacity was found. However, there is a need to study if other
mild preservation technologies such as PEF, HVED and USN
have the same positive effect regarding antioxidant
compounds.

This manuscript discusses the effect of pulsed electric
fields, high-voltage electrical discharges and ultrasound tech-
nology on bioactive compound retention and antioxidant ca-
pacity of a fruit juice blend based on mango and papaya
sweetened with S. rebaudiana. Stevia 2.5 % (w/v) was select-
ed as a low-calorie sweetener with antioxidant potential based
on a previous study (Barba et al. 2014). Equivalent energy
inputs were applied in order to compare the different technol-
ogies between them, and ascorbic acid, total carotenoids, total
phenolic compounds, total anthocyanins and antioxidant ca-
pacity were investigated.

Materials and Methods

Sample Preparation

Mango (Mangifera indica) and papaya (Carica papaya) were
purchased from a local supermarket (Valencia, Spain) at com-
mercial maturity stage.Mango and papaya juices were extract-
ed after appropriate washing of the fruits and filtered bymeans
of a mesh sieve (pore size 0.297 mm).

Dried S. rebaudiana leaves were supplied by Anagalide
S.A. (Spain) and stored at room temperature. A stock solution
of 8.33±0.01 % (w/v) was prepared according to Carbonell-
Capella et al. (2015). One hundred millilitres of boiling dis-
tilled water was added to the dried leaves (8.33 g), and the
mixture was covered and allowed to infuse for 30 min at
100 °C. The infusion was vacuum filtered using a Kitasato
flask, a Büchner funnel, a vacuum pump (VDE 0530, KNF

Neuberger GmbH, Germany) and a filter paper (Whatman®
No. 1, Whatman International Ltd, UK), and the filtrate ob-
tained was stored at 40 °C.

The fruit juice blend was prepared by mixing 50.8 % (v/v)
of papaya juice, 19.3 % (v/v) of mango juice and completing
volume up to 100 % with Stevia stock infusion, with a final
Stevia concentration of 2.5 % (w/v). The final Stevia concen-
tration (2.5 %) was selected according to a previous study
(Belda-Galbis et al. 2014) which showed the highest antimi-
crobial activity at this concentration against Listeria innocua,
a pathogen of great concern in minimally processed beverages
because of its ubiquitous, psychotropic nature and because of
its ability to grow in acidic environments.

Chemicals

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylicacid), 2,2′-azinobis(3-ethylbenzothiazoline 6-sulfo-
nate) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin–
Ciocalteu reagent, fluorescein sodium salt and sodium
metabisulfite were purchased from Sigma-Aldrich
(Steinheim, Germany). Gallic acid was purchased from UCB
(Brussels, Belgium). Hexane (LC grade) and potassium
dihydrogen phosphate (KH2PO4) were purchased from
Scharlau (Barcelona, Spain). Oxalic acid, acetic acid, sodium
acetate, potassium persulphate (K2S2O8), sodium and
disodium phosphate and 2,2′-azobis-(2-amidinopropane)
dihydrochloride (AAPH) were purchased from Panreac
(Barcelona, Spain). Ethanol, methanol, hydrochloric acid, so-
dium chloride (special grade), sodium carbonate anhydrous
(Na2CO3), trichloroacetic acid and sodium sulphate
proceeded from Baker (Deventer, The Netherlands). L(+)-
ascorbic acid was obtained from Merck (Darmstadt,
Germany).

