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a b s t r a c t

Soursop juice was submitted to sonication at amplitude levels ranging from 20 to 100 % of the total input
power (500 W) at constant frequency of 19 kHz for different times (2e10 min). Response surface
methodology based on a central composite design was applied to investigate the effect of ultrasound on
polyphenol oxidase (PPO) residual activity, temperature increase, color, ascorbic acid and phenolic
compounds. After processing, the PPO activity in the juice was reduced and color changes were subtle. A
good retention of phenolic compounds was obtained at higher intensity. Ascorbic acid content was found
to be higher in most of the samples treated. The higher the ultrasound intensity and the juice exposure
time, the higher its final temperature. An optimum set was chosen and the final product was submitted
to a sensorial test. The sonicated sample had a good acceptance. The technology could be suitable as an
alternative to thermal and other treatments that results in quality loss.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Soursop (Annona muricata) from the Annonaceae family is an
important tropical fruit that contributes to the economic growth of
some tropical countries, namely, tropical America, Australia, Africa
and Malaysia (Shashirekha, Baskaran, Rao, Vijayalakshmi, &
Rajarathnam, 2008). It is prized for its very pleasant, sub-acid, ar-
omatic and juicy flesh, excellent for making drinks and sherbets.
The soursop pulp is widely used for manufacturing various juice
blends, nectars, syrups, shakes, jams, jellies, preserves and ice
creams; it is also a raw material for powders, fruit bars and flakes
(Telis-Romero, Beristain, Gabas, & Telis, 2007).

Over the past few years, an increase on food demand either in
terms of quantity or quality is observed, imposing modifications in
the processing techniques (Pingret, Fabiano-Tixier, & Chemat,
2013). Thermal treatment is the most common and widely
employed pasteurization and sterilization technique for the inac-
tivation of microorganisms and enzymes in the food industry
(Adekunte, Tiwari, Cullen, Scannell, & O'Donnell, 2010). Consumer
demand is growing for food products based on natural, health-
promoting plants, such as those of fresh fruit juices that are
microbially safe with improved quality and extendable shelf life. To
x: þ55 81 2126 7298.
el).
date, various innovative technologies, such as radiation processing,
hydrothermal treatments, osmotic dehydration, pulsed electric
field applications and others have been explored for shelf life
improvement and for preservation of nutritional and organoleptic
qualities of fresh fruits or their products. Among these technologies
exists sonication (ultrasound) treatment, which is an emerging
technology that is considered to be inexpensive, simple, reliable,
environmentally friendly and highly effective in achieving micro-
bial decontamination (Tiwari, O’Donnell, & Cullen, 2009).

Ultrasound is a rapidly growing field of research, which finds
increasing use in the food industry (Zheng & Sun, 2006). Ultra-
sound waves result from the conversion of electrical energy into
mechanical one by means of piezoelectric materials. When the
ultrasonic energy propagates in the liquid, cavitation bubbles are
formed due to pressure changes. These bubbles collapse violently in
subsequent cycles of compression as the sound wave propagates,
resulting into regions of high temperature and pressure. The energy
transmitted to the food through ultrasound processing can be
expressed as power ultrasound (W), ultrasound intensity (W/cm2),
acoustic energy density (W/mL), or cavitational intensity
(O'Donnell, Tiwari, Bourke, & Cullen, 2010).

Various research groups have demonstrated the inactivation of
pathogenic and spoilage microorganisms and enzymes
(Valdramidis, Cullen, Tiwari, & O’Donnell, 2010). These in-
activations have been reported as dependent on the nature of the
enzyme; the process variables (ultrasound power intensity,
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ultrasound frequency, temperature or pressure); the characteristics
of the medium (viscosity, food matrix composition) as well as on
the type of connection and chemical reactions that they establish
with other molecules (O'Donnell et al., 2010).

