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a b s t r a c t
Decontamination of fresh fruits and vegetables is an important unsolved technological problem. The main
focus of this review is to summarize and synthesize the results of studies and articles about ultrasonic processing which can be adapted to the wash water decontamination process for fruits and vegetables. This
review will also provide an overview about the importance of an effective wash water decontamination process
in fruits and vegetables, the increase of foodborne outbreaks caused by fresh fruits and vegetables, microbial
inactivation using ultrasound, and an interpretation of the high power ultrasound results in the fruits and
vegetable industry. In addition, the limitations of ultrasonic processing in commercial applications have also
been introduced.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction
Today, food chains are becoming more complicated in the handling, processing, and transportation of food; hence obtaining safe
food is becoming more difﬁcult day by day. Most of the antimicrobial
substances and sanitizers used in the food industry for preservation
and sanitation are dangerous for human health and harmful to the
environment. In recent years, there has been an increasing demand
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for safe antimicrobial substances and sanitizers for the food industry
(Lopez-Gomez et al., 2009). Similar trends are also valid for fresh
fruits, vegetables, and organic foods.
Thus, novel and complementary food preservation technologies
are continuously being investigated. Among the alternative food preservation technologies, particular attention has been paid to the physical methods and biopreservation to extend the shelf-life and inhibit
undesirable microorganisms, minimizing the impact on the nutritional
and organoleptic properties of food products.
No method of treatment or sanitation that is currently used in the
food industry has been proven capable of inactivating microorganisms attached to fruit or vegetable tissues. Therefore, this review
will summarize the basic knowledge and current applications of
ultrasound technology as an alternative washing method for avoiding
attachment of microorganisms to fruit and vegetable tissues. Ultrasound technology is mostly combined with other sanitizing agents

0168-1605 © 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
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156

S.E. Bilek, F. Turantaş / International Journal of Food Microbiology 166 (2013) 155–162

for decontamination purposes in fruit and vegetable washing. In this
review, simulation of the existing literature data was also accomplished for an estimation of single ultrasonic application in wash
water.

chlorine based compounds from the decontamination and disinfection
process and applying innovative and emerging technologies in the
food industry (Ölmez and Akbaş, 2009; Cao et al., 2010; Hernandez
et al., 2010).

2. The necessity for an effective wash-water decontamination
process in the fruit and vegetable industry

3. Ultrasound

Decontamination of fresh fruits and vegetables is an important
unsolved technological problem. Over the past two decades, fruits
and vegetables have repeatedly become a source of foodborne illnesses. The different pathogens most frequently linked to fruit and
vegetable produce-related outbreaks generally include bacteria such
as Escherichia coli O157: H7, Salmonella spp. and Listeria spp. which
are a public health concern (Buck et al., 2003; Sivapalasingam et al.,
2004; Nguyen-The, 2012; Olaimat and Holley, 2012; Batz et al.,
2012). In fact, the foodborne outbreaks caused by E. coli and Salmonella
isolated from fruits and vegetables resulted with 727 cases/6 deaths
and 2288 cases/3 deaths, respectively, between the years 2006 and
2010 in the USA (CDC, 2012). In recent years, food borne outbreaks
caused by fruits and vegetables have shown an increasing trend.
Many bacteria including Bacillus, Salmonella, Listeria, Staphylococcus,
and Escherichia are capable of adhering to and forming a bioﬁlm on
different surfaces (Sinde and Carballo, 2000; Ryu and Beuchat, 2005);
however, there are limited investigations that are interested in the
adhering and forming of bioﬁlm on the surface of fresh vegetables
(Elhariry, 2011). When spoilage and pathogenic microorganisms
come in contact with produce in the fruit and vegetable production
environment, they can rapidly attach and strongly adhere themselves
(Liao and Sapers, 2000; Ukuku and Fett, 2006; Sapers and Doyle,
2009). Some pathogens can also form bioﬁlms on fruit and vegetable
surfaces (Annous et al., 2005; Sapers and Doyle, 2009; Solomon and
Sharma, 2009; Elhariry, 2011).
The necessity for an effective wash water decontamination process
in the raw material department of the fruit and vegetable industry is
undeniable as well as being a very critical step. In fruit and vegetable
cultivation, the possible contamination sources are seed, soil, irrigation
water, animals, manure, and the use of sewage sludge (Sivapalasingam
et al., 2004). The washing methods can reduce the microbial load of the
product. On the other hand if the washing treatment has not been
applied properly, this step can cause cross-contamination (Buck et al.,
2003; Olaimat and Holley, 2012). There is only one study that determined the microbial count in wash water after ultrasonic treatment.
In this study, ultrasound treatment provided a 4.4 log reduction of
E. coli O157:H7 count in the wash water (0.28 W/L, 20 kHz, 53 min,
106 CFU/mL inoculation) (Elizaquivel et al., 2011). Future studies
about the total microbial quality of wash water are needed to determine
important and valuable information concerning the antimicrobial effect
of ultrasound to avoid cross-contamination in wash water.
Vegetables are washed typically with water that generally contains
free chlorine from approx. 0 to 30 ppm. The chlorine and chlorinated
compounds have already been used for several decades and these compounds are still the most widely used sanitizers in the food industry
(Behrsing et al., 2000; Sapers, 2001; Beuchat et al., 2004; Hua and
Reckhow, 2007; Al-Zenki et al., 2012). Despite not having very clear
scientiﬁc data, many researchers mentioned that excessive use of
chlorine can be harmful due to the formation of carcinogenic disinfection by-products such as trihalomethanes, chloramines, haloketones,
chloropicrins, and haloacetic acids caused by the reaction of residual
chlorine with organic matter (Akbaş and Ölmez, 2007; Ukuku and
Fett, 2006; Gil et al., 2009; Ölmez and Kretzschmar, 2009; Cao et al.,
2010; Cho et al., 2010; Hernandez et al., 2010). Due to the risks posed
by the use of chlorine in the food industry, the use of these compounds
is forbidden in European countries such as the Netherlands, Sweden,
Germany, and Belgium (Rico et al., 2007; Ölmez and Kretzschmar,
2009; Issa-Zacharia et al., 2010). Actually, there is a trend in eliminating