PEF, HVED and USN Treatments

Electrical treatments in PEF and HVED modes were done
using a high-voltage pulsed power 40 kV–10 kA generator
(Tomsk Polytechnic University, Tomsk, Russia). The initial
temperature before PEF or HVED treatments was ≈20 °C,
and the temperature elevation after electrical treatment never
exceeded 35 °C. Beverage temperature was controlled by a K-
type thermocouple (±0.1 °C) connected to a data logger ther-
mometer centre 305/306 (JDC Electronic SA, Yverdon-les-
Bains, Switzerland). PEF treatments were carried out in a
cylindrical batch treatment chamber between two plate elec-
trodes of 95 cm2. The distance between electrodes was fixed
to 2 cm with a corresponding electric field strength E of
25 kV/cm. Total treatment duration tt (tt =n× ti) was changed
by increasing the number of pulses n from 50 to 400. Time
delay between sequential pulses was of Δt=2 s. Exponential
decay of voltage U∝ exp (−t/ti) with effective decay time
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ti≈10.0±0.1 μs was observed. Total specific energy input (W,
kJ/kg) was chosen as a parameter to describe the treatment
intensity. Two energy inputs were applied, which
corresponded to samples PEF1 (32 kJ/kg) and PEF2 (256 kJ/
kg). The energy input (W) of PEF treatment was calculated as
shown in Eq. (1).

W ¼
X n

i¼1
W PEF

m
ð1Þ

where WPEF is the pulse energy (kJ/pulse), n is the number of
pulses and m is the product mass (kg). WPEF was determined
from Eq. (2).

W PEF ¼
Z t

0
UIdt ð2Þ

where U is the voltage (V) and I is the current strength (A).
For HVED treatments, the 1-L treatment chamber

(inner diameter = 10 cm, wall thickness = 2.5 cm) was
equipped with needle-plate geometry electrodes. The di-
ameters of stainless steel needle and the grounded disk
electrodes were of 10 and 35 mm, respectively. The
distance between the electrodes was of 5 mm. Energy
was stored in a set of low-inductance capacitors, which
were charged by the high-voltage power supply.
Electrical discharges were generated by electrical break-
down in water with a peak pulse voltage (U) of 40 kV.
Damped oscillations were thus obtained over a total
duration ti of ≈10 μs. The voltage (Ross VD45-8.3-A-
K-A, Ross Engineering Corp., Campbell, CA, USA) and
current (Pearson 3972, Pearson Electronics Inc.,
Campbell, CA, USA) measurement units were connected
with a 108-Hz sampling system via an oscilloscope
(Tektronix TDS1002, Beaverton, OR, USA). The soft-
ware HPVEE 4.01 (Hewlett-Packard, Palo Alto, USA)
was used for data acquisition. The energy input of
HVED treatment was calculated as shown in Eqs. (1)
and (2), where WPEF was substituted by WHVED. Total
treatment duration (tt = n× ti) was changed by increasing
the discharge number n from 50 to 400. The discharge
pulse duration tHVED was approximately 10 μs. The dis-
charges were applied with a repetition rate of 0.5 Hz,
which was imposed by the generator. In order to com-
pare HVED treatments with PEF, equivalent energy in-
puts were used, obtaining sample HVED1 (32 kJ/kg)
and HVED2 (256 kJ/kg).

For USN treatments, an ultrasonic processor UP 400S
(Hielscher GmbH, Germany) which operates at 400 W
and a frequency of 24 kHz was used. Amplitude, which
could be adjusted from 20 to 100 %, was set at 100 %.
The instrument can be used in cycle mode (0 ∼ 1),
where a cycle setting of 1 means that the solution is

sonicated without interruption, whereas with a cycle set-
ting, for example, of 0.5 the solution is sonicated for
0.5 s and then sonication stops for 0.5 s. Hence, in
cycle mode, the ratio of sound-emission time to cyclic
pause time can be adjusted continuously from 0 to
100 % per second. In the present study, cycle was fixed
at 1. The titanium sonotrode H14 with a diameter of
14 mm and a length of 100 mm was used to transmit
ultrasound inside the sample. The sample was sub-
merged in a cooling bath to avoid the heating induced
by USN irradiation. The energy input of USN treatment
was calculated as follows (Eq. (3)):

WUSN ¼ Power � tUSN
m

ð3Þ

where tUSN is the total treatment duration (s), m is the
product mass (kg) and the generator power (400 J/s). In
order to obtain equivalent energy inputs to the other
treatments applied, total treatment duration was of 20
and 160 s, obtaining USN1 (32 kJ/kg) and USN2

(256 kJ/kg) samples.