Polyphenol oxidase (PPO) is a copper-containing enzyme that
causes enzymatic browning in fresh fruits and vegetables products
such as juices. Enzymatic browning is one of the biggest problems
faced during the processing of fruits and vegetables (Yemenicioglu
& Cemeroglu, 2003). This enzyme is usually inactivated by thermal
treatments, which demand large amount of energy, besides
imparting several quality losses (Pereira & Vicente, 2010).

Previously, several studies have been conducted on different
fruit juices treated with ultrasound, in particular kasturi lime juice
(Bhat, Kamaruddin, Min-Tze, & Karim, 2011), orange juice (Tiwari,
Muthukumarappan, O'Donnell, & Cullen, 2008), strawberry juice
(Tiwari et al., 2009), watermelon juice (Rawson et al., 2011),
grapefruit juice (Aadil, Zeng, Han, & Sun, 2013) and guava juice in
combination with carbonation (Cheng, Soh, Liew, & The, 2007). To
the best of our knowledge, few are addressed to enzyme inactiva-
tion and the effects of sonication on soursop juice quality param-
eters have not been reported elsewhere. Therefore, the objective of
this work was to investigate the impact of high-intensity ultra-
sound processing conditions (time and intensity) on polyphenol
oxidase activity, phenolic compounds, ascorbic acid content, color
values and temperature, using response surface analysis. An opti-
mum ultrasound operation condition was chosen and a sensory
analysis was performed.

2. Material and methods

2.1. Juice preparation

Soursop (A. muricata L.) was prepared from frozen fruit pulps
obtained from local industry (Recife, Brazil) without addition of
preservatives and non-pasteurized. The pulp was diluted in
distilled water (ratio 1:1) and the juice was stored at 4 �C prior to
processing.

2.2. Sonication treatment

A 500 W ultrasound processor (Unique® DES500, Brazil) with a
1.3 cm diameter probe tip was used for juice sonication. Samples
were processed at a constant ultrasound frequency of 19 kHz.
Soursop juice samples (150 mL) were placed in a 250 mL glass
beaker. The ultrasound probe was submerged to a depth of 25 mm
in the sample.

The energy input was controlled by setting the amplitude of the
sonicator probe. Extrinsic parameters of amplitude and time were
varied according to an experimental design. The power levels were
adjusted to 20%, 30%, 60%, 90% and 100% of total input power
(500W), which corresponded to intensities of 75, 118, 224, 330 and
373 W/cm2, respectively. Due to the heat generated by power ul-
trasound, short processing times (2e10 min) were applied (Tiwari
et al., 2009) and the initial and final temperature were recorded
for all samples. The sample's temperature was determined using a
digital thermometer. The procedure consisted of immersing the
thermometer into the juice immediately after sonication.

2.3. Experimental design

A central composite rotatable design (Khuri& Cornell,1996) was
used for designing the experiments for sonication of soursop juice
using two factors: power intensity and processing time. Five levels
of each variable were chosen for study, including the center point
and two axial points. A total of 11 combinations were performed,
including three replications of the center point (Table 1).

It was assumed that a mathematical function, 4, exists for the
response variable Y (polyphenol oxidase activity, phenolic com-
pounds, ascorbic acid content, color values and temperature in-
crease), in terms of two independent process variables (Khuri &
Cornell, 1996), power intensity (i) and processing time (t):

Y ¼ 4
�
i; t

�
¼ bo þ b1iþ b2t þ b11i

2 þ b22t
2 þ b12it (1)

The Statistica 7.0 package was used in order to obtain the
regression coefficients, analysis of variance, test of lack of fit and the
generation of three dimensional graphs.