The application of ultrasound is a non-thermal technology which
contributes to the increase of microbial safety and prolongs shelflife, especially in food with heat-sensitive, nutritional, sensory, and
functional characteristics (Alegria et al., 2009; Cao et al., 2010;
O'Donnell et al., 2010; Wang et al., 2011; Bhat et al., 2011). Ultrasound
refers to pressure waves with a frequency of 20 kHz or more and generally, ultrasound equipment uses frequencies from 20 kHz to 10 MHz.
Higher-power ultrasound at lower frequencies (20 to 100 kHz), is
referred to as “power ultrasound” and has the ability to cause cavitation,
which has uses in food processing to inactivate microorganisms
(Piyasena et al., 2003). A major advantage of ultrasound over other
techniques in the food industry is that sound waves are generally considered safe, non-toxic, and environmentally friendly (Kentish and
Ashokkumar, 2011).
The combination of ultrasound with some non-thermal and/or
physical–biological methods constitutes an attractive approach to
enhance microbial inactivation and elimination (Guerrero et al., 2001;
Kuldiloke, 2002; Vercet et al., 2002). Additionally, from the stand point
of consumer demand, ultrasound and physical–biological combined
processes show a potential for further investigation and application in
a plant scale and dependent on this, ultrasound technology could have
a wide range of current and future applications in the food industry
(Earnshaw, 1998; Zenker et al., 2003; D'Amico et al., 2006; Valero
et al., 2007; Chen et al., 2007; Zhao et al., 2007; Alegria et al., 2009;
Cao et al., 2010; O'Donnell et al., 2010; Wang et al., 2011; Bhat et al.,
2011).
Most published data indicates that the antimicrobial efﬁciency of
ultrasound is relatively low in some conditions and only under special
situations could ultrasound become an actual and effective alternative
to the decontamination process (Arce-Garcia et al., 2002; Guerrero
et al., 2005; López-Malo et al., 2005).
The multiple hurdles concept is a widely accepted approach in
food preservation and the hurdle technology is generally deﬁned as
using the simultaneous or the sequential application of factors and/or
treatments affecting microbial growth. The principle of this concept
can be explained as; two or more inhibition and inactivation methods
at suboptimal levels are more effective than one. In this manner, ultrasound technology can be adapted in the washing tank for decontamination of fruit and vegetables where the ultrasonic waves can be
generated from the surface of the tank. In the hurdle concept, the application of combining different factors with ultrasound has important
synergistic effects on the microorganisms (McClements, 1995;
Leistner, 2000). The combination of ultrasound with some methods,
constitutes an attractive approach to enhance microbial inactivation as
previous works have demonstrated about the hurdle effect in different
fruits and vegetables such as plum fruit (Chen and Zhu, 2011), strawberries (Cao et al., 2010; Alexandre et al., 2012), alfalfa seeds (Scouten
and Beuchat, 2002), fruit and vegetable juices (Kuldiloke, 2002), apples
and lettuce (Huang et al., 2006) and red bell pepper (Alexandre et al.,
2013).
3.1. Physical and chemical effects of ultrasound and microbial inactivation
The primary antimicrobial effects and the driving force of the
processing of ultrasonication are attributed to intracellular acoustic
cavitations which cause an increase in the permeability of membranes
and lost selectivity, thinning of cell membranes (Sams and Feria,
1991), localized heating (Suslick, 1998), and production of free radicals
(Fellows, 2000; Butz and Tauscher, 2002). The cavitation bubbles are
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generated by the ultrasound waves. These bubbles pass through the
solution and create a series of compression/rarefaction (expansion/
collapse) cycles creating a negative pressure affecting the molecules of
the liquid. When the distance between the molecules exceeds the minimum molecular distance the liquid breaks down and a void is formed.
In successive cycles, voids or cavities continuously grow with a small
amount of vapor from the liquid. During ultrasound applications,
many thousands of such bubbles, which are categorized by two different structures, are formed; the ﬁrst groups of bubbles, deﬁned as stable
cavitation bubbles are non-linear, have some equilibrium size during
pressure cycles, and form large bubble clouds. The second, internal
(transient) cavitation bubbles are nonstable and collapse quickly in a
very short time period and then disintegrate into a mass of smaller bubbles. These bubbles are often small and they also collapse rapidly. Small
bubbles will simply dissolve; however, the mass transfer boundary
layer is thinner, and the interfacial area is greater during bubble expansion than during bubble collapse. This means that more air transfers
into the bubble during the expansion phase than leaks out during
the collapse (Lauternborn and Ohl, 1997; Lee et al., 2005; Kentish and
Ashokkumar, 2011; Tiwari and Mason, 2012).
Unstable internal cavitations are generally observed at low frequencies (20–100 kHz) and undergo collapse to generate temperature and
pressures in the medium. The gas and vapor within the bubble may
be heated to a high temperature and the hot spots of high temperature
(up to 5500 °C) and pressure (up to 50,000 kPa) occur in very shorttime periods (on the order of microseconds). Shock waves radiated by
collapsing bubbles could be strong enough to shear and break the cell
wall and membrane structures. Finally it can be said that the components of the microbial cells disrupt by means of the micro-mechanical
shocks of ultrasound technology (Fellows, 2000; Butz and Tauscher,
2002).
The second antimicrobial effect comes from the chemical effect of
ultrasonication. In fact, literature mentions that sonolysis using a
20 kHz ultrasonic unit was found to enhance the inactivation of
microorganisms due to the antimicrobial mechanisms of hydroxyl
radicals (Suslick, 1998; Phull and Mason, 1999; Butz and Tauscher,
2002; Kadkhodaee and Povey, 2008). Previous studies have shown
that ultrasound generates a temperature increase at a localized level
inside a collapsing bubble which generates primary hydroxyl radicals
(Makino et al., 1983; Suslick, 1989; Ashokkumar and Mason, 2007;
Kentish and Ashokkumar, 2011). In addition, it was reported that
reactions that involve single electron transfer are accelerated in ultrasonic applications (Weiss et al., 2011). All the chemical effects of cavitation include free radical generation and involve single electron transfer
during the cooling phase and hydrogen atoms and hydroxyl radicals
recombine to form hydrogen peroxide (H2O2) which have important
bactericidal properties (Lee and Feng, 2011). If other compounds are
added to water irradiated with ultrasound, a wide range of secondary
reactions can occur and organic compounds can be oxidized and reduced (Suslick, 1989). At the end of these successive reactions, normally
the amount of free radicals increases. Moreover, the hydroxyl radical
(OH−) is able to react with the sugar-phosphate backbone of the DNA
chain and causes the secession of the phosphate-ester bonds and breaks
in the double strand microbial DNA (Manas and Pagan, 2005).
3.2. Commercial applications of high power ultrasound in food industry
There have been numerous studies about various applications of
high power (low frequency) ultrasound in food science and technology.
All of these applications and principles were reviewed by Awad et al.
(2012), Carcel et al. (2012) and Chandrapala et al. (2012). Researchers,
in the past decades, were able to optimize many ultrasound applications either for testing or processing of food products. In addition,
the commercial ultrasonic applications existed for defoaming, emulsiﬁcation, extraction and decontamination, extrusion, waste water treatment, and tenderization of meat (Cardoni and Lucas, 2005; Clark,
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2008; Patist and Bates, 2008; Awad, 2011; Chemat et al., 2011; Quan,
2011; Anon., 2012). For antimicrobial purposes, ultrasound was mostly
used for the cleaning and disinfecting of factory surfaces in the food
industry. Commercially, there are no plant scale applications of ultrasound in the decontamination and inhibition of microorganisms in
foods. Although, in an industrial water system, high frequency ultrasound treatment, patented as Sonoxide, has shown excellent results in
controlling bacteria and algae and has over 600 applications worldwide
(Broekman et al., 2010).
Recently, it has been observed that intensive research concerning
the appropriate ultrasound sensing or processing system in terms of
probe design, geometry, and characteristics (e.g., frequency) as well
as operating conditions, that meet the demands of speciﬁc applications in different food materials or provide optimum results for each
individual application, are being carried out. As a result, it can be
said that the effectiveness of ultrasound technology is a very important issue for ensuring the robustness of this technology in possible
areas of industrial applications (Patist and Bates, 2010; Soria and
Villamiel, 2010; Knorr et al., 2011; Awad et al., 2012). An important
factor causing difﬁculties that is effecting the adaptation of ultrasound
to existing food production lines is the commitment of food producers,
to traditional methods.
From the stand point of the tremendous trend for the use of new
technologies, it can be said that ultrasound is one of the most important green technologies used in processing and preservation (Chemat
et al., 2011; Awad et al., 2012). More research efforts are still needed
to develop efﬁcient systems for various problems related to speciﬁc
foods and production lines.
3.3. High-power ultrasound processing in the fruit and vegetable industry
Fruits and vegetables become microbiologically safe by using inhibition or elimination processes. Washing is the main step for removing
microorganisms or reducing microbial load. It is widely acknowledged
in the food industry that the washing step, which aims to remove the
dirt and cell exudes from damaged surfaces, along with immersion of
the product in a washing tank with a sanitizing agent, and an optional
rinsing step, reduces the microbial load. According to the type and the
concentration of sanitizing agents, the total count of the microbiological
populations on different kinds of fruits and vegetables after washing
generally varies between 1.0 and 3.0 log CFU/g (Sapers, 2001; Gil et al.,
2009).
Currently, for decreasing the microbial load of fresh fruits and
vegetables, decontamination techniques of one or a combination of
methods and antimicrobials take place due to the washing of products
with chlorine, chlorine dioxide, acidiﬁed sodium chloride, organic acid
formulations, alkaline-based sanitizers, hydrogen peroxide, ozonated
water, electrolyzed water, peroxyacetic acid, and mild heat treatments,
as well as other physical methods including ultrasound, ultraviolet radiation, pulsed electric ﬁeld, oscillating magnetic ﬁelds, and high pressure
(Gil et al., 2011).
New decontamination methods are needed to contact and kill
microorganisms without any negative effects. The application of
ultrasound in fruit and vegetable washing is one of the alternative
methods and is recommended for the food industry (Sapers, 2001;
Seymour et al., 2002; Huang et al., 2006; Knorr et al., 2004; Alegria
et al., 2009; Cao et al., 2010; Zhou et al., 2009; Elizaquivel et al.,
2011; Rivera et al., 2011; Sagong et al., 2011; São José and Vanetti,
2012; Alexandre et al., 2012, 2013). The limited research, carried
out until today, regarding ultrasound applications in the washing
step of fruits and vegetables is summarized in Table 1.
Despite there being no knowledge of the commercial application of
ultrasound in the wash-water decontamination processes, nowadays
most studies are concentrated on studying the physical cleaning and
decontamination effect of ultrasound on fruit and vegetable surfaces.
Moreover, researchers were trying to evaluate the effectiveness of
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Table 1
High power ultrasound applications (single and combined) and microbial reductions in the wash-water decontamination process of some fruits and vegetables.
Product

