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Abstract With the aim of developing a fruit-based bev-
erage in products which are severely damaged by heat, a
high-intensity ultrasound treatment combined with mod-
erate heat treatment (called thermosonication) was applied.
A fruit smoothie (mango, jackfruit and rice milk) was
thermosonicated applying a Box—Benhken model with
amplitude (70, 77.5 or 85%), time (15, 20 or 25 min) and
temperature (40, 47.5 or 55 °C) as independent variables.
From the obtained samples, microbiological (aerobic
mesophilic and Enterobacteriaceae), physicochemical (pH,
soluble solids and cloud index) and enzymatic analysis
(polyphenol oxidase and pectin methylesterase) were car-
ried out. Aerobic mesophiles and Enterobacteria
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inactivation in thermosonicated samples were 4.55 Log
CFU/mL and 3.85 Log CFU/mL, respectively in most of
the treatments applied, being influenced by linear terms of
amplitude and temperature (p < 0.001). The cloud index
was influenced by time term (p < 0.0001); meanwhile,
interaction of amplitude * temperature (p < 0.01) and
quadratic of time presented significant effect (p < 0.001)
on polyphenol oxidase activity. Further, amplitude term
had a significant effect (p < 0.001) on the decrease on
pectin methylesterase enzymatic activity. The optimal
process condition was 77.5% amplitude, 20 min and
47.5 °C. Thermosonication probed to be effective to con-
trol both enzymatic activities in treatments with high
amplitudes combined with moderated temperature treat-
ments. Based on this, the use of thermosonication is a
viable alternative for fruit-based beverage preservation,
that may employ perishable regional natural products
offering them an added value.

Keywords Thermosonication - Fruit smoothie - Microbial
inactivation - Enzymatic inactivation

Introduction

Changes in the consumer habits for maintaining a diet that
promotes better health have increased the demand of
functional foods that supply antioxidants, vitamins, and
other nutritive and functional compounds (Ribeiro et al.
2019; Abdullah and Chin 2014). Fruit smoothies are con-
sidered as functional beverages, gaining acceptance and a
rapid growth (Chatterjee et al. 2015). The term “smoothie”
is given to a blended fruit beverage characterized by a
pulpy consistency, containing one or more fruits, yogurt,
cow’s milk or, vegetables milk (Morales de la Peiia et al.
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2018). Tropical fruits such as mango (Mangifera indica)
and jackfruit (Artocarpus heterophyllus) have proven to be
a good sources of vitamin C and B such as phenolic
compounds, carotenoids, and others bioactive compounds
(Devalaraja et al. 2011). The addition of tropical fruits to
smoothie’s elaboration not only contributes to the func-
tional aspect but also gives excellent sensory characteris-
tics (exotic taste, color, flavor) (Morales de la Pefia et al.
2018). Moreover, in places with over fruit production
(Mexico is the fourth world position of mango) it is
important to develop added value products to address the
overproduction in order to improve the region income
(Worldatlas 2017). In addition, the development of
smoothies from fruits not highly commercially exploited
such as jackfruit, which could be an alternative to generate
products with added value. The addition of vegetable milk
as a rice-based in a smoothie formulation provide flavonoid
compounds as ferulic acid, y-tocotrienol, and a-tocopherol
(homologue of vitamin E) (Lin and Lai 2011) and facili-
tates their consumption by lactose intolerant population
(Andrés et al. 2016). In the case of fruit-smoothies, these
should be consumed shortly after preparation to avoid fruit
particle precipitation due are highly sensitive products
whose characteristics can be modified during storage
(Morales de la Pefia et al. 2018). Conventional pasteur-
ization used in the beverage industry to control spoilage
and pathogenic microorganism, is not an option for this
kind of products since it would reduce “freshness”,
affecting the nutritional properties and the main quality
characteristics required by consumers (color, flavor, taste,
etc.) (Khandpur and Gogate 2016). Therefore, the necessity
to preserve the product with minor sensory and physico-
chemical changes gives an opportunity to implement an
emerging technology. Among emerging technologies,
ultrasound (US) is considered a ‘green’ technology due to
its high efficiency, low instrumental requirements com-
pared with other conventional processing techniques and
its economically viable performance (Mason and Peters
2002). Regarding US application on fruit beverages,
diverse ultrasound treatments have been applied (apple,
cactus pear, blackberry, etc.) resulted in an increase in shelf
life with minor changes in the processed product (Zafra-
Rojas et al. 2013; Mohideen et al. 2015). In this sense, in a
mango smoothie made with whole milk and soymilk, a
sonicated product (100% amplitude, 20 min, 35 and 55 °C)
with similar physicochemical (pH, titratable acidity and
soluble solids content) and nutritional (carotenoid profile)
characteristics than the fresh product was obtained (Mo-
rales de la Pefia et al. 2018). Ultrasound can be successfully
employed to fruit smoothie processing, valuing the
improvements in quality and safety from time, temperature
and US parameters. Therefore, the aim of this research
work was to evaluate the combined effect of different

