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ABSTRACT

BIOACTIVE COMPOUND RETENTION AND SHELF LIFE
EXTENSION OF STRAWBERRY JUICE BY SELECTED
NONTHERMAL PROCESSING TECHNOLOGIES

Shelf life extension of fruit juices while maintaining quality and functional
properties is of great interest. Nonthermal food processing technologies have been
emerged as innovative preservation methods alternative to thermal pasteurization of
fruit juices.

The objectives of this Ph.D. thesis were to (i) ensure microbial safety of
strawberry juice (SJ) by thermal and nonthermal technologies, i.e. high pressure
processing (HPP), ultrasound (US), pulsed electric field (PEF) and UV-C irradiation;
(i) evaluate physicochemical and phytochemical properties of SJ after processing and
during storage; (iii) extend microbial shelf life of SJ without unduly affecting quality.
HPP (300 MPa, 1 min), US (120 um, 5.15 J/mL, 55 °C, 3 min), PEF (35 kV/cm, 27 ps,
155 Hz), and thermal pasteurization (71.7 °C, 15 s) conditions were determined based
on equivalent inactivation of E.coli (ATCC 11775) in SJ studied at Washington State
University. UV-C irradiation (1.01 J/mL, 53.9 °C, 6 cycles, 5.8 min) and thermal
pasteurization (72 °C, 101 s) conditions were determined considering inactivation of E.
coli K-12 (ATCC 25253) in SJ studied at IZTECH.

Consequently, microbial shelf life of SJ treated by HPP, thermosonication,
UVC+mild heating, thermal pasteurization was extended up to 42 days while PEF
prolonged up to 35 days at refrigerated storage. Multivariate data analysis revealed that
HPP and PEF enhanced phytochemical characteristics of SJ compared to
thermosonication and thermal pasteurization. Although UV-C irradiation did not alter
physcicochemical properties, total phenolic content, and antioxidant activities of SJ,
total anthocyanin content was significantly decreased by UV-C light compared to

untreated juice.



OZET

SECILEN ISIL OLMAYAN ISLEME TEKNOLOIJILERI iLE
CILEK SUYUNUN BIYOAKTIF BILESIKLERININ KORUNMASI VE
RAF OMRUNUN ARTTIRILMASI

Meyve sularinin kalite ve fonksiyonel 6zelliklerini koruyarak raf omiirlerinin
uzatilmasi1 biiyiik 6nem tasimaktadir. Isil olmayan gida isleme teknolojileri meyve
sulariin termal pastOrizasyonuna alternatif yenilik¢i koruma yontemleri olarak ortaya
cikmistir.

Bu doktora calismasinin amagclar1 (i) ¢ilek suyunun termal pastorizasyon ve
termal olmayan gida isleme yontemlerinden yiiksek basing (HPP), ultrases (US), darbeli
elektrik alan1 (PEF), ve UV-C 1sinlama gibi teknolojiler ile mikrobiyal giivencesinin
saglanmasi, (ii) proses sonrasinda ve depolama siiresince ¢ilek suyunun fizikokimyasal
ve fitokimyasal 6zelliklerinin degerlendirilmesi, (iii) ¢ilek suyunun kalitesini olumsuz
bir sekilde etkilemeden mikrobiyal raf dmriiniin arttirilmasidir. HPP (300 MPa, 1 dk),
US (120 pum, 5.15 J/mL, 55 °C, 3 dk), PEF (35kV/cm, 27 us, 155 Hz), ve termal
pastdrizasyon (71.7 °C, 15 s) kosullart Washington State Universitesi’nde calisilmis
olup E. coli ATCC 11775 susunun bahsi gegen teknolojiler tarafindan es deger
inaktivasyonuna dayanarak belirlenmistir. Izmir Yiiksek Teknoloji Enstitiisii’nde
caligilan UV-C 1ginlama (1.01 J/mL, 55 °C, 6 devir, 5.8 dk) ve termal pastorizasyon (72
°C, 101 s) kosullar1 E. coli K-12 (ATCC 25253) susunun inaktivasyonuna dayanarak
belirlenmistir.

Sonug olarak; yiiksek basing, termosonikasyon, 1limli 1s1l islemle desteklenmis
UV-C 1sinlama, termal pastorizasyon ¢ilek suyunun mikrobiyal raf omriinii 42 giline
kadar uzatirken; darbeli elektrik alan1 35 giine kadar uzatmistir. Cok degiskenli veri
analizleri yiliksek basing ve elektrik alani uygulamalarinin termal pastorizasyon ve
termosonikasyona kiyasla ¢ilek sularinin fitokimyasal Ozelliklerini gelistirdigini
gostermistir. UV-C 1s1nlama ise ¢ilek suyunun fizikokimyasal 6zelliklerini, toplam fenol
icerigini, ve antioksidan aktivitesini onemli Olciide etkilememesine ragmen, toplam

antosiyanin icerigini islem gormemis ¢ilek suyuna kiyasla dnemli 6l¢giide azaltmistir.
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CHAPTER 1

INTRODUCTION

Fruit juices are widely consumed food products in all around the world.
Assuring the safety and quality of fruit juices until the product reaches to the consumer
is a major concern. Depending on the nutritional composition and type of fruit, the
juices are susceptible to spoilage by Lactobacillus and Leuconostoc (Winniczuk &
Parish, 1997), Acetobacter aceti and Acetobacter pasteurianus (Worobo &
Splittstoesser, 2005), Candida, Pichia, Rhodotorula, Torulopsis, Saccharomyces,
Zysossaccharomyces, Hansenula, and Trichosporon genera (Renard, di Marco, Egea-
Cortines, & Weiss, 2008). Moreover, several foodborne pathogens such as Escherichia
coli O157:H7, Salmonella spp and Cryptosporidium parvum (CDC, 1996, 1999, 2007)
have been associated with some outbreaks and foodborne illnesses. Therefore, more
stringent strategies have been developed in order to control the microbiological quality
and safety of fruit juices (Tribst, Sant‘/Ana, & de Massaguer, 2009). The regulation
proposed by Food and Drug Administration (FDA) requires a 5-log reduction in the
most pertinent microorganism by processing (FDA, 1998). The 5-log reduction
performance standard is well satisfied by thermal pasteurization which has been widely
applied as a conventional method for the preservation of fruit juices. However, thermal
processing has undesirable effects such as loss of nutrients, degradation of bioactive
compounds, and alteration of sensorial attributes in the final product. Although the
microbial safety is the first concern to be satisfied; preservation or improvement of
desirable sensorial attributes, nutritional and health related properties of fruit juices
should also be taken into account in order to meet consumers’ demands. Nowadays,
consumers have an increasing demand for fresh-like foods with high quality,
microbiologically safe, as well as rich in terms of natural flavor, taste, nutrients, and
bioactive compounds (Rastogi, Raghavarao, Balasubramaniam, Niranjan, & Knorr,
2007; Sanchez-Moreno, De Ancos, Plaza, Elez-Martinez, & Cano, 2009). Therefore,
scientists have showed interest in exploring innovative food processing technologies.

Alternative nonthermal technologies have potential to replace the traditional processing



methods with minor changes in fresh-like properties or increased content in health-
related phytochemicals.

In this respect, nonthermal processing technologies including high pressure
processing (HPP), ultrasonication (US), pulsed electric fields (PEF), UV-C irradiation
have gained special attention as alternative methods to thermal processing to obtain
microbiologically safe food with high nutritional and functional quality, and a longer
shelf-life. HPP is one of the novel technologies allowing processing of the food at
elevated pressure with or without addition of heating. The desired microbial inactivation
levels as well as food attributes can be achieved by HPP (Ramaswamy,
Balasubramaniam, & Kaletung, 2011). US technology has been gaining attention in
food processing due to its potential to satisfy the pasteurization requirements. The
effectiveness of this technology arises from the cavitation generated by sound waves
passing through the medium. Cavitation enables the microbial inactivation by disrupting
the cell membrane (Bermtdez-Aguirre & Barbosa Canovas, 2011). PEF is a nonthermal
food processing technology that leads inactivation of microorganisms with minimal
change in food quality by subjecting liquid or semi-liquid food products to high voltage
pulses of electricity (Ramaswamy, Jin, Balasubramaniam, & Zhang, 2011). UV-C light,
on the other hand, has gained interest in the food industry as a method to be used for
decontamination of surfaces, sterilization of air, and disinfection of liquids (Bintsis,
Litopoulou-Tzanetaki, & Robinson, 2000). In addition; hurdle approach, which employs
a combination of different processing technologies, has been gaining interest in
preservation of food due to the potential influence on increasing stability, safety and
quality of the products.

The objectives of this Ph.D. thesis were (i) to investigate the efficacy of selected
nonthermal processes such as HPP, US, PEF and UV-C light for the microbial safety of
strawberry juice (SJ), (ii) to determine effects of each process on physicochemical and
optical properties, as well as health related bioactive compounds, (iii) to extend the shelf
life of treated juices. The selected nonthermal technologies were compared with the
untreated and thermally pasteurized juice samples.

Chapter 2 provides theoretical background about fruit juices in terms of
microbial and chemical aspects by putting special emphasis on berry products.
Microbial safety and quality of juice products were discussed by considering spoilage
and pathogenic microorganisms. Then, the major bioactive compounds present in fruit

juices and their benefits were summarized. Preservation of fruit juices by thermal and
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nonthermal processing technologies as well as hurdle technology was outlined in this
chapter.

Each technology has several processing parameters and different mechanism of
action on the inactivation of microorganism. Therefore, Chapter 3 covers the
fundamental principles, microbial inactivation mechanism, equipment and processing
parameters, advantages and disadvantages of each nonthermal processing technology
that has been studied in this PhD thesis. Then, the applications of high pressure, pulsed
electric field, ultrasound, and UV-C light treatments were reviewed considering
microbiological quality, physicochemical and phytochemical properties of fruit juices.

In Chapter 4, an overview of methodologies used both at Washington State
University and Izmir Institute of Technology were given including preparation of
strawberry juice, physicochemical assays, analytical assays and data analysis.
Additional methodologies related to each technology were detailed in corresponding
chapters if necessary.

In Chapter 5, processing conditions of strawberry juice by HPP, PEF and US
were determined considering inoculation of a microorganism of concern (i.e. a surrogate
of E. coli O157:H7) based on the equivalent processing approach. Equivalent
processing is a concept of a fair comparison of different processing technologies on the
basis of joint accomplishment. For this purpose, the juice inoculated with acid adapted
E. coli (ATCC 11755) was subjected to by HPP, US and PEF processes. With respect to
HPP, the inactivation kinetics of target microorganism was monitored at varying
pressure and time. US process was combined with mild heating at different
temperatures. A central composite design was constructed for PEF considering
electrical field intensity and frequency as independent variables at a constant pulse
width and flow rate. In order to satisfy FDA’s 5-log reduction requirement in the
pertinent microorganism, the processing conditions of each technology that
accomplished at least 5-log reduction were selected for the pasteurization of strawberry
juice. Results were validated by applying the same conditions to strawberry juice having
natural flora. The total mesophilic aerobic count and yeast-mold count were determined
in processed juice. This part of thesis was carried out at Washington State University,
Pullman, WA, USA.

In Chapter 6, the processing conditions determined in Chapter 5 were applied
for pasteurization of the freshly squeezed strawberry juice. Then, the microbiological

quality, physicochemical and phytochemical properties of strawberry juice before and
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after treatments were evaluated. Regarding the microbiological quality, total mesophilic
aerobic plate and yeast-mold counts were monitored. pH, titratable acidity, and total
soluble content were measured as physicochemical attributes of SJ. Phytochemical
properties were analyzed in terms of total phenolic content, antioxidant capacity and
total anthocyanin content. This part of thesis was carried out at Washington State
University, Pullman, WA, USA.

Chapter 7 covers the shelf life study of SJ treated by high pressure, US, PEF and
conventional thermal pasteurization. The freshly squeezed SJ samples treated by HPP,
PEF, US and conventional thermal pasteurization were stored at refrigerated conditions
for 42 days. The microbial quality, physicochemical, and phytochemical properties of
untreated and treated SJ samples were monitored during storage period. This part of
thesis was also carried out at Washington State University, Pullman, WA, USA.

In Chapter 8, the processing conditions of SJ by UV-C light were studied by
inoculating E.coli K-12, as a surrogate of E.coli O157: H7, into SJ. Different UV-C
lamp configurations, flow rates, temperatures, thereby different UV-C intensities, were
tested in order to find the conditions that accomplished at least 5-log reductions in the
number of target microorganism. The combination of UV-C light with mild heating was
also investigated along with the conventional method.

Chapter 9 covers the shelf life study of freshly squeezed SJ processed under the
conditions that were previously determined in Chapter 8. For the preservation of
strawberry juice, UV-C assisted with mild heating and conventional thermal
pasteurization were applied; and the processed juices were compared in terms of
microbial quality, physicochemical and phytochemical properties. During 42 days of
refrigerated storage, microbial stability and physicochemical attributes of SJ were
monitored.

Chapter 10 concludes the thesis. A summary of the main findings is presented. It

also contains recommendations for future research and the closing remarks.



CHAPTER 2

FRUIT JUICE AND PRESERVATION METHODS

2.1. Introduction

Fruit juice is the unfermented but fermentable liquid obtained from the mature
and fresh fruits. The juice is prepared by suitable processes, which maintain the
essential physical, chemical, organoleptic and nutritional characteristics of the juices of
the fruit from which it comes. The juice may be cloudy or clear with aromatic
substances and volatile flavor components (Codex, 2005). Juicing fruit has become a
convenient alternative for some people, allowing them to quickly drink the needed daily
requirements. The nutritional quality of fruits and fruit juices are determined based on
their macronutrients (proteins, carbohydrates, and lipids) and micronutrients (vitamins
and minerals, fatty acids, and essential aminoacids) contents. Besides; bioactive
compounds, i.e. phytochemicals, increase functionality and health promoting properties
of fruit and fruit juice. These compounds in fruits and juices work in collaboration with
nutrients and dietary fiber to protect human body against many diseases, including
cancer, high blood pressure, heart disease, and cataracts (Sanchez-Moreno, De Ancos,
Plaza, Elez-Martinez, & Cano, 2009). Due to their health promoting components, fruit
and fruit juices have considered to be an important part of a human diet.

In this chapter, bioactive compounds in fruits and their health benefits, the
constituents of strawberry and strawberry juice, microbial safey and quality of fruit
juices, and fruit juice preservation methods including thermal and nonthermal

processing technologies as well as hurdle processing approach were covered.

2.2. Bioactive Compounds and Health Benefits of Fruits

Free radicals are the reactive chemical species with a single unpaired electron in
an outer orbit (Riley, 1994). The energy created due to this unstable configuration tends

to release through several reactions with proteins, lipids, carbohydrates, and nucleic



acids. The free radicals that can damage biological systems are oxygen-free radicals. In
general, they are called as “reactive oxygen species” (ROS) (Rahman, 2007). ROS act
as a causative factor in many diseases such as cardiovascular diseases, cancer, diabetes
mellitus, ageing and neurodegenerative diseases (Azizova, 2002). Superoxide radical,
hydrogen peroxide, hydroxyl free radical, singlet oxygen and nitric oxide are the most
common forms of ROS with biological activities including DNA mutation, alteration of
gene expression, cell apoptosis, lipid peroxidation and protein degradation (Nordberg &
Arner, 2001).

Consumption of fruits and vegetables has been inversely associated with the risk
of chronic degenerative diseases (Leifert & Abeywardena, 2008). The natural
antioxidants (phytochemicals) in fruits are considered to have health promoting
properties due to their high antioxidant ability and free radical scavenging capacity
(Kahkonen, Hopia, & Heinonen, 2001). The principle function of antioxidants is based
on delaying the oxidation of other molecules by inhibiting the initiation or propagation
of ROS related oxidation reactions (Namiki, 1990).

Phytochemicals are non-nutritive, but biologically active plant metabolites
which have functions such as pigmentation, antioxidation, protection against UV-light
in plants (Fennema, 1996). Phenolic compounds are the largest category of
phytochemicals and the most widely distributed in the plant kingdom. They are plant
secondary metabolites, which are generally synthesized through the shikimic acid
pathway (Dixon & Paiva, 1995; Vasco, 2009). A benzene ring or another complex
aromatic ring structures are attached with one or more hydroxyl groups (Tokusoglu,
Swanson, & Barbosa-Canovas, 2014). Phenolic compounds can be basically classified
as phenolic acids (hydroxycinnamic and hydroxybenzoic acid), flavonoids
(anthocyanins, flavonols, proanthocyanidins, flavonols, flavones, flavanones,
isoflavones), tannins, and lignans (Fennema, 1996). Figure 2.1 shows the structure of
some phenolic compounds (Dai & Mumper, 2010).

Phenolic compounds play some important roles in fruits in terms of visual
appearance, taste and aroma. For example, these compounds are responsible for most of
the blue, purple, red and intermediate colors of fruits (Fennema, 1996). They also have
significant functions in biological systems including radical scavenging activity, and
protecting proteins, lipids, and DNA from oxidative damage. As a result phenolic
compounds in fruit and fruit juices are considered as biologically active compounds that

may possess some disease-preventive properties. Therefore, consumption of fruit and
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fruit juices has become a dietary concern worldwide since they are rich sources of
bioactive compounds or phytochemicals. The major bioactive antioxidant compounds of
fruit and vegetables juices are vitamin C and phenolic compounds as well as carotenoids
(Rodriguez-Roque, Rojas-Grau, Elez-Martinez, & Martin-Belloso, 2013).

Anthocyanins are a widespread group of plant phenolic compounds which are
responsible from red and blue pigments of the plants, flowers, and fruits leading to
attraction processes related to pollination and seed dissemination (Cheynier, 2012).
They are water soluble pigments found in the external layers of the skin as well as in
vacuoles in the cell. Anthocyanins are composed by anthocyanidins and their glucosides
(Shahidi & Naczk, 2004). They have been regarded as a natural alternative to replace
synthetic food colorants. Recently, increased attention has been given to their potential
health benefits in preventing heart diseases and cancers due to their powerful
antioxidant properties (Hannum, 2004).

Flavonols play protective role in plant tissues against UV irradiation. Quercetin
and kaempferol are the best known flavonols (Cheynier, 2012). Tannins, on the other
hand, are divided into two categories as hydrolysable and condensed non-hydrolysable
(proanthocyanidins) tannins. Derivatives of gallic acid and ellagic acid, (-)epicatechin,
and (+)catechin are the examples of tannins in fruits. Tannins are responsible for the
taste and color of fruits. They can stabilize anthocyanins by binding them for the
formation of copolymers (Szajdek & Borowska, 2008).

Phenolic acids in fruits present as cinnamic acid benzoic acid derivatives. p-
hydroxybenzoic acid, salicylic acid, gallic acid and ellagic acid are the main examples
of hydroxybenzoic acids while p-coumaric acid, caffeic acid and ferulic acid are
classified in the group of cinnamic acid derivatives. Chlorogenic acid, which is the ester
form of caffeic acid and quinic acid, has been also found in high quantities in fruits
(Szajdek & Borowska, 2008).
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2.3. Strawberry and Strawberry Juice (SJ)

Berry fruits have been reported as one of the rich source of phenolic compounds
such as phenolic acids, flavonoids, stilbenes, and tannins. In recent years many studies
have been focused on bioactive compounds in berries, their characterization and
utilization in functional foods due the health promoting properties. The concentration of
phenolics in berries varies depending on the species, variety, geographic region,
ripeness, climate, and storage conditions (Paredes-Lopez, Cervantes-Ceja, Vigna-Perez,
& Hernandez-Perez, 2010).

Strawberries (Fragaria x ananassa) are commonly consumed fruits due to the
content of essential nutrients and bioactive phytochemicals. Table A.1 in Appendix A
shows the nutritional composition of strawberries. The dietary fiber (2 g/100g) and
fructose (2.44 g/100g) contents may regulate the blood sugar levels by slowing the
digestion (Giampieri et al., 2012). Vitamin C, on the other hand, is another important
constituent in the nutrient profile of strawberry. It is one of the important water-soluble
vitamins. The vitamin C content of strawberry has been varied from 23.8 to 84.7 mg per
10 g of fresh weight depending on species, variety, cultivation and climate conditions,
ripeness and storage time (Szajdek & Borowska, 2008). The amount of Vitamin C in
strawberry has been reported to be 58.8 mg/100 g (Table A.1).

In addition to nutritional constituents, flavonoids and other phenolic compounds
(phenolic acids, stilbenes, lignans), are mostly studied compounds due to their potential
health-related properties (Sanchez-Moreno et al., 2009). The health benefits of
strawberry phenolics are attributed to their antioxidant and anti-inflammatory, direct
and indirect antimicrobial, anti-allergy, and anti-hypertensive properties, as well as the
capacity for inhibiting the activities of some physiological enzymes and receptors,
preventing oxidative stress-related diseases (Wang, Cao, & Prior, 1996). Giampieri et
al. (2015) thoroughly reviewed the relation between strawberry and health. Strawberry
phenolics can promote human health since they are able to (i) block and detoxify free
radicals, (ii) regulate gene expression involving in metabolism and antioxidant defense
mechanism, (iii) avoid DNA damage (Giampieri et al., 2015).

The important class of strawberry polyphenols are flavonoids, mainly
anthocyanins (pelargonidin and cyanidin derivatives), ellagitannins, flavonols (catechins

and procyanidins), and phenolic acids (Giampieri et al., 2015). However, the



polyphenolic composition of strawberry fruits depends significantly on the genotype
(Anttonen, Hoppula, Nestby, Verheul, & Karjalainen, 2006; Capocasa, Scalzo,
Mezzetti, & Battino, 2008), as well as agricultural factors, environment, and maturity
(Aaby, Mazur, Nes, & Skrede, 2012; Pineli et al., 2011; Tulipani et al., 2008). The total
phenolic content of strawberry fruit has been reported as 317.2-443.4 mg per 100 g of
fresh weight (Zheng, Wang, Wang, & Zheng, 2007). Table A.2 in Appendix A
represents the flavonoid composition of strawberries. Anthocyanins are the commonly
known phenolic compounds in strawberries (Aaby, Skrede, & Wrolstad, 2005; Clifford,
2000). Regardless of genetic and environmental factors, pelargonidin-3-glucoside is the
major anthocyanin in strawberries (da Silva, Escribano-Bailon, Alonso, Rivas-Gonzalo,
& Santos-Buelga, 2007). Aaby et al. (2012) has characterized twenty seven strawberry
cultivars in terms of anthocyanins, flavan-3-ols, and ellagitannins. It has been reported
that the concentration of anthocyanins varied from 8.5 to 65.9 mg/100 g of fresh weight
among cultivars (Aaby et al., 2012). The major anthocyanins in strawberry are
pelargonidin 3-glucoside, cyanidin 3-glucoside, and pelargonidin 3-rutinoside (da Silva
et al., 2007). Among different cultivars, the concentration of flavan-3-ols has been
detected inbetween 11-45 mg/100 g of fw; while the ellagitannins have varied from 7.7
to 18.2 mg/100 g of fw (Aaby et al., 2012).