2.4. Polyphenol oxidase assay

For polyphenol oxidase (PPO, EC 1.14.18.1) determination, the
enzyme extraction and PPO activity were done according to the
methodology described by Wissemann and Lee (1980). For the
extraction, 20mL of soursop juicewasmixedwith the same volume
(20 mL) of potassium phosphate buffer (0.05 mol/L pH 7.0) con-
taining 1 g/100 mL of polyvinylpyrrolidone (PVP) and KCl (0.1 mol/
L). The mixture was centrifuged twice (10 min each time) in an
Eppendorf®5403 centrifuge (Germany) (15,557 � g at 4 �C). The
supernatant was used as the enzyme source. The reaction mixture
contained 0.3 mL of enzyme extract and 1.85 mL of a potassium
phosphate buffer solution (0.1 mol/L pH 6.0) containing catechol
(0.1 mol/L) and KCl (0.1 mol/L). The reaction mixture was incubated
at 30 �C for 30 min. The reaction was interrupted with the addition
of 0.8 mL of perchloric acid 2 mol/L. One unit of enzyme activity (1
UEA) was defined as the amount of enzyme that causes a change of
0.001 in the absorbance (395 nm) per minute. All measurements
were carried in triplicate.

The residual enzyme activities (RA) of PPO after sonicationwere
calculated according to Eq. (2). The value of enzymatic activity
found in the fresh juice (Ao) corresponded to 100%. The residual
enzymatic activity found after juice sonication (As) was calculated
as the percentage (%) ratio of the processed samples to the fresh
juice.

RA
�
%
�

¼ As

Ao
$100 (2)

2.5. Determination of total phenolic compounds

Total phenolic content was determined using the
FolineCiocalteau reagent according to the method of Singleton,
Orthofer, and Lamuela (1999). The reaction mixture contained:
0.5 mL of phenolic extract, 2.5 mL FolineCiocalteu (SigmaeAldrich,
Germany) reagent and 2 mL of sodium carbonate 4 g/100 g. The
mixture was then left in the dark for 2 h at room temperature. The
absorbance of the sample was measured at 760 nm using aqueous
Gallic acid (5e100 mg/mL) as a standard. Results were expressed as
mg of Gallic acid equivalent per 100 mL of sample. All measure-
ments were carried in triplicate.

2.6. Determination of ascorbic acid

Ascorbic acid content was determined according to Strohecker
and Henning (1967). Samples of 15 mL each were diluted to
100 mL with 0.5 g/100 mL oxalic acid at 4 �C in volumetric flask. An
aliquot of 5 mL filtrate was titrated with 2,6-dichlorophenol indo-
phenol (DCPIP) indicator to the end point. Ascorbic acid content
was calculated as mg ascorbic acid per 100 mL sample juice. All
measurements were carried in triplicate.



Table 1
Experimental design and responses on characteristics of soursop juice.

Treatment Ultrasonic intensity
(W/cm2)

Time
(min)

PPO residual
activity (%)

DT (�C) Phenolic content
(mg/100 mL)

Ascorbic acid content
(mg/100 mL)

L* a* b* TCD

Control e e e e 34.63 ± 1.21 8.92 ± 0.60 74.57 ± 0.30 �0.19 ± 0.02 1.76 ± 0.02 e

1 118 3 92.57 ± 0.44 4.4 28.13 ± 0.10 8.92 ± 0.00 75.74 ± 0.05 �0.28 ± 0.01 1.69 ± 0.05 0.57
2 330 3 91.99 ± 0.17 35.0 23.60 ± 0.94 7.73 ± 0.00 77.76 ± 0.27 �0.14 ± 0.02 1.57 ± 0.02 2.58
3 118 9 92.42 ± 0.90 1.0 25.45 ± 0.35 9.51 ± 0.31 75.02 ± 0.62 �0.30 ± 0.02 1.43 ± 0.02 0.40
4 330 9 85.27 ± 1.71 43.9 24.76 ± 0.20 7.73 ± 0.05 75.80 ± 0.23 �0.50 ± 0.01 0.06 ± 0.01 1.84
5 224 6 94.72 ± 0.83 32.2 24.72 ± 0.35 10.70 ± 0.09 74.32 ± 0.15 �0.68 ± 0.01 0.59 ± 0.05 1.29
6 224 6 95.42 ± 0.02 35.1 28.15 ± 0.07 10.70 ± 0.11 74.66 ± 0.28 �0.64 ± 0.01 0.61 ± 0.03 1.24
7 224 6 95.28 ± 0.91 36.5 28.87 ± 1.06 10.11 ± 0.63 74.80 ± 0.10 �0.64 ± 0.02 0.60 ± 0.01 1.27
8 75 6 90.49 ± 0.23 4.1 33.81 ± 0.60 5.95 ± 0.51 75.62 ± 0.10 �0.45 ± 0.02 1.50 ± 0.02 0.57
9 373 6 85.84 ± 1.02 30.5 31.66 ± 0.71 7.14 ± 0.0.37 73.56 ± 0.03 �0.83 ± 0.02 �0.57 ± 0.04 2.51
10 224 2 98.58 ± 0.08 3.6 31.20 ± 0.47 8.92 ± 0.08 75.65 ± 0.28 �0.51 ± 0.02 1.05 ± 0.01 0.92
11 224 10 89.13 ± 0.33 40.6 27.35 ± 1.52 8.83 ± 0.013 74.59 ± 0.06 �0.60 ± 0.02 �0.08 ± 0.01 1.96