Polarographic Determination of Ascorbic Acid

The beverage (5 mL) was diluted to 25 mLwith the extraction
solution (oxalic acid 1 %, w/v, trichloroacetic acid 2 %, w/v,
sodium sulphate 1 %, w/v). After constant shaking at 4×g
during 30 s in a vortex (VV3, VWR International, Spain),
the solution was filtered through a folded filter (Whatman®
no. 1). Oxalic acid (9.5 mL) 1 % (w/v) and 2 mL of acetic
acid/sodium acetate 2 M buffer (pH=4.8) were added to an
aliquot of 0.5 mL of filtrate, and the solutionwas transferred to
the polarographic cell. A Metrohm 746 VA Trace Analyser
(Herisau, Switzerland) equipped with a Metrohm 747 VA
stand was used for the polarographic determination
(Carbonell-Capella et al. 2013).

Total Carotenoids

Extraction of total carotenoids was carried out in accordance
with Lee and Castle (2001). Five millilitres of extracting sol-
vent (hexane/acetone/ethanol, 50:25:25, v/v) was added to an
aliquot of sample (2 mL) and centrifuged for 5 min at 3220×g
at 5 °C. The top layer of hexane containing the colour was
recovered and transferred to a 25-mL volumetric flask. The
volume of recovered hexane was then adjusted to 25 mL with
hexane. Total carotenoid determination was carried out on an
aliquot of the hexane extract by measuring the absorbance at
450 nm. Total carotenoids were calculated according to Ritter
and Purcell (1981) using an extinction coefficient of β-caro-
tene, E1 %=2505.
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Total Phenolic Compounds

Total phenols were determined according to the method re-
ported by Georgé et al. (2005), with some modifications.
Briefly, 50 mL of a mixture of acetone/water (7/3, v/v) was
added to 10 mL of sample and centrifuged for 30 min at
3220×g. Mixture supernatants were then recovered by filtra-
tion (Whatman® no. 2, England) and constituted the raw ex-
tracts (REs). REs (2 mL) were settled on an Oasis cartridge
(Waters). Interfering water-soluble components (reducing
sugars, ascorbic acid) were recovered with 2×2 mL of dis-
tilled water. The recovered volume of the washing extract
(WE) was carefully measured. In order to eliminate vitamin
C, heating was carried out on the washing extract (3 mL) for
2 h at 85 °C and led to the heated washing extract (HWE). All
extracts (RE, WE and HWE) were submitted to the Folin–
Ciocalteu method, adapted and optimized (Barba et al.
2014). Gallic acid calibration standards with concentrations
of 0, 100, 300, 500, 700 and 1000 ppm were prepared and
0.1 mL was transferred to borosilicate tubes. Three millilitres
of 2 % (w/v) sodium carbonate solution and 100 μL of Folin–
Ciocalteu reagent (1:1, v/v) were added to 100 μL of all gallic
acid standard and sample tubes. The mixture was incubated
for 1 h at room temperature. Absorbance was measured at
765 nm.

Total Anthocyanins

Total anthocyanins were determined using a modified
method of Mazza et al. (1999). A tenfold diluted sam-
ple of 100 μL was mixed with 1700 μL of distilled
water and 200 μL of 5 % (v/v) HCl. The sample was
hold at room temperature for 20 min before measuring
the absorbance at 520 nm. Calculations of total antho-
cyanins were based on cyanidin-3-glucoside (molar ab-
sorptivity 26900). All spectrophotometric analyses were
performed using a UV–visible spectrophotometer
Lambda 20 (Perkin-Elmer, Überlingen, Germany).