The production quantities of strawberry for each country have been reported by
Food and Agriculture Organization of the United Nations (FAO). Figure 2.1 shows the
percentage of production quantity of several countries in 2013 based on the statistical
data obtained from FAO (FAOSTAT, 2016). The major leading countries for strawberry
production have been recorded as China (39 %), United States (18 %), Mexico (5 %),
Turkey (5 %), and Spain (4 %). The production quantity of strawberry in Turkey has
been compiled by Turkish Statistical Institute (TSI) since 1988 as illustrated in Figure
2.2. The yield per year shows a remarkable increase over years. Considering the last 10
years, the production yield of strawberry in Turkey has been increased from 200.000
tons to 375.800 tons (TSI, 2016). From commercial and economical point of view,
strawberries are consumed either fresh or in processed form. The processed forms of
strawberries include juices, jams, or jellies (Giampieri et al., 2012). Besides, beverages
and yogurts supplemented with strawberry are also alternative commercial products in

the market.
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Figure 2.2. Production of strawberry in the world in 2013
(Source: FAOSTAT, 2016)
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Among different types of products, utilization of fresh fruits as juice has many

practical advantages (Bates, Morris, & Crandall, 2001):

Soft fruits tend to deteriorate before, during or after harvesting since they
cannot keep the intact form over long periods

It is more convenient to consume juices compared to whole fruit due to easy
to handle containers.

Very young or elderly people may have problems for peeling or eating the
fresh fruit. Thus, consumption of juices is an easy and effective way since
they can be an alternative to benefit from the nutrients.

The juices can be blended with another nutrient or phytochemicals in order
to be acted as a carrier for these compounds.

Processing efficacy, safety, and quality parameters are easier to standardize
for fluid foods including juices compared to solid foods.

New formulations can be developed by blending the juices which is not
naturally available.

The juices, which are rich in flavor, can be used for the production of some
co-products such as syrups, ice cream, smoothies, bakery ingredients, as well
as flavoring agent.

Considering modern processing, packaging and distribution systems, juicing
allows consumers to have safe, stable, and appealing product which has

convenience and accessibility regardless of season.

These advantages are also valid for strawberry and strawberry juice. According

to the database of Turkish Fruit Juice Industry Association (MEYED), the amount of

strawberry used for juice production in Turkey was 4.100 and 7.700 tons in 2007 and

2008, respectively. Even though the major types of fruits for juice production are apple,

peach, apricot, and cherry; the strawberry can be used either in juice blends or

concentrates in order to increase the product range (MEYED, 2017). However,

processing strawberries into different forms of food products may cause loss of

attractive color which is provided by pelargonidin-3-glucoside as the responsible

anthocyanin for the bright and appealing color of strawberries (Garzon & Wrolstad,

2002). The nutritional quality of strawberry fruit may also change when converted to

juice form. Klopotek et al. (2005) processed strawberry into different types of products
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such as juice, nectar, wine, and puree in order to evaluate the changes in health related
constituents. The authors stated that the content of ascorbic acid, total phenolics, and
antioxidant capacity decreased when the strawberry was processed to juice. The reason
for the loss in such properties was attributed to the use of high temperature and pre-
steps during processing fresh strawberry to juice. While the ascorbic acid content of
strawberry was 104 %, it reduced to 36 % in pasteurized juice. Similarly, total phenolics
were higher in fruit (257 %) compared to the pasteurized juice (35.6 %). Total
anthocyanins, on the other hand, were 42 % and 67 % for strawberry and pasteurized
strawberry juice, respectively. Even though total anthocyanin content was slightly
increased in the pasteurized juice, this is believed to be resulted from mashing and
pressing effect. Total anthocyanin content was increased from 42 % to 101 % during
mashing and pressing operations. On the other hand, the thermal pasteurization actually
caused the loss of total anthocyanins because their level reduced to 67 % after thermal
processing (Klopotek, Otto, & Bohm, 2005). In order to avoid the detrimental effect of
thermal processing and preserve the anthocyanins and some other quality parameters,
the strawberry juice has been processed by alternative technologies such as high
intensity PEF (Aguilo-Aguayo, Oms-Oliu, Soliva-Fortuny, & Martin-Belloso, 2009;
Odriozola-Serrano, Soliva-Fortuny, & Martin-Belloso, 2009), ultrasonication (Bhat &
Goh, 2017; Tiwari, O'Donnell, Patras, Brunton, & Cullen, 2009a; Tiwari, O'Donnell,
Patras, & Cullen, 2008), ozone processing (Tiwari, O'Donnell, Patras, Brunton, &
Cullen, 2009b); addition of chemical preservatives at refrigeration conditions (Ayub,
Ullah, Muhammad, & Zeb, 2010), HPP (Cao, Liu, Wu, Liao, & Hu, 2014; Rodrigo, van
Loey, & Hendrickx, 2007); and pulsed light (Ferrario, Alzamora, & Guerrero, 2015).

In this study, strawberry juice was selected as a model liquid food based on its
health promoting properties aroused from bioactive constituents of strawberry fruit as
well as prevalence of strawberry in the world. In this regard, this PhD thesis provides a
comparative study for the evaluation of alternative nonthermal pasteurization
technologies to preserve the microbial and nutritional quality of strawberry juice using

equivalent processing approach.
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2.4. Fruit Juice Preservation Methods

2.4.1. Microbial Safety and Quality of Fruit Juice

Fruit juice is a low acidic beverage. It is susceptible to spoilage by moulds,
yeasts and aciduric bacteria such as Lactobacillus, Leuconostoc and Acetobacter spp.
which lead to off-flavor, odor and color deterioration. The spoilage depends on the type
of microorganism and variety of the juice (Ray, 2004; Tournas, Heeres, & Burgess,
2006). There are several kinds of microorganisms that can survive in fruit juices and
cause spoilage. Some aerobes such as Bacillus coagulans and Bacillus megaterium
cause flat-sour type spoilage. On the other hand, some anaerobic spore-forming bacteria
such as Clostridium butyricum and Clostridium pasteurianum produce gas and gas and
butyric odors (Silva & Gibbs, 2004). Yeasts and molds, Lactobacillus, Leuconostoc and
thermophilic Bacillus are the microorganisms that can cause problems in fruit juice
(Tran & Farid, 2004). Moreover, Salmonella and Escherichia coli O157:H7 outbreaks
indicated that fruit juices are the potential sources for pathogenic microorganisms (Cook
et al.,, 1998). The spoilage of apple juice or apple cider has been related to
Saccharomyces cerevisiae (Basaran, Quintero-Ramos, Moake, Churey, & Worobo,
2004; Guerrero-Beltran & Barbosa-Canovas, 2004). Several cases of Salmonella
outbreaks have been associated with the consumption of orange, grapefruit, watermelon,
mamey, and lemonade juice. Many other cases related to foodborne illness outbreak
caused by E. coli O157:H7 has been linked to consumption of apple cider, apple juice,
and orange juice as shown in Table 2.1 (Danyluk, Goodrich-Schneider, Schneider,
Harris, & Worobo, 2012; Raybaudi-Massilia, Mosqueda-Melgar, Soliva-Fortuny, &
Martin-Belloso, 2009).

Consequently, a regulation proposed by Food and Drug Administration (FDA)
requires a 5-log reduction in the most pertinent microorganism that must be attained by
processing (FDA, 2001). Therefore, the spoilage and contamination of a fruit juice are
the major concerns and microorganisms must be prevented in the juice by applying
several preservation methods in the processing (Bates et al., 2001; Ray, 2004; Tournas
et al., 2006).
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Table 2.1. Outbreaks of human foodborne disease due to various microorganisms associated with juice

Adopted from Product Causative factor Year  Cases

Raybaudi-Massilia et al. (2009)
Orange juice (unpasteurized) Salmonella ser. Typhimurium 2005 157
Orange, grapefruit, and lemonade juice Salmonella ser. Enteritidis 2000 74
Orange juice (unpasteurized) Salmonella ser. Muenchen 1999 398
Orange juice Salmonella ser. Typhimurium 1999 427
Orange juice (unpasteurized) Salmonella ser. Anatum 1999 10
Orange juice Salmonella ser. Hartford, and Gaminara 1995 62
Orange juice E. coli O157:H7 1992 6
Orange juice Salmonella ser. Enteritidis 1991 600
Mamey juice (unpasteurized) Salmonella ser. Typhimurium 1999 13
Apple cider (unpasteurized) E. coli O157:H7 1999 5
Apple cider (unpasteurized) E. coli O157:H7 1997 6
Apple cider (unpasteurized) E. coli O157:H7 1996 56
Apple cider (unpasteurized) E. coli O157:H7 1996 14
Apple cider (unpasteurized) E. coli O157:H7 1996 6
Apple cider E. coli O157:H7 1991 23
Apple cider Salmonella ser. Typhimurium 1974 296
Apple juice E. coli 0157:H7 1998 14
Apple juice (unpasteurized) E. coli O157:H7 1996 71
Apple juice (unpasteurized) E. coli O157:H7 1980 14
Watermelon juice Salmonella ser. Javiana 1991 39

Danyluck et al. (2012)
Apple juice (unpasteurized) E. coli O157:H7 2010 7
Apple juice (unpasteurized) E. coli O157:H7 2008 7
Apple juice (unpasteurized) E. coli O157:H7 2007 9
Apple juice (unpasteurized) E. coli O157:H7 2005 4
Apple juice (unpasteurized) E. coli O111 and C. parvum 2004 212
Apple juice (unpasteurized) C. parvum 2003 144
Carrot juice (pasteurized) C. botulinum 2006 4




2.4.2. Preservation Methods

Fruit juices are very important products in the global market offering extensive
possibilities for new value added products to meet consumer demand for accessibility,
nutrition, and health (Aneja, Dhiman, Aggarwal, & Aneja, 2014). Foodborne disease
outbreaks and spoilage problems are the major concern to fruit juice industry
worldwide.

Thermal processing is the most commonly used method for fruit juice
pasteurization. The concept of pasteurization has been traditionally defined on the basis
of time-temperature process. According to this definition, pasteurization is a process
that applies heat under 100°C to destroy vegetative pathogen and spoilage
microorganism in foods which has pH value under 4.5 (Fellows, 2009).

However, the conventional preservation methods by heat treatment may cause
loss of nutrients, quality and fresh-like properties of the product. Therefore, innovative
nonthermal technologies have been gained great attention in recent years. The
nonthermal technologies such as high pressure processing (HPP), pulsed electric fields
(PEF), ultrasound (US), UV-C light have emerged as alternatives to conventional
thermal processing. The inactivation mechanisms of these treatments are not related to
the heat effect. In order to consider a new technology as an equivalent of thermal
pasteurization, the most resistant pathogenic microorganism for a certain food, the
efficacy of the novel technology, the characteristics of the food product, the conditions
needed for food distribution and storage, and intended use of food should be taken into
account. Since some of these alternative technologies have been accomplished a
decrease in the microbial population at a certain level and some of them have the
potential application, the definition of pasteurization should be addressed in a more
comprehensive way to meet with the standards for pasteurization (Barbosa-Céanovas &
Bermudez-Aguirre, 2011).

In this respect, the pasteurization term has been re-defined by USDA National
Advisory Committee on Microbiological Criteria for Foods as: “Pasteurization is any
process, treatment, or combination thereof, that is applied to food to reduce the most
resistant microorganism(s) of public health significance to a level that is not likely to
present a public health risk under normal conditions of distribution and storage”

(NACMCF, 2004).
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The thermal and some of the nonthermal processing technologies used for
pasteurization of fruit juice are briefly summarized in next subsections. Fundamentals

of selected nonthermal technologies are further discussed in Chapter 3.

2.4.2.1. Thermal Processing

Thermal pasteurization is the most widely applied preservation method to ensure
food safety and extend the shelf life of food products. It is the traditional method which
allows heating food products at temperatures below 100 °C. It can be defined as a way
of destroying microorganisms of spoilage and public health concern through the
application of a high-temperature for a sufficiently long time ensuring at least 5 log
reductions of the most resistant microorganisms (FDA, 2001). This method is based on
the heat which is generated from outside of a food and then transferred into the food
through conduction and convection mechanisms (Pereira & Vicente, 2010).

Traditional thermal processing (pasteurization) can be performed either low
temperature/long time (LTLT) or high temperature/short time (HTST). LTLT involves
heating of food at about 63°C for no less than 30 min, while for fruit juices HTST
pasteurization is conducted at temperatures of 72°C with holding times of 15 s and
above (FDA, 2001).

Thermal processing emphasize on assurance of microbial safety. However, it
can cause reactions that can affect taste, color, flavor and nutritional quality of foods
(Awuah, Ramaswamy, & Economides, 2007). Degradation of heat sensitive vitamins
such as Vitamins A (in the presence of oxygen), D, E, water-soluble Vitamin C
(ascorbic acid), Vitamins B1 (thiamine), B2 (riboflavin) in acid environment (Ryley &
Kajda, 1994); Maillard reaction which is a series of reactions between proteins and
reducing sugars by means of Amadori rearrangements (Whistler & Daniel, 1985);
protein denaturation covering alteration of quaternary, tertiary, secondary structures,
and primary structures (Swaisgood, 1985); loss of color compounds including
chlorophylls, anthocyanins, carotenoids, and betanins (Neilsen, Marcy, & Sadler, 1993)
are the major changes developed in thermally treated food products.

Degradation of phenolics is one of the other adverse effects of thermal
pasteurization. Thermal processing may cause complex physical and chemical reactions

of phenolic composition, including the release of phenolic compounds from its bonded
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forms, degradation of polyphenols, and the breakdown and transformation of phenolics
(Nagy, Rouseff, & Lee, 1989). Due to such negative effects of thermal treatments on
food constituents, innovative nonthermal technologies have been gained special

attention.

2.4.2.2. Nonthermal Processing

Consumers have an increasing demand for fresh-like foods with high quality
ensuring microbial safety, natural flavor, taste, nutrients, and bioactive compounds as
well as less chemical preservatives (Rastogi, Raghavarao, Balasubramaniam, Niranjan,
& Knorr, 2007; Sanchez-Moreno et al., 2009). In addition to ensuring microbial safety,
fresh-like characteristics and desirable sensorial attributes; nutritional and health related
properties of juices are also required to be preserved in order to meet consumers’
demands. Alternative methods have promising potential to replace the traditional
processing methods by causing minor or no changes in the content of health-related
phytochemicals (Sanchez-Moreno et al., 2009).

In this respect, nonthermal processing technologies such as HPP, US, PEF, and
UV light have gained special attention as alternative methods to produce food with high
nutritional and functional quality, and a longer shelf-life.

HPP has been investigated due to its ability to inactivate microorganisms and
food enzymes while retaining or minimally modifying sensorial, nutritional, and health-
promoting attributes of fruit and vegetable products (Cano & De Ancos, 2005; Hayashi,
1990). Application of multiple high pressure pulses and control of the end temperature
around 105°C under pressure for a short time was proposed to achieve sterility with
minimal effects on nutritional and health related constituents (Meyer, Cooper, Knorr, &
Lelieveld, 2000). HPP is also referred to as high-hydrostatic pressure processing (HHP).
The commercial use of HPP has been expanding. It provides food processors an
opportunity to preserve foods with a “cleaner” ingredient label. It is the process of
choice for applications where heat pasteurization can adversely affect product quality
(Balasubramaniam, Farkas, & Turek, 2008)

US has been claimed as a promising technology in food processing due to its
potential for allowing the improvement of existing processing as well as the

development of new processing conditions (Knorr, Zenker, Heinz, & Lee, 2004).
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Ultrasound refers to sound waves beyond the audible frequency range (in general, >20
kHz). When ultrasound passes through a liquid medium, the interaction between the
ultrasonic waves, liquid and dissolved gas leads to an exciting phenomenon known as
acoustic cavitation (AC) (Chandrapala, Oliver, Kentish, & Ashokkumar, 2012). AC has
been addressed as the reason for microbial inactivation in foods. Since the power
ultrasound has been identified as a potential technology that can meet the FDA
requirement of a 5 log reduction of the microorganism of concern in fruit juices (Salleh-
Mack & Roberts, 2007), it has gained attention to be an alternative promising
technology for food processing applications. Even though no commercial food product
processed by ultrasound technology is available yet, it has been in use with the
combination of other technologies (Welti-Chanes, Barbosa-Canovas, & Aguilera,
2002). US provides benefits for the inactivation of microorganisms and enzymes due to
its mechanical and biochemical effects generated by high intensity ultrasonic waves
(Mason, Riera, Vercet, & Lopez-Buesa, 2005). Such benefits can be increased with the
assistance of temperature and pressure.

PEF has a potential to replace the traditional method used for pasteurization of
liquid food products such as milk and fruit juice and to increase the efficiency of
extraction of components from plant foods (Deeth, Datta, Ross, & Dam, 2007). PEF
processing is a treatment applying very short electric pulses (ms or ps) at high electric
field strengths (kV/cm) and moderate temperatures (Martin-Belloso & Elez-Martinez,
2005a; Martin-Belloso & Elez-Martinez, 2005b) and results in destroying the
functionality of cell membrane (Deeth et al., 2007). It can be applied to deliver safe and
shelf-stable products such as fruit juice with “fresh-like” characteristics and high
nutritional values. It has been demonstrated that PEF can achieve the equivalent
microbial inactivation efficacy similar to thermal pasteurization and cause a much lower
phenolic degradation compared to thermal pasteurization (Chen, Yu, & Rupasinghe,
2013).

UV-C irradiation being one of the alternative methods to traditional thermal
treatment is based on inactivation of microorganisms at a wavelength between 200 and
280 nm (Koutchma, 2009a). Inactivation mechanism of UV-C processing is based on
physical shifting of electrons and breaking of bonds in the deoxyribonucleic acid
(DNA), thereby preventing the replication process, delaying of reproduction, and
causing cell death. The high absorption of UV-C by DNA is associated with pyrimidine

and purine bases’ ability to absorb light at 254 nm. Pyrimidine bases are particularly
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sensitive to UV-C, inducing the formation of a covalent bond and resulting in a dimer
formation. These thymine dimers inhibit correct replication of DNA during the cell’s
reproduction (Lopez-Malo & Palou, 2005).

These technologies have been applied for many plant-based products including
fruit juices (orange, pomegranate, apple, grape, berries), fruit juice-milk products and
tomato juice (Rawson et al., 2011a; Sanchez-Moreno et al., 2009).

2.4.2.3. Hurdle Technology

Hurdle concept is a minimal processing approach for the gentle but effective
preservation of foods. The hurdle effect is first highlighted in 1978 (Leistner, 1978).
The microbial stability and safety of foods are achieved by a combination of several
preservation factors (called hurdles) that the microorganisms present in food are unable
to overcome. The preservation method based on more than one hurdle is designed to
retain the natural and fresh-like properties of foods. In this context, hurdle technology
accomplishes the interactions among preservation treatments. Combination of different
technologies at their lower individual intensities have additive or even synergistic
antimicrobial effects, while their impact on sensory and nutritive properties of the food
is minimized (Ross, Griffiths, Mittal, & Deeth, 2003).

Although nonthermal technologies have been demonstrated to inactivate the
spoilage or pathogen microorganism to varying degrees, individual applications of such
technologies sometimes does not reach the desired inactivation levels, i.e. 5 log
reduction in fruit juice, of target microorganism (Butz & Tauscher, 2002). Some
nonthermal processing technologies has been claimed to be expensive and costly in
terms of energy and practical use (Raso, Pagan, Condon, & Sala, 1998). Therefore,
hurdle technology is a promising concept to overcome the drawbacks of individual
technologies and create a synergistic or additive effect in a combined manner. This
approach applies for two or more possible combinations of nonthermal technologies
(i.e. HPP, PEF, ultrasound, ultraviolet light, pulsed light, ionizing radiation, oscillating
magnetic fields) with each other as well as with lethal and sub-lethal heat treatments,
lowered pH, and antimicrobial agents (Ross et al., 2003). Thus, an innovative strategy
can be developed for the increase in antimicrobial effect of the preservation treatments

by subjecting the microbial cell to a number of stresses (Leistner, 2000). Furthermore,
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the hurdle concept leads to satisfy food preservation at lower individual treatment
intensities (Barbosa-Canovas, Pothakamury, Palou, & Swanson, 1998).

The application of HPP at 827 MPa and 75 °C has resulted in an additional 2.5-
log reduction of B. subtilis in the treatment buffer when the pH of the buffer was
lowered pH from 7.0 to 3.0 (Balasubramaniam, Balasubramaniam, & Reddy, 2001).
PEF processing at lowered pH values has also enhanced the microbial reduction. Liu et
al., (1997) demonstrated that reduction of pH from 6.4 to 3.4 by using benzoic or sorbic
acid were able to generate synergistic inactivation effect on E. coli O157:H7 ina 10 %
glycerol solution treated with PEF (Liu, Yousef, & Chism, 1997). The synergistic effect
of applying PEF at lowered pH values can be attributed to the enhancement of the
entrance of undissociated acids into the bacterial cell which gained increased
permeability due to PEF processing (Ross et al., 2003).

Gayan et al., (2012) claimed the difficulty of satisfying 5-log reduction standard
for the inactivation of E. coli in UV-C treated turbid fruit juices with high absorption
coefficients such as orange juice. Therefore, UV light was applied in combination with
mild temperatures in order to overcome this problem. More than 5-log reductions of E.
coli STCC 4201 suspended in orange juice was achieved when the juice was exposed to
UV-C light at 55 °C, 57.5 °C and 60 °C (Gayan, Serrano, Monfort, Alvarez, & Condon,
2012). In another study, a blend of orange and carrot juice was subjected to PEF, UV
light, or high intensity light pulses (HILP) in combination with manothermosonication
(MTS) (400 kPa, 35 °C, 1000 W, 20 kHz) for the evaluation of several quality
parameters. Sensorial analysis showed that color gained higher preference towards the
juice treated by hurdle combinations rather than thermal pasteurization at 72 °C for 26 s.
However, the flavor was adversely affected by the nonthermal technologies under the
applied conditions (Caminiti, Noci, Morgan, Cronin, & Lyng, 2012a). Therefore,
optimization of hurdle combinations should be carried out in order to avoid
overprocessing. Accordingly, Caminiti et al. (2011) applied Ultraviolet light or HILP in
combination with PEF or MTS to a blend of apple and cranberry juice. No significant
change was found for the non-enzymatic browning, total phenolic content, and
antioxidant activity of the blend. It was indicated that although UV+PEF and
HILP+PEF applications did not affect the color, odor, and flavor of the product, HILP +
PEF was able to better preserve the monomeric anthocyanins compared to other
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combinations. The combined treatments including MTS negatively affected these
properties (Caminiti et al., 2011).