Fig. 1. Response surfaces for soursop juice PPO residual activity (PPOra) as a function of
power intensity (i) and processing time (t).
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2.7. Color

The color of the soursop juice was determined using a Minolta
CR400 colorimeter (Japan). The colorimeter (65�/0� geometry, D25
optical sensor, 10� observer) was calibrated prior to taking any
reading. The reflectance instruments determined three color pa-
rameters: L* (whiteness or brightness), a* (redness/greenness), and
b* (yellowness/blueness). Numerical values of L*, a* and b* were
converted into TCD (total color difference), which indicates the
magnitude of color change after treatment, using Eq. (3). The
reference value for TCD was the non-sonicated juice. Color mea-
surements were taken in quintuplicate.

TCD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*o

�2 þ �
a* � a*o

�2 þ �
b* � b*o

�2r
(3)

The sub-indice o in Eq. (3) mean the control sample (non-
treated).

2.8. Sensory analysis

Soursop juice with and without ultrasonic treatment was eval-
uated by 61 non-trained panelists for appearance (overall liking),
texture (viscosity), taste and aroma on a 9-point hedonic scale
(1 ¼ “disliked extremely”; 9 ¼ “liked extremely”). Prior to sensory
evaluation juice samples were refrigerated, randomly coded with
three-digit numbers and their order of presentation was
completely randomized for each panelist. Partitioned booths with
fluorescent lighting were used for evaluation and these were
located in Dietetic Technics Laboratory of the Department of
Nutrition, Federal University of Pernambuco (Recife, Brazil).

A two-way analysis of variance (ANOVA) was used to test the
effects of processing pretreatments on the sensory attributes of
soursop juice.

3. Results and discussion

3.1. Polyphenol oxidase activity

Polyphenol oxidase (PPO) is frequently involved in multiple
deteriorative changes, such as enzymatic browning, with conse-
quent loss of sensorial and nutritional properties of fruit and veg-
etables (Oms-Oliu, Odriozola-Serrano, Soliva-Fortuny, & Martín-
Belloso, 2008). Polyphenol oxidase activity of fresh soursop juice
and the responses of each run of the experimental design are
presented in Table 1. The obtained codified equation (Eq. (4)) was
tested for adequacy and fitness by analysis of variance (ANOVA).
The analysis of variance for the model as fitted showed significance
(p � 0.05) and explained 96% of the variability in the enzyme
activity. Therefore, the model as fitted provide an approximation to
the true system.

PPORA ¼ 95:14� 1:79i� 2:53t � 3:62i2 � 0:75t2 � 1:64it (4)

The generated surface is presented in Fig. 1. Results indicated
that polyphenol oxidase enzyme activity reductionwas observed in
the whole experimental domain, independent of the processing
time and power intensity used. However, lower values of PPO re-
sidual activity were obtained when higher processing time
(>8 min) and power intensity (>330 W/cm2) were applied.