Ultrasound (US) parameters

Treatments

Microbial reductionsa (log10 CFU/g sample)

References

Strawberry

350 W/L, 40 kHz, 20 °C, 10 min

US alone

Cao et al. (2010)

Lettuce
Strawberry

280 W/L, 20 kHz, 53 min
120 W, 35 kHz, 15 °C
Sample/water: 1/25
120 W, 35 kHz, 15 °C
Sample/water: 1/25
10 W/L, 32–40 kHz, 10 min
Sample/water:1/20

US alone
US alone
US alone

TVC: 0.6
YMC: 0.5
E. coli O157:H7: 4.4 in wash water
TVC: 0.6
YMC: 1.4
L. innocua: 1.98

US alone

S. typhimurium: 1.5

Seymour et al. (2002)

US + Chlorinated water
(25 ppm free chlorine)
US alone
US + chlorinated water
(200 ppm free chlorine)

S. typhimurium: 2.7

Red bell pepper
Iceberg lettuce

Shredded carrot

45 kHz, 1 min

Cherry tomatoes

45 kHz, 10 min, 25 °C

Lettuce

170 kHz, 6–10 min

US alone
US + peracetic acid (40 mg/L)
US + ClO2 (5 and 10 ppm)

Spinach leaves
Lettuce

200 W/L, 21.2 kHz, 2 min
30 W/L, 40 kHz, 5 min

US + acidiﬁed sodium chloride (200 mg/L)
US + lactic/citric/malic acid (2%)

Trufﬂes

35 kHz, 4 °C, 10 min

US + ethanol (70%)

Plum fruit

100 W, 40 kHz, 20 °C, 10 min
Sample/water: 1/5

US + ClO2 (40 mg/L)
US + peracetic acid (40 mg/L)

Apple

TVC: 1.3
YMC: 0.9
TVC: 1.0
YMC: 0.9
S. enterica typhimurium: 0.8
S. enterica typhimurium: 3.9
Salmonella spp.: 2.2–2.9
E. coli O157:H7: 1.3–2.2
Salmonella spp.: 3.1–4.2
E. coli O157:H7: 2.2–3.8
E. coli O157:H7: 4
E. coli O157:H7: 2.7
S. typhimurium: 3.2
L. monocytogenes: 2.9
TVC: 4
Mold count: b1.7
Yeast count: b0.5
Pseudomonas spp.: N4
Enterobacteriaceae: 3.6
Lactic acid bacteria: 3.5
TVC (mesophilic):3
TVC (psychrotrophic):2.9
YMC: 2

Elizaquivel et al. (2012)
Alexandre et al. (2012)
Alexandre et al. (2013)

Alegria et al. (2009)

São José and Vanetti (2012)
Huang et al. (2006)

Zhou et al. (2009)
Sagong et al. (2011)

Rivera et al. (2011)

Chen and Zhu (2011)

TVC: total viable counts (mesophilic).
YMC: yeast and mold count.
a
Microbial reductions in given range changed depending on chemical concentrations in combined applications.

ultrasound in washing procedures. As seen in Table 1, most of the
research was carried out and published in the years between 2002
and 2012 and are directly related to the decontamination treatments
of fruits and vegetables. In studies using ultrasound for decontamination purposes, mostly lettuce, spinach, shredded carrot, trufﬂes, cherry
tomatoes, and strawberries were used as food materials. The high
power ultrasound with low frequencies and treatment times between
20–45 kHz and 1–10 min were generally used in the applications. In
different applications in combination with the parameters such as
power, frequency, temperature, and time, the microbial reduction with
ultrasound varies between 0.5 and 1.98 log CFU/g (Huang et al., 2006;
Zhou et al., 2009; Alegria et al., 2009; Cao et al., 2010; Sagong et al.,
2011; Chen and Zhu, 2011; Rivera et al., 2011; Elizaquivel et al., 2012;
São José and Vanetti, 2012; Alexandre et al., 2012, 2013). Seymour
et al. (2002), studied the effect of tap water, chlorinated water
(25 ppm free chlorine), ultrasound in water (10 W/L, 32–40 kHz,
10 min), and ultrasound in chlorinated water in four different treatments and tried to determine the decontamination efﬁciency of these
treatments on ampicillin resistant strains of Salmonella typhimurium,
E. coli and Listeria monocytogenes in iceberg lettuce, cucumber, carrot,
pepper, white cabbage, onion, parsley, strawberry, mint, and other
herbs. Table 1, shows the results of S. typhimurium and iceberg lettuce
regarding the researchers' conclusion. Literature reports that all experiments were also repeated for E. coli and L. monocytogenes but no significant differences in attachment efﬁciency were found and for this
reason, these results are not given in Table 1. For the frequency effect
between the given range for high power ultrasound, it was suggested
that the different frequencies of ultrasound treatment had no signiﬁcant
effect on the decontamination efﬁciency of S. typhimurium (P N 0.05)
in the washing of iceberg lettuce, the average reductions for 25,