Since an increase in temperature losses the membrane elasticity (Stanley, 1991)
and reduces the thickness of lipid bilayer (Wu, Mittal, & Griffiths, 2005), the microbial
cell can become more sensitive to PEF processing (Martin-Belloso & Sobrino-Lopez,
2011). Walking-Ribeiro et al. (2008) applied PEF (650 kJ/L, 34 kV/cm) at 55 °C which
resulted in 7 log of E. coli in a tropical fruit smoothie (Walkling-Ribeiro et al., 2008).
PEF processing of apple cider resulted in 5.9 log reduction of E. coli by applying EFI of
90 kV/cm and 10 pulses at 42 °C (lu, Mittal, & Griffiths, 2001). In the same manner,
another study on PEF processing (50 ps, 30 kV/cm) at 65-80 °C reduced the natural
flora of orange juice-milk beverage by 5 log (Sampedro, Geveke, Fan, Rodrigo, &
Zhang, 2009).

Thermal or nonthermal technologies can be also performed in combination with
bacteriocin, enzymes, or essential oils. Espina et al. (2012) investigated the synergistic
effect of citrus fruit essential oils combined with mild heat treatments and were able to
achieve 5-log reduction of E. coli O157:H7 in sterile citrate-phosphate buffers (Espina
et al., 2012). McNamee et al. (2010) achieved 5.6 log reduction of Listeria innocua in
orange juice after processing by PEF (100 us, 40 kV/cm) and addition of nisin (2.5
IU/mL) (McNamee et al., 2010). Hodgins et al. (2002) was able to lower the natural
flora of orange juice by 6-log and 3.0-log when PEF treatment (20 pulses, 80 kV/cm)
was applied in combination with nisin (100 IU/mL) and lysozyme (4,250 1U/mL),
respectively (Hodgins, Mittal, & Griffiths, 2002). The natural flora of tomato juice was
reduced by 4.4 log when the juice was subjected to PEF (20 pulses, 80 kV/cm) and nisin
combination (Nguyen & Mittal, 2007).

Even though some innovative nonthermal processing technologies have found
applications at industrial scale in food industry, many of them are still at their early
stage of development. In order to guarantee the safety of final product, the mode of
action, target elements within the microbial cell, as well as the treatment intensities

required for cell inactivation should be taken into account (Ross et al., 2003).
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CHAPTER 3

FUNDAMENTALS OF SELECTED NONTHERMAL
PROCESSING TECHNOLOGIES AND FOOD
APPLICATIONS

In recent years, food scientists and engineers have interested in investigating
alternative food processing technologies to satisfy the consumer demands towards safe,
nutritional, environment friendly and low cost products. Nonthermal processing
technologies are gained attention due to the fact that their inactivation mechanism of
microorganism is not related to the heat effect (Barbosa-Canovas & Bermudez-Aguirre,
2011). This chapter covers the fundamental concepts of some selected novel nonthermal
food processing technologies. The mechanism of action, equipment and processing
parameters, advantages and disadvantages as well as applications of each technology for

fruit based products are assessed.

3.1. High Pressure Processing (HPP)

3.1.1. Basic Concept and Microbial Inactivation Mechanism of HPP

High pressure processing (HPP) is a “nonthermal” food preservation technology
that uses high pressures to accomplish microbial inactivation or alteration of food
attributes (Nguyen & Balasubramaniam, 2011). In order to obtain a microbiologically
safe food, a typical range of 100-800 MPa, with or without the application of heat, has
been used for inactivation of several pathogenic and spoilage vegetative bacteria, yeasts,
molds, viruses, and spores (Balasubramaniam, Martiinez-Monteagudo, & Gupta, 2015).
HPP has been also referred as high hydrostatic pressure (HHP), or ultra-high pressure
(UHP) processing (Nguyen & Balasubramaniam, 2011). Main governing principles of
HPP have been summarized accordingly.
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Le Chatelier’s principle

Le Chatelier’s principle addresses that the pressure shifts the system equilibrium
toward the state that occupies the smallest volume (Farkas & Hoover, 2000). Therefore,
a system in equilibrium will shift to a new state of equilibrium due to a change in
pressure. This principle has been used to explain the changes in the chemical, physical,
and biological phenomena by the effect of pressure and temperature (Martinez-
Monteagudo & Balasubramaniam, 2016). If any change in pressure (extensive variable)
occurs, the equilibrium shifts in a direction that tends to reduce the change in the
corresponding intensive variable (volume) (Balasubramaniam et al., 2015). In this
respect, any phenomenon such as phase transition, change in molecular configuration,
chemical reaction accompanied by a decrease in volume is enhanced by pressure
(Hamann, 1957).

Isostatic principle

According to the isostatic principle, pressure applied to a fluid is equally
transported through the contact surface. In HPP applications, a packed food material is
surrounded by pressurizing fluid. The effect of pressure in the chamber is quasi-
instantaneously and homogeneously distributed within the food regardless of food size
and shape (Martinez-Monteagudo & Balasubramaniam, 2016). Since pressure is
uniformly distributed throughout the entire sample, the processing time is independent

of sample size and shape (Balasubramaniam, Farkas, & Turek, 2008).

Microscopic ordering

Principle of microscopic ordering indicates that, at constant temperature, an
increase in pressure increases the degree of ordering of molecules of a given substance.
Therefore, pressure and temperature exert antagonistic forces on molecular structure

and chemical reactions (Balny & Masson, 1993).

Microbial Inactivation Mechanism

Currently, HPP is in use for processing of commercial solid or liquid food
products. Development of novel HP treated products with or without heat is of great
interest. Therefore, many researches have focused on the inactivation of

microorganisms in order to obtain safe food with extended shelf life.
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The microbial inactivation mechanism of HPP includes an alteration in the
morphology of cell and disruption of cell membrane, ribosomal destruction, inactivation
of enzymes, inactivation of membrane-bound transport systems, and damage to proton
efflux system. HPP can cause homeostasis and denaturation of proteins including
enzymes which have roles in the replication. These effects cause the impairment of cell
functions, slowing the growth rate, and finally cell death occurs (Black, Stewart, &
Hoover, 2011).

3.1.2. Equipment and Processing Parameters

During the last two decades, HPP has been used in food industry. Pre-packed
products are treated in a chamber by using water or another pressure-transmitting fluid.
Depending on the type of food product, the system can be either batch or semi-
continuous (Balasubramaniam et al., 2008).

A typical HPP system consists of a pressure vessel; closure(s) for sealing the
vessel; a device for holding the closure(s) in place while the vessel is under pressure;
high-pressure intensifier pump(s); a system for controlling and monitoring the pressure
and (optionally) temperature; and a product-handling system for transferring product to

and from the pressure vessel (Balasubramaniam et al., 2008).

Figure 3.1. Hiperbaric 300 HPP System
(Source: http://www.hiperbaric.com/en/hiperbaric300)
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Hiperbaric, Avure Technologies, Multivac are the major suppliers of HPP
equipment. Figure 3.1 shows a hyperbaric HPP system with a vessel volume of 300 L
and a diameter of 300 mm.

A high barrier and flexible pouch or a plastic container can be used as a
packaging material. Once the packed food materials are loaded into HP chamber, the
vessel is sealed and filled with pressurizing fluid. Pressure is increased by HP pump.
The food packages surrounded by pressurizing fluid are then kept at the desired pressure
for appropriate time. Then decompression by removing the pressurizing fluid follows
(Farkas & Hoover, 2000) and finally the packed food products are unloaded. Figure 3.2
shows the processing line for HPP application.
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Figure 3.2. Processing line for HPP
(Source: http://www.hiperbaric.com/media/uploads/contenido/ficha/high-pressure.jpg)

Due to the thermodynamic effect of compression, the temperature of food
product in HPP vessel increases during processing (Ting & Balasubramaniam, 2002).
The work of compression during HPP treatment will increase the temperature of foods
through adiabatic heating approximately 3 °C per 100 MPa, depending on the
composition of the food. The temperature rise can be greater (8-9 °C/100 MPa) if the
food contains a significant amount of fat (FDA, 2014). However, since rapid and
uniform pressure transmittance is provided by high pressure throughout food, spatial
variations are not appeared in high pressure applied products in comparison to heat,
radiation, and microwave processes (Rasanayagam et al., 2003).
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Figure 3.3 represents the change in pressure and temperature during high
pressure processing. “to-t;” is the time required to increase the pressure of the packed
food product from the atmospheric pressure to the elevated target pressure. It is also
called as “pressure come-up-time” (Farkas & Hoover, 2000). The come-up-time (CUT)

depends on the target pressure, vessel volume, power of the pump-intensifier (Nguyen
& Balasubramaniam, 2011).
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Figure 3.3. Pressure and temperature change during HPP

After reaching the target pressure, the system keeps the pressure at the desired
level without addition of more energy. This period is called as the pressure holding
time. Holding time can be defined as the time interval between the end of compression
and beginning of decompression (ts-t;) (Figure 3.3). Depending on the insulation of the
equipment, the temperature of product may decrease from T, to T3 (Nguyen &
Balasubramaniam, 2011). The holding pressure is also known as process pressure
(Farkas & Hoover, 2000).

The time required to release the elevated pressure to atmospheric pressure is
called as decompression time (t4-t3) (Figure 3.3) (Nguyen & Balasubramaniam, 2011).
During decompression time, temperature of food product drops to a value lower than

initial temperature. The difference between initial and final temperature is because of
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the heat loss from the product to the surroundings during processing (Ting &
Balasubramaniam, 2002).

The total time required for loading, closing the vessel, compression, holding,
decompression and unloading is usually called as a cycle time (Nguyen &

Balasubramaniam, 2011).

3.1.3. Advantages and Disadvantages

HPP offers several advantages in terms of product safety and quality, processing
time, and novel product development. The advantages of HPP technology was
summarized in Table 3.1. HPP allows food processing at ambient or even lower
temperatures. Thus, any possible damage originating from the heating can be eliminated
at the final product. Freshness, flavor, texture, and color of the product can be well
retained by HPP compared to the traditional thermal processing. This technology can
also eliminate the use of chemical preservatives or additives. With respect to the
inactivation of spores, it can be possible to combine elevated pressures with heating in
order to increase the lethal effect of processing. In this case, the processing is called as
pressure assisted thermal sterilization (PATS). Since the pressure is transmitted
throughout the vessel homogeneously and uniformly, the processing is independent
from size and geometry of the product. This technology is applicable to both solid and
pumpable foods. Due to the effect of pressure, some desirable changes can be achieved
in the texture of food products such as shellfish. In-package processing avoids post-
contamination after processing (Balasubramaniam et al., 2015; Fellows, 2009; Rastogi,
Raghavarao, Balasubramaniam, Niranjan, & Knorr, 2007).

Although HPP technology provides many advantageous, it also has some
drawbacks (Table 3.2). The initial investment cost of HPP technology is a critical factor
to be considered. However, since HPP has a positive consumer perception, the income
can compensate for the capital cost. This technology is applicable as batch or semi-
continuous form. It has less effect on reduction of enzyme activity. Another limitation is
that the processed product should be kept at refrigerated conditions. Thermal non-
uniformity can be seen when the pressure is combined with heating step
(Balasubramaniam et al., 2015; Fellows, 2009; Rastogi et al., 2007).
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Table 3.1. Advantages of HPP technology

Reference

Advantage of HPP

Rastogi et al. (2007)

Fellows, (2009)

Balasubramaniam et al. (2015)

Food processing at ambient temperature or even lower temperatures
Instant transmittance of pressure throughout the system, regardless of size and geometry
Microbial death by eliminating heat damage and the use of chemical preservatives/additives

Kills vegetative bacteria (and spores at higher temperature)

No evidence of toxicity

Color, flavor, and nutrients are preserved

Reduced processing times

Uniform treatment throughout food

Desirable texture changes possible

In-package processing possible

Potential for reduction and or elimination of chemical preservatives
Positive consumer appeal

Rapid and uniform distribution of pressure throughout the sample

Minimal or reduced thermal exposure

Instant temperature increase and subsequent cooling upon depressurization
Suitable for both solid and pumpable foods

Independent of product shape and size for processing time

Opportunity for novel product formulation

Within some pressure-thermal boundary conditions, pressure accelerates microbial inactivation

Consumer acceptance as a physical process
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Table 3.2. Limitations of HPP technology

Reference

Limitations

Fellows, (2009)

Balasubramaniam et al. (2015)

Less effect on enzyme activity
Requires refrigeration of products.
Expensive equipment

Batch or semicontinuous operation

Preheating step for pressure-assisted thermal processing (PATP)

Thermal nonuniformity during PATP

Not suitable for products containing dissimilar compressibility materials such as marshmallows
Variable efficacy in enzyme inactivation; pressure alone cannot inactivate bacterial spores
Higher processing costs and batch operations are barriers for commodity product processing




3.1.4. Applications of HPP

Some recent studies relevant to the HPP treatment of fruit juices were
summarized in this section. Bull et al. (2004) compared the microbial, physical and
chemical properties of two types of orange juice subjected to HPP at 600 MPa and 20
°C for 60 s or thermal pasteurization carried out at different temperatures and
processing times. Neither HPP nor thermal pasteurization (65 °C, 1 min) was able to
achieve complete deactivation of pectin methyl esterase activity in Valencia orange
juice (pH 4.3). However, PME was significantly reduced by HPP or thermal treatment
(85 °C for 25 s) in Navel juice (pH 3.7) without significant alteration in quality
parameters such as total soluble content, viscosity, titratable acidity, browning index,
and color (Bull et al., 2004). On the other hand, ascorbic acid content and sensorial
characteristics of orange juice were well retained by HPP (600 MPa, 40 °C, 4 min)
compared to the thermal pasteurization conducted at 80 °C for 60 s (Polydera, Stoforos,
& Taoukis, 2005). Hartyani et al. (2011) also demonstrated the nonthermal preservation
possibility of citrus juice products by HPP (Hartyani et al., 2011). Escobedo-Avellaneda
et al. (2015) claimed that HPP resulted in an increase in ascorbic acid and some other
compounds that can contribute to antioxidant activity of comminuted orange. This
effect was suggested to be aroused from the cellular disruption mainly of flavedo by
HPP and making them more accessible for quantification (Escobedo-Avellaneda,
Gutierrez-Uribe, Valdez-Fragoso, Torres, & Welti-Chanes, 2015).

Queiroz et al. (2010) processed cashew apple juice by HPP at room
temperature. Even though HPP at 250 or 400 MPa for 3, 5, and 7 min did not alter the
physicochemical properties such as pH, acidity, total soluble solids, ascorbic acid or
polyphenol content; 3 and 5 min treatment time of high pressure processing resulted in
higher polyphenolic content (Queiroz et al., 2010). Chauhan et al. (2011) optimized
HPP conditions for black grape juice by response surface methodology considering
maximum retention of antioxidant activity, total phenolic and flavonoid content. The
authors reported the optimum HPP conditions as 550 MPa, 44 °C, and 2 min (Chauhan,
Raju, Ravi, Roopa, & Bawa, 2011). Torres et al. (2011) monitored the stability of
anthocyanins and ascorbic acid in pressure treated blood juice samples during storage at
4 °C and 20 °C; and stated that the losses in anthocyanin and ascorbic acid content were

significantly higher when the pressure treated juice kept at 20 °C rather than 4 °C. A
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strong protective influence of ascorbic acid content on anthocyanin stability was
claimed in the same study (Torres et al., 2011).

Chen et al. (2015) processed green asparagus juice by HPP at different pressures
(200, 400, and 600 MPa) for 10 and 20 min as well as by thermal treatment at 121 °C
for 3 min. The authors stated that HPP at 400 and 600 MPa and thermal treatment
ensured microbial safety by achieving undetectable level of total mesophilic bacteria
count. HPP was able to retain significantly more ascorbic acid, total phenolic content,
and antioxidant activity than thermal processing (Chen et al., 2015). Gao et al. (2015)
applied HPP (550 MPa for 10 min) or high temperature short time (HTST, 110 °C for
8.6 s) for the evaluation of microbial reduction and quality properties of red grapefruit
juice. HPP was able to reduce total plate count and yeast-mold count by 4.83 and 4.15
log cycles, respectively. A longer shelf life and higher retention of total phenols,
ascorbic acid, and antioxidant capacity were achieved for HPP-treated juice samples
(Gao et al., 2015). Clear cucumber juice, clarified by ultra-filtration, was processed by
HPP (500 MPa, 5 min) or HTST (110 °C, 8.6 s) and stored at 4 °C. Application of ultra-
filtration was able to reduce total aerobic bacteria and yeast-mold count by 1.35 and
1.94 log cycles, respectively. Then, HPP or HTST reduced the total aerobic bacteria and
yeast-mold count below 1 log cycle, and HPP and HTST treated samples did not show
any further outgrow during 20 days of refrigerated storage (Liu, Zhang, Zhao, Wang, &
Liao, 2016).

Huang et al. (2013) processed apricot nectar under high pressure (300-500 MPa
for 5-20 min) or heat (HTST, 110 °C for 8.6 s). Even though HPP treatments increased
the total and individual phenolic content in apricot nectars, the authors stated that the
increase was significantly lower compared to HTST treated nectars. Moreover, HTST
treatment was claimed to achieve complete inactivation of enzyme since polyphenol
oxidase (PPO), peroxidase (POD), and pectin methylesterase (PME) showed resistance
to high pressure inactivation. Thus, HPP was suggested to be accompanied by
additional tools in order to increase enzyme inactivation (Huang et al., 2013). PME was
claimed as the most resistant enzyme to HPP while PPO and POD showed similar
sensitivity. Higher inactivation levels were achieved in mango pulp when HPP was
applied at lower pH (Kaushik, Nadella, & Rao, 2015).

Patras et al. (2009) investigated phenolic compounds, antioxidant activity, and

color of strawberry purée after processing by high pressure treatment (400, 500, 600
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MPa/15 min/10-30°C) or thermal pasteurization (70 °C, 2 min). Pressure treated
strawberry puree exhibited higher antioxidant activity and less color change compared
to thermally treated samples. In the same study, HPP did not significantly change the
anthocyanins; whereas a significant decrease was observed for thermally pasteurized
puree (Patras, Brunton, Da Pieve, & Butler, 2009). In addition to individual phenolic
compounds, enzyme (polyphenol oxidase, peroxidase, and B-glucosidase) inactivation
was studied in strawberry pulps by Cao et al. (2011). The authors subjected the pulps to
elevated pressures (400-600 MPa, 5-25 min) at room temperature. HPP at 500 and 600
MPa resulted in higher reduction of enzymes and better preservation of monomeric
anthocyanins (Cao et al., 2011). In another study, strawberry puree samples from
different cultivars such as Camarosa, Rubygem, and Festival was processed by HPP at
600 MPa and 20 °C for 5 min or thermal pasteurization (88 °C, 2 min). Although almost
complete inactivation of polyphenol oxidase and peroxidase was achieved by thermal
pasteurization, HPP resulted in 15-38 % and 20-33% inactivation, respectively.
However, the authors claimed that a slightly higher loss was observed in total phenolic
content and antioxidant capacity of pressure treated strawberry puree compared to heat
treated samples after three months of refrigerated storage (Terefe et al., 2013). Cupped
strawberry was subjected to HPP and thermal treatment following by storage at 4 °C
and 25 °C. After evaluating microbial and nutritional quality, the authors concluded that
HPP processing followed by storage at low temperature (4 °C) was useful for the
preservation of cupped strawberry (Gao et al., 2016).

Wang et al. (2012) applied HPP for spinach puree considering pressure of 200,
400, and 600 MPa for 5, 15, and 25 min at room temperature. It was concluded that
HPP treatment effectively prevented chlorophyll degradation and preserved a better
visual green color (Wang et al., 2012). HPP was also applied to fruit smoothies. Keenan
et al. (2012) compared thermal processing in retort and HPP in terms of nutritional
quality of fruit smoothies. The authors claimed that thermal processing (P7o > 10 min)
reduced the total anthocyanin and total phenolic content, ascorbic acid, lightness and
redness color attributes of fruit smoothies compared to HPP at 450 MPa and 20 °C for 5
min. However, it is remarkable to indicate that there was a reduction in antioxidant
properties as the pressure increased to 600 MPa (Keenan, Rossle, Gormley, Butler, &
Brunton, 2012).
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3.2. Ultrasonication (US)

3.2.1. Basic Concept and Microbial Inactivation Mechanism of US

Ultrasonication is one of the nonthermal processes alternative to existing
conventional method. Ultrasound has been classified into two main categories: (1)
power ultrasound, i.e., sound waves with lower frequencies and higher energies; (2)
diagnostic ultrasound, i.e., sound waves with higher frequencies and lower energies
(Weiss, Gulseren, & Kjartansson, 2011). Figure 3.4 shows the sound spectrum.
Infrasound refers to the sound waves with a frequency of less than 20 Hz that is not
detectable by human ear. The range of human hearing is between 20 Hz and around 20
kHz. Power ultrasound has a frequency range from 20 kHz to around 1 MHz. The
diagnostic ultrasound has a frequency higher than 1 MHz which is mainly used for

medical purposes (Kentish & Ashokkumar, 2011).

20 Hz 20 kHz | MHz
< Ultrasound
Infrasound Human Hearing T 5
> . . >
Power Diagnostic

Figure 3.4. Representation of sound spectrum
(Source: Kentish & Ashokkumar, 2011)

Ultrasound travels through the medium; thereby creating compression and
rarefaction of the medium particles due to a continuous wave-type motion (Knorr,
Zenker, Heinz, & Lee, 2004; Rastogi, 2011). This phenomena is subsequently followed
by formation of cavitation bubbles at sufficiently high power (Rastogi, 2011). The
bubbles inside the liquid grow over the period of a few cycles. Once the bubbles reach
to a critical size, they become unstable and then collapse violently (Mason, 1998). The
implosion of cavitation bubbles results in energy accumulations in hot spot by

generating extreme temperatures (5500 °C) and pressures (up to 50 MPa) (Leighton,
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1998). This phenomena is called as cavitation (Leighton, 1995). Figure 3.5 shows the
bubble formation and subsequent change during sonication.