parameters (US amplitude, treatment time and tempera-
ture) on the quality characteristics of a fruit smoothie.

Materials and methods
Fruit smoothie preparation

Mango (Manguifera indica L., cv Ataulfo) and jackfruit
fruit (Artocarpus heterophylius L.) were obtained from
local producers (Nayarit, Mexico) and a vegetable com-
mercial rice beverage (Nature’s heart terrafertil®, USA)
was obtained from a local supermarket. The smoothie was
prepared mixing mango (24%), jackfruit (6%) and the rice
beverage (70%). Fruits and rice beverage were blended in a
homogenizer (Model LI-3 Intemational®, Mexico) for
5 min.

Thermosonication treatment

Based on the US treatments employed by Morales de la
Peiia et al. (2018) with some modifications. Fruit smoothies
were treated by a high intensity ultrasound equipment
(VCX-1500, Sonics & Materials, Inc., Newtown, USA) at
1500 W using a 25-mm probe connected to an amplitude
transformer (booster). Amplitude level was set at 70-85
amplitude levels with pulse length of 2 s on and 4 s off
according to the experimental design (Table 1). A constant
frequency of 20 kHz and the energy input was controlled

Table 1 Experimental design matrix for thermosonication treatments
on fruit smoothie

No. Pattern Amplitude (%) Time (min) Temperature (°C)
X Xa X3
1 +0+ 85 20 55
2 000 71.5 20 47.5
3 —+0 70 25 47.5
4 +-0 85 15 47.5
5 ——0 70 15 47.5
6 0—+ 77.5 15 55
7 000 77.5 20 47.5
8 0—— 77.5 15 40
9 000 71.5 20 47.5
10 0+— 77.5 25 40
11 +0— 85 20 40
12 000 71.5 20 47.5
13 000 77.5 20 47.5
14 —0— 70 20 40
15 —0+ 70 20 55
16 ++0 85 25 47.5
17 0++ 71.5 25 55
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by adjusting the amplitude of the sonication probe. During
sonication (70-85%), samples (400 mL) were heated in the
jacketed vessel during 15 or 25 min reaching an outlet
temperature of 40 or 55 °C according to the experimental
design (Table 1). Sample overheating was prevented by
employing a heat exchanger (Cole Parmer, USA) through
the treatment chamber.

pH and total soluble solids

pH was measured using a digital pH meter (Hanna, PH210,
Rumania) and total soluble solids (°Brix) were analyzed
using a refractometer (Trading Co., Brix/ATC FG-113,
China) (AOAC 2005).

Microbiological analysis

Serial dilutions were prepared by mixing sterilized distilled
peptone water followed by further decimal dilutions of
samples (up to 10%). One milliliter of each dilution was
transferred into sterile petri dishes containing the corre-
sponding medium. Aerobic mesophilic (AM) was mea-
sured in plate count agar incubated (LSI-3016 Labtech,
Korea) at 30 °C for 48 h. Enterobacteriaceae (EB) were
determined in violet red bile glucose agar incubated at
37 °C for 24 h, and malt extract agar was used to assess the
presence of yeast and molds after incubation for 72 h at
25 °C (Cruz et al. 2007). Typical colonies were counted,
and the results were expressed as Log colony forming units
per milliliter (Log CFU/mL) of sample.

