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ABSTRACT
The search for novel non-thermal preservation technologies is
continuously growing, as traditional thermal processing may have
undesirable effects on sensory and nutritional properties of fruit
juices. Therefore, the aims of this studywere to find the ultrasound,
pomegranate extract and geraniol levels that simultaneously opti-
mize different quality parameters of strawberry juice after 14 days
of refrigerated storage (5°C) and evaluate the performance of the
optimal combination of these treatmentsto control a contamina-
tion with Escherichia coli O157:H7. Response surface methodology
was applied for optimization studywhere geraniolwas applied at 0,
0.15 and 0.30 μL/mL; pomegranate extract, at 0, 180 and 360 μg/
mL; and ultrasound treatments were performed at 40 kHz during 0,
15, and 30 min. The optimum combination resulted in 0.15 μL/mL
of geraniol, 360 μg/mL of pomegranate extract and 30 min of
ultrasound. This treatment was able to significantly reduce micro-
bial counts, with a low impact on sensory attributes, while improv-
ing the antioxidant capacity of the product compared tountreated
juice samples. Also, it allows reducing the contaminationwith E. coli
to undetectable values. Thus, the optimized treatment resulted
adequate for extending the shelf-life aswell as increasing the safety
of strawberry juice.

KEYWORDS
Unpasteurized juice;
simultaneous optimization;
geraniol; pomegranate
extract; ultrasound

Introduction

The market of fresh, nutritious and ready-to-eat foods, such as unpasteurized
fruit juices, is in continuous development in response to increasing consumer
demands for healthier foods with fresh-like characteristics and free of synthetic
additives (Jackson-Davis et al., 2018; Mosqueda-Melgar et al., 2012). In particu-
lar, strawberry juices have become more popular due to their noticeable orga-
noleptic attributes and also for their outstanding nutritional properties, since this
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fruit is a good source of vitamins,minerals, fiber, and phytochemical compounds
with beneficial effects in disease prevention and, thus, in human health (Correia
et al., 2011; Giampieri et al., 2012; Oszmiański and Wojdyło, 2009).

Strawberry juice is highly susceptible to traditional thermal treatment,
which seriously affects the quality of the product resulting in the loss of
nutritional components and the detriment of organoleptic properties. For
example, strawberry purees subjected to thermal processing showed
a significant decrease in total phenols, anthocyanin and ascorbic acid content
(Patras et al., 2009). Thus, and in line with consumer demands for fresh-like
products, unpasteurized strawberry juices are gaining popularity. However,
these products, which are usually consumed without further processing, have
a short shelf-life associated with both microbial and enzymatic spoilage.
Moreover, they can contain pathogenic microorganisms becoming a health
risk (Jackson-Davis et al., 2018). Therefore, the development of non-thermal
decontamination methods that are effective for the preservation of non-
pasteurized strawberry juices, guaranteeing the safety and maintaining the
freshness characteristics, is required (Santhirasegaram et al., 2016).

Amongst non-thermal technologies, ultrasound (US) is a preservation
technique that subjects foods to frequencies between 20 and 500 kHz, indu-
cing chemical and physical changes in the food product by cavitation phe-
nomena (Awad et al., 2012). US has been studied in several fruit and
vegetable juices as a suitable method for controlling microbial growth and
improving quality parameters (Aadil et al., 2015; Anaya-Esparza et al., 2017;
Ertugay and Başlar, 2014; Rawson et al., 2011; Saeeduddin et al., 2015).
Nonetheless, ultrasound appears to be more effective when combined with
other methods, such as natural antimicrobials (Abid et al., 2013).

The growth in consumer concerns about food safety issues encompasses
not only aspects of microbiological safety but also the potential risks asso-
ciated with synthetic preservatives. Therefore, natural compounds such as
phytochemicals, essential oils, and fruit and vegetable extracts, are continu-
ously being studied for their potential use as preservatives in the food
industry. Pomegranate fruit (Punica granatum) extract and geraniol are
good alternatives to synthetic preservatives as they are both considered
GRAS (Generally Recognized as Safe) and have recognized antimicrobial
activity (Chen and Viljoen, 2010; Ismail et al., 2012; Karimi et al., 2017;
Molva and Baysal, 2015; Tomadoni et al., 2016b). Pomegranate extract is
mainly obtained from wastes of the juice industry including peels, leaves,
barks, pulp and seeds of pomegranate fruit (Ismail et al., 2012); and geraniol,
a monoterpenoid, is a bioactive compound that is a common constituent of
many aromatic herbs and essential oils and occurs naturally in Monarda
fistulosa, ninde oil, rose oil, palmarosa oil and citronella oil, among others
(Chen and Viljoen, 2010).