Inactivation of monomeric enzymes generally involves either
defragmentation of the enzyme or formation-into aggregates,
whereas polymeric enzymes tend to fragment into monomeric
subunits, during ultrasonication. Inactivation of enzymes by ultra-
sound is primarily attributed to cavitation phenomenon. Indeed,
the cavitation effects generated by bubble collapse (mechanical,
thermal, chemical) may be sufficient to cause irreversible
destruction and deactivation of enzymes (Mawson, Gamage, Terefe,
& Knoerzer, 2011). In addition, the extreme agitation created by
microstreaming could disrupt Van der Waals interactions and
hydrogen bonds in the polypeptide, causing protein denaturation
(Tian, Wan, Wang, & Kang, 2004).

Generally, ultrasonication in combination with other treatments
is more effective in enhancing the enzyme inactivation efficacy
(Chandrapala, Oliver, Kentish, & Ashokkumar, 2012). A synergistic
effect of heat andpressurewith ultrasoundhas been reported for the
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inactivationof PPO inmodelbuffer systems (L�opez, Sala, de la Fuente,
Raso,& Burgos,1994). They reported a linear decrease in logD values
for an increase in ultrasound amplitude level. In this study, reduction
of PPOactivitywas observedwithout theuseof chemical additives or
external heating. In addition, as observed by Fonteles et al. (2012) for
melon juice, the activity of PPOof the control samplewas considered
low compared to other fruits, such as apple.

3.2. Temperature increase

Juice temperature after sonication confirmed the effect of the
cavitation phenomenon (collapse and implosion of bubbles), which
led to the temperature increase (Table 1).

The ultrasound intensity and processing time significantly
affected the final temperature. All regression coefficients were
significant (p � 0.05), except the interaction between the variables,
and the obtained codified equation (Eq. (5)) was tested for ade-
quacy and fitness by analysis of variance (ANOVA). The regression
model is significant at the considered confidence level since a
satisfactory correlation coefficient was obtained and the F-value
was greater than the F listed value.

DT ¼ 34:60þ 13:88iþ 7:23t � 8:33i2 � 5:92t2 (5)

The response surface graph (Fig. 2) shows that the increase of
processing time and power intensity caused significant increase of
the juice temperature (DT). As observed before, when increasing
these variables, lower PPO residual activity values were obtained.
Thus, the energy liberated by ultrasound may have caused a syn-
ergistic effect on enzyme denaturation, as observed by Fonteles
et al. (2012) for melon juice.

Temperature increase up to 60 �C was reached combining
maximum intensity (373 W/cm2) and time (10 min) (Fig. 2). The
PPO residual activity obtained keeping the juice at 60 �C for 10 min
was 91.80%. Thus, the higher temperature recorded after juice
sonication was unable to denature PPO, attesting that inactivation
shown in Fig. 1 was mainly due to the sonication.

3.3. Total phenolic compounds

Phenolic compounds are very important and beneficial to hu-
man health as they play a significant role in controlling the risk of
many physiological and degenerative diseases in the human body
Fig. 2. Response surfaces for soursop juice temperature increase (DT) as a function of
power intensity (i) and processing time (t).
(Aadil et al., 2013). Results regarding the effects of ultrasound in-
tensity and processing time on soursop juice phenolic compounds
were not statistically significant. Thus, the response surface
methodology was not applied to evaluate the experimental data.

It can be observed from the results presented in Table 1 a
reduction in the levels of these compounds. The highest phenolic
retention was achieved in assay 8, which used intermediate pro-
cessing time and low ultrasound intensity. However, when the
higher ultrasound intensity was used, maintaining the same inter-
mediateprocessing time (assay9), itwasobservedoneof thehighest
retention of phenolic compounds (91.4%), even with an increase in
the liquid temperature much higher for this assay. A similar trend
was observed for blackberry juice, when during sonication a
decrease of 5% was observed at maximum treatment conditions of
100% amplitude for 10min (Tiwari et al., 2009). However, for the rest
of the soursop juice assays, increasing ultrasonic intensity keeping
process duration constant (for instance, comparing assays1 and2, or
3 and 4, or 10 and 11) resulted in lower phenolic content and in an
increase in sample temperature. Similar behavior was observed
when the ultrasound intensity is constant and time varies
(comparing assays 1 and 3, 10 and 11, 10 and 5 or 6 or 7).