Cloud index

Samples (5 mL) were centrifuged at 1026 g (V6500,
Hamilton Bell, USA) for 10 min at room temperature. The
supernatant absorbance was measured at 660 nm using a
microplate reader (Power Wave XS UV-Biotek, USA)
using distilled water as blank (Versteeg et al. 1980).

Pectin methylesterase and polyphenol oxidase
activity

Pectin methyl esterase (PME) activity was evaluated by
titration of the free carboxyl groups released at pH 7.5 for
30 min. A 5 mL aliquot was added to 50 mL of 1% citrus
pectin solution containing NaCl 0.3 M. The pectin/fruit
smoothie mixture was adjusted to pH 7.5 with NaOH
0.02 N. Once the pH 7.5 was reached, the consumption of
NaOH during a 30 min was recorded (Rouse and Atkins
1955).

Polyphenol oxidase residual (PPO) activity was assessed
spectrophotometrically (Agilent, Cary 3500, USA) at
25 °C using catechol as substrate and recording the

@ Springer

increase in absorbance at 420 nm. One unit of PPO activity
was defined as 0.001 DA420/min/mL (Cano et al.
1997). PME and PPO results were expressed as unit of
enzymatic activity per milliliter (UEA/ml) of sample.

Experimental design

In the present study the optimization of the thermosoni-
cation conditions were performed using response surface
methodology, where ultrasound amplitude (X;, 70-85%),
treatment time (X,, 15-25 min) and processing tempera-
ture (X3, 40-55 °C) were selected as independent pro-
cessing parameters on the dependent variables (pH, total
soluble solids, AM, EB, yeast and molds, cloud index,
PME and PPO activity). Box—Behnken design was used
and the complete design consisted of seventeen combina-
tions including five replicates of the center point (Table 1).
Experimental data from the Box-—Behnken design was
analyzed using a response surface regression (JMP 7.0.2,
SAS Institute Inc., 2007) fitted to a second-order polyno-
mial model:

2 2
Y = po+ ZﬂiXi + Zﬁiixiz + Z Z BXiX;
i1 i1

i j=itl

where Y is the predicted response, By the constant (inter-
cept), PB; the linear coefficient, B;; the quadratic coefficient
and B;; is the cross-product coefficient. X; and X; are
independent variables. The Design Expert software (Sig-
maPlot 12.0, Institute Inc.) was used to obtain the three-
dimensional curves from the response surface analysis.

Results and discussion
pH and total soluble solids

All the response variables exhibited high correlation
coefficients with the mathematical model as demonstrated
by the R-square (R?) with values > 0.90 and 0.93 for pH
and total soluble solids, respectively. The pH and total
soluble solids of thermosonicated fruit smoothie in all
treated samples were in the range of 4.54-5.19 and
13.1-14.8, respectively. In the regression analysis, pH was
influenced by the parameters of time (linear terms) and
amplitude (quadratic terms) both (X, and X; * Xj,
respectively) at p < 0.01 and the interaction of amplitude
and temperature (p < 0.05). Meanwhile, the soluble solid
content was significantly influenced by all independent
parameters evaluated (except to quadratic terms of ampli-
tude) mainly quadratic terms of time (X, * X,) at
p < 0.001 (data not shown).
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Microbiological analysis

Thermosonication is a technique that reduces microbial
population due to the synergic effect of cavitation and
temperature on microorganism cell (Mufioz et al. 2012). In
the present study, an AM count of 4.55 Log CFU/mL was
observed in the fruit smoothie control and as it was
expected, higher inactivation was achieved when the
amplitude, temperature and time treatment increased,
reached until a total inactivation in some treatments
(Table 2). Many authors have evaluated the effect of
thermosonication on microbial loads with important
results. In this sense, Herceg et al. (2013) detected a
complete AM inactivation in thermosonication treatments
of 23% amplitude, 9 min at 55 °C in strawberry juice. In
that case, the authors concluded that the thermal compo-
nent in the treatment was the most significant for obtaining
the complete AM inactivation. Further, some other authors
presented studies of juices treated by thermosonication in a
range of 10-20 °C with inactivation levels around 1 and
1.5 Log CFU/mL (Abid et al. 2014; Jabbar et al. 2014),
which were below the results obtained in the present work.
The differences between the inactivation observed may be
explained by the treatment temperature applied, which was
remarkably lower than the temperatures applied in the
present study. A significant influence at p < 0.001 in linear

term of amplitude (X;) and linear term of temperature (X3)
at p < 0.01 was obtained for AM counts (Table 3). This
indicates that increasing the amplitude or temperature, a
decrease of AM was obtained (Fig. la—c).