2 B. TOMADONI ET AL.



The use of several preservation techniques in combination (also known as
hurdle technology) allows reducing the intensity of each hurdle avoiding the
nutritional and sensory value losses while maintaining product safety. In
a previous work, a combination of US and natural antimicrobials (vanillin
and pomegranate extract) were studied and optimized (Tomadoni et al.,
2016a). However, there is no previous reference to the combination of US
with geraniol and pomegranate extract as hurdles for the treatment of
unpasteurized strawberry juice. Furthermore, it is well known that when
exploring new hurdles for a food product it is necessary to study the new
system as different interactions and responses could be found. Thus, in this
work, pomegranate extract, geraniol, and ultrasound treatments were
employed as hurdles to develop unpasteurized strawberry juice.

The main objectives of the present investigation were: (a) to study the
effects of pomegranate extract, geraniol, and ultrasound on different quality
parameters of unpasteurized strawberry juice; (b) to find the optimum
combination of these three hurdles using response surface methodology
and the desirability function to simultaneously enhance microbiological,
sensory and nutritional quality of strawberry juice; and (c) to determine
the effectiveness of optimum treatment to control a contamination with
Escherichia coli O157:H7.

Materials and Methods

Plant Material and Juice Extraction

Strawberries (Fragaria x ananassa) used in this study were harvested from
Sierra de los Padres (Mar del Plata, Argentina). Fruits with defects were
discarded while those with adequate visual quality were washed with tap
water and the calyx was removed by hand. Strawberry juice was obtained by
squeezing fruits in a commercial juice extractor (XXL-SMITH SILVER,
Moulinex, Argentina). The juice was homogenized and bottled into poly-
ethylene terephthalate units (350 mL) and kept in refrigerated conditions
until treatments were applied.

Treatment Optimization

In a first stage, treatment was optimized and validated with the objective to
enhance the quality parameters of strawberry juice. As juice treatment, the
application of combined treatments with ultrasound (US), pomegranate
extract (PE) and geraniol (G) was proposed as non-thermal technologies.

US treatments were performed at 40 kHz frequency and 180 W, using an
ultrasonic cleaning bath (TestLab, Argentina) with a rectangular container (290
x 150 × 150 mm) and a tank capacity of 6.5 L. The temperature in the ultrasonic
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bath was monitored at 20 ± 1°C using a thermometer. The juice level in the flasks
was 2 cm below the water surface in the ultrasonic bath. Pomegranate extract was
purchased from PureBulk (USA), while Geraniol (> 97%) was purchased from
Sigma Aldrich (St. Louis, MO, USA). PE was previously characterized by HPLC
analysis (Tomadoni et al., 2017b): 35% ellagic acid, 19% gallic acid, 10% punica-
lagin A, 5% punicalagin B, 2% caffeic acid. These natural antimicrobials were
applied directly into the flasks. US time and concentration of PE and G were
determined by the experimental design.

Experimental Design
Response SurfaceMethodology (RSM)was used to study the effects of ultrasonica-
tion time (x1, min), pomegranate extract concentration (x2, μg/mL) and geraniol
concentration (x3, μL/mL) on the selected response variables. For this purpose,
a Box-Behnken design (Table 1) with fifteen experimental runs was applied to
evaluate each independent variable at 3 different levels. US processing times were:
0, 15 and 30min (selected according to (Tomadoni et al., 2017a). PEwas applied at
0, 180 and 360 µg/mLof strawberry juice, whileGwas applied at 0, 0.15 and 0.3 µL/
mLof juice. These concentrationswere selected according to previous experiments
(Alvarez et al., 2012; Tomadoni et al., 2015, 2016b). After treatment, samples were

Table 1. Box-Behnken experimental design matrix and mean values of all responses of untreated
samples and samples treated under different experimental conditions after 14 d of storage at 5°C.