The reduction in phenolic compoundsmight be attributed to the
formation of free radicals, which may have affected these com-
pounds of the soursop juice since eOH radicals formed during
cavitation can affect the bioactive compounds such as phenolics
(Wan et al., 2005). Sadilova, Carle, and Stintzing (2007) observed
that hydroxyl radicals produced by cavitation could be involved in
the degradation of anthocyanins by opening of rings and formation
of chalcone. Hrazdina (1971) postulated opening of the pyrylium
ring and chalcone formation as a first degradation step. Further-
more, Adams and Ongley (1973) proposed hydrolysis of the glyco-
sidic moiety and aglycon formation as the initial reaction.

Abid et al. (2013), when studying the effect of ultrasound on
different quality parameters of apple juice, reported that enhanced
disruptions of cell wall due to cavitation as a result of rapid change in
pressures of the liquid by shear forces exerted during sonication
which might lead to the release of some chemically bound phenolic
phytonutrients andultimately increased theiravailability in the juice.
Creation of hydroxyl radicals by bubble implosion during sonication
to the aromatic ring of phenolic compoundsmight also be a cause of
improvement in the apple juice. Ashokkumar et al. (2008) observed
that increase in antioxidant capacity of phenolic compounds might
beattributed to theadditionof secondhydroxyl group in theortho- or
para-positions of these compounds. Study conducted on sonicated
kasturi lime juice also showed similar trend of increase in total
phenolic content (Bhat et al., 2011). Thus, the effect of ultrasound in
juices depends on its content besides processing conditions.
3.4. Ascorbic acid

Ascorbic acid exhibits potential antioxidant activity and is
known to protect cells from free radicals induced damage. Ascorbic
acid contributes substantially towards prevention of the onset of
cardiovascular diseases and cancer (Marín, Martinez, Uribesalgo,
Castillo, & Frutos, 2002). Results regarding the effects of ultra-
sound intensity and processing time on soursop juice ascorbic acid
content showed that only the quadratic terms of power intensity
and time were statistically significant (95% confidence level) (Eq.
(6)). The regression was significant and explained 80% of the
variability.

AA ¼ 10:50� 1:79i2 � 0:62t2 (6)

Ascorbic acid is thermolabile and is highly sensitive to light as
well as to various processing conditions, wherein themechanism of



D.R.C. Dias et al. / LWT - Food Science and Technology 62 (2015) 883e889 887
degradation precedes either aerobic and/or anaerobic pathways
(Vieira, Teixeira, & Silva, 2000). Results regarding the effect of
sonication treatments on the contents of ascorbic acid of soursop
juice are listed in Table 1. It can be observed a reduction in the levels
of this content only in assays 2, 4, 8, 9 and 11, however this
reduction was less than 34% loss of the initial ascorbic acid content
of the unprocessed juice.

It is possible to notice from Fig. 3 that higher ultrasound in-
tensities (greater than 330 W/cm2) or lower intensities (up to
118 W/cm2), independent of the processing time resulted in a
decrease of the initial ascorbic acid content of the soursop juice.
Reports are available on the degradation of ascorbic acid in fruit
juice after sonication treatments (Adekunte et al., 2010). However,
in our present study, a significant increase in the ascorbic acid
content was observed after some sonication treatments, mainly
when intermediate ultrasound intensity was used (Fig. 3). Similar
observations were done for sonicated apple, guava and kasturi lime
juices, wherein an increase in ascorbic acid content was observed
(Aadil et al., 2013; Abid et al., 2013; Bhat et al., 2011; Cheng et al.,
2007). The increase of ascorbic acid of apple juice was directly
attributed to the cavitation during sonication in which no heat is
supplied and further it removes the dissolved oxygen, which is
essential for ascorbic acid degradation, during cavitation produced
during sonication treatments.