32–40, and 62–70 kHz treatments were 1.4, 1.3, and 1.3 log10 CFU/g
respectively (not shown in Table 1). The ultrasound application in
water signiﬁcantly reduced the numbers of S. typhimurium (approx.
1.5 log10 CFU/g reduction, 97.9% reduction). These reductions were
signiﬁcantly different (P b 0.05) from the water control in the decontamination of fresh produce.
Simple water washings allowed microbial log reductions of
1.43 ± 0.04 CFU/g red bell peppers. Among the technologies applied
ozone in aqueous solution, ultrasounds and ultraviolet C radiation,
ultrasound was found one of the most effective process. On average,
1.98 ± 0.21 log CFU/g reductions on Listeria innocua occurred when
red bell pepper samples had been washed with aqueous ultrasounds
(Alexandre et al., 2013).
There are some studies designed to investigate the single and combined effects of ultrasound with some chemicals such as organic acids,
acidiﬁed sodium chloride, ethanol, chlorine dioxide, and peracetic acid
on the microbial inactivation of some fruits and vegetables (Huang
et al., 2006; Zhou et al., 2009; Sagong et al., 2011; Rivera et al., 2011;
São José and Vanetti, 2012). Sagong et al. (2011) compared the effectiveness of combining treatments of ultrasound (30 W/L, 40 kHz,
5–10 min) with different organic acid (malic, citric and lactic acids)
concentrations (0, 0.3, 0.5, 0.7, 1, and 2), and treatment times (5, 10,
20, 30, and 60 min) with mild agitation at 20 °C against E. coli O157:
H7, S. typhimurium, and L. monocytogenes. The maximum reductions of
E. coli O157:H7, S. typhimurium and L. monocytogenes were determined
as 2.7 (lactic acid), 3.2 (citric acid), and 2.9 (malic acid) log10 CFU/g
after a combined treatment with ultrasound and 2% organic acid for
5 min., respectively (P b 0.05). The reduction effect of ultrasound on
S. typhimurium, E. coli O157:H7, and L. monocytogenes counts between
the 5 and 10 min treatments were not signiﬁcantly (P N 0.05) different
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on fresh lettuce in an ultrasound treatment with organic acid applications. The similar data obtained from different studies suggest that the
reduction effect of ultrasound occurred primarily during the ﬁrst
5 min and did not signiﬁcantly increased even after a 10 min treatment
in different samples such as parsley, lettuce, cabbage, carrot, cucumber,
strawberry, onion, and pepper (mentioned in Seymour et al., 2002;
Sagong et al., 2011).
Alegria et al. (2009) evaluated the alternative decontamination
processes of shredded carrots, applied the following processes: chlorination (50 or 200 ppm free chlorine/1 min at 5 °C), ozonization
(1 ppm/5 min, 5 °C), hot water (100 °C/45 s), and ultrasonication
(45 kHz/1 min). The reduction of the initial microbial load of the
shredded carrots after singular and combined decontamination treatments are given in Table 2. As shown in Tables 1 and 2, it was
observed that the logarithmic reductions of 1.3 and 0.9 in precut
treatments were determined for a single ultrasound treatment for
TVC and YMC, respectively. In some decontamination outcome studies,
the chlorine combined ultrasound treatments did not exceed the efﬁcacy of the single ultrasound application, which is a very important result
from the stand point of the antimicrobial effect of ultrasound. In both
treatments with and without chlorine the number of microorganisms
was reduced by approx. 1 logarithmic unit in these experimental conditions which was applied for decontamination purposes.
Huang et al. (2006) used the combination of chlorine dioxide and
ultrasound to kill the nalidixic acid resistant Salmonella enterica, serotypes Enteritidis, Typhimurium, and Mission and nalidixic-novobiocin
resistant E. coli O157:H7 on apples and lettuce. The studies regarding
the microbial reduction in these samples by chlorine dioxide at 0, 5,
10, 20, and 40 ppm with and without 170 kHz ultrasonic treatment
for 10 min are shown in Table 3. The results of Huang et al. (2006),
demonstrate that chlorine dioxide can effectively reduce the numbers
of test organisms from samples, and ultrasound application can promote the antimicrobial effect of chlorine dioxide on Salmonella and
E. coli O157:H7 inoculated apples and lettuce samples and a single
treatment of ultrasound caused an additional 1.2–1.9 log10 CFU/g
reduction in the samples. The decontamination efﬁciency of chlorine
dioxide when combined with ultrasonication and applied to both test
organisms showed that the inoculated apple samples were higher
than the inoculated lettuce. This result could be that the structural differences and irregular surfaces of lettuce may provide some protection
for the microbial cells. As shown in Table 4, a 1.52 log10 CFU/g additional
reduction was obtained with an ultrasound application on E. coli O157:
H7 inoculated apples, in experiments which applied ultrasound with the
chlorine dioxide, the reduction values were additionally increased in the
range of 0.6–2.4 log10 CFU/g depending on the chlorine dioxide concentrations (5–40 ppm). In the lettuce experiments, it was determined that
an additional reduction in Salmonella spp. was obtained between 0.3
and 0.65 log10 CFU/g using the ultrasound treatment.
Table 2
The effects of singular and combined decontamination treatments applied in pre-cut and
post-cut shredded carrots on the reduction1 (log10 CFU/g) of mesophilic total viable
counts (TVC) and yeast and mold counts (YMC) (summarized from Alegria et al., 2009).
Treatments

Ultrasound −US (45 kHz, 1 min)
Combined applications
Chlorinated water
(200 ppm free chlorine/5 min,
5 °C) + US (45 kHz, 1 min)
Ozonated water
(1 ppm/5 min, 5 °C),
+US (45 kHz, 1 min)
1

Pre-cut

Post-cut

TVC

YMC

TVC

YMC

1.3b

0.9e

0.5a

0.5c

1.0b

0.9e

0.9b

0.8de

0.2a

0.5c

0.4a

0.6cd

Data are given as means ± SD with different letters in the same column.
Different small letters represent signiﬁcant differences (P b 0.05) for TVC.
c,d,e
Different capital letters represent signiﬁcant differences (P b 0.05) for YMC.
a,b
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Table 3
The reduction values of different concentrations of chlorine dioxide single and
combined with ultrasound on Salmonella spp. and E. coli O157:H7 inoculated apples
and lettuce samples (summarized from Huang et al., 2006).
Salmonella strains reduction (log10 CFU/g sample)
Concentrations (ClO2-ppm)

5
10
20
40

Apples

Lettuce

ClO2 alone

ClO2 + US

ClO2 alone

ClO2 + US

2.5a
2.5a
2.5a
2.5a

3.7b
3.9b
3.7b
4.2b

1.7a
2.1a
2.1a
2.2a

1.7a
2.2b
3.0c
3.6d

E. coli O157:H7 reduction (log10 CFU/g sample)
Concentrations (ClO2-ppm)

Apples
ClO2 alone

5
10
20
40

a

1.7
1.8a
1.8a
2.2a

Lettuce
ClO2 + US
b

3.2
3.1b
3.7b
3.8b

ClO2 alone
a

1.5
1.7a
2.3a
2.4a

ClO2 + US
1.7a
1.7a
1.8a
1.9a

a,b,c,d

Data are given as means ± SD with different letters in the same column are
signiﬁcantly different (P b 0.05).
US: ultrasound application (170 kHz, 10 min).