Independent variables

Uncoded 1 Coded Experimental Responses 2

Run
x1
US

x2
PE

x3
G X1 X2 X3 YM PSY DPPH TPC Citric odor Off-odor

1 0 180 0 -1 0 -1 8.17 6.65 67.17 141.66 0.10 3.57
2 0 180 0.3 -1 0 1 2.00 5.18 63.35 142.59 2.57 1.60
3 30 180 0 1 0 -1 8.29 6.81 68.24 147.24 0.23 4.43
4 30 180 0.3 1 0 1 2.65 2.70 55.79 133.73 1.93 1.33
5 15 0 0 0 -1 -1 8.26 6.55 65.28 138.18 0.23 4.10
6 15 360 0 0 1 -1 8.16 6.57 70.02 151.62 0.20 4.37
7 15 0 0.3 0 -1 1 2.65 2.70 53.51 99.45 1.93 1.53
8 15 360 0.3 0 1 1 2.65 2.70 63.24 142.60 2.00 1.33
9 0 0 0.15 -1 -1 0 3.00 4.36 58.25 135.72 1.30 1.53
10 30 0 0.15 1 -1 0 3.04 2.70 56.11 114.45 1.90 1.50
11 0 360 0.15 -1 1 0 3.10 4.98 66.20 135.99 2.17 1.23
12 30 360 0.15 1 1 0 2.85 2.70 64.28 177.45 2.07 1.80
13 15 180 0.15 0 0 0 3.50 2.70 68.20 130.50 1.77 1.07
14 15 180 0.15 0 0 0 3.15 2.70 64.39 137.63 1.83 1.17
15 15 180 0.15 0 0 0 2.95 2.70 66.67 142.10 2.27 1.57

Untreated sample (day 0) 4.37 4.23 60.93 99.90 0.00 0.00
Untreated sample (day 14) 8.13 6.65 53.05 130.31 0.57 4.37

1Ultrasound time (US) is expressed in minutes; Pomegranate extract (PE) concentration is expressed in µg/mL;
Geraniol concentration (G) is expressed in µL/mL;

2Yeasts and Molds (YM) and psyhrotrophic (PSY) counts are expressed in log CFU/mL; DPPH is expressed in %
inhibition; Total polyphenols content (TPC) is expressed in mg GAE/100 mL; Citric odor and Off-odor are
expressed in a 0–5 hedonic scale.
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stored at 5°C for 14 days. On day 14, responses were measured for each trial and
a second-order polynomial model was fitted to each response variable using the
least-squares regression method (Tomadoni et al., 2016a).

Response Variables
Microbiological, nutritional and sensory quality indices were assessed at day 0
and after 14 days of refrigerated storage.

Microbiological quality. Yeast and molds (YM), and psychrophilic bacteria
(PSY) were selected as indicators of microbiological quality as they are the
main native microflora populations associated to refrigerated strawberry
juice (Tomadoni et al., 2016b). The enumeration of these microbial popula-
tions was performed according to Ponce et al. (2008). Yeast-Glucose-
Chloramphenicol (Britania, Argentina) incubated at 25°C for 5 d and Plate
Count Agar (Britania, Argentina) incubated at 7 °C for 7 d were used for YM
and PSY enumeration, respectively. Microbial counts were performed by
duplicate and expressed as log CFU/mL.

Nutritional quality. Antioxidant and phenolic compounds were extracted by
homogenizing 2 mL of the sample with 10 mL of ethanol solution (80% v/v). The
homogenate was then centrifuged (8000 rpm, 15 min, 4°C) and the supernatant
was filtered usingWhatman filter paper #1. This extract was maintained at −20°C
until determinations.

The antioxidant activity was determined using the DPPH radical scaven-
ging methodology proposed by Viacava et al. (2015). Briefly, 0.1 mL from
each extract was added to 3.9 mL of 100 μM ethanolic DPPH solution. The
mixture was shaken and allowed to stand at room temperature in the dark.
The decrease in absorbance at 517 nm was measured after 60 min using
a UV-Vis spectrophotometer (1601 PC UV-visible, Shimadzu Corporation,
Kyoto, Japan). The radical scavenging capacity was measured by duplicate
and was expressed as the percentage of the DPPH radical inhibition (%RSC).