Regarding EB, this microbial group tends to be less
resistant to thermosonication than the AM group (Piyasena
et al. 2003). The EB count was of 3.85 Log CFU/mL in
control sample and there was a greater reduction in most of
the applied treatments (Table 2) than AM group.
Both, linear terms of amplitude (X;) and temperature (X3)
significantly influenced at p < 0.001 (Table 3, Fig. 1d—f).
Other research studies have shown the combined effect of
amplitude and heat treatment for microbial inactivation
with important results, which the heat treatment time was
reduced by the application of ultrasound treatments
(Guerrero et al. 2001; Huang et al. 2017). Further, in all the
applied treatments, molds and yeast were inactivated (data
not shown).

Cloud index

The cloud index is a parameter that reflects the particle
stability on a matrix suspension. At the present study, high
cloud values can be observed at 25 min (Table 2). Sound
propagates through medium causing cavitation, during
cavitation the formation, enlarge and implode of micro gas

th‘;‘rll’]l; tze S‘f’jrl“f‘;:n‘t’fsg(‘ﬁ;ge Treatment AM*  EB"  Cloud PPO°  PME‘

thermosonicated at different Amplitude (%) Time (min) Temperature (°C)

amplitude, time and temperature

according to experimental 85 20 55 0.0 0.0 0.57 4.1 0.08

design 715 20 475 1.7 17 025 473 012
70 25 47.5 2.7 2.2 1.87 6.3 0.11
85 15 47.5 0.0 0.0 0.13 5.6 0.09
70 15 47.5 2.9 2.8 0.26 7.05 0.12
77.5 15 55 0.0 0.0 1.30 6.1 0.13
77.5 20 47.5 0.9 1.4 0.22 4.84 0.12
77.5 15 40 2.9 2.5 0.07 7.24 0.12
77.5 20 47.5 1.7 1.8 0.23 4.86 0.13
77.5 25 40 3.0 2.6 1.94 5.87 0.13
85 20 40 0.0 0.0 0.85 6.2 0.11
77.5 20 47.5 1.7 1.3 0.19 4.85 0.12
77.5 20 47.5 1.8 1.6 0.21 4.85 0.11
70 20 40 3.2 2.9 0.46 4.25 0.12
70 20 55 1.0 0.0 0.27 4.95 0.15
85 25 47.5 0.0 0.0 1.83 5.8 0.09
77.5 25 55 0.5 0.0 1.80 6 0.14

#Aerobic mesophiles (AM, Log CFU/mL)
Enterobacteriaceae (EB, Log CFU/mL)
“Polyphenol oxidase activity (PPO, UEA/mL)
YPectin methylesterase activity (PME, UEA/mL)
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Table 3 Effects and respective

.. Coefficient Aerobic mesophiles Enterobacteria Cloud PPO PME

significance levels (p) of

amplitude, time and temperature [0 cen 1.598 1.570 0.224 4.826 0.124

on different quality attributes of b b b

fruit smoothie thermosonicated X — 1.242 —0.998 0.065 — 0.106 — 0.017
X5 0.0425 — 0.061 0.709* —0.252 0.001
X3 — 0.960° — 1.007° 0.077 — 0.301 0.003
X * X, 0.045 0.157 0.021 0.237 0.003
X * X3 0.550 0.725¢ — 0.019 — 0.700° — 0.014¢
X, * X3 0.120 — 0.035 — 0.343¢ 0.317 0.002
X, * X, — 0.366 — 0.431 0.032 — 0.033 — 0.015°¢
X, * X, 0.203 0.133 0.770° 1.394° — 0.0006
X5 * X3 — 0.181 — 0413 0.285 0.082 0.0106°
R-square 0.90 0.93 0.93 0.90 0.90