Total Antioxidant Capacity

TEACAssayTrolox-equivalent antioxidant capacity (TEAC)
was measured using the method of Re et al. (1999) based on
application of ABTS decolourisation assay (Sigma-Aldrich,
Steinheim, Germany). The ABTS radical (ABTS•+) was gen-
erated using 440 μL of potassium persulfate (140 mM). The
solution was diluted with ethanol (Baker, Deventer,
The Netherlands) until an absorbance of 0.70 was reached at
734 nm. Once the radical was formed, 2 mL of ABTS•+ was
mixed in a vortex (VV3, VWR International, Spain) for 30 s
with 100 μL of extract and the sample was incubated for
60 min at 20 °C. Absorbance, A, was measured at the wave-
length of 734 nm (Carbonell-Capella et al. 2013), and

percentage of inhibition (% I) was calculated using the follow-
ing formula (Eq. (4)):

% I ¼ 1−final absorbance
Initial absorbance

� �
� 100 ð4Þ

Results were expressed as Trolox-equivalent values (mM
TE) using a standard calibration curve of Trolox in the range
of 50–250 μM.

ORAC Assay The oxygen radical absorbance capacity
(ORAC) assay used, with fluorescein as the “fluorescent
probe”, was that described by Barba et al. (2014). The auto-
mated ORAC assay was carried out on a Wallac 1420
VICTOR2 multilabel counter (Perkin-Elmer, USA) with fluo-
rescence filters, for an excitationwavelength of 485 nm and an
emission wavelength of 535 nm. The measurements were
made in plates with 96 white flat bottom wells (Sero-Wel,
Bibby Sterilin Ltd., Stone, UK). The reaction was performed
at 37 °C, as the reaction was started by thermal decomposition
of AAPH in 75 mM phosphate buffer (pH 7.0). Calculations
were done using Eq. (5), and results were expressed as mM
TE:

ORAC mM TEð Þ ¼ CTrolox � AUCSample−AUCWhite

� �� K

AUCTrolox−AUCWhiteð Þ � 1000
ð5Þ

where CTrolox is 20 μM, AUC is the area under the curve and
K is the dilution factor.

DPPH Assay Antioxidant capacity was also measured fol-
lowing the method described by Brand-Williams et al.
(1995). The reaction was begun by adding 50 μL of a suitable
dilution of sample to 1.45 mL of 2,2-diphenyl-1-
picrylhydrazyl (DPPH)-coloured radical. The sample was in-
cubated for 30 min at room temperature (T = 20 °C).
Absorbance was measured at the wavelength of 515 nm, and
percentage of inhibition (% I) was calculated using the follow-
ing formula (Eq. (6)):

% I ¼ 1−final absorbance
Initial absorbance

� �
� 100 ð6Þ

Results were expressed as mM TE using a standard cali-
bration curve of Trolox in the range of 0.05−1 mM.

Statistical Analysis

All determinations were performed in triplicate. One-way
analysis of variance and Pearson test were used for statistical
analysis of the data using Statgraphics® Centurion XVI
(Statpoint Technologies Inc., USA) (differences at p<0.05
were considered significant). A principal component analysis
based on the correlation matrix was performed to assess
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differences amongst the different treatments. Response vari-
ables were autoscaled prior to chemometric application, in
accordance to Granato et al. (2015).

Results and Discussion

Effect of PEF, HVED and USN Treatment on Bioactive
Compounds

To establish the effect of the non-thermal technologies of PEF,
HVED and USN, two equivalent energy inputs (32 and
256 kJ/kg) were applied to a fruit juice blend (papaya and
mango) sweetened with S. rebaudiana Bertoni, and in all
cases, results were compared with the untreated beverage.
Ascorbic acid, total carotenoids, total phenolic compounds,
anthocyanins and total antioxidant capacity measured by
TEAC, ORAC and DPPH method were determined.