TPC was determined spectrophotometrically using the Folin–Ciocalteu
reagent according to the methodology proposed by Viacava et al. (2015) with
slight modifications. Extract samples properly diluted were added to 1000 μL of
FCR (diluted 1:10). After 3 min, 800 μL of 7.5% Na2CO3 solution was added and
the reactionmixture was incubated for 2 h at room temperature. The absorbance
was measured at 765 nm using a UV-Vis spectrophotometer (1601 PC UV-
visible, Shimadzu Corporation, Kyoto, Japan) and TPC was calculated using
gallic acid as standard. TPC was measured by duplicate and results were
expressed as mg of gallic acid equivalents (GAE)/100 mL.

Sensory quality. Ten trained panelists evaluated the sensory quality of samples
following the methodology described in Tomadoni et al. (2016b). Briefly,

INTERNATIONAL JOURNAL OF FRUIT SCIENCE 5



samples labeled with 3-digit code numbers were randomly provided to panelists.
The evaluated attributes were off-odor (fermentation and other atypical odors)
and citric odor (lemon and citric odors), using a 5-point hedonic scale.

Simultaneous Optimization and Validation
For simultaneous optimization, the Desirability function (D) was used accord-
ing to Tomadoni et al. (2016a). Briefly, predicted values obtained from each
model (Yn) were transformed into a dimensionless desirability scale (dn) that
ranges from 0 to 1, being d = 0 an unacceptable response value, and d = 1
a completely desirable one. The individual desirability functions are then
combined to obtain the overall desirability D, defined as the geometric average
of the individual desirability. An algorithm is then applied to this function in
order to determine the set of values that maximize it (Bezerra et al., 2008).

The validation of adjusted models was carried out through a new set of
experiments using optimal operating conditions obtained with the
Desirability function. The experimental and predicted values of the response
variables were compared in order to determine the validity of the model.

Effectiveness of Optimal Treatment to Control a Contamination with
Escherichia Coli O157:H7: Cell Inactivation and Evaluation of Survival
during Storage

In a second stage, once the treatment was optimized, a new batch of
strawberry juice was prepared as previously mentioned(see Plant Material
and Juice Extraction section), and inoculated with E. coli O157:H7, simulat-
ing a contamination with this pathogen. After that, the juice was submitted
to the optimal treatment in order to evaluate the performance of the treat-
ment to control the contamination.

Culture Preparation
Non-toxigenic E. coli O157:H7 (FP 605/03, Malbran Institute, Buenos Aires,
Argentina) was used. This strain was cultured in Brain Heart Infusion (BHI)
broth (Britania, Argentina) for 24 h at 37°C. Then, 0.1 mL aliquot of the
culture was transferred to 9.9 mL of BHI broth at two consecutive 24-h
intervals followed by incubation at 37°C before each experiment to obtain
cells in the stationary growth phase. A bacterial suspension (approximately
108 CFU/mL) was prepared by adding 10 mL of the E. coli culture to 90 mL
of sterile peptonated water (0.1% w/v) (Britania, Argentina).

Samples Inoculation and Storage
Inoculation was carried out by adding the bacterial suspension to fresh straw-
berry juice to obtain the final desired concentration of cells (104–105 CFU/mL
approximately). To do this, 100 mL of the bacterial suspension previously

6 B. TOMADONI ET AL.



prepared were added to 10 mL of fresh strawberry juice. A batch of samples
without inoculation was followed and evaluated to verify the absence of endo-
genous pathogens in the juice. Samples were submitted to the optimal treatment
as was previously described. A control sample was inoculated with the micro-
organism but not submitted to the preservation treatment. After inoculation and
treatment, samples were stored at 5°C for 14 days.

Sampling Procedure
Counts of inoculated E. coli were evaluated during storage using Eosin
Methylene Blue (EMB) agar (Britania, Argentina) and the colonies were
counted after incubation at 37°C for 24–48 h. E. coli colonies that were dark-
centered, flat with a metallic sheen were taken into account.

Statistical Analysis

Results are reported as mean values accompanied by their standard errors. Data
were analyzed using STATISTICA 7.1 (Statsoft, 2004). For optimization studies,
the statistical analysis was performed using the analysis of variance (ANOVA)
including the F-ratio and the determination coefficient R2. The Lack of Fit test was
performed for each model with a 95% confidence level. The significance of fitted
coefficients for each model were established according to the Student t-test with
a 95% confidence level (Kuehl, 2001). For challenge test, data were subjected to
ANOVA using the following sources of variation: TIME (storage time),
TREATMENT (control or optimal treatment) and interaction TIME-
TREATMENT. Differences were determined using the Tukey test. In all cases,
a 95% confidence level was used to determine significant differences (Kuehl, 2001).