São José and Vanetti (2012) studied the effect of ultrasound
(45 kHz, 10 min, 25 °C) in the presence of 5% hydrogen peroxide
and 40 mg/L peracetic acid on cherry tomatoes. The reduction of the
total viable count, yeast and mold count, and inoculated S. enterica
typhimurium that adhered to the surface of the tomatoes was evaluated
(Table 5). Treatments with ultrasound alone, 5% hydrogen peroxide and
40 mg/L peracetic acid individually lead to reductions of 1.2, 2.1, and
2.6 log10 CFU/g (TVC) and 0.7, 2.3, and 3.3 log10 CFU/g (YMC), respectively. In combined applications with hydrogen peroxide and peracetic
acid with ultrasound, the additional reduction values caused by ultrasound increased to 0.5–0.8 log10 CFU/g (TVC), and 0.2–1.1 log10 CFU/g
(YMC) (Table 5).
Similarly, Rivera et al. (2011), studied the antimicrobial effect of
sodium hypochlorite (500 ppm), hydrogen peroxide (500 ppm),
and 70% ethanol combined with ultrasound (35 kHz, 10 min, 4 °C) on
trufﬂe samples. Ultrasound applied alone eliminated 1 log10 CFU/g
TVC (mesophilic), 1.6 log10 CFU/g Pseudomonas spp., 1.6 log10 CFU/g
Enterobacteriaceae count, and 0.9 log10 CFU/g lactic acid bacteria, and
0.9 log10 CFU/g YMC. When ultrasound was combined with sodium
hypochlorite and hydrogen peroxide, an additional effect (approx.
1 log10 CFU/g) was found.
Zhou et al. (2009) searched the microbial load of spinach leaves and
reported that acidiﬁed sodium chloride reduced the E. coli O157:H7
population by 2.1 log10 CFU/g over that of water wash, while the
reduction from other sanitizers such as chlorine, peroxyacetic acid,
and acidic electrolyzed water was about 1–1.2 log10 CFU/g (Table 6).

Table 4
The reduction values of chlorine dioxide applications single and combined with ultrasound (US) on Salmonella spp. and E. coli O157:H7 inoculated apples and lettuce samples
(summarized from Huang et al., 2006).
Applications

Sample

Test organisms

Reduction*
(log10 CFU/gsample)

Washing with water (10 min)
US (170 kHz-10 min)
ClO2 (5–40 ppm)
ClO2 (5–40 ppm) + US
(170 kHz, 10 min)
ClO2(5–40 ppm) + US
(170 kHz, 10 min)

Apples
Apples
Lettuce
Lettuce

E. coli O157:H7
E. coli O157:H7
Salmonella spp.
Salmonella spp.

0.97a
1.52a
~1.97–2.35b1
~2.26–3.00b1

Apples

E. coli O157:H7

~2.14–3.90c1

⁎The reduction values are shown as means of log reduction ± SD.
1
The values in given range changed depending on ClO2 concentrations (5–40 ppm).
a,b,c
The letters in the same column are signiﬁcantly different (P b 0.05).
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Table 5
Effect of ultrasound (US), hydrogen peroxide (HP) and peracetic acid (PAA) alone and
combined applications in reducing the total viable count (TVC), yeast and mold count
(YMC) and Salmonella Typhimurium in cherry tomatoes (summarized from São José
and Vanetti, 2012).
Reduction (log10 CFU/g sample)
TVC (mesophilic)

YMC

Salmonella

US
HP (5%)
HP (5%) + US (45 kHz,
25 °C, 10 min)
PAA (40 mg/L)
PAA (40 mg/L) + US
(45 kHz, 25 °C,10 min)

1.2a
2.1b
2.6b

0.7a
2.3b
2.5b

0.8a
nd
nd

2.6b
3.4c

3.3b
4.4c

nd
3.9c

All data are means of determination with standard deviation (±).
a,b,c
Treatments indicated with same letter did not differ (P N 0.05) between themselves.
nd: not determined.

Ultrasonication (21.2 kHz, 200 W/L, 2 min) signiﬁcantly enhanced the
reduction of E. coli O157:H7 on spinach for all treatments by 0.7 to
1.1 log10 CFU/g over that of washes with sanitizers alone (P b 0.05).
To prove the effects of ultrasound on plum fruit, the combined
effects of this technique with chlorine dioxide were also reported by
Chen and Zhu (2011). Microbial counts decreased in the three different
treatments given below:
• Washing with tap water without US (Control),
• ClO2 (40 mg/L) + US in ClO2 solution (40 kHz, 20 °C, 10 min, 100 W)
(Treatment I)
• ClO2 (40 mg/L) + US in tap water (40 kHz, 20 °C, 10 min, 100 W)
(Treatment II).
The ultrasound and chlorine dioxide treatments (I and II) signiﬁcantly reduced the number of the total viable counts and yeast and
mold counts in plum fruit by 2.3–3.0 and 1.4–2.0 log10 CFU/g respectively (P b 0.05 — Table 7) when compared to the control. When the
ultrasound was applied in water, it gave a higher microbial reduction
(approx. 0.7 log CFU/g for TVC and YMC) than ultrasound in chlorine
dioxide.
As a result of this study, combined applications of chemicals and
ultrasound on fruits and vegetables are suggested and that simultaneous ultrasonic waves and cavitation synergistically improved the
antimicrobial effects of the chemical treatment compared with using
them sequentially. The data in literature showed that there is a synergistic effect enhanced by approximately 0.7–1.7 logarithmic unit in
the reduction of TVC, YMC, E. coli O157:H7, and Salmonella when ultrasound combined with some antimicrobial chemical agents, depending
on the concentrations used, the ultrasound experimental conditions, the
strains of microorganisms, and the type of vegetable. There are limited researches which determined totally the antimicrobial effect of ultrasound
alone, ultrasound application reduce approx. 0.6–1.5 log10 CFU/g mL in
general experimental conditions.
Table 6
The reduction of E. coli O157:H7 inoculated on the surface of spinach with ultrasound
(US, 21.2 kHz, 200 W/L, 2 min) in combination with selected sanitizers (summarized
from Zhou et al., 2009).

Water
Chlorinated water (200 mg/L)
Acidic electrolysed water (80 mg/L)
Peroxyacetic acid (80 mg/L)
Acidiﬁed sodium chlorite (200 mg/L)
a,b,c,d

Treatments

Microbial counts (log10 CFU/g sample)
TVC
TVC
YMC
(mesophilic) (psychrotrophic)

Treatments

Sanitizer

Table 7
The microbial counts of (log10 CFU/g) plum fruit treated with combined ClO2 and ultrasound (summarized from Chen and Zhu, 2011).

Reduction (log10 CFU/g sample)
Alone
sanitizer

Sanitizer + US
(21.2 kHz, 200 W/L, 2 min)

1.0a
2.0b
2.2b
2.2b
3.1c

2.1b
3.1c
3.1c
2.9c
4.0d

Data are given as means ± SD with different letters in the same column are
signiﬁcantly different (P b 0.05).

Control (tap water washing, without US) 3.9a
ClO2 (40 mg/L) + US in ClO2 solution
1.6b
(40 kHz, 20 °C, 10 min, 100 W)
ClO2 (40 mg/L) + US in tap water
0.9c
(40 kHz, 20 °C, 10 min, 100 W)

3.7a
1.5b

2.7a
1.3b

0.8c

0.7c

a,b,c
Data are given as means ± SD with different letters in the same column are
signiﬁcantly different (P b 0.05).
TVC: total viable count.
YMC: yeast and mold count.