Compression Compression Compression Compression Compression

Rarefaction Rarefaction Rarefaction Rarefaction Rarefaction
© - 0 o Qo QO
Bubble forms - Bubble Bubble Bubble
grows over = reaches ~ collapses
many cycles unstable

size

Figure 3.5. Bubble formation and subsequent changes over acoustic cycles
(Source: Leong, Ashokkumar, & Kentish, 2011)

As a result of cavitation, extremely high shear energy waves and turbulence in
the cavitation zone occurs. Thus, the characteristic of media can be altered by
development of micro streaming currents and shear stresses resulted from bubble size
variations and subsequent collapsing (Soria & Villamiel, 2010). The collapse of the
bubbles generates the energy for chemical and mechanical effects (Mason, Riera,
Vercet, & Lopez-Buesa, 2005). Depending on the applied sound power, different types
of alteration can be seen in the media. Low or high energy can be used during
sonication. Low energy ultrasound is frequently applied at frequencies higher than 100
kHz. It has applications in product assessment or control, ultrasonically assisted
extractions, crystallization, emulsification, filtration, drying, and freezing, and
tenderization of meat. High energy ultrasound, on the other hand, is usually applied at
frequencies between 18 and 100 kHz for the purpose of degassing of liquids, extraction
of proteins, inactivation of enzymes and microorganisms (Knorr et al., 2004).

Microbial inactivation is the major focus of this thesis. Ultrasonication provides
a lethal effect on microorganisms by causing shear disruption, cavitation, thinning of
cell membranes, and localized heating due to very rapid localized changes in pressure
and temperature during processing (Leighton, 1998; Rastogi, 2011). The resistance of
microorganism is dependent on shape and size of microorganism, type of cell, and

physiological state. Bigger cells are more sensitive compared to smaller ones.
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Regarding the shape of cells, coccal forms are more resistant than rod-shaped bacteria
(Piyasena, Mohareb, & McKellar, 2003). The lethal effect on microbial inactivation can
be enhanced by applying ultrasound under pressure (manosonication) or heat
(thermosonication) or in combination with both pressure and heat

(manothermosonication) (Rastogi, 2011).

3.2.2. Equipment and Processing Parameters

The first requirement for generation of ultrasound is a proper source of
ultrasound which will be generated via an ultrasonic transducer. Transducer is a device
which converts a type of energy into a different form. In the case of ultrasound,
electrical energy can be converted to sound energy (Mason, 1998). The ultrasonic
device is composed of a generator, ultrasonic converter, standard and booster horns, and
probes as shown in Figure 3.6. The generator converts main electricity into the required
high frequency alternating current to drive the transducer assembly (Mason, 1998). The
ultrasonic converter, then, transforms electrical energy into mechanical vibrations of
fixed frequency (Miguel Santos, Lodeiro, & Capelo-Martinez, 2009). In order to
amplify the acoustic energy generated from a transducer, different types of horns are
used (Mason, 1998). The standard and booster horns increase the sonication amplitude.
The probes or detachable horns transmit ultrasonic energy into the sample (Miguel
Santos et al., 2009).

The shape of the probes has an influence on the amplitude gain generated by the
system (Mason, 1998). Figure 3.7 shows the ultrasonic probes in different shapes ((a)
uniform cylinder; (b) exponential taper; (c) linear taper or cone; (d) stepped). D and d
represent the diameter of driven face and the emitting face, respectively (Miguel Santos
et al., 2009). In practical, the highest energy transferable from the source depends
mainly on two factors: (i) the characteristic of materials for the construction of
transducer assembly as well as the horn, (ii) the area of the emitting face. Regarding the
material characteristics, highly resilient materials are required for the best transmission
of the vibration. Small faced emitters can achieve the most efficient acoustic coupling.
However, the transmission of the vibration can be limited at the surface when high

amplitude cavitation bubbles forms (Mason, 1998).
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It is important to have knowledge on the processing parameters in order to well
design the sonication treatment. The parameters that have the influence on
ultrasonication can be subdivided into three categories including acoustic factors (e.g.
intensity of ultrasonic wave, frequency, pulse), medium characteristics (e.g. viscosity),
and external factors (e.g. external temperature, external pressure) (Mason & Peters,
2002; Weiss et al., 2011).

a m Generator

b Ultrasonic converter
| i
% "ll l? Standard and booster horns
2 E 4
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Figure 3.6. Parts of an ultrasonication device
(Source: Miguel Santos et al., 2009)
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(d)

Figure 3.7. Ultrasonication probes in different shapes
(Source: Miguel Santos et al., 2009)

D

Acoustic factors
¢ Intensity of ultrasonic wave
The acoustic intensity must exceed a threshold value in order to produce

cavitation. Higher intensity increases the sono-chemical effects; however, energy input
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to the system cannot be increased indefinitely. Large amount of ultrasonic power
generates a great number of bubbles which will coalesce further and avoid transfer of
acoustic energy through the liquid by acting as a barrier (Mason & Peters, 2002).
e Frequency
Low frequency generates long acoustic cycle, thus large bubbles are created. On
the other hand, acoustic cycle is short at high frequencies which results in smaller
bubbles. As a consequence of smaller bubble formation, the cavitation collapse occurs
less violently. Moreover, production of cavitation in liquids becomes difficult as the
ultrasonic frequencies are increased (Mason & Peters, 2002).
e Pulse
The effect of cavitation may be altered considering pulse width, shape of wave

form, and the interval between the pulses (Mason & Peters, 2002).

The influence of medium
¢ Viscosity of the medium
The generation of cavitation will be more difficult in viscous liquids where

natural cohesive forces are large (Mason & Peters, 2002).

External factors
e External temperature
Use of external heating increases the temperature of the medium, thereby
decreases viscosity and surface tension. Thus, a lower acoustic intensity is necessary for
generation of cavitation since the cavitation threshold becomes lower. However, it
should be taken into account that higher temperatures close to the boiling point of the
liquid will generate a huge number of bubbles which can further reduce the transmission
of ultrasonic energy from the source to the medium (Mason & Peters, 2002).
e External pressure
Applying an external pressure will require higher rarefaction pressure in order to
initiate cavitation. Thus, a higher acoustic intensity will be necessary for the formation
of cavitation bubbles compared to the applied intensity under atmospheric pressure
(Mason & Peters, 2002).
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3.2.3. Advantages and Disadvantages

Table 3.3 summarizes the advantages and disadvantages of US treatment.
Ultrasound is mostly used in combination with other preservation technologies. The
processing time can be reduced when ultrasonication is applied. It requires little
adaptation to the existing processing plant due to operation either in batch or continuous
systems. The heat transfer can be increased while running the sonicator. It can be
effective for the inactivation of vegetative cells, spores, and enzymes (Fellows, 2009).
Ultrasound and thermal processing result in synergistic effect with respect to microbial
inactivation. Ultrasound assisted processing can provide quality improvements of liquid
products due to degassing of the products (Knorr et al., 2004).

Table 3.3. Advantages and limitations of ultrasonication
(Source: Fellows, 2009)

Advantages
Effective against vegetative cells, spores, and enzymes

Reduction of processing times

Little adaptation is required for existing processing plant
Heat transfer increased

Batch or continious operation

Limitations

Complex mode of action

Depth of penetration is affected by solids and air in the product
Possible damage by free radicals

Undesired modification in food structure and texture

Needs to be used in combination with another process
Potential problems with scaling up

US has a complex mode of action. The local temperature differences can make it
difficult to have a uniform heat distribution. In the same manner, cooling of the
treatment unit may be also difficult to handle as the volume of sample increases. The
depth of penetration of ultrasound inside the sample depends on the solid and air

particles inside the product. Undesired modification in food structure can be observed.
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However, this can be also an advantage depending on the type of product. For instance,
the size of fat globules can be reduced by processing the milk with ultrasonication.
Usually, ultrasonication needs to be used in combination with another technology in a
hurdle approach. Scaling up for a larger volume production might have some potential
difficulty and problems (Fellows, 2009). Another challenge of ultrasound processing is
the non-standardized reporting of methodology and control parameters. Due to the
energy losses with increasing distance from the sound emitting surface, equipment
improvement and changes in design should be carried out. Moreover, it is required to
carry out a comprehensive development activities in order to understand, optimize,
rigorously test and prove to be safe before being commercially available (Knorr et al.,
2004).

3.2.4. Applications of US

Ultrasonication has been used in food processing for the purpose of
crystallization of fats, sugars etc., degassing, destruction of foams, extraction of
flavorings, filtration and drying, mixing and homogenization. In addition to those
applications, its action on microorganisms and enzymes has been gained attention
(Mason et al., 2005). Some other applications of ultrasonication in food engineering are
reviewed by Chandrapala et al. (2012) considering emulsification, filtration, viscosity
modification, dairy and tenderization (Chandrapala, Oliver, Kentish, & Ashokkumar,
2012). Ultrasound in combination with conventional or membrane filtration leads to
efficient and longer operation without maintenance. Likewise, extraction of specific
compounds can be enhanced by applying ultrasound assisted solvent extraction
(Rastogi, 2011).

This section covers a review of current researches related to the microbial
inactivation and preservation of quality parameters of fruits and fruit juices by
ultrasound. Aadil et al. (2013) evaluated quality parameters of grapefruit juice subjected
to US at 28 kHz and 20 °C. It was concluded that US processing improved total
antioxidant capacity, ascorbic acid, total phenolic and flavonoid contents in the juice
sonicated for 30, 60, and 90 min (Aadil, Zeng, Han, & Sun, 2013). Even though the
authors suggested the use of US for grape fruit juice processing at industrial scale, long

processing times may not be preferred for industrial applications. Sonication of apple
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juice for 0, 30, and 60 min at 20 °C considering 25 kHz of frequency and 70 % of
amplitude was evaluated by Abid et al. (2014). Results indicated that sonication for 30
min resulted in a significant increase in the content of polyphenolic compounds and
sugar; whereas total carotenoids and some minerals such as Na, K, and Ca significantly
increased after US processing for 60 min. The authors also reported losses in some
mineral elements such as P, Mg, and Cu after sonication (Abid et al., 2014a).

Hurdle concept was developed for mango juice processing considering
ultrasound (for 15 and 30 min at 25 °C, 40 kHz frequency) and UV-C treatment (for 15
and 30 min at 25 °C). The combined treatment led to a significant increase in
extractability of carotenoids, polyphenols, and flavonoids along with the assurance of
microbial safety (Santhirasegaram, Razali, & Somasundram, 2014). Martinez-Flores et
al. (2015) applied ultrasound (24 kHz, 120 um amplitude) in combination with thermal
treatment (50, 54, 58 °C) for 10 min in order to evaluate microbial growth and quality
parameters of carrot juice. Thermo-sonicated juice samples at 58 °C retained >98 % of
carotenoids and 100 % of ascorbic acid while extending shelf life of carrot juice to 20
days at 4 °C. The authors, therefore, suggested thermosonication as a promising
technology for preservation of carrot juice in terms of delaying microbial growth and
retaining bioactive compounds (Martinez-Flores, Garnica-Romo, Bermudez-Aguirre,
Pokhrel, & Barbosa-Canovas, 2015). Ultrasound (600 W, 20 kHz and 95.2 um wave
amplitude; 10 or 30 min at 20, 30 or 44 °C) was also used in combination with pulsed
light for the inactivation of Alicyclobacillus acidoterrestris ATCC 49025 spores and
Saccharomyces cerevisiae KE162 inoculated in commercial and natural squeezed apple
juices. The spore reductions in commercial and natural apple juices were 3.0 and 2.0 log
CFU/mL, respectively. Reduction of S. cerevisiae, on the other hand, was reported to be
6.4 and 5.8 log cycles in commercial and natural apple juices, respectively. US assisted
with 60 s of pulsed light at the highest temperature build-up (56 °C) was claimed to be
the most effective combination (Ferrario, Alzamora, & Guerrero, 2015). Different fruit
and vegetable juices such as orange, sweet lime, carrot, and spinach juices were
processed by ultrasound and ultraviolet irradiation. Results showed that the combination
of ultrasound (frequency of 20 kHz, power of 100 W, 15 min) and UV-C light (2 UV-C
lamps of 8 W) achieved an effective decontamination of juices as well as retained
nutrient constituents to a higher level compared to thermal pasteurization (80 °C for 10
min) (Khandpur & Gogate, 2015).
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Tiwari et al. (2008) subjected strawberry juice to ultrasonication considering
ranging amplitude from 40 to 100 %, constant frequency of 20 kHz, treatment time of 2-
10 min in pulse mode (5 s on and 5 s off). The authors were able to model the
sonication effect on quality of strawberry juice by response surface methodology. It was
concluded that the anthocyanin degradation was relatively low by ultrasound and
compared favorably to thermal processing. Thus, it was suggested that ultrasound
processing can be an alternative in juice preservation when the retention of nutritional
quality is a priority (Tiwari, O'Donnell, Patras, & Cullen, 2008). In another study,
Tiwari et al., (2009) observed that anthocyanins showed higher stability when the
ultrasound treated strawberry juice was stored at refrigerated temperature 4 °C
compared to 20 °C (Tiwari, O'Donnell, Patras, Brunton, & Cullen, 2009a). Gani et al.
(2016) applied US (33 kHz, 60 W) to freshly harvested strawberry fruits up to 60 min.
The strawberries were then stored at 4 °C for 15 days after processing with US. Higher
exposure time was reported to decrease the antioxidant potential and cause undesirable
changes in the quality of fruit. 30 and 40 min of US exposure better preserved pH,
vitamin C, and total soluble content. The authors stated that US processing for 40 min
reduced the bacterial count from 5.91 log to 3.91 log CFU/mL (Gani et al., 2016). Bhat
and Goh (2017) applied ultrasound for hand pressed strawberry juice. The
physicochemical and phytochemical properties, as well as microbial load of juice were
evaluated. Physicochemical properties such as pH, water activity, viscosity, titratable
acidity, and turbidity were not significantly affected by sonication compared to
untreated samples. Although sonication for 30 min enhanced bioactive compounds, it
was not sufficiently effective on microbial inactivation under studied conditions (Bhat
& Goh, 2017).

3.3. Pulsed Electric Fields (PEF)

3.3.1. Basic Concept and Microbial Inactivation Mechanism of PEF

Pulsed energy technologies utilize high energy levels in the form of short bursts
or pulses. The energy is initially generated as electrical energy and accumulated in a
storage capacitor following by discharging in the form of high intensity light pulses

(pulsed light technology), high intensity magnetic field pulses (oscillating magnetic
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field technology) or high energy electric field pulses (PEF technology) (Deeth, Datta,
Ross, & Dam, 2007).

During the last decades, PEF has received remarkable attention due to its
potential to enhance or develop quality retaining preservation processes as an alternative
to conventional methods in food industry (Heinz, Alvarez, Angersbach, & Knorr, 2001,
Toepfl, Heinz, & Knorr, 2005). PEF is a nonthermal processing method that applies
direct current voltage pulses for very short periods of time, i.e. from microseconds to
milliseconds, to a food material placed between two electrodes (Puertolas, Luengo,
Alvarez, & Raso, 2012). Liquid food materials can be considered as electrical
conductors due to the presence of ions which act as electrical charge carriers. The flow
of electrical current in a treatment chamber generates a high voltage pulsed electric field
within the food material (Zhang, Barbosa-Canovas, & Swanson, 1995). The electrical
field causes permeabilization of cell membranes of microorganism present inside the
treatment medium. The phenomenon related to the increment on the permeability of a
cell membrane due to external electrical field pulses is called as electroporation or
electropermeabilization (Puertolas et al., 2012; Tsong, 1991).

Exposure of a cell to an external field has the following effects (Saulo 2010):

e Increment in the transmembrane potential of the cytoplasmic membrane,

¢ Initiation of pore formation,

e Changes in the number of and/or size of formed pores during application
of PEF,

e Acquisition of either reversible or irreversible electroporation.

Microbial inactivation mechanism is summarized in Figure 3.8. The cell
membrane has been assumed as capacitor filled with a dielectric material of a very low
dielectric constant in comparison with cell content and surrounding environment. Free
charges accumulates at both membrane surfaces generating a transmembrane potential
of about 10 mV (Zimmermann, Pilwat, & Riemann, 1974). When an external electrical
field is applied, trans-membrane potential increases due to the additional free charges
accumulating at both membrane surfaces. These charges are opposite and attract each
other, resulting in membrane compression, and so the membrane thickness is reduced.
When the transmembrane potential reaches approximately 1 V, the electro-compressive
forces exceed the viscoelastic properties of the membrane and the membrane
breakdown occurs (Pagan, Condén, & Raso, 2005; Zimmermann, 1986). Saulis (2010)
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reported the critical value of external electrical field required for the induction of
transmembrane potential as 0.2-1.0 V. Application of external electrical field close to
the critical value forms reversible pores which can allow the cell membrane to recover
its structure and functionality. PEF in the food industry requires irreversible
electroporation in order to accomplish the microbial inactivation. Formation of
irreversible pores results in disintegration of membrane and loss of cell viability when

the applied electrical field is higher than the critical value (Saulis, 2010).
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Figure 3.8. Mechanism of microbial inactivation by PEF treatment
(Source: Pagan & Manas, 2006)

Heinz et al. (2001) reviewed the basic concepts of PEF. Regarding the microbial
inactivation, the authors stated that the equilibrium of electrochemical and electrical
potential differences of the cell plasma and extracellular medium is re-established due
to the drastic increase in permeability. A simultaneous neutralization of transmembrane
gradient across the membrane irreversibly impairs vital physiological control systems
such as osmoregulation of the cell and finally cell death occurs. The authors also
evaluated the relation between electrical field strength and cell geometry. The required
electrical field increases as the characteristic dimension of the cell (i.e. the radius of

spherical cells etc.) shifts to smaller values (Heinz et al., 2001).
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3.3.2. Equipment and Processing Parameters

A pulsed electric field system composed of a high voltage pulse generator,
pump, treatment chamber, and monitoring system. Figure 3.9 shows the flow chart of a
PEF processing system. Continuous treatment chambers enable pumping the food
through the system while the fluid is exposed to the electrical field at ambient or
refrigerated as well as elevated temperatures. Heat exchangers can be used to heat the
medium before or after the treatment. Besides, the dissipated electrical energy results in
a temperature increase during PEF processing. The increased temperature has to be

removed prior to packaging (Toepfl et al., 2005).
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Figure 3.9. Flow chart of PEF processing
(Source: Barbosa Canovas & Altunakar, 2006)

Several PEF parameters have been introduced in literature (Pagan et al., 2005):
Process Parameters:
e Electric field strength
e Treatment time
e Pulse characteristics
e Frequency

e Temperature
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e Specific Energy
Microbial Characteristics:
e Intrinsic resistance of microorganisms
e Growth conditions
e Cell concentration
Product Parameters:
e Electrical conductivity
e pH
e Water activity

e Composition

The most commonly studied process parameters for the characterization of PEF
technology are electrical field strength, pulse shape, pulse width, number of pulses,
pulse specific energy, and frequency (Barsotti, Merle, & Cheftel, 1999). The strength of
electrical field is defined by the distance between the treatment electrodes and delivered
voltage as given the Equation 3.1:

E-Y
d

(3.1)

where V is the voltage (kV) and d is the gap between electrodes (cm). Voltages used for
the food treatment ranges between 10-60 kV (Toepfl et al., 2005). The treatment
chamber consists of at least two electrodes in different geometric configurations, i.e.
parallel plates, coaxial or co-linear cylinders, as shown in Figure 3.10. Although parallel
electrode configuration provides a uniform electrical field in the chamber (Gerlach et
al., 2008), the treatment intensity is reduced at the boundary conditions (Toepfl et al.,
2005).

Three conditions for the accuracy of the electric field intensity have been
defined (Bartels, 2001):

e The electrical field intensity must be homogeneous in the whole treatment

chamber

e The residence time of the product must be uniform.
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e The distribution of microorganisms throughout the product must also be

uniform
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Figure 3.10. Configuration of PEF treatment chambers (a) parallel plate, (b) coaxial and
(c) co-linear (Source: Toepfl et al., 2005).

Both the number and size of pores depend on the electric field strength and
treatment time. During application, when the electric field reaches to values close to the
critical electric field or when the treatment time is short, both the number and size of
generated pores are low. Under these conditions, permeability of the membrane is
reversible since the cell membrane restores its structure and functionality when the PEF
treatment ceases. Application of an electrical field greater than the critical value results
in an increase in the number and size of pores. Thus, irreversible permeabilization or
mechanical disruption of the cell occurs (Pagan et al., 2005; Zimmermann, 1986).
However, neither electrical field strength nor treatment time is enough to evaluate PEF
processing. Other processing parameters such as wave form, pulse width, frequency,
temperature, characteristics of media should also be taken into consideration.

PEF may be applied in the form of exponentially decaying, square wave,
bipolar, or oscillatory pulses and at ambient, sub-ambient, or slightly above ambient
temperature for less than 1 s (Nip, 2007). Different types of electric field waveforms are
shown in Figure 3.11. The most generally applied pulsed shapes used are exponential
decay and square wave forms (Puertolas et al., 2012). The pulse width is defined as the
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time where the peak field is maintained for square wave pulses or the time until decay

to 37 percent for exponential decay pulses (Toepfl et al., 2005) as shown in Figure 3.12.
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Figure 3.11. Different types of electric field waveforms
(Source: Ngadi, Bazhal, & Raghavan, 2003)
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Figure 3.12. Pulse shape as a process parameter
(Source: Puertolas et al., 2012)

Since PEF treatment time is a function of duration of pulse width and the

number of pulses applied (Puertolas et al., 2012), typically PEF treatment time increases
with the increasing number of pulses (Toepfl et al., 2005). Thus, the treatment time is

defined as:
48



t=nxr (3.2)
where n is the number of pulses, and z is the pulse width (us).
The specific energy of pulse is a function of applied voltage, treatment time, and

the resistance of treatment chamber (Heinz et al., 2001; Puertolas et al., 2012; Topfl,

2006) as given by Equation 3.3:

W, = - [ KT E@)t (33)

S|~

where f is the frequency (Hz), m is the mass (kg), k is the electrical conductivity of
media (mS/cm), E is the electrical field strength (kV/cm), and t is the treatment time.
The frequency (or the repetition) can be defined as the number of pulses applied by unit
of time. It can be expressed as Hz or pulses per second (Puertolas et al., 2012).