Results and Discussion

Table 1 shows the results of the initial quality of strawberry juice (untreated)
and values obtained after 14 days of refrigerated storage for untreated and
treated samples under different experimental conditions.

Experimental data obtained for treated samples were used to fit a second
order polynomial equation for each response variable. Table 2 presents
estimated coefficients of these fitted models with statistical parameters asso-
ciated such as standard errors, t-value, and p-value, as well as the adjusted
correlation coefficient (adjR2). Statistical analysis indicated that the obtained
models resulted significant (p < .05) and with a good fit.

Influence of Hurdles on Microbial Quality

Geraniol concentration was the most important hurdle affecting the micro-
bial quality of strawberry juices as linear and quadratic terms associated were
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significant for both yeast and molds (YM) and psychrotrophic bacteria (PSY)
counts (Table 2). This effect is presented in Figure 1a,b which show the
response surfaces obtained for YM and PSY counts, as a function of geraniol
and ultrasound respectively. The negative coefficient for geraniol linear term
in both models (Table 2) indicates the antimicrobial effect of this compound
on the native microflora studied: the higher the geraniol concentration, the
higher the reduction of microbial counts. However, the significance of the
quadratic term indicates a non-linear relationship between geraniol concen-
tration and microbial counts, with an antimicrobial activity less effective as
geraniol concentration increases.

The efficiency of geraniol as a natural antimicrobial has been studied
before, both in vitro and in vivo (Tomadoni et al., 2015, 2016b). Geraniol
has the ability to alter bilayer properties of microbial cell membranes, making
it more fluid, thus increasing its general permeability (Bard et al., 1988),
leading to potassium loss from within the microbial cells. Hence, geraniol
antimicrobial activity could be explained by the bilayer disorder and ion
leakage that makes membrane-associated proteins inefficient, leading to at
least inhibition of cell growth or even cell death (Dalleau et al., 2008).

Additionally, ultrasound time affected psychrotrophic bacteria counts as
quadratic and interaction term with geraniol resulted significant in the model
(Table 2). The inhibitory effect of US in the growth of the microorganisms
could be attributed to the generation of H+ and OH− radicals during water
sonolysis induced by cavitation phenomena (Mañas and Pagán, 2005), which
produce oxidative damage leading to microbial inactivation. The interaction
between ultrasound time and geraniol concentration indicates that the effect
of geraniol is dependent on the US processing times: at longer ultrasound
processing times the antimicrobial effect of geraniol on PSY counts is
increased. This phenomenon is usually attributed to the intense pressure
generated by US that favors the penetration of the chemical sanitizers
through the cell membrane. In fact, the cavitation process facilitates the
microorganisms disaggregation increasing the efficiency of the sanitization
treatment (Gogate and Kabadi, 2009). Several studies have shown that ultra-
sound treatment also increased the efficiency of the sanitizing agents in
reducing microbial populations on fruits and vegetables. It is interesting to
note that YM was not affected by ultrasound. Cassani et al. (2018) also
observed this behavior when optimizing a preservation treatment for
enriched strawberry juice with geraniol and ultrasound. Režek Jambrak
et al. (2018) and Ferrentino and Spilimbergo (2015) stated that US manages
to inactivate yeasts when it is applied in combination with other physical
treatments such as low-grade temperature or some other non-thermal pro-
cess. In our work, ultrasound did not add any improvement when combining
with geraniol for YM reduction. Finally, pomegranate extract did not result
significant for YM nor PSY. These results could be associated with the
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powerful antimicrobial effect of geraniol which makes negligible the influ-
ence of the other independent variables.

Influence of Treatments on Nutritional Quality

The three independent variables, i.e. ultrasound time, pomegranate concen-
tration and geraniol concentration affect the nutritional quality of strawberry
juices as linear, quadratic and interaction terms resulted significant in the
models of antioxidant capacity (measured by DPPH scavenging activity) and
total polyphenols content (TPC). For each response, two surface plots are
presented to show the combined effects of ultrasound and the natural pre-
servatives: Figure 2a,b for DPPH; and Figure 2c,d for TPC.