Microbial reduction by ultrasound is very important from the stand
point of green decontamination and the hurdle concept of inhibition
and elimination methods for food preservation technologies in fruits
and vegetables. Additionally, from existing literature we concluded
that these results could be helpful for estimating the decontamination
effect of ultrasound and the possible use of ultrasound technology in
different processes instead of antimicrobial chemical agents in fruits
and vegetable washing processes.
4. Conclusion
Until today, the results obtained from different studies carried out
using decontamination washing treatments combined with ultrasound
applications are variable. Findings from different studies are also difﬁcult
to compare because they use different parameters such as ultrasound
frequency, efﬁciency, acoustic energy density, time of treatment, temperature, water/sample ratios, agitation-washing protocol, species
and strains of test organisms such as E. coli O157:H7, S. typhimurium,
L. monocytogenes, and type of fruits and vegetables. There are a lot of parameters and factors which are not interpreted the same in all experimental conditions. Because of these differences, the harmonization of
the results of the ultrasound applications may be very difﬁcult.
As a result, ﬁnding the best conditions, doses, and combination of
treatments for different hurdle decontamination technologies is a
further challenge for the commercial adaptation of ultrasound. Future
studies are needed to use ultrasound technology for decontamination
purposes in the commercial food industry in place, for the purpose of
scale up and optimization. These realistic studies are the only way to
determine the best operating conditions.
It was also shown that, ultrasound applied by itself and with the
chemical agents chlorine, peroxyacetic acid, and acidic electrolyzed
water showed no signiﬁcant microbial reduction (approx. 1 log CFU/g)
between the two processes. In light of this knowledge, future research
is necessary to determine the antimicrobial effects using ultrasound or
chemicals in order to compare the results for decontamination washing
processes in the fruit and vegetable industries.

References
Akbaş, M.Y., Ölmez, H., 2007. Effectiveness of organic acids, ozonated water and
chlorine dippings on microbial reduction and storage quality of fresh-cut iceberg
lettuce. Journal of the Science of Food and Agriculture 87 (14), 2609–2616.
Alegria, C., Pinheiro, J., Gonçalves, E.M., Fernandes, I., Moldao, M., Abreu, M., 2009.
Quality attributes of shredded carrot (Daucus carota L. cv. Nantes) as affected by alternative decontamination processes to chlorine. Innovative Food Science and
Emerging Technologies 10, 61–69.
Alexandre, E.M.C., Brandao, T.R.S., Silva, C.L.M., 2012. Efﬁcacy of non-thermal technologies and sanitizer solutions on microbial load reduction and quality retention of
strawberries. Journal of Food Engineering 108, 417–426.
Alexandre, E.M.C., Brandao, T.R.S., Silva, C.L.M., 2013. Impact of non-thermal technologies
and sanitizer solutions on microbial load reduction and quality factor retention of frozen red bell peppers. Innovative Food Science and Emerging Technologies 17, 199–205.

S.E. Bilek, F. Turantaş / International Journal of Food Microbiology 166 (2013) 155–162
Al-Zenki, S., Al-Omirah, H., Sidhu, J.S., 2012. Microbial safety and sanitation of fruits and
fruit products. In: Sinha, N., Sidhu, J., Barta, J., Wu, J., Cano, P. (Eds.), Handbook of
Fruit and Fruit Processing. Wiley-Blackwell, USA, pp. 339–340.
Annous, A.B., Solomon, E.B., Cooke, P.H., Burke, A., 2005. Bioﬁlm formation by Salmonella
spp. on cantaloupe melons. Journal of Food Safety 25 (4), 276–287.
Anon., 2012. Extraction of palm oil. http://www.cavitus.com/products/Extraction/
palm-oil.
Arce-Garcia, M.R., Jimenez-Munguia, M.T., Palou, E., Lopez-Malo, A., 2002. Ultrasound
treatments and antimicrobial agents effects on Zygosaccharomyces rouxii. IFT Annual Meeting Book of Abstracts 2002, Session 91E-18.
Ashokkumar, M., Mason, T.J., 2007. Sonochemistry. Kirk-Othmer Encyclopedia of
Chemical Technology.Wiley, New York, NY.
Awad, S., 2011. High power ultrasound in surface cleaning and decontamination. In:
Feng, H., Barbosa-Canovas, G., Weiss, J. (Eds.), Ultrasound Technologies for Food
and Bioprocessing. Springer, London, pp. 545–558.
Awad, T.S., Moharram, H.A., Shaltout, O.E., Asker, D., Youssef, M.M., 2012. Applications
of ultrasound in analysis, processing and quality control of food: a review. Food
Research International 48, 410–427.
Batz, M.B., Hoffman, S., Morris, J.G., 2012. Ranking the disease burden of 14 pathogens
in food sources in the United States using attribution data from outbreak investigations and expert elicitation. Journal of Food Protection 75, 1278–1291.
Behrsing, J., Winkler, S., Franz, P., Premier, R., 2000. Efﬁcacy of chlorine for inactivation of Escherichia coli on vegetables. Postharvest Biology and Technology 19,
187–192.
Beuchat, L.R., Pettigrew, C.A., Tremblay, M.E., Roselle, B.J., Scouten, A.J., 2004. Lethality
of chlorine, chlorine dioxide, and a commercial fruit and vegetable sanitizer to
vegetative cells and spores of Bacillus cereus and spores of Bacillus thuringiensis.
Journal of Food Protection 67, 1702–1708.
Bhat, R., Kamaruddin, C.N.S.B., Liong, M.T., Karim, A.A., 2011. Sonication improves kasturi
lime (Citrus microcarpa) juice quality. Ultrasonic Sonochemistry 18, 1295–1300.
Broekman, S., Pohlmann, O., Beardwood, E.S., de Meulenaer, E.C., 2010. Ultrasonic
treatment for microbiological control of water systems. Ultrasonic Sonochemistry
17, 1041–1048.
Buck, J.W., Walcott, R.R., Beuchat, L.R., 2003. Recent trends in microbiological safety of
fruits and vegetables. Online. Plant Health Progress. http://dx.doi.org/10.1094/
PHP-2003-0121-01-RV.
Butz, P., Tauscher, B., 2002. Emerging technologies: chemical aspects. Food Research
International 35 (2/3), 279–284.
Cao, S., Hu, Z., Pang, B., Wang, H., Xie, H., Wu, F., 2010. Effect of ultrasound treatment on
fruit decay and quality maintenance in strawberry after harvest. Food Control 21
(4), 529–532.
Carcel, J.A., Garcia-Perez, J.V., Benedito, J., Mulet, A., 2012. Food process innovation
through new technologies: use of ultrasound. Journal of Food Engineering 110,
200–207.
Cardoni, A., Lucas, M., 2005. Strategies for reducing stress in ultrasonic cutting systems.
Strain 41 (1), 11–18.
CDC, 2012. Centers For Disease Control and Prevention, Foodborne Outbreak Online
Database (FOOD). http://wwwn.cdc.gov/foodborneoutbreaks/Default.aspx.
Chandrapala, J., Oliver, C., Kentish, S., Ashokkumar, M., 2012. Ultrasonics in food processing.
Ultrasonics Sonochemistry 19, 975–983.
Chemat, F., Zill-e-Huma, Khan, M.K., 2011. Applications of ultrasound in food technology:
processing, preservation and extraction. Ultrasonics Sonochemistry 18, 813–835.
Chen, Z., Zhu, C., 2011. Combined effects of aqueous chlorine dioxide and ultrasonic
treatments on postharvest storage quality of plum fruit (Prunus salicina L.).
Postharvest Biology and Technology 61, 117–123.
Chen, F., Sun, Y., Zhao, G., Liao, X., Hu, X., Wu, J., Wang, Z., 2007. Optimization of
ultrasound-assisted extraction of anthocyanins in red raspberries and identiﬁcation of anthocyanins in extract using high-performance liquid chromatography
mass-spectrometry. Ultrasonics Sonochemistry 14, 767–778.
Cho, S.D., Chang, M.S., Lee, Y.S., Ha, J.H., Kim, G.H., 2010. Changes in the residual chlorine content of fresh-cut lettuce during storage. Journal of the Korean Society for
Applied Biological Chemistry 53 (3), 337–341.
Clark, P., 2008. An update on ultrasonics. Food Technology 26, 75–77.
D'Amico, D.J., Silk, T.M., Wu, J., Guo, M., 2006. Inactivation of microorganisms in milk
and apple cider treated with ultrasound. Journal of Food Protection 69 (3),
556–563.
Earnshaw, R.G., 1998. Ultrasound a new opportunity for food preservation. In: Povey,
M.J.W., Mason, T.J. (Eds.), Ultrasound in Food Processing. Blackie Academic Professional, London, UK, pp. 183–192.
Elhariry, H.M., 2011. Attachment strength and bioﬁlm forming ability of Bacillus
cereus on green-leafy vegetables: cabbage and lettuce. Food Microbiology 28,
1266–1274.
Elizaquivel, P., Sanchez, G., Selma, M.V., Aznar, R., 2011. Application of propidium
monoazide-qPCR to evaluate the ultrasonic inactivation of Escherichia coli O157:
H7 in fresh-cut vegetable wash water. Food Microbiology 30, 316–320.
Elizaquivel, P., Sanchez, G., Selma, M.V., Aznar, R., 2012. Application of propidum
monoazide-qPCR to evaluate the ultrasonic inactivation of Escherichia coli O157:
H7 in fresh-cut vegetable wash water. Food Microbiology 30, 316–320.
Fellows, P., 2000. Food Processing Technology: Principles and Practice, 2nd ed. CRC
Press, New York.
Gil, M.I., Selma, M.V., Lopez-Galvez, F., Allende, A., 2009. Fresh-cut product sanitation
and wash water disinfection: problems and solutions. International Journal of
Food Microbiology 134, 37–45.
Gil, M.L., Allende, A., Selma, M.V., 2011. Treatments to assure safety of fresh-cut fruits
and vegetables. In: Martin-Bellosa, O., Soliva-Fortuny, R. (Eds.), Advances in
Fresh-cut Fruit and Vegetables Processing. CRC Press, USA, pp. 211–223.