Treatment temperature has a synergistic effect on the efficacy of the processing.
The temperature increase due to the dissipation of electrical energy can be utilized
during processing (Topfl, 2006).

Electrical conductivity (k) is the inverse of the resistivity of material to electrical
field and it can be expressed as Siemens per unit length (S/m). It is a function of
temperature of media (T6pfl, 2006). Thus, the temperature increase will lead to changes
in conductivity during treatment (Jayaram, Castle, & Margaritis, 1993). In addition to
electrical conductivity, air bubbles and particles inside the media have a significant
influence on the applicability of PEF. In the bubble regions, a significant drop can occur
in the electrical field strength which can block the treatment and cause safety problems.

Thus, the air bubbles have to be removed before processing (Topfl, 2006).

3.3.3. Advantages and Disadvantages

PEF technology has gained interest in the field of food process engineering.
Table 3.4 summarizes the advantages and disadvantages of PEF application. The
continuous operability with very short processing times is one of the main advantages of

PEF processing. Thus, a PEF system can be easily implemented into existing processing
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lines (Toepfl et al., 2005). PEF processing can achieve the inactivation of vegetative
cells by retaining color, flavor, and nutrients of the product in a relatively short

treatment time (Fellows, 2009).

Table 3.4. Advantages and limitations of PEF
(Source: Fellows, 2009)

Advantages Limitations

Kills vegetative cells Less effective against enzymes and spores
Retains color, flavor, and nutrients Only suitable for liquids

No evidence of toxicity Safety concern in local processing
Relatively short treatment time Energy efficiency is not certain yet

However, it is less effective on spores and enzymes. The continues systems are
only suitable for pumpable fluids (Fellows, 2009). Before an industrial exploitation, it
has to be demonstrated that the process is reliable enough to accomplish safe product,
alternative to existing pasteurization methods in terms of cost of operation and
investment. Moreover, product quality and consumer acceptance should be taken into
account (Toepfl et al., 2005).

3.3.4. Applications of PEF

PEF assisted applications have been gained a strong interest in the field of food
engineering since it offers several benefits over conventional ones. When a treatment
such as extraction, drying or freezing is assisted with PEF technology, the mass transfer
and extraction yield can be improved, as well as processing time and degradation of
heat sensitive compounds can be reduced. PEF technology can assist extraction by
diffusion and pressing, osmotic dehydration, drying, freezing, cold pasteurization
(Barba et al., 2015).

Regarding the preservation of fruit juice products by PEF technology, the
studies conducted to facilitate extension of shelf life and retention of quality parameters
are summarized in this section.

PEF treatment was applied for the inactivation of different types of

microorganisms in orange juice by McDonald et al. (2000). Electrical field strength of
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30 kV/cm inactivated Leuconostoc mesenteroides, E.coli, and Listeria innocua in
orange juice by as much as 5 log cycles at 50 °C (McDonald, Lloyd, Vitale, Petersson,
& Innings, 2000). Sampedro et al. (2013) demonstrated that PEF processing of orange
juice at 30 kV/cm and 60 °C reduced the population of E. coli, Salmonella
Typhimurium and Lactobacillus spp. by more than 5 log, and was able to obtain
extented shelf life up to 2 months at refrigerated condtions (4 °C) (Sampedro et al.,
2013).

Agcam et al. (2016) subjected the orange juice to PEF or heat treatments. PEF
processing resulted in better preservation of the juice quality compared to the heat
treatment applied at 90 °C for 10 and 20 s (Agcam, Akyildiz, & Evrendilek, 2016).
Elez-Martinez et al. (2006) compared high intensity pulsed electric field (35 kV/cm for
1,000 us) and thermal pasteurization (90 °C for 1 min) for the shelf life extension of
orange juice. PEF-treated orange juice samples showed microbiological stability up to
56 days at refrigerated conditions. However, the authors reported naturally occurring
microorganisms within 30 days of storage at 22 °C. PEF treatment resulted in better
retention of color compared to thermally pasteurized orange juice (Elez-Martinez,
Soliva-Fortuny, & Martin-Belloso, 2006).

Aadil et al. (2015) processed grapefruit juice considering varying pulse electric
field strengths up to 25 kV/cm at 40 °C for 600 us. Phytochemical properties such as
total phenolic and total anthocyanin content, total antioxidant capacity, total carotenoids
as well as the physicochemical properties such as pH, total soluble content, titratable
acidity, and color of the juice samples were evaluated. The authors suggested PEF
processing of grapefruit juice at 25 kV/cm in order to improve the quality of the juice in
terms of phytochemical and physicochemical properties (Aadil et al., 2015). Odriozola-
Serrano et al. (2008) applied high intensity pulse electric fields (HIPEF, 35 kV/cm for
1700 ps, in bipolar mode at 100 Hz) and thermal pasteurization (90 °C for 60 or 30 s) to
strawberry juice in order to evaluate bioactive compounds before and after processing.
HIPEF-treated strawberry juice samples were found to be richer in the content of total
anthocyanins as well as phenolic acids such as ellagic and p-coumaric acid compared to
thermal treatment. Thus, PEF technology has been reported to be an effective
technology to produce fruit juice with high antioxidant content (Odriozola-Serrano,

Soliva-Fortuny, & Martin-Belloso, 2008). According to the current perspectives, PEF
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technology can be used for the development of environmentally friendly processes and
new potential applications for food industry (Barba et al., 2015).

3.4. UV-C Irradiation

3.4.1. Basic Concept and Microbial Inactivation Mechanism of UV-C

Ultraviolet (UV) light occupies a range of wavelengths in the non-ionizing
region of the electromagnetic spectrum. It is located between X-rays and visible light.
Basically, it is subdivided into three regions as short-wave UV (UV-C), medium-wave
UV (UV-B), and long wave UV (UV-A) (Bintsis, Litopoulou-Tzanetaki, & Robinson,
2000). Figure 3.13 shows the ultraviolet components in the electromagnetic spectrum.
Long-wave UV-A ranges from 315 to 400 nm, and it is normally responsible for tanning
in human skin. UV-B varies from 280 to 315 nm that causes skin burning and can lead
to skin cancer. Short-wave UV-C is between 200 and 280 nm that is called germicidal
UV due to its inactivation power at a wavelength of 254 nm which is absorbed by most
microorganisms’ DNA (Koutchma, 2009a; Lépez-Malo & Palou, 2005). A fourth
region has been defined in the range of 100 and 200 nm. This region is called as
vacuum UV range which can be absorbed by almost all substances and transmitted only
under vacuum (Koutchma, 2009a).
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Figure 3.13. Ultraviolet component of the electromagnetic spectrum
(Source: Soehnge, Ouhtit, & Ananthaswamy, 1997)
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The sun is the major source of a wide range of wavelengths. The UV radiation
reaching to the earth’s surface depends on the attenuation by the atmosphere via
absorption and scattering. UV-A is barely affected from the atmosphere and the
environment is exposed mainly to UV-A. UV-B is attenuated, however some UV-B can
reach to the surface. On the other hand, UV-C is completely absorbed in the upper and
middle atmospheres (Bintsis et al., 2000).

UV irradiation has found application for the disinfection of food products due to
the germicidal effect of UV-C light. The absorption of UV-C light by DNA may stop
cell growth and cause the cell death (Guerrero-Beltran & Barbosa-Canovas, 2004).
Inactivation mechanism of UV-C processing is based on physical shifting of electrons
and breaking of bonds in the deoxyribonucleic acid (DNA), thereby preventing life and
reproduction. The high absorption of UV-C by DNA is associated with pyrimidine and
purine bases’ ability to absorb light at this wavelength. Pyrimidine bases are particularly
sensitive to UV-C, inducing the formation of covalently bond resulting in dimer. These
thymine dimers inhibit correct replication of DNA during the reproduction of cell
(Lopez-Malo & Palou, 2005). Figure 3.14 represents effect of UV light on DNA of a

microorganism.
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Figure 3.14. Mechanism of microbial inactivation by UV treatment
(Source: Flynn, 2015)
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Among constituent bases of DNA, thymine undergoes a unique photochemical
reaction. UV light damages the DNA of exposed cells by causing bonds to form
between adjacent thymines in DNA chains. If two thymines are located adjacent to each

other, the absorption of a UV photon by one of the bases forms a chemical bond causing
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formation of a dimer (Lopez-Malo & Palou, 2005). The resulting effect of the absorbed
radiation by DNA is that the transcription and replication of DNA are blocked, cellular
functions are obstructed, and eventually cell death occurs (Guerrero-Beltran & Barbosa-
Canovas, 2004).

The influence of UV-C irradiation on the inactivation of microorganisms
depends on the species, strain, growth media, and state of culture, load of
microorganisms, food characteristics as well as processing parameters (Guerrero-
Beltran & Barbosa-Canovas, 2004). The resistance of microorganisms to UV-C
treatments is largely determined by their ability to repair DNA damage caused by UV.
Gram negatives are the less resistant bacteria followed by Gram positives, yeasts,

bacterial spores, molds, and viruses (Adams & Moss, 1995).

3.4.2. Equipment and Processing Parameters

UV-C processing can be applied either in continuous or discontinuous
photoreactors. Discontinuous reactors are usually preferred when the medium has high
viscosity or the need of high irradiation times. Continuous flow systems, on the other
hand, achieve large quantum yields and small irradiation time (Falguera, Pagan, Garza,
Garvin, & Ibarz, 2011). As shown in Figure 3.15, a typical photoreactor consists of a

reactor, a reflactor, lamps, and a jacket (Falguera et al., 2011).
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Figure 3.15. An example of UV-C processing reactor
(Source: Falgueraet al., 2011)
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UV-C processing has widely applied for liquid products. A typical UV-C system
for processing liquids is composed of sample container, plastic tubing or sanitary pipes,
pumps, reactor with UV lamps and jacket, refrigeration system (Guerrero-Beltran &
Barbosa-Canovas, 2004) as shown in Figure 3.16. In order to achieve the required
germicidal effect, the liquid can be passed through the system by re-circulating. A
refrigeration system before or after UV-C light treatment can be used to cool down the
liquid food (Guerrero-Beltran & Barbosa-Canovas, 2004). Mixing devices in the sample
container lead to ensure the appropriate mixing of microorganism in the sample before
treatment, and to obtain a representative sample for the evaluation of residual
microorganisms after processing (Sastry, Datta, & Worobo, 2000).
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Figure 3.16. Diagram of UV-C processing system for liquids
(Source: Guerrero-Beltran & Barbosa-Canovas, 2004)

Factors affecting UV-C processing can be summarized as the type of UV
irradiation source, ultraviolet dose, flow rate, lamp power, characteristics of liquid, type
and number of microorganisms, growth stage of microorganisms, time, and particle
content (Koutchma, 2009a).

As an artificial source of UV irradiation, different types of lamps can be used for
UV processing of foods. Mercury vapor lamps, i.e. low pressure mercury lamps, low
pressure high-output, and medium pressure mercury lamps, are used for UV
applications (Koutchma, 2009a). The low and medium pressure mercury vapor UV
lamps have been successfully used in water treatment for more than 50 years
(Masschelein, 2002).
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UV dosage deals with the irradiance, time and the volume of the reactor where
the light penetrates into the liquid. The irradiance is generally expressed as watts per
square centimeter (W/cm?). For liquid products, UV dosage is usually given as J/L. The
theoretical calculations related the intensity and dosage are given below (Keyser,
Muller, Cilliers, Nel, & Gouws, 2008):

The average intensity (I) can be calculated as follows:

Total UV-C output per unit (W)

Intensity (I,,,) = Area (cm?) (3.4)
The retention time of the product inside the reactor can be calculated as below:

Retention time (t) = VOIUEE)\?J rt:tz r(ic:)or Q) (3.5)
UV Dosage for one reactor can be calculated as below:

Dosage = Intensity (I) x Time (t) (3.6)

UV dosage can be experimentally measured by biodosimetric and chemical
actinometric methods (Rahn, 1997). The details of the measurement of actinometric
method were given in Chapter 8.

It should be indicated that the required UV dose has a relationship with the
characteristics of the treatment media. Juices which have high amounts of suspended
particles need a higher UV dose compared to the clear juices. For instance, clear apple
juice needs a lower UV dose to achieve effective reduction as expected, whereas orange
juice and tropical juices with suspended matters require higher UV dosages in order to

achieve the required reductions (Keyser et al., 2008).
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3.4.3. Advantages and Disadvantages

Ultraviolet irradiation is a promising alternative to thermal processing in order to
have a safe liquid with preserved quality (Falguera et al., 2011). So far, the technology
has not been reported to leave any toxic or chemical by products (Keyser et al., 2008). It
is effective against most type of microorganisms (Bintsis et al., 2000). In 2004, the
National Advisory Committee on Microbiological Criteria for Foods (NACMCEF) of the
USDA revised the definition of pasteurization and indicated that UV-C irradiation can
be used as an alternative to heat treatments for pasteurization purposes (NACMCF,
2004). However, UV exposure has some limitations when treating juices. UV light only
penetrates a very short depth in the juice when compared to clear water (Lu et al.,
2010). Thus, the design of an UV-C equipment requires to take the radiation source,
reactor geometry, and properties of medium into consideration (Falguera et al., 2011).
Although it is safe to apply, some precautions are necessary to be taken in order to
prevent the workers from exposure to UV-C light (Keyser et al., 2008).

3.4.4. Applications of UV-C

The practical applications of UV-C irradiation are divided into three categories:
(i) inhibition of microorganisms on surfaces, (ii) destruction of microorganisms in air,
(iii) sterilization of liquids (Bintsis et al., 2000). UV-C irradiation has been applied for
many products including fruit juices, fruits and vegetables, fish, poultry, and meat
(Guerrero-Beltran & Barbosa-Canovas, 2004). Regarding UV-C processing of fruit
juices, several types of fruit juices such as orange juice, apple juice, guava-and-
pineapple juice, mango nectar, strawberry nectar have been studied (Keyser et al., 2008;
Tran & Farid, 2004). Recent studies in literature that has been attributed to microbial
safety and product quality as affected by UV-C irradiation is given in this section.

Tran and Farid (2004) exposed freshly squeezed orange juice (FSOJ) to UV
light as a thin film based on the idea of overcoming the difficulty of UV transmittance
through the juice containing high suspended solids. It was reported that the shelf-life of
FSOJ exposed to UV-C irradiation at 73.8 mJ/cm?® was extended up to 5 days, whereas
PME inactivation was not achieved by UV treatment. UV exposure of 100 mJd/cm?

resulted in 17 % of vitamin C degradation which was similar to thermal treatment (Tran
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& Farid, 2004). Gayan et al. (2012) combined ultraviolet irradiation with mild heat
treatment for the inactivation of inoculated E. coli in orange juice. The authors used
eight individual annular thin film reactors submerged in a water bath. Consequently,
UV-C dose of 13.55 J/mL was able to achieve 5.41 log and more than 6 log cycles of
inactivation of E. coli (STCC 4201) in orange juice at 57.5 and 60 °C, respectively
(Gayan, Serrano, Monfort, Alvarez, & Condon, 2012). Pala and Toklucu, (2013a) stated
that the log reductions for aerobic plate and yeast-mold count of natural flora, and
inoculated E. coli (ATCC 25922) in orange juice were found to be 2.8 log, 0.34 log, and
5.72 log, respectively, after UV-C treatment (36.09 kJ/L). No significant differences
was reported for untreated, UV-C and heat treated samples in terms of total phenolic
content and antioxidant capacity (Pala & Toklucu, 2013a)

Apple juice is one of the extensively studied products subjected to UV-C
processing. Caminiti et al. (2012) studied the effect of ultraviolet light on microbial
inactivation and quality attributes of apple juice. They concluded that while UV energy
levels were not affecting pH, °Brix, or total phenols content, it resulted in a decreased
non-enzymatic browning (p<0.01) and antioxidant capacity (p<0.05) compared to
unprocessed juice. All UV treatments applied at 2.66 J/cm? and above reduced the
number of E. coli and L. innocua in apple juice below the detection level (<1 log
CFU/mL) for both E. coli and L. innocua in apple juice (Caminiti et al., 2012b). Gayan
et al. (2013) pasteurized apple juice inoculated with a cocktail of five strains of E. coli
by applying UV-C in combination with mild temperature treatment. The optimum
conditions that created synergistic effect and achieved more than 5 log reduction of the
cocktail of five strains of E. coli were reported to be 27.10 J/JmL of UV-C doses and
treatment time of 3.58 min at 55 °C. Once the apple juice processed under these
conditions, pH, °Brix, and acidity of the juice were not affected. The combination of
UV-C and mild temperature almost doubled the inactivation of polyphenol oxidase
(Gayan, Serrano, Monfort, Alvarez, & Condon, 2013). Tremarin et al. (2017) studied
UV-C inactivation of Alicyclobacillus acidoterrestris, which is a thermo-acidophilic,
non-pathogenic and spore-forming bacterium, in apple juice. The bacterial spores
decreased linearly with the treatment time and reduced by approximately 5 log cycles
when 13.44 W/m? of UV-C intensity was applied (Tremarin, Brandao, & Silva, 2017).

UV light was also applied on grape juice and wine by Fredericks et al (2011)
resulting in an average log microbial reduction of 4.97 and 4.89 in Chardonnay and
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Pinotage, respectively. In Chenin blanc and Shiraz juice, an average log10 reduction of
4.48 and 4.25 was obtained, respectively (Fredericks, du Toit, & Krugel, 2011). Pala
and Toklucu (2013b) subjected white and red grape juices to UV-C light using nine
lamps. UV-C dose of 12.6 J/mL in a single-pass was able to reduce the total aerobic
plate count by 3.51 and 3.59 log and yeast-mold count by 2.71 and 2.89 log for white
and red grape juice respectively. A complete elimination of microorganisms was
achieved after circulation of juice products two times through the reactor (Pala &
Toklucu, 2013b). Unluturk and Atilgan (2015) investigated the inactivation of E.coli K-
12 (ATCC 25253) in freshly squeezed white grape juice by UV-C irradiation. The
population of inoculated E. coli was reduced by 5.34 log cycles after circulating the
juice 8 times through the system at a flow rate of 0.90 mL/s. Thus, UV-C exposure of
9.92 J/lcm? led to extend the shelf life of freshly squeezed white grape juice up to 14
days at 4 °C without altering pH, total soluble content, and titratable acidity of the juice
(Unluturk & Atilgan, 2015). Kaya and Unluturk (2016) processed clear and turbid grape
juice in order to investigate the inactivation of inoculated S. cerevisiae and spoilage
microorganisms (yeasts and lactic acid bacteria) by UV-C irradiation in a continuous
flow system. While 65.50 mJ/cm2 of UV dose was able to reduce the population of S.
cerevisiae by 3.39 log cycles, comparatively lower amount of reductions were obtained
for turbid grape juice at higher UV doses. The reductions for yeasts and lactic acid
bacteria in turbid juice were reported to be 1.54 and 1.64 log CFU/mL, respectively
(Kaya & Unluturk, 2016).

Pala and Toklucu (2011) subjected pomegranate juice (PJ) to UV-C irradiation.
It was declared that UV-C treatment preserved the major quality characteristics of
pomegranate juice better than heating process by comparing UV-C treated juice with
heat treated (at 90°C, 2 min) and control. After UV-C treatment, total monomeric
anthocyanin content of pomegranate juice did not change significantly and decrease in
individual anthocyanin pigments were between 8.1% and 16.3%. However, individual
anthocyanin pigments of PJ were significantly affected by heat treatment (p < 0.05) and
decreased in-between 15.4% and 28.3%. The effectiveness of the UV-C system on the
aerobic plate count, yeast and mold count and E. coli ATCC 25922 as a surrogate
microorganism of E. coli O157:H7 in PJ resulted in 1.8 log, 1.45 log and 6.15 log
reductions, respectively (Pala & Toklucu, 2011). Santhirasegaram et al. (2015)
processed mango juice by UV-C treatment (15, 30, and 60 min at 25 °C) and thermal
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pasteurization (90 °C for 60 s). The authors observed an increase in content of
carotenoids (6%), polyphenols (31 %) and flavonoids (3 %) after UV-C irradiation for
15 and 30 min treatment time compared to untreated samples. The shelf life of mango
juice was extended 4 weeks more than the freshly squeezed juice. Although a complete
inactivation of microbial growth was satisfied with the thermal pasteurization, the
quality was adversely affected by heat (Santhirasegaram, Razali, George, &
Somasundram, 2015a). Kaya et al. (2015) achieved more than 6 log CFU/mL reduction
of inoculated E. coli in lemon-melon juice blend by UV-C irradiation (2.46 J/mL) and
thermal pasteurization (72 °C, 71 s). The authors reported that UV-C irradiation resulted
in better preservation of physicochemical properties of the blends compared to heat
treatment (Kaya, Yildiz, & Unluturk, 2015).
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CHAPTER 4

MATERIALS AND METHODS

This chapter covers the general methods used for the studies conducted both at
Washington State University (Chapter 5-7) and Izmir Institute of Technology (Chapter
8 and 9). Other methodologies specific to each chapter are given in the “Material &

Methods” section of the corresponding chapters.

4.1. Raw Material

4.1.1. Freshly Squeezed Strawberry Juice

The preparation of strawberry juice used for the studies given in Chapter 5, 6,
and 7: Strawberries (Fragaria x ananassa) were purchased from a grocery store
(Walmart Supercenter, Pullman, USA) at their commercial maturity. Fruits were stored
at -30 °C prior to use. The fruits were defrosted by leaving them overnight at ambient
temperature in dark. Then, the juice was extracted using an electric centrifugal juicer,
i.e. a fruit juice extractor. Next, the juice was centrifuged (Beckman J2 HS centrifuge,
GMI, MIC Group, Inc., Minnesota, US) at 6000 rpm and 4 °C for 5 min using a
Fiberlite F14 6x250 rotor (Piramoon Technologies, Inc., US). The juice was
subsequently filtered through a cheese cloth to remove the suspended particles.