The ascorbic acid content in the fruit juice blend sweetened
with Steviawas 18.5±0.4 mg/100 mL (Table 1). These results
are in close agreement with values of ascorbic acid obtained
by Murillo et al. (2012) in mango and papaya. Immediately
after treatment by PEF, HVED and USN, ascorbic acid reten-
tion was of 17–91 %. USN was the processing technique that
better retained the ascorbic acid content of the fruit juice-
Stevia blend (84–91 %), followed by PEF (80–83 %).
However, after HVED treatment, ascorbic acid retention de-
creased to 17–23 %. This fact can be attributed to the forma-
tion of gaseous cavitation bubbles, as well as the emission of
shock waves of high pressure and of high-intensity UV light
when electrical discharges are applied in liquids (Boussetta
and Vorobiev 2014). In any case, higher energy inputs caused
higher ascorbic acid losses, independently of the treatment
applied, only significant in the case of HVED treatment
(Fig. 1), which may be caused by the increase of temperature
at high energy levels, causing the degradation of this thermo-
labile vitamin. Nevertheless, our results were in accordance to
those found by other previous studies which have reported the
feasibility of USN and PEF to preserve ascorbic acid when

they are used for liquid food preservation (Barba et al. 2012;
Tiwari et al. 2008a, b; Zulueta et al. 2013).

Regarding total carotenoids, untreated sample exhibited a
yield of 676.1±3.5 μg/100 mL, higher than in a previous
study of a mango, papaya and orange beverage sweetened
with Stevia (Carbonell-Capella et al. 2013). After PEF1 pro-
cessing, total carotenoids were significantly higher (p<0.05),
with values of 800.9±3.5 μg/100 mL (Fig. 2). This may be
due to carotenoids being released or leaching of other minerals
or solid substances into the juice as a result of the pulsed
electric fields (Roohinejad et al. 2014). In this line,
Torregrosa et al. (2005) found that the application of various
PEF treatments in orange–carrot juice produces a significant
increase in carotenoid concentrations as treatment time in-
creases. Moreover, Zulueta et al. (2010) also found a slight
increase in the concentration of the extracted carotenoids
when they applied PEF (25 kV/cm, 80 μs) in an orange
juice-milk beverage. However, after PEF2 treatment at an en-
ergy input of 256 kJ/kg, total carotenoid diminished signifi-
cantly (p<0.05). Behaviour of carotenoids after pulsed elec-
tric treatments is complex and, although other authors have
also seen that at higher field intensities, carotenoid content is

Table 1 Bioactive compounds and antioxidant capacity of untreated
fruit juice blend sweetened with Stevia rebaudiana

Parameters Fruit juice-Stevia blend

Ascorbic acid (mg/100 mL) 18.5 ± 0.4

Total carotenoids (μg/100 mL) 676.1 ± 3.5

Total phenolics (mg/L) 2685.6 ± 18.4

Total anthocyanins (mg/L) 11.8 ± 1.4

TEAC (mM TE) 23.9 ± 0.9

ORAC (mM TE) 30.8 ± 0.9

DPPH (mM TE) 24.3 ± 0.5
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reduced, this is not yet well understood. For instance, vitamin
A content was higher than in the pasteurized juice after
Torregrosa et al. (2005) applied PEF treatment at different
field intensities (25, 30, 35 and 40 kV/cm) and only with
electric fields of 25 and 30 kV/cm. When using HVED tech-
nology, total carotenoids decreased, possibly because of the
formation of reactive species generated during the treatment.
In this case, HVED2 treatment led to the beverage with the
lowest content in total carotenoids (46 %). Boussetta et al.
(2011) also observed a negative effect of HVED in antioxidant
compounds above an energy value of 80 kJ/kg. Carotenoid
content after ultrasound processing was of 429.1–486.5 μg/
100 mL. Differently from other technologies, higher treatment
time of ultrasound led to a higher carotenoid content. A pos-
sible explanation for this increase may be (1) the ability of
ultrasound to enhance disruption of cell walls, which might
have facilitated the release of bound carotenoid contents, or
(2) the rupture of carotenoid-protein binding, thus facilitating
the extractability of carotenoids. These results are in close
agreement to those obtained by Abid et al. (2014), who found
a significant improvement in carotenoid content of USN-
treated apple juices, and Rawson et al. (2011b), who found a
slight increase in lycopene content in USN-treated watermel-
on juice at low amplitude level.