Significance level: (a) p < 0.0001; (b) p < 0.001; (c) p < 0.01; (d) p < 0.05

Fig. 1 Response surface plots of thermosonication on aerobic
mesophiles, a amplitude (X;) and time (X;), b amplitude (X;) and
temperature (X3), ¢ time (X,) and temperature (X3). Response surface

bubbles dissolved in the liquid by the compression and
decompression of molecules take place and the bubble
implosion generates an increase in temperature and pres-
sure conditions (McClements 1995). The high cloud
indexes could be attributed to time treatment applied since
time seems to be an important parameter to occur the
cavitation phenomenon. Regarding to regression coeffi-
cient (Table 3), cloud index was mainly influenced by
linear terms of time (X,) (p <0.0001) as well as

@ Springer

plots of thermosonication effect on Enterobacteriaceae d amplitude
(X1) and time (X5), e amplitude (X;) and temperature (X3), and f time
(X5,) and temperature (X3)

time * temperature (p < 0.05). Figure 2a—c shows the
effect of thermosonication conditions on cloud index;
where high cloud indexes were observed at conditions of
time and temperature elevated. Abid et al. (2013) demon-
strated that sonication (25 kHz frequency, 20 °C) increased
the cloud value of apple juice from 0.0563 up to 0.0780 and
0.0957 in treatments for 30, 60 and 90 min, respectively.
The authors attributed that the increment to high-pressure
gradient by cavitation during sonication treatment may
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Fig. 2 Response surface plots on cloud index of fruit smoothie thermosonicated a amplitude (X1) and time (X,), b amplitude (X;) and

temperature (X3), ¢ time (X,) and temperature (X3)

cause the colloidal disintegration, dispersion and break-
down of macromolecules to smaller ones and make the
juice properly homogenized and more consistent.

Pectin methylesterase and Polyphenol oxidase
activity

Enzymes are sensitive to ultrasound processing being
activate or inactivated. The changes in enzyme activity
under ultrasonication might depend on the operational
parameters of ultrasound, media properties, aminoacids
composition and the conformational structure of the
enzyme (Ozbek and Ulgen 2000; Kadkhodaee and Povey
2008). Protein denaturation may be obtained by acoustic
cavitation present in US treatments either by free radicals
in sonolysis of water molecules or shear forces resulting
from acoustic cavitation (Mason et al. 1994; Kadkhodaee
and Povey 2008), so that selection of appropriate param-
eters can enhance enzymatic inactivation.

PME activity ranged from 0.08 to 0.15 (Table 2),
amplitude was an important factor to consider for reaching
PME inactivation. In fact, PME activity of fruit smoothie
was significantly influenced (p < 0.001) by amplitude in
linear term (X;;) (Table 3). This is observed in Fig. 3a, in
which, PME activity decreased by an increase in ultrasound
amplitude. Moreover, the interaction among amplitude and
temperature (X; * X3) resulted significant (p < 0.01),
PME activity increases from 72 to 80% of amplitude but
after 80% PME activity decreases regardless the time
treatment applied (Fig. 3b). Wang et al. (2012) reported
that enzymatic activity enhanced with increasing ultrasonic
power. They attributed the activity increment due to the
rupture of hydrogen bonds or Van der Waals interactions
by ultrasound, which bring the enzyme in active confor-
mation. However, at high intensity ultrasound cavitation
effects could cause great damage to polypeptide chains,
leading inactivation of the enzyme (Sener et al. 2006).

Besides, in treatments carried out at high amplitude and
temperatures above 42 °C, PME activity decreases. Abid
et al. (2014) observed a considerable PME inactivation in
apple juice thermosonicated due to higher temperatures
applied (60 °C). These authors concluded that the enzyme
activity reduction was a temperature/time dependent
manner. Further, Saeeduddin et al. (2015) observed an
increasing trend for enzyme deactivation as the tempera-
ture treatment increase. Raviyan et al. (2005) reported an
increase in PME inactivation in tomato juice sonicated in a
temperature range of 50-72 °C compared to thermal
treatment single. The authors commented that the increase
in the enzyme inactivation depends on cavitation intensity
applied as well as treatment temperature (Raviyan et al.
2005; Tiwari et al. 2009).