Preparation of strawberry juice for the studies outlined in Chapter 8 and Chapter
9: Strawberries at commercial maturity were obtained from a local bazaar in Izmir.
Fruits were stored at -20 °C until processing. Frozen fruits were then defrosted
overnight at ambient temperature in dark. Strawberries were squeezed using a
household table top juice extractor (Arcelik, Istanbul) and subsequently centrifuged
(Allegra 25R, Beckman Coulter, Indianapolis, US) using a fixed angle rotor (TA-10-
250, Beckman Coulter) at 10000 rpm for 5 minutes. Filtration through a sterile gauze

strip was applied to remove any possible particles.
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4.1.2. Pre-pasteurized Strawberry Juice

Freshly squeezed strawberry juice was pasteurized by thermal treatment in order
to reduce the initial microbial load of juice. Pasteurization time and temperature
parameters were chosen considering the study of Timmermans et al. (2011) and FDA’s
pasteurization criteria (FDA, 2004; Timmermans et al., 2011). The background
microflora of SJ was eliminated by heating the juice at 71.7 °C for 15 s. For this
purpose, SJ was put into a double walled sample container connected to a water bath
(Viscotherm VT 10, Paar Physica, Germany) (Figure 4.1). The sample unit was placed
on a magnetic stirrer. Hot water (74 °C) was circulated between the walls of sample
container. A magnetic stirrer bar was used in order to increase the heat transfer in the
medium. Temperature was controlled by a K-type of thermocouple. Once the
temperature reached 71.7 °C, the juice was kept for 15 s and then transferred to a
previously sterilized bottle. Finally, the treated juice was cooled down to room
temperature by placing in ice. The juice free from the initial background microflora was
re-named as “pre-pasteurized strawberry juice” and used for studies in which a target
non-pathogenic microorganism was inoculated and inactivated by selected technologies
described in Chapter 5-7.

Temperature control

Control panel

Water bath

Figure 4.1. Schematic view of thermal pasteurization unit used at WSU
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4.2. Measurement of Physicochemical Properties

4.2.1. pH

pH measurement was carried out by using a bench top pH meter (FE20
FiveEasy, Mettler Toledo™, USA and inoLab pH 7310, WTW GmbH, Weilheim,
Germany) at 22°C. Ten mL of SJ was used for the measurement. The probe of pH meter
was directly immersed into the sample and the reading was recorded when the pH value
reached to a constant value Calibration of pH meter was carried out by using two buffer

solutions at pH 7 and pH 4.

4.2.2. Titratable Acidity

The amount of titratable acidity of SJ was determined by titrimetric method
(Cemeroglu, 2010). Ten mL of sample was poured into a flask and titrated against
standardized 0.1 N NaOH up to pH 8.1 which is phenolphthalein end point. The amount
of NaOH used for titration to reach pH 8.1 was recorded. Since the major organic acid
in SJ was citric acid, the amount of titratable acidity was expressed as g citric acid per

100 mL strawberry juice using the following equation:

TA (g/100 mL) = ((V)(f)((VE))(loo)] (4.1)

where V represents the volume of 0.1 N NaOH used up during titration (mL); f is the
normality factor; E is the miliequivalent weight of citric acid (g); v is the volume of the

sample (mL).
4.2.3. Total Soluble Solid (TSS)

A digital hand-held refractometer (PAL-a, Atago CO., LTD.) was used to
determine the total soluble solids (°Brix) of the samples. The refractometer was firstly

adjusted to zero by using distilled water. Then, 3-4 drops of strawberry juice were
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poured into the measuring cell of refractometer. Before measurement, the refractometer
was adjusted to zero by reading the TSS of distilled water. Measurements of TSS were

conducted at ambient temperature in triplicate.

4.2.4. Turbidity

Turbidity of strawberry juice samples was measured by using a turbidimeter
(HACH 2100AN IS, Loveland, CO, USA). The outer surface of sample cell was
cleaned with silicone oil and oiling cloth to avoid the light scattering. The sample cell
containing 30 mL of SJ was placed into the sample compartment. Turbidity was

measured in Nephelometric Turbidity Units (NTU).

4.2.5. Absorption Coefficient

Absorption coefficients of strawberry juice samples were determined by using a
UV-Visible spectrophotometer (Varian Cary 100, Agilent Tech., Santa Clara, CA,
USA). Several dilutions of SJ samples were prepared with distilled water at varying
ratio of 1:25, 1:50, 1:100, 1:200, and 1:500. Then, the absorbance of diluted samples
was measured at 254 nm using quartz cuvettes with a path length of 1 cm. The
absorption coefficient of SJ was estimated from the slope of the absorbance-juice

concentration plot.

4.2.6. Color

CIE refers to the French title of International Commission on Illumination
(Commission Internationale de 1'Eclairage). The CIE system defines the color in three-
dimensional color space, i.e. L* (brightness-darkness), a* (redness-greenness), b*
(yellowness-blueness) (MacDougall, 2002). L* value shows the degree of lightness
ranging from black to white based on a scale from 0 to 100. Increasing L* values
indicate the increase in lightness. Larger values of a* refers to an increase in red;
whereas larger —a values indicates an increase in green. On the other hand, greater +b

and -b values shows the increase in yellow and blue, respectively (Lawless & Heymann,
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2010). CIE L*, a*, b* values of the samples were measured by a Chroma meter (CR
400, Konica Minolta Inc., Japan). Thirty mL of treated and untreated SJ samples were
placed into a quartz container. The measurement was conducted at three different points
of the samples in duplicate. Calibration of the equipment was conducted by using a
white reference plate by adjusting Y, x, and y values to 93.8, 0.3159, and 0.3322,
respectively.

Total color difference (AE) (H. S. Lee & Coates, 1999) and browning index
(Palou, Lopez-Malo, Barbosa-Canovas, Welti-Chanes, & Swanson, 1999) of the

samples were calculated from Equations 4.2 and 4.3, respectively.

AE = J(AL")? +(Aa")? +(Ab")? (4.2)

where the sign A shows the difference between untreated and treated juice samples

regarding the corresponding color parameter.

(a"+1.751")

5645 +a" —3.012b")

( -0.31
Bl =100*
0.172

(4.3)

Hue (h*) and C* (Chroma) values of the samples, on the other hand, were
calculated by using a* and b* values as shown in Equation 4.4 and Equation 4.5.

h* = arctan(%) (4.4)
C*=(a*? +h*?)"? (4.5)

The color wheel in Figure 4.2a shows the continuous spectrum of colors, i.e.
hue, which is perceived by human eyes as the object’s color (e.g. red, orange, green,
etc.) (X-rite, 2007). h* is the angle that is expressed in degrees. As shown in Figure 4.3,
0° and 360° refer to +a (red), 90° refers to +b (yellow), 180° is —a (green); while 270° is
—b (blue) (Lawless & Heymann, 2010; X-rite, 2007). Chroma describes the vividness or

dullness of a color (Figure 4.2b). As an indication of color saturation, C* is equal to
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zero at the center of color space and increases as the distance changes towards 60. It can

be also defined as the degree of visual difference from neutral grey (Lawless &

Heymann, 2010; X-rite, 2007).

‘ Yellow .

a

b

Figure 4.2. Color wheel (a) and Chromaticity (b)

(Source: X-rite, 2007)

—-a*
green

Figure 4.3. Three dimensional color system

(Source: X-rite, 2007)
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4.3. Measurement of Phytochemical Properties

4.3.1. Total Phenolic Content (TPC)

Total phenolic contents of SJ samples were determined by using Folin-Ciocalteu
method (Singleton & Rossi, 1965; Tezcan, Gultekin-Ozguven, Diken, Ozcelik, & Erim,
2009). SJ samples were firstly diluted in the ratio of 1:100 by using MeOH:H,0 (3:2).
300 pL of diluted SJ mixed with 1.5 mL of Folin—Ciocalteu reagent (diluted 10 fold
with distilled water) in a glass tube followed by the addition of 1.2 mL of sodium
carbonate (75 g/L) considering a time interval up to 5 min. The mixture was thoroughly
mixed by using vortex mixer (ZX3, VELP Scientifica S.r.l., Usmate, Italy) and allowed
to stand for a further 90 min in dark and the absorbance was measured at 760 nm using
a HP 8452A diode array spectrophotometer (Agilent Technologies, Palo Alto, USA).
The solvent MeOH:H,O (3:2) was used to adjust the zero absorbance prior to
measurements. A control sample tube (blank) was prepared by using 300 uL of
MeOH:H,0 (3:2) with the absence of SJ. The absorbance of control sample was then
subtracted from the absorbance of juice samples. Calibration was performed using gallic
acid standard solutions prepared at different concentrations using a stock solution (1000
ppm). The same procedure was also applied to gallic acid standard solutions at varying
concentrations up to 150 ppm. The concentrations of total phenolic compounds in SJ

samples were expressed as mg gallic acid equivalents (GAE) per L.

4.3.2. Total Anthocyanin Content (TAC)

Anthocyanin pigments undergo a structural change and form different colors at
different pH values leading to differences in absorbance readings. The change in
absorbance directly correlated to anthocyanin concentration in the sample (J. Lee,
Durst, & Wrolstad, 2005). Thus, a pH differential method was considered for the
determination of anthocyanin content of strawberry juice (Meyers, Watkins, Pritts, &
Liu, 2003). Potassium chloride was used as buffer 1 (0.025 M) at pH 1, and sodium
acetate was utilized as buffer 2 (0.4 M) at pH 4.5 in this assay. 1 mL of SJ was

transferred to a glass tube and followed by the addition of 9 mL of buffer 1. Likewise,
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buffer 2 was added into another glass tube containing 1 mL of SJ. The tube contents
were mixed thoroughly by using vortex. The absorbance values of the mixtures at pH 1
and 4.5 were then recorded by a spectrophotometer (HP 8452A diode array
spectrophotometer, Agilent Technologies, Palo Alto, USA) at 510 and 700 nm against
distilled water blank. The total anthocyanin content was calculated according to
equation given below and expressed as mg pelargonidin-3-glucoside per L.

[(Amo - A700)pH1.0 - (As10 - A7oo)pH4.5]>< MW x df x1000

exL

TAC = (4.6)

where A is the absorbance at 510 and 700 nm at given pH values, MW is the molecular
weight of pelargonidin-3-glucoside (433.0 g/mol), df is the dilution factor, L is the path
length in cm and ¢ is the molar extinction coefficient for pelargonidin-3-glucoside
(22400 L/mol.cm).

4.3.3. Antioxidant Activity (RSA)

The free-radical scavenging activity (RSA) of SJ samples was evaluated by the
stable radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) using the method of (Odriozola-
Serrano, Soliva-Fortuny, & Martin-Belloso, 2009) with slight modifications. Strawberry
juice samples collected before and after treatments were centrifuged at 5000 rpm for 5
min at 4 °C. The supernatant was diluted 20 times by using MeOH-H,0 (3:2) solution.
3.9 mL of methanolic DPPH solution (0.025 g/L) was added to 0.01 mL of diluted
supernatant. Then, the mixture was thoroughly shaken by a vortex at ambient
temperature and kept in dark for 30 min. A control tube was prepared by using 0.01 mL
of MeOH-H,0 (3:2) solution instead of juice samples. The absorbance of the samples
was measured by HP 8452A diode array spectrophotometer (Agilent Technologies, Palo
Alto, USA) at 515 nm. MeOH-H,O (3:2) was used as blank to zero the
spectrophotometer. For the accuracy of measurements, a calibration curve was
constructed considering varying concentrations of Trolox ((+)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid) (Sigma Aldrich - 238813) up to 175 uM. The
standard solutions were also treated in the same way as explained above. Antioxidant

capacities of the samples were then calculated in percentage as given Equation (4.7).
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% inhibition = (ADPPH - &ample/std) %100

4.7

PPH

where A is the absorbance of the methanolic DPPH solution without sample and
Asamplesstd 1S the absorbance of sample or standard Trolox solution after 30 min of
incubation with methanolic DPPH solution.

4.4. Data Analysis

The data analysis was carried out by using Excel worksheet (Microsoft 2010)
and Minitab 16 Statistical Software (Minitab Inc., UK), and GraphPad Prism 7.02
(GraphPad Software, Inc., La Jolla, CA, USA). The means of measured properties such
as physicochemical and phytochemical attributes of strawberry juice samples subjected
to different treatments were compared by Analysis of Variance (ANOVA) considering
Tukey’s comparison test at 95 % of confidence interval.

Principal component analysis (PCA) and hierarchical cluster analysis (HCA)
were utilized in order to classify and distinguish the strawberry juice samples treated by
different processing technologies with respect to physicochemical and phytochemical

properties.

4.4.1. Principal Component Analysis

PCA is one of the unsupervised multivariate analysis technique by
discriminating the available data without a prior knowledge of grouping (Kozak &
Scaman, 2008). Theoretical basis of PCA relates to the transformation of original
measurement variables into new variables called principal components (PCs). Each
principal component is a linear combination of the original measurement variables
(Banas et al., 2010). PCA reveals simplification of multivariate data by reducing the
dimension of the data set and analysis of the structure of observations and the variables
(Abdi & Williams, 2010; Kozak & Scaman, 2008). It can be used for the identification
of combinations of variables having the largest contribution to the total variance in the
data set. The PCs which explain a large amount of variation should be considered for
the construction of two- or three- dimensional plots. In most of the cases, the first two
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or three PCs provide the discrimination of the data by clustering the samples (Kozak &
Scaman, 2008).

PCs enable the researchers to describe the multivariate information with
considerable fewer variables. The original data matrix can be represented as (Brereton,
2003);

X =T.P+E (4.8)

where
e X s the original data matrix;
e T refers to the scores having as many rows as the original data matrix;
e P are the loadings with the same amount of columns as the original data matrix;
e The number of columns in the T matrix is equal to the number of rows in the P
matrix;

e E is the error matrix.

Equation 4.8 gives the constituents of PCA model. The model can be visualized
considering the data, the scores, the loadings, and the residuals (Figure 4.4). The
residuals (E) have the same structure as the original data (Bro & Smilde, 2014). PCA
reduces the size of original variables to a number of significant principal components.
Size reduction of variables reveals more manageable and easily interpretable dataset.
The size of each component can be measured by eigenvalue. A simple definition of
eigenvalue of a PC is the sum of squares of the scores. The proportion of the data that
has been modeled by PCA is often approximately determined by cumulative percentage

eigenvalue. The closer values to 100 % indicate more faithful model (Brereton, 2003).

J variables A J
A
) Loadings
1 samples i
Scores
X = T P + E

Figure 4.4. Visualization of PCA model
(Source: Brereton, 2003; Bro & Smilde, 2014)
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4.4.2. Hierarchical Cluster Analysis

Cluster analysis identifies concentrated groups (i.e., clusters) among many
samples while having no information about the groups. Therefore, it is called as one of
the unsupervised techniques. In hierarchical cluster analysis (HCA), the samples
agglomerate in a hierarchy and the optimal number of clusters forms; thereby
hierarchical relations among samples are evaluated on tree-like plots (Brereton, 2003).
The graphical representation of clusters is also called as dendrogram (Varmuza &
Filzmoser, 2016). HCA is constructed considering the similarity or distances among
observations (Huang, Guo, Qiu, & Chen, 2007). The samples are characterized based on
the evaluation of the similarity between the samples by measuring the distances
between the points in the measurement space. Dissimilar samples will be distant from
each other, while the samples that are similar will lie close to one another (Banas et al.,
2010).

Each sample has a relationship to the remaining samples. The similarity between
each pair of samples can be defined in different ways. One of the most popular ways of
determining how similar the samples are to each other is the correlation coefficient
between samples. A correlation coefficient equal to 1 indicates that samples have
identical characteristics. Another way of similarity determination is based on the

distance between samples. Euclidean distance can be defined by the following equation.

dkl :«/Zj:(xkj _le)2 (4-9)

where there are j measurements and x;; is the jth measurement on sample i. di; shows the
distance between sample k and sample I. The smaller is the value the more similar are
the samples. Agglomerated clusters are gradually connected to each other forming a

group in the dendrogram (Brereton, 2003).

71



CHAPTER 5

DETERMINATION OF EQUIVALENT CONDITIONS
FOR MILD PASTEURIZATION OF STRAWBERRY
JUICE

5.1. Introduction

Conventional thermal pasteurization has been proved to be effective on
inactivation of microorganisms and enzymes (Chen & Wu, 1998). Processing
parameters for thermal pasteurization of fruit juices are reported to be 90 °C for 1 min
(Eagerman & Rouse, 1976), (95-98 °C for 10-30 s (Ringblom, 2004), 70 °C for a few
seconds (FDA, 2004; Mazzotta, 2001). Due to the effects of thermal pasteurization
towards undesirable changes in the product quality (Sandhu & Minhas, 2006),
alternative processing technologies without direct heat have been emerged to facilitate
microbial safety as well as preservation of nutrients and fresh-like properties (Zulueta,
Barba, Esteve, & Frigola, 2013). Many studies related to the effect of nonthermal
processing technologies on safety and quality of fruit juices can be found in literature.
However, most of these studies have not been conducted considering equivalent
inactivation of target microorganisms or enzymes. Therefore, it would not be possible to
make a fair comparison among treatments. Comparison of different processes in terms
of microbial safety, quality and shelf life of food products should be carried out under
equivalent processing conditions that provide an equivalent effect, i.e. microbial
inactivation (Vervoort et al., 2011).

In this study, equivalent processing approach was taken into consideration based
on FDA’s requirement of 5-log reduction of the pertinent microorganism (e.g. E.coli
0157:H7) in the juice product (FDA, 2001). In order to find the processing conditions
that satisfy this requirement, several parameters specific to high pressure processing
(HPP), ultrasonication (US) and pulsed electric field (PEF) were studied by using a
target microorganism. In this case, E.coli 11775 was used as a nonpathogenic surrogate

of E.coli O157:H7 for strawberry juice (SJ). The conditions provided 5-log reduction of

72



E.coli 11775 in SJ subjected to each technology, i.e. high pressure processing (HPP),
ultrasound (US), pulsed electrical field (PEF) and thermal processing, were selected as

the equivalent processing conditions.
5.2. Material and Methods

A flow chart of the experimental design of this chapter is given in Figure 5.1.

Strawberry Juice (SJ) Model Solution (MS)

| |

Characterization of Strawberry Juice & Model Solution

SJ and model solution was characterized in terms of total soluble solid (TSS) content,
pH, electrical conductivity, viscosity, and specific heat.

|

Survival of Different Surrogates in SJ
&
Selection of Target Microorganism

Survival behaviors of surrogates of E. coli O157:H7, Salmonella Enteritidis, and L.
innocua were monitored in SJ at 25 °C for 48 h. Acid adapted E.coli (ATCC 11775)
was selected as target microorganism and used for further inactivation steps.

|

Inactivation of E. coli 11775 in SJ and MS by Different Nonthermal Processes

The SJ inoculated with acid adapted E. coli 11775 was subjected to HPP and US at
varying processing conditions. Similarly, MS with inoculated cells was treated by
PEF. Processing conditions resulting in 5-log reduction of acid adapted E. coli were
determined equivalently for each technology.

|

Validation of Inactivation Study

Processing conditions which achieved 5 log reduction of acid adapted E.coli were
tested for the reduction of natural flora of SJ. As a validation of PEF treatment, acid
adapted E.coli reduction in MS was also confirmed by PEF processing of SJ
inoculated with E. coli cells.

Figure 5.1. Flow chart of experimental design of Chapter 5

73



5.2.1. Preparation of Strawberry Juice and Model Solution

A pre-pasteurized strawberry juice prepared as described in Chapter 4 (section
4.1.2) was used for inoculation and inactivation of target non-pathogenic
microorganism, i.e. E. coli ATCC 11775 by selected nonthermal and thermal
technologies. With respect to PEF processing, a model buffer solution (MS) was used
instead of strawberry juice because large amount of liquid (~6 L) was required to be
passed through the PEF system. Thus, the model solution (MS) was developed by
simulating strawberry juice in terms of electrical conductivity, pH, total soluble solid
(TSS). The composition of the model solution was composed of citric acid (8 g/L),
fructose (35 g/L), and glucose (35 g/L). pH of MS was adjusted to 3.4 by using 0.2 M
Na,HPO,. Electrical conductivity of MS was set up that of strawberry juice (3.9 mS/cm)
by the addition of 5 % NaCl solution.

5.2.2. Characterization of Strawberry Juice and Model Solution

Physicochemical Properties

pH of the samples were measured by a pH meter (FE20 FiveEasy, Mettler
Toledo Columbus, OH, USA) at 22 + 0.5 °C. Total soluble solid (TSS) content was
measured by using digital hand-held pocket refractometer (PAL-BX/RI, Atago Co.,
Ltd., Tokyo, Japan). Finally, electrical conductivity of SJ and its model solution were
measured by a benchtop pH — electrical conductivity meter (Orion 4 star, Thermo
Scientific, USA). The probe of conductivity meter was immersed into the 15 mL of

sample and the conductivity was recorded as mS/cm.

Thermal Properties
It was expected to have an increase in temperature of model solution and SJ was
while running PEF system. The temperature increase in the treatment medium can be

calculated considering the following equation:

(5.1)
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where p; and C are the density and specific heat of the fluid subjected to a processing

technology, i.e. PEF processing (Zhang, Barbosa-Canovas, & Swanson, 1995). Similar
specific heat values for SJ and model solution would lead to have similar heat transfer
behavior of the liquids during processing. Thus, it was worth to analyze whether the
energy taken by SJ and model solution were similar or not. Therefore, specific heat
(J/g°C) of the samples was determined.

Specific heat of strawberry juice and model solution was measured by using a
differential scanning calorimeter (DSC) Q2000 Series (TA Instruments, Inc., New
Castle, DE, USA) with DSC manufacturer’s software (TA Universal Analysis). The
DSC was firstly calibrated with indium prior to use. About 5 to 8 mg of sample was
sealed in aluminum pans. An empty aluminum pan was used as a reference. DSC runs
were performed from 20-80°C at a heating rate of 10°C/min (Zainal, Rahman, Ariff,
Saari, & Asbi, 2000). Based on the measured amount of energy (heat) absorbed a
sample during a run, the heat flow data was analyzed to calculate the specific heat of

strawberry juice samples and model solution.

Rheological Properties

Rheological measurements were conducted by a rheometer (MCR 300
rheometer, Anton Paar GmbH, Germany). The viscosity of strawberry juice and its
model solution was measured under the controlled stress mode. A conic-end concentric
cylinder geometry CC 27 (Paar Physica MCR 300, Anton Paar GmbH, Germany) was
used in this study. The outer cylinder was stationary while the inner geometry was
rotated. The viscosity was measured at varying temperatures between 20 and 60 °C
(0.5 °C). The temperature was controlled by a water bath (Viscotherm VT 10)
connected to the rheometer. The change in shear stress and viscosity was monitored by
changing the shear rate from 0.1 to 200 rpm during 5 min. Flow curves were
constructed by using 12 data points obtained in the shear rate range of 11-200 rpm.
Newtonian and Power Law models were applied for the rheological characterization of
fluid materials.