161

Guerrero, S., Lopez-Malo, A., Alzamora, S.M., 2001. Effect of ultrasound on the survival of
Saccharomyces cerevisiae: inﬂuence of temperature, pH and amplitude. Innovative
Food Science and Emerging Technologies 2, 31–39.
Guerrero, S., Tognon, M., Alzamora, S.M., 2005. Response of Saccharomyces cerevisiae to
the combined action of ultrasound and low weight chitosan. Food Control 16 (2),
131–139.
Hernandez, A.F., Robles, P.A., Gomez, P.A., Callejas, T.A., Artes, F., 2010. Low UV-C illumination for keeping overall quality of fresh-cut watermelon. Postharvest Biology
and Technology 55 (2), 114–120.
Hua, G., Reckhow, D.A., 2007. Comparison of disinfection by product formation from
chlorine and alternative disinfectants. Water Research 41, 1667–1678.
Huang, T., Xu, C., Walker, K., West, P., Zhang, S., Weese, J., 2006. Decontamination
efﬁcacy of combined chlorine dioxide with ultrasonication on apples and lettuce.
Journal of Food Science 71 (4), 134–139.
Issa-Zacharia, A., Kamitani, Y., Muhimbula, H., Ndabikunze, B.K., 2010. A review of
microbiological safety of fruits and vegetables and the introduction of electrolyzed
water as an alternative to sodium hypochlorite solution. African Journal of Food
Science 4 (13), 778–789.
Kadkhodaee, R., Povey, M.J.W., 2008. Ultrasonic inactivation of Bacillus α-amylase I effect
of gas content and emitting face of probe. Ultrasonic Sonochemistry 15, 133–142.
Kentish, S., Ashokkumar, M., 2011. The physical and chemical effects of ultrasound. In:
Feng, H., Barbosa-Cánovas, G.V., Weiss, J. (Eds.), Ultrasound Technologies for Food
and Bioprocessing. Springer, London, pp. 1–12.
Knorr, D., Zenker, M., Heinz, V., Lee, D., 2004. Applications and potential of ultrasonics
in food processing. Trends in Food Science and Technology 15, 261–266.
Knorr, D., Froehling, A., Jaeger, H., Reineke, K., Schlueter, O., Schoessler, K., 2011.
Emerging technologies in food processing. Annual Review of Food Science and
Technology 2, 203–235.
Kuldiloke, J., 2002. Effect of Ultrasound, Temperature and Pressure Treatments on
Enzyme Activity an Quality Indicators of Fruit and Vegetable Juices. (Ph.D. Thesis)
Technische Universität Berlin.
Lauternborn, W., Ohl, C.D., 1997. Cavitation bubbles dynamics. Ultrasonics Sonochemistry
4, 67–75.
Lee, H., Feng, H., 2011. Effect of power ultrasound on food quality. In: Feng, H., BarbosaCánovas, G.V., Weiss, J. (Eds.), Ultrasound Technologies for Food and Bioprocessing.
Springer, London, pp. 559–582.
Lee, J., Kentish, S., Ashokkumar, M., 2005. Effect of surfactants on the rate of growth of
an air bubble by rectiﬁed diffusion. The Journal of Physical Chemistry. B 109 (30),
14595–14598.
Leistner, I., 2000. Basic aspects of food preservation by hurdle technology. International
Journal of Food Microbiology 55, 181–186.
Liao, C.H., Sapers, G.M., 2000. Attachment and growth of Salmonella Chester in apple
fruits and in vivo response of attached bacteria to sanitizer treatments. Journal of
Food Protection 63, 876–883.
Lopez-Gomez, P.S., Palop, F.A., Periago, P.M., Martinez-Lopez, A., Marin-Iniesta, F.,
Barbosa-Canovas, G.V., 2009. Food safety engineering: an emergent perspective.
Food Engineering Review 1, 84–104.
López-Malo, A., Palou, E., Jiménez-Fernández, M., Alzamora, S.M., Guerrero, S., 2005.
Multifactorial fungal inactivation combining thermosonication and antimicrobials.
Journal of Food Engineering 67 (1–2), 87–93.
Makino, K., Mossoba, M.M., Riesz, P., 1983. Chemical effects of ultrasound on aqueous
solutions. Formation of hydroxyl radicals and hydrogen atoms. Journal of Physical
Chemistry 87 (8), 1369–1377.
Manas, P., Pagan, R., 2005. Microbial inactivation by new technologies of food preservation. Journal of Applied Microbiology 98, 1387–1399.
McClements, D.J., 1995. Advances in the application of ultrasound in food analysis and
processing. Trends in Food Science and Technology 6 (9), 293–299.
Nguyen-The, C., 2012. Biological hazards in processed fruits and vegetables — risk factors
and impact of processing techniques. LWT — Food Science and Technology 49,
172–177.
O'Donnell, C.P., Tiwari, B.K., Bourke, P., Cullen, P.J., 2010. Effect of ultrasonic processing
on food enzymes of industrial importance. Trends in Food Science and Technology
21 (7), 358–367.
Olaimat, A.N., Holley, R.A., 2012. Factors inﬂuencing the microbial safety of fresh
produce: a review. Food Microbiology 32 (1), 1–19.
Ölmez, H., Akbaş, M.Y., 2009. Optimization of ozone treatment of fresh-cut green leaf
lettuce. Journal of Food Engineering 90 (4), 487–494.
Ölmez, H., Kretzschmar, U., 2009. Potential alternative disinfection methods for organic
fresh-cut industry for minimizing water consumption and environmental impact.
LWT — Food Science and Technology 42, 686–693.
Patist, A., Bates, D., 2008. Ultrasonic innovations in the food industry: from the laboratory
to commercial production. Innovative Food Science and Emerging Technologies 9,
147–154.
Patist, A., Bates, D., 2010. Industrial applications of high power ultrasonics. In: Feng, H.,
Barbosa-Canovas, G., Weiss, J. (Eds.), Ultrasound Technologies for Food and
Bioprocessing. Springer, London, pp. 598–619.
Phull, S.S., Mason, T.J., 1999. The use of ultrasound in microbiology. In: Mason, T.J. (Ed.),
Advances in Sonochemistry, vol. 5. JAI Press, USA, p. 197.
Piyasena, P., Mohareb, E., McKellar, R.C., 2003. Inactivation of microbes using ultrasound: a
review. International Journal of Food Microbiology 87 (3), 207–216.
Quan, K., 2011. Novel application of power ultrasonic spray. In: Feng, H., BarbosaCanovas, G., Weiss, J. (Eds.), Ultrasound Technologies for Food and Bioprocessing.
Springer, London, pp. 535–544.
Rico, D., Martín-Diana, A.B., Barat, J.M., Barry-Ryan, C., 2007. Extending and measuring
the quality of fresh-cut fruit and vegetables: a review. Trends in Food Science and
Technology 18 (7), 373–386.