The contents of total phenolic compounds (TPC) in the
untreated fruit juice-Stevia blend were 2685.6±3.5 mg/L, in
accord with literature data in an exotic fruit-oat beverage with
Stevia (Carbonell-Capella et al. 2015). Phenolic concentration
after PEF2 and HVED2 treatments was significantly higher
than that of control (Fig. 3), which indicated that extractability
of TPC may be increased by the release of solutes into the
solvent because of the irreversible pores in cell membranes
caused by the use of electrical fields. In support to these re-
sults, Hsieh and Ko (2008) obtained an increase in the amount
of TPC when carrot juice was treated at 100 kV/m with high-
voltage electrostatic field. On the other hand, although there is
no clear trend regarding TPC behaviour after PEF, Morales-de

la Peña et al. (2010) demonstrated the ability of PEF to in-
crease the concentration of TPC in fruit juice–soymilk bever-
ages (35 kV/cm, 800–1400 μs). These authors attributed this
phenomenon to biochemical reactions during the PEF pro-
cessing, which led to the formation of new phenolic com-
pounds: significant effects on cell membranes or in phenolic
complexes with other compounds, releasing some free pheno-
lic compounds after PEF processing and a possible inactiva-
tion of PPO after PEF treatment, preventing further loss of
phenolic compounds. Nevertheless, after PEF1 and HVED1

treatments, non-significant changes (p>0.05) in total phenolic
compounds were found, confirming results obtained by Chen
et al. (2014) in blueberry juice. After the fruit juice blend
sweetened with Stevia was treated by USN technology, non-
significant differences were obtained when compared with
untreated fruit juice-Stevia, independently of the energy input
applied. Results are in accord with those obtained by
Martínez-Flores et al. (2014), who did not find significant
differences in phenolic compounds between control and
thermo-sonicated carrot juice.

In the untreated fruit juice-Stevia blend, the concentration
of total anthocyanins was 11.8±1.4 mg/L, which can be com-
pared with previous results in an exotic fruit-oat beverage
sweetened with Stevia (Carbonell-Capella et al. 2015). A high
retention of anthocyanin content was obtained immediately
after PEF, HVED and USN treatments (94–110 %). Total
anthocyanins increased after applying PEF, HVED and USN
treatments at an energy input of 256 kJ/kg with respect to fruit
juice-Stevia blends treated at an energy input of 32 kJ/kg,
although differences were not significant (p>0.05) (Fig. 4).
Results indicate a high stability of anthocyanins to processing
conditions. This was also observed in a study carried out by
Guo et al. (2014), where PEF processed and unprocessed
pomegranate juice had similar concentrations of total antho-
cyanins. Furthermore, Pérez-Ramírez et al. (2015) found that
Stevia addition decreased the degradation rate of anthocyanins
in a roselle beverage. By contrast, Barba et al. (2012) did
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observe a statistically significant increase of total anthocyanin
immediately after blueberry juice was treated with pulsed
electric fields at 36 kV/cm during 100 μs. Odriozola-Serrano
et al. (2009) also reported greater anthocyanin retention in
strawberry juice during PEF treatment in bipolar pulse mode
compared to monopolar mode, showing that anthocyanin re-
tention during PEF processing is influenced by polarity, treat-
ment time and frequency employed. Meanwhile, total antho-
cyanins did not undergo any change when apple juice was
sonicated at different treatment times in the study carried out
by Abid et al. (2014). Similarly, significant retention of antho-
cyanin content (>94 %) was observed by Tiwari et al. (2009)
in blackberry juice at the same amplitude conditions of our
study although with a treatment duration of 10 min, indicating
stability of anthocyanin during sonication.