Newtonian model is represented with the Equation 5.2:

T=ny (5.2)
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Power Law (Ostwald-de-Waele) model is given by the Equation 5.3:

r=ky" (5.3)

where 1 is the shear stress (Pa), 1 is the viscosity, y is the shear rate (s 7), k is the

consistency index, n is the flow behavior index.

5.2.3. Microbiological Studies

In this section, first of all, the survival of different surrogates in strawberry juice
was studied to select the most resistant microorganism. Following this step, the SJ
inoculated with this target microorganism was subjected to thermal and selected
nonthermal technologies.

With respect to the survival and inactivation studies, a pre-pasteurized SJ was
used in order to eliminate any error caused by the background microflora of the juice.
For this purpose, the SJ was previously pasteurized at 71.7 °C for 15 s as explained in
Chapter 4 (section 4.1.2). After pasteurization, the juice was cooled down to 25 °C by

keeping in ice and used for the following steps.

5.2.3.1. Survival of Different Surrogates in SJ

Although E.coli 0157:H7 has been reported to be the most resistant
microorganism in juice products, on the first attempt, the growth behavior of different
microorganisms in SJ were studied to determine survival potential of these bacterial
contaminants. For this purpose, Escherichia coli (E.coli, ATCC 11775), Enterococcus
faecium (E. faecium, ATCC 8459), Listeria innocua (L. innocua, ATCC 51742) were
inoculated into SJ as surrogates of E.coli O157:H7, Salmonella Enteritidis, and Listeria
monocytogenes, respectively.

E.coli (ATCC 11775) strain usually used as a surrogate of E.coli O157:H7 was
gradually adapted to higher acidic conditions. In this respect, the cells were initially
grown in nutrient broth (NB) (BD, Difco 234000) for 18 h at 37 °C. Then, 1 mL of this
culture was transferred to another NB medium adjusted to pH 6.0 by citric acid, and
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incubated for 18 h at 37 °C. In the same manner, the culture was then transferred to NB
adjusted to pH 5.5, 5.0, 4.5, and finally 4.0 (Koutchma, Paris, & Patazca, 2007).

Frozen stock cultures of E.coli 11775 in glycerol stock solution (20 %, v/v) were
activated and used for the further studies. In this regard, E.coli 11775 strain was firstly
transferred to 100 mL nutrient broth from frozen stock culture and incubated at 37 °C
for 18-24 hours. E. faecium was activated in Tryptic Soy Broth (TSB, Bacto 211825) by
incubating at 37 °C 24 hours. Frozen stock culture of L. innocua was reactivated in TSB
containing 0.6 % of yeast extract (YE, Difco 212750) at 37 °C for 5 h. The final
medium was renamed as TSBYE.

100 mL of pre-pasteurized SJ was inoculated by target surrogates using 250 mL
Erlenmeyer flasks. The final microbial population in the juice was adjusted to
approximately 10° CFU/mL. The inoculated juice was then placed in a shaking water
bath adjusted to 100 rpm. The survival behavior of each surrogate in the juice was
monitored at 25 °C for 48 h.

Appropriate dilutions of SJ were prepared using 0.1 % pepton water. Samples
containing E. coli cells were plated and counted on MacConkey Agar (BD, Difco
212123) by pour-plate method. The plates were incubated at 37 °C for 24 hours.
Regarding E. faecium, the samples were plated on Tryptic Soy Agar (TSA, Difco
236950) using pour-plate method. E. faecium colonies were counted after incubation at
37 °C for 24 h. SJ samples with L. innocua cells, on the other hand, were plated on
Tryptic Soy Agar (TSA) containing 0.6 % of yeast extract (TSAYE) using pour-plate
method. The plates were counted for L. innocua colonies after incubation at 37 °C for
48 h.

5.2.3.2. Inoculation of SJ and Model Solution with Target

Microorganism

Based on the survival behavior of surrogates (section 5.2.3.1) in SJ, acid adapted
E.coli 11775 was selected as a target microorganism for SJ to be subjected to
nonthermal and thermal processing technologies. In order to activate the stock culture,
cells were grown in nutrient broth for 18 h at 37 °C. Once the E.coli cells reached to the

early stationary phase, the culture was inoculated into pre-pasteurized strawberry juice
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and exposed to selected processing technologies. The initial inoculation load of acid
adapted E.coli was approximately 10° CFU/mL in the strawberry juice.

HPP was applied to sample pouches filled with SJ. For this purpose, 200 mL of
SJ was placed in a beaker and inoculated with 1 mL of acid adapted E.coli (ATCC
11775) culture at 20 °C. The juice containing approximately 10° CFU/mL of E.coli cells
was thoroughly mixed on a magnetic stirrer for 1 min. Then 20 mL of juice was
aseptically transferred to plastic pouches (5x7 cm) (Nasco Whirl-Pak™, Fort Atkinson,
WI). The pouches were then sealed by a hand operated sealer. Special attention was
paid to avoid air bubbles inside the package. The contaminated juice samples in
pouches were then subjected to high pressure processing conducted at different pressure
and time variables.

The inactivation of acid adapted E.coli cells by sonication was performed at 25
°C, 40 °C and 55 °C. For this purpose, 400 mL of SJ was placed into a double wall
sample container where the temperature of the juice was controlled by circulating
cooling water through the walls. While running the sonicator, the temperature of the
juice increased due to the energy transferred to the sample. Once the juice reached to the
desired initial temperature (25, 40, or 55 °C) while running sonicator, E. coli cells were
inoculated into SJ at a concentration of approximately 10° log CFU/mL and
immediately mixed with magnetic stirrer bars.

Instead of strawberry juice, a model buffer solution was used for the inactivation
of acid adapted E. coli 11775 cells by PEF processing. 6 L of buffer solution was
inoculated with the target cells at a population of approximately 10° CFU/mL and
exposed to PEF treatment based on central composite design. The processing conditions
which provided at least 5-log reduction of acid adapted E. coli 11775 were then
confirmed by PEF processing of SJ under the same operating conditions.

For conventional thermal pasteurization, 400 mL of pre-pasteurized strawberry
juice (as described in Chapter 4.1.2) was put in a double walled sample unit connected
to a water bath (Viscotherm VT 10, Paar Physica, Germany). The sample unit
containing the juice was placed on a magnetic stirrer adjusted to 250 rpm. A magnetic
stirrer bar was used in order to increase the heat transfer and homogenize the
distribution of microorganisms inside the medium. The temperature of juice increased

from 23.3 °C to 71.7 °C by circulating hot water (74 °C) around the sample unit. Once
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the temperature reached to 71.7 °C, acid adapted E. coli cells were inoculated to the

juice at a concentration of approximately 10° log CFU/mL.

5.2.4. Nonthermal and Thermal Processing of SJ Inoculated with
Target Microorganism

5.2.4.1. High Pressure Processing of SJ

High pressure processing of SJ was carried out at Washington State University
(WSU) by using a high hydrostatic pressure unit (Engineering Pressure Systems, Inc.,
Andover, MA, USA) with a cylindrical chamber vessel (0.1 m internal diameter, 0.25 m
internal height). Figure 5.2 shows the HPP system used at Washington State University

(WSU). The details of the system in schematic view are given in Figure 5.3.

Figure 5.2. HPP system

A solution of 5% mobil hydrosol 78 in water was used as the pressurizing
medium. The plastic pouches containing inoculated juice were placed in the chamber
vessel. Then the chamber was filled with the pressurizing liquid. An electrohydraulic
intensifier pump (Hochdruck-Systeme GmbH, AP 10-0670-1116, Sigless, Austria) was
used to pressurize the vessel to the target pressure. SJ samples inoculated with acid
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adapted E.coli 11775 were exposed to different levels of pressures (200, 250, 300, 350,
400 MPa) up to 2 min of treatment time. HPP treatments were conducted in triplicate.
The temperature during the process was measured by a K-type thermocouple (Omega
Engineering Inc., Stamford, CT). Temperature as well as pressure data were processed

into profile charts through the use of a computer.

X
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C % Thermocouple
Heating/cooling
jacket .
Pressure vessel l Product in pouch
Pressure chamber —

Pressure
pump

Pressurizing
fo‘ F liquid

<

Pressurizing liquid
inlet

Figure 5.3. Schematic view of HPP system

5.2.4.2. Ultrasonication of SJ

Ultrasonication was applied by using an ultrasonic device (sonicator) (UP400S
Hielscher USA Inc., Ringwood, NJ) equipped with a probe of 22 mm diameter
(sonotrode H22) and a water bath (Viscotherm VT 10). Table 5.1 shows the technical
specifications for the ultrasonicator. The maximum frequency and amplitude provided

by the sonicator were 24 kHz and 120 um, respectively.

Table 5.1. Technical specifications of ultrasonicator

Provider Hielscher USA Inc., Ringwood, NJ, US
Model UP400S

Power (W) 400

Frequency (kHz) 24

Maximum amplitude (um) 120

Diameter of probe (mm) 22
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Sonication was applied at three different temperatures (25, 40, 55 °C). Twenty
five degree Celsius was chosen in order to reveal the effect of sonication itself. Sub-
lethal and lethal temperature effects on the inactivation kinetics of target microorganism
were studied at 45°C and 55°C. Four hundred mL of pre-pasteurized SJ was placed into
the double wall sample container connected to a water bath. Two K-type probes were
immersed into different locations of the SJ in order to monitor the temperature increase
during treatment. While running sonicator, the temperature of the juice increases due to
the energy transferred to the sample. Thus, the water circulating between the walls was
adjusted to 4 °C, 15 °C, and 25 °C in order to keep the temperature of SJ at the desired
corresponding temperatures of 25 °C, 40 °C, and 55°C, respectively. After running the
sonicator, temperature of the juice sample increased to the treatment temperature by
application of a certain come-up-time (CUT). Once the temperature of juice reached to
the desired values (25, 40, 55 °C) after CUT, acid adapted E.coli cells were inoculated
into the juce as described in section 5.2.3.2. The SJ inoculated with acid adapted E.coli
11775 were subjected to US up to 10 min. The treatment time was manually recorded
by a chronometer. Sonication was applied up to 10 min considering 100 % of amplitude
(120 um) in continuous mode. Figure 5.4 represents schematic drawing of the

ultrasonication system that was used in this study.

‘Water bath

Figure 5.4. Schematic view of ultrasonicator
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5.2.4.3. Pulsed Electric Field Processing of Model Solution

PEF processing was conducted at Washington State University (WSU). A pilot
plant scale Powermod™ pulsed electric field system manufactured by Diversified
Technologies Inc. (DTI, Bedford, MA, USA) was used in this study (Figure 5.5). The
whole treatment system is composed of sample containers, pump, pipes, treatment
chamber containing electrodes, high voltage pulse generator, and cooling coil.

Figure 5.5. PEF system

The specifications of PEF system are given in Table 5.2. The system was
equipped with two pairs of co-field treatment chambers having 0.50 cm in diameter and
0.65 cm in cell length. The flow chart of PEF processing is given in Figure 5.6. Since
the PEF system requires high amount of sample (5-6 liter), a model solution (MS) was
prepared to avoid the use of excessive amount of strawberry juice and reduce the cost of
study. In order to determine the processing conditions that can achieve 5-log reduction
of target microorganism, MS inoculated with acid adapted E.coli 11775 strain was
subjected to PEF based on response surface methodology (RSM). In this respect, a face-
centered central composite design (CCD) was constructed for inoculated model solution
considering electrical field intensity (EFI) (25-35 kV/cm) and treatment time (5-27 ps)
as independent parameters (Table 5.3). Independent variable levels were selected
according to the operating conditions of PEF equipment. Factorial and axial points were
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duplicated and three central points were added to check the reproducibility of the

results.
Table 5.2. The specifications of PEF system
Average Output Power 25 KW maximum
Output Voltage 25 kV maximum
Output Pulse Current 300 A maximum
Pulse Width I us—10 pus
Pulse Repetition 3 kHz maximum
Operating Temperature 13°C to 27°C, relative humidity 80% non-condensing
Dual Treatment Chambers 2 pairs (4 treatment zones)
Gap Distance 0.8cm
Electrode Diameter 0.6 cm
Conductivity (fluid) 0.8~5.0mS/cm
Electric Field Strength 40 kV / cm maximum
Flow Rate 600 L/h (2.5 GPM) maximum
High
voltage
pulse
generator
Tout]et
.:A "
~/
2
g
=
&}
&
g
Raw product ;LL\ / Cooling coil  Processed product
Pump > T,

Figure 5.6. Flow chart of PEF processing
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Table 5.3. Factors and levels of CCD matrix

Factor Low (-1) Center (0) High (+1)
Electric field intensity (EFI) (kV/cm) 25 30 35
Treatment time (us) 5 16 27

Approximately 6 L of model solution inoculated with acid adapted E.coli was
passed through the system at a flow rate of 350 mL/min. The temperature of model
solution was measured at the inlet and outlet of treatment chamber by two
thermocouples (K-type, Omega Engineering, Inc., Stamford, CT, USA) (Figure 5.6).
Electric field intensity (EFI), frequency, and pulse width was adjusted by the control
panel of the PEF system (Figure 5.7). An oscilloscope (Hewlett Packard 54520A) was

used to monitor the shape and width of monopolar electric pulses (Figure 5.8).

;.._Aﬁ,-__-__‘___,/ ;

b
2

Figure 5.8. Monitoring the pulses by oscilloscope

In this study, a constant pulse width (2 us) was applied in monopolar square

waveform. After cooling the juice by a cooling coil, the treated samples were collected
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and used for enumeration of E. coli 11775 cells. The findings of this study carried out
with model solution were then confirmed by using strawberry juice. Likewise, the
strawberry juice was inoculated with acid adapted E.coli 11775 and exposed to the same

PEF conditions which provided at least 5-log reduction in the model solution.

5.2.4.4. Thermal Processing of SJ

Thermal processing of SJ inoculated with acid adapted E. coli cells was
conducted by using the same pasteurization unit given in section 4.1.2. Briefly, the juice
was inoculated with acid adapted E. coli cells once the temperature of juice reached to
71.7 °C. In order to monitor the inactivation of inoculated cells, sampling had been done

at different time intervals during 15 s of processing time.

5.2.4.5. Validation of Processing Conditions

Freshly squeezed SJ was exposed to HPP, US, PEF and thermal processing
under the conditions that were obtained from the previous inactivation studies. The
equivalent processing conditions of these treatments were confirmed by examining their
effect on the natural microbial flora of SJ, i.e., total mesophilic aerobic count (TMAC)
and yeast-mold (YM) count. For this purpose, the freshly squeezed strawberry juice was
kept at 4 °C for 5 days in order to increase its microbial content. Then, the juice with
increased natural microbial flora was exposed to HPP, US, PEF, and thermal
pasteurization under the conditions that yielded at least 5-log reduction of acid adapted
E.coli 11775 cells. The reduction in the number of TMAC and YM count of SJ was
evaluated.

5.2.4.6. Microbial Growth and Enumeration of Microorganisms

After subjecting the SJ inoculated with acid adapted E. coli cells to the
nonthermal and thermal treatments, the samples plated on MacConkey Agar (BD, Difco
212123) by pour-plate method. For this purpose, appropriate dilutions were prepared

using 0.1 % pepton water. The E. coli cells were enumerated after incubation at 37 °C
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for 24 hours. On the other hand, total mesophilic aerobic count of treated and untreated
SJ samples were enumerated by plating on Plate Count Agar (PCA). The plates were
then incubated at 37 °C for 48 h, and the colonies were counted. Additionally, the yeast-
mold load of treated and untreated SJ was plated on Potato Dextrose Agar (PDA)
acidified with tartaric acid (10 %). The plates were incubated at 25 °C for 5 days and

then counted for the yeasts and molds.

5.2.5. Data Analysis

The data analysis was carried out by using Excel worksheet (Microsoft 2010)
and Minitab 16 Statistical Software (Minitab Inc., UK), and GraphPad Prism 7.02
(GraphPad Software, Inc., La Jolla, CA, USA).

The data related to the characterization of strawberry juice and its model
solution was conducted considering t-test. The means of measured properties such as
TSS, pH, electrical conductivity, viscosity, and specific heat of SJ and MS were
compared considering 95 % of confidence interval. The null hypothesis was that there
would be no difference between SJ and MS in terms measured properties. Significance
was defined for p values less than 0.05. Regarding rheological properties of SJ and MS,
Newtonian and Power Law models were applied. RMSE and R? values of both models
were compared for the evaluation of flow characteristics of SJ and its model solution.

Regarding the survival study of different surrogates in strawberry juice, Analysis
of Variance (ANOVA) was applied to compare the resistances of the microorganism in
SJ. The data for inactivation of the acid adapted E.coli by different processes was
evaluated by monitoring the inactivation kinetics by each technology. The equivalent
conditions which provided 5-log reduction of acid adapted E.coli cells in strawberry
juice were determined for each technology. TMAC and YM counts of SJ subjected to
different treatments were compared by ANOVA. The data related to the microbiological

studies were given as mean =+ standard deviation.
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5.3. Results and Discussion

5.3.1. Characterization of Strawberry Juice and Model Solution

Physicochemical Properties

Special attention needs to be paid while preparing the model solution because it
should simulate significant properties of the real strawberry juice. It is known that
microbial inactivation by PEF technology can be highly influenced by the electrical
conductivity of the medium since any change in the conductivity affects the pulse
energy delivered to the product (Wouters, Alvarez, & Raso, 2001). Thus, electrical
conductivity is a critical parameter for PEF processing; it has to be taken into
consideration while preparing model solution. The properties of model solution were
closely adjusted to real SJ (Table 5.4). The electrical conductivities of freshly squeezed
SJ and MS were 3.96 and 3.90 mS/cm, respectively.

pH of model solution was also adjusted to that of strawberry juice. As given in
Table 5.4, pH of SJ and MS were 3.4 and 3.39, respectively. These results were in
agreement with the others. Tiwari et al. (2008) applied sonication to strawberry juice
with a pH value of 3.14 £+ 0.05 (Tiwari, O'Donnell, Patras, & Cullen, 2008).
Accordingly, Tiwari et al. (2009b) characterized the physicochemical properties of
strawberry juice before ozone processing. The authors used strawberry juice having a
pH value of 3.11 + 0.03 (Tiwari, O'Donnell, Patras, Brunton, & Cullen, 2009b). Bhat
and Stamminger (2015) reported the pH value as 3.18 + 0.02 for the strawberry juice
subjected to UV-C light treatment (Bhat & Stamminger, 2015).

Table 5.4. Physicochemical properties of strawberry juice and model solution

Properties Strawberry juice Model solution
Electrical conductivity (mS/cm) 3.96 3.90
pH 3.4 3.39
Total soluble solids (°Brix) 8.05 7.9

Besides, total soluble solid content (°Brix) of model solution was also
successively adjusted to the similar levels of strawberry juice as shown in Table 5.4.
TSS of SJ and MS were 8.05 and 7.9 °BriXx, respectively. The °Brix value of strawberry

juice used for ozonation by Tiwari et al. was reported to be 9.82 + 0.41 (Tiwari et al.,

87



2009Db). In another study, a relatively higher content of total soluble solids, i.e. 11.6
°Brix for strawberry juice having a pH value of 3.7 (Duan & Zhao, 2009). These
discrepant results could be aroused from differences in varieties, chemical composition,
as well as fruit juice preparation operations such as homogenization, centrifugation,
filtration, clarification (Chatterjee, Chatterjee, Chatterjee, & Guha, 2004; Falguera,
Pagan, & Ibarz, 2011b; Schols, Intveld, Vandeelen, & Voragen, 1991).

Thermal Properties

Specific heat capacity of liquids changes as a function of temperature. A
temperature increase during PEF processing was expected due to the dissipation of
electrical energy in the form of thermal energy (Jaeger, Meneses, Moritz, & Knorr,
2010). Therefore, specific heat value of MS was expected to be close to that SJ in order
to have similar heat transfer characteristics. Figure 5.9 shows the specific heat versus
temperature graph.
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Figure 5.9. Change in specific heat capacity (Cp) of SJ and MS as a function of
temperature

Two-sample t-test with 95 % of confidence interval was applied for specific heat
data of SJ and MS. Specific heat of MS was not significantly different than SJ
considering the temperature range of 22 °C - 75 °C. p values from t-test are given in

Table 5.5. p value higher than 0.05 shows non-significant difference between samples.
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Therefore, it can be concluded that the specific heat of model solution and strawberry
juice was similar. This means that when model solution was treated by PEF,
theoretically the heat transfer behavior of MS would be similar to SJ. Specific heat
capacity values measured for SJ and MS were 3.71 + 0.41 and 3.75 + 0.16 J/(g°C),
respectively. As the temperature increased to 75 °C, specific heat was also increased up
to 4.07 £ 0.36 and 4.20 + 0.01 for SJ and MS, respectively. The values found in our
study were higher than those found by Dubrovic et al. (2011) and Tiwari et al. (2009a).
Dubrovic et al. (2011) and Tiwari et al. (2009a) reported the specific heat capacity of
strawberry juice as 3.368 kJ/(kg:°C) (Dubrovic, Herceg, Jambrak, Badanjak, &
Dragovic-Uzelac, 2011) and 3.31 kJ/(kg °C) (Tiwari, O'Donnell, Patras, Brunton, &
Cullen, 2009a). The differences might be because of the varietal differences of fruits

and specific heat measurement procedures used in different studies.