162

S.E. Bilek, F. Turantaş / International Journal of Food Microbiology 166 (2013) 155–162

Rivera, C.S., Venturini, M.E., Oria, R., Blanco, D., 2011. Selection of a decontamination
treatment for fresh Tuber aestivum and Tuber melanosporum trufﬂes packaged in
modiﬁed atmospheres. Food Control 22 (3–4), 626–632.
Ryu, J.H., Beuchat, L.R., 2005. Spore formation by Bacillus cereus in broth as affected by
temperature, nutrient availability, and manganese. Journal of Food Protection 68,
1734–1738.
Sagong, H.G., Lee, S.Y., Chang, P.S., Heu, S., Ryu, S., Choi, Y.J., 2011. Combined effect of
ultrasound and organic acids to reduce Escherichia coli O157:H7, Salmonella
typhimurium and Listeria monocytogenes on organic fresh lettuce. International
Journal of Food Microbiology 145 (1), 287–292.
Sams, A.R., Feria, R., 1991. Microbial effects of ultrasonication of broiler drumstick skin.
Journal of Food Science 56 (1), 247–248.
São José, J.F.B., Vanetti, M.C.D., 2012. Effect of ultrasound and commercial sanitizers in
removing natural contaminants and Salmonella enterica Typhimurium on cherry
tomatoes. Food Control 24 (1–2), 95–99.
Sapers, G.M., 2001. Efﬁcacy of washing and sanitizing methods of disinfection of fresh
fruit and vegetable products. Food Technology and Biotechnology 39 (4), 305–311.
Sapers, G.M., Doyle, M.P., 2009. Scope of produce contamination problem. In: Sapers,
G.M., Solomon, E.B., Matthews, K.R. (Eds.), The Produce Contamination Problem
— Causes and Solutions. Elsevier, USA, pp. 3–19.
Scouten, A.J., Beuchat, L.R., 2002. Combined effects of chemical, heat and ultrasound
treatments to kill Salmonella and Escherichia coli O157:H7 on alfalfa seeds. Journal
of Applied Microbiology 92, 668–674.
Seymour, I.J., Burfoot, D., Smith, R.L., Cox, L.A., Lockwood, A., 2002. Ultrasound decontamination of minimally processed fruits and vegetables. International Journal of
Food Science and Technology 37, 547–557.
Sinde, E., Carballo, J., 2000. Attachment of Salmonella spp. and Listeria monocytogenes to
stainless steel, rubber and polytetraﬂuorethylene: the inﬂuence of free energy and
the effect of commercial sanitizers. Food Microbiology 17, 439–447.
Sivapalasingam, S., Friedman, C.R., Cohen, L., Tauxe, R.V., 2004. Fresh produce: a growing
cause of outbreaks of foodborne illness in the United States. Journal of Food Protection
67 (10), 2342–2353.
Solomon, E.B., Sharma, M., 2009. Microbial attachment and limitations of decontamination methodologies. In: Sapers, G.M., Solomon, E.B., Matthews, K.R. (Eds.),

The Produce Contamination Problem — Causes and Solutions. Elsevier, USA,
pp. 21–45.
Soria, A.C., Villamiel, M., 2010. Effect of ultrasound on the technological properties and
bioactivity of food: a review. Trends in Food Science and Technology 21, 323–331.
Suslick, K.S., 1989. The chemical effects of ultrasound. Scientiﬁc American 80–87.
Suslick, K.S., 1998. Sonochemistry, 4th ed. Kirk-Othmer Encyclopedia of Chemical Technology, vol. 26. J. Wiley Sons, New York, pp. 517–541.
Tiwari, B.K., Mason, T.J., 2012. Ultrasound processing of ﬂuid foods. In: Cullen, P.J.,
Tiwari, Brijesh K., Valdramidis, Vasilis P. (Eds.), Novel Thermal and Non-Thermal
Technologies for Fluid Foods. Academic Press, London, pp. 135–167.
Ukuku, D.O., Fett, W.F., 2006. Effect of cell surface charge and hydrophobicity on
attachment of 16 Salmonella serovars to cantaloupe rind and decontamination
with sanitizers. Journal of Food Protection 69 (8), 1835–1843.
Valero, M., Recrosio, N., Saura, D., Munoz, N., Marti, N., Lizama, V., 2007. Effects of ultrasonic
treatments in orange juice processing. Journal of Food Engineering 80, 509–516.
Vercet, A., Sanchez, C., Burgos, J., Montanes, L., Buesa, P.L., 2002. The effects of
manothermosonication on tomato pectic enzymes and tomato paste reological
properties. Journal of Food Engineering 53, 273–278.
Wang, Y., Hu, Y., Wang, J., Liu, Z., Yang, G., Geng, G., 2011. Ultrasound-assisted solvent
extraction of swainsonine from Oxytropis ochrocephala Bunge. Journal of Medicinal
Plants Research 5 (6), 890–894.
Weiss, J., Gulseren, I., Kjartansson, G., 2011. Physicochemical effects of high intensity
ultrasonication on food proteins and carbohydrates. In: Zhang, H., Barbosa-Canovas,
G.V., Balasubramaniam, V.M., Dunne, C.P., Farkas, D.F., Yuan, J.T.C. (Eds.), Nonthermal
Processing Technologies for Foods. Wiley, UK, pp. 109–134.
Zenker, M., Heinz, V., Knorr, D., 2003. Application of ultrasound-assisted thermal
processing for preservation and quality retention of liquid foods. Journal of Food
Protection 66 (9), 1642–1649.
Zhao, Y., Feng, Z., Li, X., 2007. Effect of ultrasonic and MA packaging method on quality
and some physiological changes of fragrant pear. Journal of Xinjiang Agricultural
University 30, 61–63.
Zhou, B., Feng, H., Luo, Y., 2009. Ultrasound enhanced sanitizer efﬁcacy in reduction of
Escherichia coli O157:H7 population on spinach leaves. Journal of Food Science 74
(6), 308–313.