Zenker, Heinz, and Knorr (2003) found that sonication had no
effect on the ascorbic acid content in milk and orange juice. This
was considered somewhat surprising taking into account that
manothermosonication treatments are able to produce substantial
amounts of hydroxyl radicals (Vercet, Lopez, & Burgos, 1999). The
explanation could lie in a competition (different reaction rates)
between hydroxyl groups and all the other oxidizable substrates
available (i.e. proteins or sugars).
3.5. Color

Color is a visual indicator to judge the quality of fruit juices and
plays an important role in consumer satisfaction (Aadil et al., 2013).
Color can highlight the acceptance level and can serve as an indi-
cator of microbial quality during processing and storage of a fruit
juice (Bhat et al., 2011).
Fig. 3. Response surfaces for soursop juice ascorbic acid content (AA) as a function of
power intensity (i) and processing time (t).
Results regarding the effect of sonication treatments on color
values of soursop juice are given in Table 1. It can be observed a
slightly increase in L* values for almost all samples, as compared
control. This observation was in agreement with that of sonicated
watermelon juice (Rawson et al., 2011), where an increase in
lightness value was attributed to the partial precipitation of un-
stable suspended particles followed by a decrease due to oxidative
darkening. However, Tiwari et al. (2008) observed an increase in
cloud value due to the homogenization effect of sonication which
may explain the increase in L* value.

The sonicated juice samples showed lower a* (except for assay
2) and b* values. These results are in agreement with Tiwari et al.
(2008) for sonicated orange juice. Ahmed, Shivhare, and
Ramaswamy (2002) reported that any change in Hunter a,b
values is associated with a simultaneous change in L value. Various
combinations such as Lab, L/ab, La/b, Lb/a of tristimulus L, a, b values
have been used to represent the change in visual color of tomato
puree and strawberry juice (Rodrigo, van Loey, & Hendrickx, 2007).
Recently a study by Zhang et al. (2008) used color density to
represent the change in color of pulsed electric field treated
blackberry juice. Therefore, color degradation was also reported in
terms of Lab and total color difference (TCD).

Results regarding the effects of ultrasound intensity and pro-
cessing time on soursop juice total color difference (TCD) showed
that only the processing time quadratic term was not statistically
significant (95% confidence level) (Eq. (7)). The regression was
significant and explained 86% of the variability.

TCD ¼ 1:26� 0:77iþ 0:07t � 0:10i2 � 0:14it (7)

It can be observed from Fig. 4 a strong effect of ultrasound in-
tensity on TCD. The higher the intensity, higher TCD values were
obtained, independent of the processing time.

The color of soursop juice is generally influenced by the exis-
tence of natural pigments, which in turn is dependent on the stage
of maturity of the fruit, storage conditions employed, enzymatic
activity and microbial contamination. The observed color changes
in this study may be caused by cavitation, which governs various
physical, chemical and biological reactions, such as accelerating
chemical breakdown of susceptible particles, such as enzymes and
microorganisms (Sala, Burgos, Cond�on, Lopez, & Raso, 1995). As
Fig. 4. Response surfaces for soursop juice total color difference (TCD) as a function of
power intensity (i) and processing time (t).
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observed by Mason (1991), degradation of color in sonicated juice
samples can be attributed to the accelerated carotenoid isomeri-
zation as well as to the oxidation reactions that occur as a result of
interaction with free radicals generated during sonication treat-
ments. Cavitation induced during sonication has been reported to
contribute to changes occurring in the color of fruit juices (Cheng
et al., 2007; Tiwari et al., 2008).