With regard to the DPPH model, linear and quadratic terms of ultrasound
resulted significant (Table 2), indicating a non-linear relationship between
ultrasound processing time and DPPH. The increase of antioxidant capacity
on sonicated samples may be attributed to the release of antioxidant com-
pounds from the cell wall, through the collapse via cavitation phenomenon
(Cheng et al., 2007). However, the increase in ultrasound processing times
beyond certain value became self-defeating as DPHH begin to decrease. This
behavior, also reported by other authors (Wang et al., 2019), could be
explained by the physical damage that long cavitation treatments could
have on antioxidant constituents of fruit juices. DPPH radical scavenging
activity was also affected by pomegranate extract concentration as linear and
quadratic terms associated with this variable were significant in the model
(Table 2). This non-linear relationship is clearly shown in Figure 2a where
DPPH radical scavenging activity increases at lower rates when the concen-
tration of the PE increases. The increment of DPPH with a higher concen-
tration of pomegranate extract could be associated with the composition of
the extract. Pomegranate extract used in this study is mainly composed by

Figure 1. Response surface for microbiological quality of strawberry juice. Variation of yeast and
molds (a) and psychrophilic bacteria (b) with ultrasound time and geraniol concentration at
180 μg/mL of pomegranate extract.
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ellagic acid (35%), gallic acid (19%), punicalagin A (10%), punicalagin B (5%)
and caffeic acid (2%). The highest antioxidant capacity of polyphenolic
compounds toward DPPH free radical is shown on those phenols with
a higher number of hydroxyl groups available ((Villaño et al., 2007), which
explains the significant effect of pomegranate extract on the inhibition
percentage of DPPH. Finally, it is interesting to note that geraniol has
a negative effect on DPPH, even though this effect is not as important as
pomegranate extract’s, as it can be seen when comparing Figure 2a,b.
Furthermore, the interaction between geraniol and ultrasound time turned
out to be significant (Table 2): at longer ultrasound processing times, the
negative effect of geraniol in DPPH radical scavenging activity is more
pronounced (Figure 2b).

As regards to TPC model, linear terms of pomegranate extract and ger-
aniol were significant for this response. The effect of pomegranate was
positive indicating that at higher concentrations of PE, TPC increases, as
shown in Figure 2c. This result is associated with the composition of the

Figure 2. Response surface curves for nutritional quality of strawberry juice. (a): Variation of DPPH
with ultrasound time and pomegranate extract concentration at 0.15 uL/mL of geraniol. (b):
Variation of DPPH with ultrasound time and geraniol concentration at 180 ug/mL of pomegranate
extract. (c): Variation of TPC with ultrasound time and pomegranate extract concentration at 0.15
uL/mL of geraniol. (d): Variation of TPC with ultrasound time and geraniol concentration at 180 ug/
mL of pomegranate extract.
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extract being polyphenolic compounds the main components. Thus,
increases in PE concentration result in higher TPC in the strawberry juice.
On the other hand, geraniol exerted a negative effect on TPC that could be
associated with some interaction between geraniol and polyphenols of straw-
berry juice. However, this effect is almost negligible in front of the positive
effect of pomegranate extract, as can be seen in Figure 2c,d. Finally, the
interaction term between ultrasound time and pomegranate extract concen-
tration turned out to be significant as well. In this case, the interaction was
expressed with TPC increases as increasing pomegranate extract concentra-
tion, and this behavior is more pronounced when longer ultrasound proces-
sing times are applied to strawberry juice (Figure 2c), demonstrating
a synergic effect between these two hurdles. The increase of TPC on soni-
cated samples could be attributed to the release of these compounds from the
cell wall, due to cavitation, as it was previously explained (Cheng et al., 2007).
Also, Bhat et al. (2011) stated that sonication produces the addition of
hydroxyl radicals to the aromatic ring of phenolic compounds which could
explain the increasing trend in phenolic content.

Differences found between DPPH and TPC behavior in response to hurdles
under study could be associated to the fact that each phenolic compound
presents different antioxidant properties, which depend mainly on its chemical
structure and on the position of hydroxyl groups (Pokorný, 2003).
Furthermore, other antioxidant compounds different from TPC that could
be present in the extract could scavenge DPPH radical (Ju and Howard, 2003).
Thus, these two indices do not always correlate.