Regarding to PPO activity on fruit smoothie, values
were between 4.1 and 7.24 (Table 2), PPO activity was
influenced by the quadratic of time (X, * X,) at p < 0.001
(Table 3). Figure 3d—f show the thermosonication effect on
PPO activity where the lowest activity was observed in
treatments ranged from 18 to 22 min. In concordance to
this, it has been reported that prolonged exposure periods
are necessary to inactivate PPO (Rithmanee and Intipunya
2012). However, after 24 min of thermosonication treat-
ment PPO activity increased. In accordance to this
behavior, Cheng et al. (2007) reported an increase in PPO
activity in sonicated (35 kHz, 30 min) guava juice. They
attributed the PPO activity increment to the production of a
stabilized colloid system due to smaller particle size and
higher phenolic compounds availability. Moreover, Fig. 3e
shows that high temperatures did not have effect on PPO
activity reduction. One explication could be that when the
temperature increases, its vapor pressure also increases;
this cushions the collapse of the bubbles and decreases the
effect of cavitation (Mason and Peters 2002).

Cordeiro-Dias et al. (2015) reported a PPO reduction in
soursop juice by sonication, independent of the processing
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Fig. 3 Response surface plots of pectin methylesterase activity of
fruit smoothie thermosonicated a amplitude (X;) and time (X5),
b amplitude (X;) and temperature (X;), and ¢ time (X,) and
temperature (X3). Response surface plots of d amplitude (X;) and

time and power intensity employed. However, the lowest

PPO activity values were obtained when higher processing
time (> 8 min) and power intensity (> 330 W/em?) were
applied. More recently, Anaya-Esparza et al. (2017)
reported a PPO reduction of 99% in soursop nectar by
thermosonication (1.4 W/mL, 54 °C and 10 min), referring
the reduction to an additive effect between cavitation and
heat. Nevertheless, Illera-Gigante et al. (2018) worked

with apple juice and reported that PPO residual activity

decreases linearly with amplitude, obtaining the lowest

residual activity at the maximum amplitude applied. This
behavior has been attributed to an enzyme release usually
bound to cell walls by the acoustic energy applied in the
treatment (Baslar and Ertugay 2013).

In fact, enzyme damage by thermosonication is the
result of thermal and mechanical effect of sonication due to
microstreaming, where the thermosonication factors, single
or in a combination have an important impact on enzyme
activity (Vercet et al. 2002; Abid et al. 2014). Moreover,
longer treatments increase the protein denaturation; hence,
greater extent of enzymatic inactivation may be achieved
in longer US treatments. Besides, physical stress due to
bubble collapse may contribute to enzymatic inactivation
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temperature (X3) on polyphenol oxidase activity of fruit smoothie
thermosonicated

(Ercan and Soysal, 2011). Other researchers mentioned that
monomeric enzymes inactivation generally involves either
enzyme defragmentation or enzyme formation-into aggre-
gates. Whereas, polymeric enzymes tend to fragment into
monomeric subunits, during ultrasonication (Mawson et al.
2011).

Finally, according the results of response surface
regression, the optimal process condition was 77.5%
amplitude, 20 min and 47.5 °C with values from the pre-
dicted profile of 1.48 Log CFU/mL of aerobic mesophiles,
1.57 Log CFU/mL of enterobacteria, 0.22 in cloud index,

4.82 and 0.12 of polyphenol oxidase and pectin methy-
lesterase activity, respectively.

Conclusion

Fruit smoothies are novel products which are prepared by
using mango and jackfruit with unique characteristics
(taste, flavour, vitamins, antioxidants among others) that
consumers appreciated. However, fresh fruit smoothies

have short shelf-life, the effect of thermosonication on the

physicochemical, enzymatic activity and safety
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characteristics of the mango and jackfruit smoothie was
optimized to obtain high quality fruit smoothie. After
thermosonication treatments, microorganism (AM and EB)
loads and PME activity were reduced, where amplitude and
temperature conditions had high influence on these
parameters. Further, the PPO activity was influenced by
time and amplitude conditions, meanwhile cloud index was
affected by time and temperature parameters. Considering
these results, US technology (treatment temperature, time
and amplitude conditions) seems suitable to preserve or
improve the smoothie safety and quality properties. How-
ever, more research is needed to determine the effect of
thermosonication treatments on sensorial and functional
properties of the fruit smoothie evaluated.
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