Effect of PEF, HVED and USN Treatment on Total
Antioxidant Capacity

Total antioxidant capacity (TAC) measured as TEAC and
DPPH values in the untreated beverage were 23.9±0.9 and
24.3±0.5 mM TE, respectively, in the range of previous stud-
ies in mixture of fruits with Stevia (Criado et al. 2014). A good
ABTS scavenging was already cited for a fruit juice mixture
(mango, papaya and orange) sweetened with S. rebaudiana
(Carbonell-Capella et al. 2013). As shown in Table 2, the
increase in the ABTS and DPPH scavenging capacity of the
fruit juice-Stevia blend was only significant in HVED-treated
samples. This may be due to the ability of these techniques to
enhance disruption of cell walls and thus facilitate the release
of antioxidant compounds, increasing total antioxidant capac-
ity measured with these methods. A positive impact of HVED
on TEAC and DPPH values was observed in fruit juice-Stevia
blends treated at an energy input of 256 kJ/kg, whilst non-
significant changes (p>0.05) were found immediately after

PEF and USN treatment with regard to the control sample.
Grimi et al. (2014) observed that HVED provided a more
powerful disintegration of Nannochloropsis sp. microalgae
suspensions than application of PEF, whilst Rajha et al.
(2014) obtained that HVED lead to higher cell damage than
PEF and USN for the same energy input due to the cavitation
phenomena and pressure shock waves induced by HVED.
Consequently, the beverage treated by HVED2 would be bet-
ter homogenized, which could explain the higher TAC values
obtained. However, its applications in the food and pharma-
ceutical oriented industry can be reduced because of possible
contamination of the treated product by chemical products of
electrolysis, free reactive radicals, etc. (Sarkis et al. 2015). In
accordance with the present study, TEAC values were not
significantly modified in PEF-treated orange juice-milk bev-
erage in the research carried out by Zulueta et al. (2013).
Moreover, Morales-de la Peña et al. (2010), immediately after
PEF processing of fruit juice–soymilk beverage, did not ob-
serve significant changes in antioxidant capacity (TEAC and
DPPH, respectively) in comparison with the untreated bever-
age. By contrast, Martínez-Flores et al. (2014) obtained an
increase in the antioxidant capacity measured with DPPH as-
say due to the effect of ultrasound in carrot juice. It is note-
worthy that although TEAC and DPPH are two different pro-
cedures used to measure the free radical-scavenging of food
products, values obtained in the fruit juice-Stevia blend were
similar.

ORAC value in the control fruit juice-Stevia blend was
30.8±0.9 mM. This value is consistent with previous studies
of a fruit juice mixture (papaya, mango and orange) sweetened
with S. rebaudiana (Carbonell-Capella et al. 2013) and com-
parable to the results obtained in different fruit formulations
(smoothies, fruit purees, concentrates and juices) by Müller
et al. (2010). The ANOVA analysis confirmed an increase of
TACwhen the fruit juice-Stevia blend was treated by PEF and
USN (116.4–121.7 %), independently of the energy input and
time treatment, in comparison with the untreated fruit juice-
Stevia blend. This increase in TAC may be related to an in-
creased extractability of some of the antioxidant components
following PEF and USN processing. HVED treatment did not
result in an increase of ORAC values in comparison with the
untreated fruit juice-Stevia blend, independently of the energy
input applied. The different TAC levels obtained from the
assays may reflect a relative difference in the ability of anti-
oxidant compounds in the beverage to quench aqueous
peroxyl radicals and to reduce ABTS and DPPH free radical
in in vitro systems (Zulueta et al. 2009).

When the possible correlation (Pearson test) between the
various parameters that contribute to antioxidant capacity
(ascorbic acid, total carotenoids, total phenolic compounds
and total anthocyanins) was studied for the different non-
thermally treated fruit juice-Stevia blends, a positive correla-
tion between total carotenoids and total phenolic compounds

Table 2 Effect of PEF, HVED and USN on total antioxidant capacity
(mM TE) of a fruit juice blend sweetened with Stevia rebaudiana