Influence of Treatments on Sensory Quality

Both citric odor and off-odor responses were affected by geraniol as linear and
quadratic terms resulted significant for these models. This effect is shown in
Figure 3a,b which present the response surface for the combined effects of
ultrasound time and geraniol concentration on citric odor and off-odor scores,
respectively. Increases observed in citric odor as geraniol concentration
increased were expected, as geraniol has an odor and tasty usually described as
sweet floral rose, citrus with fruity and waxy nuances (Burdock, 2009). The non-
linear relationship could be attributed to a saturation effect where further
increases in geraniol concentration do not produce the same increase in the
citric odor score. On the other hand, neither ultrasound time or pomegranate
extract concentration produced any significant effect on this specific sensory
attribute. At the concentrations used in this work, pomegranate extract was
previously studied and showed no significant effect on odor characteristics of
strawberry juice (Tomadoni et al., 2016b).

With regard to off-odor (Figure 3b), it decreases with increasing geraniol
concentration. These results could be associated with the antimicrobial activity
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of geraniol, as microbial growth causes spoilage of the strawberry juice (the main
cause of off-odors). In this case, the non-linear relationship is associated to the
fact that increases in geraniol concentration beyond a certain value, is reflected
in increases in its own citric odor (which is considered by panelists as a non-
characteristic odor), leading to higher off-odor scores. The interaction term
between ultrasound time and geraniol concentration also significantly affected
the off-odor score, indicating that US improves the effect of geraniol avoiding
the development of off-odors. This result could be related to psychrophilic
bacteria growth, which was affected by ultrasound. Thus, lower PSY counts
will lead to lower off-odor scores.

Simultaneous Optimization

Response variables under evaluation are differentially affected by changes in
independent variables as was just analyzed. Thus, it is imperative to apply
a simultaneous optimization criterion to obtain a compromise solution and
to find the operating conditions that allow obtaining a safe strawberry juice
with high nutritional and sensory quality during the entire shelf-life.

Simultaneous optimization (Figure 4) indicated that the optimal levels of
the three preservation technologies studied resulted in X1 = 1 (30 min of
ultrasound processing time), X2 = 1 (360 μg/mL of pomegranate extract), and
X3 = 0 (0.15 μL/mL of geraniol). At this point, responses were predicted
(Table 2) as 2.97 and 2.83 log CFU/mL of YM and PSY counts, respectively;
63.77% inhibition of DPPH radical; 173.68 mg GAE/100mL of juice; and
citric odor and off-odor scores of 1.82 and 1.82, respectively.

Table 3 shows the results obtained for the response variables measured in
the new set of strawberry juice treated under optimal levels obtained by
simultaneous optimization (validation experiment). The responses for the

Figure 3. Response surface curves for sensory quality of strawberry juice. Variation of citric odor
(a) and off-odor (b) with ultrasound time and geraniol concentration at 180 μg/mL of pome-
granate extract.
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untreated juice at day 0 (Fresh control) and at the end of refrigerated storage
(day 14) are also shown in Table 3.

The scores found for citric-odor and off-odor in the validation experi-
ments were in accordance with the values predicted by the model. However,
predicted values for PSY, YM, DPPH and TPC were lower than those
obtained in the validation experiment. Probably, strawberry fruits used for
validation experiments presented higher initial microbial load and the
growth during storage yielded higher values at day 14. As regards the
antioxidant capacity and TPC, there is a notable variability in the concentra-
tion of polyphenol compounds present in strawberries, even in samples of
the same variety and harvest date (Hossain et al., 2016), and it can be seen in
Table 3 that strawberries used for validation experiments had a higher con-
centration of antioxidant compounds, which resulted in higher DPPH and
TPC values at day 14. An additional observation that is worth noting is
related to the evolution of the TPC through storage time. In both Table 1 and
Table 3, it can be observed that TPC increases after 14 days of refrigerated
storagein the untreated sample. This phenomenon has been previously
observed by Puttongsiri and Haruenkit (2010) when studying changes on

Figure 4. Response surface plots showing the combined effect of pomegranate extract concen-
tration and ultrasound time (a), geraniol concentration and ultrasound time (b), and geraniol and
pomegranate extract concentration (c) on the Desirability function with other variables constant
at middle level.
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TPC, antioxidant activity and ascorbic acid in tangerine juice through storage
at different temperatures. They concluded that the increase in these com-
pounds during storage is related to the liberation of free phenolic acids and
free amino acids caused by the decomposition of the cell structure associated
with the natural senescence.