For soursop juice, when higher TCD values were obtained
(Fig. 4), higher temperature difference (Fig. 2) and lower PPO re-
sidual activity (Fig. 1) were obtained. Abid et al. (2014) observed
that although the most severe ultrasound treatment significantly
reduced the residual PPO and POD (peroxidase) activity in apple
juice, the color change indicated the most phenol condensation of
all treatments. In addition, as observed by Suslick (1988), color
degradation may also be due to extreme physical phenomena
(temperature up to 1000 K and pressure up to 500 MPa at micro-
scale) which take place when bubbles collapse.

As discoloration might affect the consumers' preference, opti-
mization of critical processing parameters by estimating interactive
and quadratic effects by using Response Surface Methodology
(RSM) has been recommended to determine juice quality and have
been successful (Bhat et al., 2011; Tiwari et al., 2008). Although
sonication treatments induced changes in all color values of sour-
sop juice, these changes were not easily seen by the naked eyes.
Therefore, it is suggested that the sonication technique might be
employed for the processing of soursop juice.

3.6. Sensory evaluation

The sensory evaluation was performed with a control sample
(non sonicated) and a sample submitted to ultrasound intensity of
330 W/cm2 for 9 min. At this condition, it could be obtained lower
PPO residual activity, higher temperature difference, a phenolic
retention of 71.5% and ascorbic acid retention of 86.7%. TCD was
1.84, but as mentioned before, the changes in sample color was not
seen by naked eyes.

The scores attributes are shown in Table 2. There were no sig-
nificant differences (95% level) between samples for all studied
attribute, except for texture. However, the sonicated samples had
highest scores for texture (and appearance).

Caminiti et al. (2011) found that a combination of ultraviolet light
andmanothermosonication that was applied to apple and cranberry
juices had a negative effect on the odour and taste of the product.
Also, G�omez-L�opez, Orsolani, Martínez-Y�epez, and Tapia (2010)
observed for sonicated orange juice, from the sensory point of
view, that the ultrasonication treatment produced statistically sig-
nificant decrease in all the sensory parameters tested (color, aroma,
flavor, andoverall quality), butwithout driving the scores beyond the
rejection limit. For soursop juice, a similar trend was observed for
tasteandaromaparameters,whichhad lower scores compared to the
non-treated juice, but all within the acceptance range and with no
significance difference from the control (non-sonicated) sample.

4. Conclusion

Response surface methodology (RSM) was demonstrated to be
an effective technique for investigating the effects of ultrasound
Table 2
Sensory scores for quality attributes of soursop juice.

Sample Appearance Aroma Taste Texture

Control 7.25 ± 1.35a 7.64 ± 1.02a 7.05 ± 1.50a 6.92 ± 1.65a

Sonicated 7.66 ± 1.06a 7.23 ± 1.64a 6.75 ± 1.57a 7.57 ± 1.19b

Any means in the same columns with the same letters are not significantly different
(p > 0.05).
intensity and processing time on polyphenol oxidase (PPO) residual
activity, temperature increase, phenolic compounds, ascorbic acid
content (AA) and total color difference (TCD). Predictive regression
models were developed for the estimation of PPO residual activity,
temperature increase, AA content and TCD. The coefficient of
determination (R2) for predicted models showed good correlation
with the experimental data at a 95% confidence level. This work
demonstrates that ultrasound significantly influences key soursop
juice quality parameters. Despite the fact that ultrasound was un-
able to achieve the total inactivation of PPO, thermal treatment at
the highest temperature reached due to juice sonication showed no
effect on enzyme inactivation, thus attesting that ultrasound is a
good non-thermal pretreatment for soursop juice. Color changes
observed during sonication were subtle, indicating no major
changes in the appearance of the fruit juice. An optimum pro-
cessing condition using 330 W/m2 power intensity for 9 min was
chosen and submitted to sensorial evaluation, obtaining good
acceptance in all studied parameters. Although sonication caused
phenolic and some ascorbic acid degradation at some processing
conditions, this technology could be suitable for soursop processing
to obtain juices with high bioactive compounds retention levels
and low PPO residual activity and color changes.
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