TEAC ORAC DPPH

Untreated 23.92 ± 0.95a 30.78 ± 0.93ab 24.27 ± 0.55ab

PEF1 23.64 ± 0.18a 37.44 ± 1.90c 24.35 ± 0.40ab

PEF2 25.63 ± 0.33ab 36.79 ± 1.45c 25.55 ± 0.75ac

HVED1 23.73 ± 1.67a 29.06 ± 1.32a 24.45 ± 0.75ab

HVED2 26.42 ± 0.55b 31.65 ± 1.28b 26.06± 0.03c

USN1 24.92 ± 0.31ab 35.82 ± 0.12c 23.30 ± 0.75b

USN2 25.53 ± 0.67ab 37.12 ± 0.14c 24.72 ± 0.42abc

Different superscript letters in the same column indicate a significant
difference in function of the samples analysed (p < 0.05)

PEF pulsed electric fields,HVED high-voltage electrical discharges,USN
ultrasound, TEAC Trolox equivalent antioxidant capacity, ORAC oxygen
radical antioxidant capacity, DPPH 2,2-diphenyl-1-picrylhydrazyl, sub-
script 1 32 kJ/kg, subscript 2 256 kJ/kg
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with TEAC values (p=0.0496 and p=0.0172, respectively)
and between anthocyanins and DPPH values (p=0.0006) was
observed, reflecting the importance of using different methods
to measure total antioxidant capacity in foodstuff as different
bioactive compounds may be better represented by one or
another assay. In this line, Bishi et al. (2015) found a signifi-
cant correlation between phenol content and antioxidant
capacity measured with TEAC assay in 41 Indian peanut
cultivars. In addition, Paz et al. (2014) observed a positive
correlation between total phenolic compounds and antioxidant
capacity measured with DPPH method in mango pulp.
Moreover, in model juices prepared exclusively with purified
plum extract, a high correlation between total anthocyanins
and TEAC was found (Hernández-Herrero and Frutos 2015).

Principal Component Analysis (PCA)

In a way of comparing the different treatments applied to the
fruit juice-Stevia beverage, a principal component analysis was
effectuated. The biplot for the first two principal components
(accounting for 78 % of the total variance, with an eigenval-
ue>1) is shown in Fig. 5. PEF1 and PEF2 samples are separated
from the others, whereas HVED1- and USN1-treated samples
and HVED2- and USN2-treated samples are clustered together.

The PCA allowed discovering which parameters seemed to
drive the whole distribution. Carotenoids and ascorbic acid
seemed to be the key elements influencing the bioactive com-
pound and antioxidant capacity distribution. Furthermore,
PCA indicated that ORAC might also be an important com-
ponent for antioxidant interactions, as it has been well-known
(Zulueta et al. 2009).

Focusing on these three parameters (total carotenoids,
ascorbic acid and ORAC values), PEF-treated fruit juice-
Stevia beverage at an energy input of 32 kJ/kg was the treat-
ment that better enhanced TC, AA and ORAC values, clearly

separated from the rest of the samples and from untreated
beverage and followed by PEF treatment at an energy input
of 256 kJ/kg (Fig. 6). Consequently, it could be concluded that
of all treatments, PEF technology resulted in the highest re-
tention of bioactive compounds and antioxidant capacity with
regard to the quality of the fruit juice-Stevia beverage, always
taking into account that the use of one or other technology will
highly depend on which compound is pretended to be
enhanced.

Conclusions

The non-thermal technologies discussed in the present
study (PEF, HVED and USN) are processing technolo-
gies which can enhance bioactive compound retention
and antioxidant capacity in the analysed fruit juice (pa-
paya and mango)-Stevia blend. A high recovery of
ascorbic acid, total carotenoids and ORAC values was
obtained after PEF treatments. Nevertheless, HVED and
USN processing technologies were also found to be
useful for the retention of certain bioactive compounds.
The results obtained in the present work may be used
by food producers in order to obtain new functional
foods rich in bioactive compounds and antioxidant ca-
pacity. However, further studies evaluating the impact of
PEF, HVED and USN technology on microbiological
safety, sensorial parameters and storage stability of liq-
uid foods are required.
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