Even though the strawberries used in the validation experiment (Table 3)
had a different initial composition and microbial load than those in the RSM
experiment (Table 1), the general conclusions did not change. The optimum
treatment did reduce significantly both YM and PSY counts compared to the
untreated sample at day 14 (3.64 and 3.70 log reductions, respectively).
Furthermore, the optimum treatment achieved similar increments on anti-
oxidant capacity and TPC compared to control at day 14 (16.25% and
13.28%, respectively) than those predicted with the simultaneous optimiza-
tion (10.72 and 33.28%, respectively).

Effect of Optimal Treatment on Escherichia Coli O157: H7 Inoculated in
Strawberry Juice

The typical acidity of strawberry juices is lethal to most bacterial species that
can contaminate these products. However, several outbreaks associated with
the consumption of unpasteurized fruit juices contaminated with Escherichia
coli O157: H7 have been reported (Shahbaz et al., 2018; Vojdani et al., 2008).
Thus, it is important to evaluate the performance of the optimal treatment to
control an eventual contamination with this pathogen.

Table 4 shows counts of E. coli O157:H7 in control (untreated) and treated
(at optimal conditions) strawberry juice along with refrigerated storage. It is
interesting to note that significant reductions were observed (p < .05) in the
counts of the pathogen inoculated in the untreated samples, reducing their
counts by 1.85 log during 14 days. These reductions in E. coli over time may
be due to the sum of various effects such as the low temperature (5°C), the
low pH and the competitive microflora present in strawberry juice. However,
when the inoculated juice is submitted to the optimal treatment a slight
initial reduction is observed in E. coli counts and thereafter these samples
showed higher reductions of the pathogen counts through the storage time

Table 4. Counts of inoculated Escherichia coli O157:H7 (log CFU/mL) in control and treated
strawberry juice stored at 5°C.

Sample

Storage time (days)

0 3 7 11 14

Control 4.84 ±0.03abA 4.59 ±0.04aA 4.00 ±0.04aB 3.47 ±0.07aC 2.99 ±0.16aD

Optimum treatment 4.65 ±0,05bA 4.18 ±0.06bB 3.22 ±0.04bC 2.40 ±0.16bD < 2.00bE

Optimum treatment: 30 min of US, 360 μg/mL of pomegranate extract and 0.15 μL/mL of geraniol.
Different lowercase letters indicate significant differences between treatments and different capitals indicate
significant differences over time.
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than that observed for the untreated juice, reaching values below the limit of
detection (< 2.00 log) at 14 days. In the treated samples, in addition to the
aforementioned factors (low pH, refrigeration temperature and competitive
microflora), the greater decrease in E. coli is attributed to the own effect of
the combined treatments of biopreservatives and ultrasound.

Conclusions

The combination of ultrasound with two different natural compounds (ger-
aniol and pomegranate extract) was studied to enhance the quality of straw-
berry juice, avoiding traditional thermal treatments. Simultaneous
optimization, through response surface methodology and desirability func-
tion, was successful in finding the optimal levels of each proposed hurdle
technology to improve the strawberry juice quality: 30 min of ultrasound
processing time + 360 μg/mL of pomegranate extract + 0.15 μL/mL of
geraniol, being these conditions a compromise solution between the different
responses studied, maximizing the antioxidant properties of the product,
while simultaneously reducing the microbial load and minimizing the impact
on sensory attributes. The optimum combination was able to significantly
reduce both psychrophilic bacteria and yeast and molds counts, with a low
impact on sensory attributes, while improving the antioxidant capacity of the
product compared to control. Finally, this treatment was effective to control
a contamination with Escherichia coli O157:H7, a pathogen that generates
concern for the health of consumers of unpasteurized juices.

Therefore, hurdle technology, combining two natural preservatives, i.e.
pomegranate extract and geraniol, with a non-thermal processing technology,
i.e. ultrasound, optimized through statistical tools, such as RSM and desir-
ability function, resulted adequate for extending the shelf-life as well as
increasing the safety of strawberry juice.
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