Table 5.5. Specific heat capacity (Cp) of strawberry juice and its model solution at
different temperatures

o Cp (B19°C) _

Temperature (°C) Strawberry Juice  Model Solution p-value
22 3.71+041 3.75+0.16 0.918
25 3.83+0.39 3.94 £0.10 0.779
30 3.83 £0.39 3.94 £ 0.09 0.759
35 3.86 £0.38 3.96 £ 0.09 0.770
40 3.89+0.38 4.00 £ 0.08 0.766
45 3.92+£0.38 4.03 +£0.07 0.759
50 3.95+0.38 4.06 = 0.06 0.746
55 3.97 £0.37 4.09 £ 0.05 0.731
60 3.99+£0.37 4.12 £0.04 0.715
65 4.02 +0.37 4.15+£0.02 0.703
70 4.04+0.36 4.17+0.02 0.696
75 4.07 £0.36 420+0.01 0.696

Rheological Properties

The flow behavior of model solution and strawberry juice was evaluated
considering Newtonian and Power Law models (Figure 5.10). Shear stress (1) and shear
rate (Y') values were plotted for Newtonian model. The slope of the graph at different
temperature was calculated as viscosity (mPa.s). Regarding the power law model, log
(t) and log (Y) was plotted, slope and intercept values were used as flow behavior index

(n) and consistency index (K), respectively. RMSE and R? values were calculated. The
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model parameters of Newtonian and Power Law models for SJ and MS were depicted
IN Table 5.6 and Table 5.7. According to Newtonian model, as the temperature
increased the viscosity decreased as expected. The flow behavior of MS and SJ showed
similar trend and perfectly described by Newtonian model with lower RMSE and higher
R? values. The viscosity could increase with the increasing concentration of soluble
content (Giner, Ibarz, Garza, & XhianQuan, 1996). Nindo et al. (2005) studied even
more concentrated berry juices, i.e. blueberry and raspberry, with soluble content up to
65 °Brix at temperatures varied from 20 and 60 °C. Accordingly, the authors stated that
the flow behaviors of the two type of berry juices were predominantly Newtonian
(Nindo, Tang, Powers, & Singh, 2005).
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Table 5.6. The parameters of Newtonian and Power Law Models describing the flow behavior of strawberry juice

Newtonian model

Power law model

Temperature Slope Slope Intercept
(°C) (viscosity) RMSE R’ (flow behavior  (Consistency RMSE R?
mPa.s index, n) index, k)
20 2.53 0.01 0.9892 0.95 1.15 0.10 0.986
30 2.32 0.01 0.9911 1.13 0.20 0.13 0.9833
40 2.09 0.02 0.9727 1.17 -0.12 0.14 0.9824
50 1.96 0.03 0.9550 1.20 -0.38 0.21 0.9657
60 1.86 0.03 0.9451 1.14 -0.20 0.21 0.9611
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Table 5.7. Flow behavior properties of model solution

Newtonian model

Power law model

Temperature Slope Slope Intercept
(°C) (viscosity RMSE R’ (flow behavior (Consistency =~ RMSE R®
mPa.s) index, n) index, k)
20 2.19 0.03 0.9519 1.20 -0.25 0.29 0.9323
30 191 0.02 0.9616 1.06 0.22 0.24 0.9434
40 1.90 0.02 0.9647 1.34 -1.04 0.17 0.9818
50 1.74 0.04 0.8923 1.24 -0.60 0.21 0.9648
60 1.61 0.02 0.9602 1.24 -0.60 0.32 0.9262




5.3.2. Survival of Surrogates in Strawberry Juice

Although pathogenic microorganisms do not grow in fruit juices due to the low
pH, they can survive or adapt to the acidic medium (Mazzotta, 2001). Survival attitudes
of different surrogates, i.e. L. innocua, E. faecium, and E. coli 11775, in strawberry
juice during 48 hours of incubation at 25 °C are shown in Figure 5.11. The reduction in
the number of each surrogate bacteria was monitored in order to determine the most
resistant microorganism in the juice. During 12 hours, microorganisms were not
significantly affected from pH of strawberry juice (pH 3.4). The rate of decrease in the
number of cells increased after 12 hours. At the end of 48 hours, the counts of L.
innocua, E. faecium, E. coli, and acid adapted E. coli were reduced by 2.06 = 0.45, 2.72
+0.03, 1.93 £ 0.27, and 1.54 £+ 0.04 log CFU/mL, respectively.

—8— [ innocua == FE. colill775

—8— [ faecium == Acidadapted E. coli 11775

Microbial reduction (log CFU/mL)

0 10 20 30 40 50
Time (h)

Figure 5.11. Logarithmic reduction of surrogates in SJ

Table 5.8 shows the logarithmic reduction of L. innocua, E. faecium, E. coli
11775 and acid adapted E. coli 11775 inoculated in strawberry juice. ANOVA with
Tukey comparison test showed no significant difference in the logarithmic reductions of
these microorganisms during 12 hours. At 24, 36 and 48" hours, acid adapted E.coli

11775 cells showed the least reduction. In other words, they showed the highest
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resistance to the acidic medium of SJ having pH value of 3.4. Han and Linton (2004)
studied survival and growth behavior of E. coli O157:H7 in SJ and acidified media
adjusted to different pH values. For this purpose, the authors inoculated the juice and
the media with approximately 6.7 log CFU/mL of E. coli O157:H7 and subjected to
incubation at 4 °C and 37 °C for 3 days. They claimed that E. coli cells survived well at
pH values varying from 3.4 to 6.8 at 4 °C. The number of injured cells increased with
decreasing pH values and increasing incubation time (Han & Linton, 2004). This
finding is in accordance with the results of this study. Similarly, Han and Linton (2004)
reported that E. coli O157:H7 was inactivated at pH values lower than 3.6 at 37 °C
whereas the cells were able to grow at pH 4.7 (Han & Linton, 2004). Moreover, E. coli
0157:H7 isolated from a patient associated with the apple cider-related outbreak was
studied in unpasteurized apple ciders having pH values varying from 3.6 to 4.0. It was
reported that E. coli O157:H7 cells survived from 10 to 31 days or 2 to 3 days at 8 °C or
25 °C, respectively, depending on the lot of cider (Zhao, Doyle, & Besser, 1993).

Table 5.8. Logarithmic reduction of surrogates in SJ during 48 h (log CFU/mL)

Acid
Time (h) L. innocua E. faecium E. coli adapted
E. coli
0 0.00 0.00 0.00 0.00
1 0.19+0.11a 0.17 £ 0.06a 0.21 +£0.08a 0.04+0.11a
2 0.35+0.17a 0.18 £0.03a 0.20 = 0.09a 0.13+0.05a
4 0.38 £0.23a 0.27£0.19a 0.34 £ 0.06a 0.23+0.11a
6 0.43+0.27a 0.32+0.18a 0.38 £0.02a 0.33+£0.21a
12 0.55+£0.37a 0.86 £ 0.09a 0.53 £0.04a 0.45 £ 0.08a
24 1.13 £0.20b 1.79 £0.21a 1.18 £ 0.36b 0.58 £ 0.07¢
36 1.77 £ 0.08ab 2.09+0.12a 1.46 £ 0.43ab 1.07 £ 0.03b
48 2.06 £+ 0.45ab 2.72+0.03a 1.93+£0.27ab  1.54+0.04b

Results were expressed as mean =+ std. Different letters in the same row shows the significant
differences among surrogates at certain times.

Raybaudi-Massilia et al. (2009) indicated E. coli O157:H7 as a vehicle of
foodborne illnesses due to the outbreaks in apple cider and apple juice. Salmonella
outbreaks, on the other hand, have been observed especially associated with orange
juice (Raybaudi-Massilia, Mosqueda-Melgar, Soliva-Fortuny, & Martin-Belloso, 2009).
Thus, juice processors can either choose E. coli O157:H7 or Salmonella in order to

determine the lethal effect of pasteurization treatment (Mazzotta, 2001). National
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Advisory Committee on Microbiological Criteria for Foods recommended E. coli
0157:H7 or L. monocytogenes to be used as target organisms in the absence of known
specific pathogen-product associations (FDA, 1998). Acid adaptation of such
pathogenic microorganism should be also considered since adaptation to acidic
environment increased the heat resistance of E. coli O157:H7 and L. monocytogenes in
apple, orange and white grape juice (Mazzotta, 2001). In this study, acid adapted E.coli
11775 cells showed higher resistance to pH of SJ than other surrogates. Therefore acid
adapted E.coli 11775 was selected as a target microorganism for the inactivation studies
to be carried out using different nonthermal technologies.

Most of the incidents of foodborne illness reported for the fruit juices were
related to the unpasteurized juices (FDA, 1998). As a matter of fact, a pasteurization
process, which is effective on the most resistant pathogen likely to occur in the juice,
can also achieve the control of other microorganisms (Mazzotta, 2001). In conclusion,
this study led us to identify the most resistant surrogate that can most likely to survive
during the first two days of freshly squeezed strawberry juice. Thus, inactivation of this
target microorganism, i.e. acid adapted E.coli, by different processing technologies can
be considered for the next sections in order to guarantee the microbial safety of SJ prior

to consumption.

5.3.3. Inactivation of Acid Adapted E.coli in SJ by HPP

The effect of HPP on acid adapted E.coli 11775 in SJ at varying pressures and
processing times is depicted in Figure 5.12. HPP applied at 200 and 250 MPa for 120 s
were able to reduce the number of acid adapted E. coli in SJ by 3.52 and 4.02 log
CFU/mL, respectively. On the other hand, HPP treatments at higher pressures resulted
in at least 5-log reductions in the number of acid adapted E.coli 11775 in SJ (Table 5.9).
The treatment of SJ at 300 MPa for 45 s and 60 s resulted in greater than 5-log
reduction of E. coli. Similarly, the treatments at 350 MPa for 30 s and 400 MPa for 15 s
achieved 5.85 and 6.01 log CFU/mL reductions of E. coli in SJ, respectively (Table
5.9).

There are several studies investigating the inactivation of different E. coli strains
in either buffer systems or juice (Garcia-Graells, Hauben, & Michiels, 1998; Van
Opstal, Vanmuysen, Wuytack, Masschalck, & Michiels, 2005). The findings of this
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study were in good agreement with these studies. For example, Tahiri et al. (2006)
applied dynamic high pressure for the inactivation of E. coli 0157:H7 (ATCC 35150) in
orange juice. The authors achieved 5-log reduction and complete inactivation of E. coli
cells in orange juice at 200 MPa and 25 °C after 3 and 5 passes, respectively (Tahiri,
Makhlouf, Paquin, & Fliss, 2006). Application of HPP at 300 MPa for 5 min initially
caused a smaller reduction of E. coli (NCFB 1989) between 1.7 and 3 log cycles in
orange, tomato, and apple juice. However, no survival cells were observed for any type
of fruit juice after a subsequent storage at 5 °C for 24 h (Jordan, Pascual, Bracey, &
Mackey, 2001).

== 200 MPa == 300 MPa
== 250 MPa —— 350 MPa

(log CFU/mL)

Reduction in acid adapted E.coli
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Figure 5.12. Inactivation of acid adapted E. coli 11775 in SJ by HPP

Teo et al. (2001) studied HPP inactivation of E. coli O157:H7 in unpasteurized
fruit juices by using a cocktail of three different strains (SEA13B88, ATCC 43895, and
932). The viability losses in the E.coli cocktail was reported to be 0.41, 2.16, 6.40, and
8.34 log for apple, orange, grapefruit, and carrot juice, respectively, after subjecting
juices to 615 MPa for 1 min (Teo, Ravishankar, & Sizer, 2001). Previous studies
showed that increasing the pH of the medium resulted in the more pressure-resistant
microorganisms (Garcia-Graells et al., 1998). Teo el al. (2001) attributed the reason of
this situation to the recovery of pressure-injured E. coli cells in medium having low pH

values, i.e. apple juice. But this subject needs a further confirmation. Ramaswamy et al.
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(2003) studied HPP destruction of E. coli 29055 in apple juice considering varying
pressure and time parameters. The authors used different types of media, i.e. violet-red
bile agar (VRBA) and brain-heat infusion agar (BHIA), for enumeration in order to
evaluate both healthy and injured cells, respectively. It was reported that HPP at 350
MPa was able to achieve complete inactivation of E. coli population (108 CFU/mL) at 1,
2, and 3 min of holding times. However, this finding was obtained when the juice
samples were plated on VRBA which allowed only healthy cells to be counted. The
authors also enumerated injured cells using BHIA media. Therefore, they emphasized
not to underestimate the presence of injured cells due to the their possible recovery in
time (Ramaswamy, Riahi, & ldziak, 2003). Additionally, subsequent death during

storage should be also taken into consideration (Jordan et al., 2001).

Table 5.9. Reduction of acid adapted E.coli 11775 by HPP (log CFU/mL)

Time Pressure (MPa)
(s) 200 250 300 350 400
0 0.00 0.00 0.00 0.00 0.00
15 1.99+0.25 195+0.12 334+1.06 4.15+0.04 6.01+0.35
30 259+£023 249+0.17 4.65+0.55 5.85+0.05
45 279+0.15 2.67+0.11 520+1.02 6.28+0.11
60 281+£0.18 291+0.04 5.75+0.52
75 3.00£0.74 3.15+0.07
90 326+0.77 3.25+0.01
120 3.52+0.53 4.02+0.07

The temperature and pressure profiles of HPP treatment at 300 MPa are shown
in Figure 5.13. The initial temperature (tp) of the pressurizing liquid inside the treatment
chamber was 18.33 + 1.04 °C. Due to the compression heating; the temperature reached
to initial holding temperature (t;) of 24.70 = 1.47 °C following 0.5 min come-up-time
(CUT). The pressure CUT and depressurization times were shorter compared to the
holding time. During holding time of 1 min under 300 MPa, the temperature was
slightly elevated up to 26.13 £ 1.10 °C. Then, decompression took place during 0.4 min
and the temperature reduced to its initial level along with the decreasing pressure.

Depending on the type of food product and target microorganism of concern,
commercial exposure times can vary from millisecond pulse (by oscillating pumps) to a
holding time of 20 min. From economical point of view, practical exposure times may
be limited to less than 20 min (FDA, 2014). In this study, the holding time at elevated
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pressure was 1 min. Similarly, Balasubramaniam et al. (2015), on the other hand,
recommended a processing holding time of less than 10 min in order to develop a
commercially viable process (Balasubramaniam, Martiinez-Monteagudo, & Gupta,
2015). Likewise, many studies related to the HPP of fruit juices applied processing
times up to 5 min in order to achieve 5-log reduction of target microorganism

(Guerrero-Beltran, Barbosa-Canovas, & Welti-Chanes, 2011; Ramaswamy et al., 2003).
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Figure 5.13. Temperature and pressure profiles of HPP treatment at 300 MPa

In conclusion, 300 MPa and 60 s were selected as the final HPP conditions for
pasteurization of SJ on the basis of FDA’s 5-log reduction requirement in the pertinent
target microorganism for strawberry juice.

5.3.4. Inactivation of Acid Adapted E.coli in SJ by US

Figure 5.14 represents the inactivation kinetics of acid adapted E.coli cells in SJ
exposed to US at 25, 40, and 55 °C. Sonication at sub-lethal temperatures, i.e. 25 °C and
40 °C, was monitored for 10 minutes. After exposing the inoculated strawberry juice to
sonication at 25 °C and 40 °C, the logarithmic reductions of acid adapted E.coli were
found as 1.65 + 0.07 log CFU/mL and 3.58 + 0.53 log CFU/mL, respectively. This
finding indicated that sonication at sub-lethal temperatures was not sufficient to satisfy

FDA’s 5-log reduction requirement for the inactivation of acid adapted E. coli 11775 in
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SJ. On the other hand, the number of acid adapted E.coli cells was reduced by 5.69 +
0.61 log CFU/mL when the juice was sonicated at 55 °C for 3 min. Sonication in
combination with mild heating, i.e. thermosonication, successively increased the
reduction in the number of acid adapted E. coli 11775 cells in SJ. Hence, the
combination of mild heating with sonication provided an advantage for complete

lethality.

(log CFU/mL)

Reduction in acid adapted E.coli

Time (min)

Figure 5.14. Inactivation kinetics of E.coli in SJ by US at 25, 40, and 55 °C

The results of this study were in accordance with the other studies. For example,
Dincer and Topuz (2015) studied inactivation of E. coli ATCC 25922 in black mulberry
juice by pulse sonication and continuous thermosonication considering different
temperatures. The authors reported the estimated processing time required to achieve 5
log reduction of E. coli to be 14.10 min for pulsed sonication at 25 °C and 10.45 min for
continuous thermosonication at 50 °C (Dincer & Topuz, 2015). Depending on different
processing conditions and E. coli surrogate, the sonication time may vary. However, it
is remarkable to address the synergistic effect of sonication and mild heating for the
achievement of target inactivation levels. Similarly, Salleh-Mack and Roberts (2007)
also claimed that sonication increased the sensitivity of E. coli (25922) to thermal
inactivation (Salleh-Mack & Roberts, 2007). On the other hand, Patil et al. (2009)
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related the efficacy of sonication to the level of amplitude, treatment time, and type of
media (Patil, Bourke, Kelly, Frias, & Cullen, 2009).

Although application of US was easy to conduct, one of the challenges of US is
the temperature control during processing (Rastogi, 2011). Due to the effect of
cavitation and energy conversions, the temperature inside the product increases during
sonication process. In this study, the temperature of juice was controlled by using a
water bath connected to the double wall sample unit. Figure 5.15 shows the temperature
change during US processing. Even though the temperature of circulating water was
adjusted to 4 °C, the temperature of SJ inside the sample container increased up to 34.55
after 5 min, and levelled out until the end of sonication (10™ min). In spite of increase in
temperature, the reduction of E. coli 11775 cells in SJ was still below 2 log CFU/mL
when sub-lethal temperature of 25°C was employed. On the other hand, when the
treatment temperatures were kept at 40 °C and 55 °C, the temperature control was much
easier by circulating the water at 15 and 25 °C, respectively. The maximum temperature
reached by the SJ was 43 °C and 56.48 °C for sonication at 40 °C and 55 °C,
respectively.

The acoustic power was calculated as 2003.4 W considering the Equation 5.4
(Baumann, Martin, & Feng, 2005):

Power (W) =mxC, X(jj_-lt- (5.4)

where m is the mass of juice (g), Cp is the specific heat (J/g°C) of SJ, and dT/dt is the
change in temperature over time. As given in Table 5.5 (in section 5.3.1.1), the specific
heat of SJ at 22 °C was measured as 3.71 J/g°C. dT/dt was calculated considering the
minimum and maximum temperature of SJ during 3 min of thermosonication. Then the

acoustic energy was calculated as 5.15 = 1.34 J/mL based on Equation 5.5:

Acoustic energy (W/mL) = 5 (5.5)

where P is the power obtained by Equation 5.4, and V is the volume of the SJ.
With respect to the decontamination of liquid food products by sonication, the

widely used operating conditions in terms of frequency, amplitude % and treatment time
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were reported to be 20 kHz, 60-80 %, 5-30 min, respectively. However, considering
these conditions, it would not be possible to accomplish FDA’s requirement of 5-log
reduction of the microorganism of concern (Zinoviadou et al., 2015). In this study, the
sonication processing conditions for the pasteurization of SJ at 55 °C in terms of
acoustic energy, amplitude (100%), frequency, mode of pulsing and treatment time
were determined to be 5.15 = 1.34 J/mL, 120 um, 24 kHz, continuous pulsing mode,
and 3 min, respectively. Since FDA’s 5 log reduction criterion was achieved when the
SJ inoculated with acid adapted E. coli 11775 was subjected to sonication at mild
temperature, the term “thermosonication” was used for the further sections as well as
for Chapter 6 and Chapter 7.
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Figure 5.15. Temperature change during US processing of SJ

5.3.5. Inactivation of Acid Adapted E.coli in Model Solution by PEF

Variance analysis of response surface quadratic model is given in Table 5.10.

The significance of main (X, (EFI)and x, (treatment time)), interaction (X,.X,) and

quadratic (x,”and x,”) effects on inactivation of acid adapted E. coli 11775 cells in

model solution by PEF were evaluated. Due to small p-values (<0.05), the electrical
field intensity (EFI), treatment time (t), interaction of EFI and t, and t* were found

significant in the model. However, quadratic effect of EFI (x,*) was insignificant with a
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p-value of 0.1825. Therefore, x;* was removed from the model. In this respect, the
reduction of acid adapted E.coli cells in MS subjected to PEF was estimated by

following equation in coded terms:
. CFU 2
Reduction (log —L) =2.77+1.23xx +1.53xx, +0.60x x, X, —0.43x x,” (5.6)
m

The quadratic model was found significant with a non-significant lack-of-fit
value. The R? and the adjusted R? were in a good agreement having the values of 0.9942
and 0.9920, respectively.

Table 5.10. Analysis of variance (ANOVA) for response surface quadratic model

Source Sum of df Mean F Value p-value
Squares Square
Model (R%0.9942) 50.18 5 10.04 447.66 <0.0001 significant
EFI (x1) 1824 1 18.24 813.73  <0.0001
Treatment time (Xy) 2819 1 28.19 1257.43 <0.0001
X1.X; 285 1 2.85 127.25  <0.0001
Xi’ 004 1 0.04 198  0.1825
X" 081 1 0.81 3593 <0.0001
Residual 029 13 0.02
Lack of Fit 011 3 0.04 1.92 0.1896 not significant
Pure Error 0.18 10 0.02
Cor Total 50.47 18

Figure 5.16 shows the response surface plot of logarithmic reduction of E.coli in
MS exposed to PEF processing considering varying EFI (25, 30, and 35 kV/cm) and
treatment time (5, 16, and 27 pus). Several processing parameters related to PEF
technology have been studied for the determination of inactivation Kkinetics of
microorganisms. However, electrical field intensity and the treatment time have been
considered as among the most important parameters that affect inactivation efficacy of
microorganisms (Raso, Condén, & Alvarez, 2014). In this study, 35 kV of EFI resulted
in complete inactivation of acid adapted E. coli 11775 cells (5.53 log CFU/mL) when
the MS was subjected to PEF for 27 us. Here, the treatment time referred to the time
that the MS were exposed to the pulsed electric field. On the other hand, the total
processing time between the entrance and exit points of the MS in the whole system was

recorded as 2.67 min. The results of this study were in line with the findings of
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Mosqueda-Melgar et al. (2008). They stated that depending on the characteristics of
media, operating parameters, and the target microorganism, the applied EFI would be
varied from 20 kV/cm to 80 kV/cm in batch or continuous systems (Mosqueda-Melgar,
Elez-Martinez, Raybaudi-Massilia, & Martin-Belloso, 2008). They also reported the
treatment time ranges of PEF from 12 to 400 us for inactivation of E. coli in different
types of liquid foods (Mosqueda-Melgar et al., 2008). Besides, there are also some
other studies that have applied PEF for more than 400 us. For example, Plaza et al.
(2006) subjected orange juice to electrical field at the intensity of 35 k\V/cm for 750 s
(Plaza et al., 2006). In another study, orange juice was processed by PEF considering 17
kV/cm of electric field strength for 1034 us of treatment time (Agcam, Akyildiz, &
Evrendilek, 2016). Strawberry juice was processed by PEF considering electrical field
intensity of 35 kV/cm for 1700 ps (Aguilo-Aguayo, Oms-Oliu, Soliva-Fortuny, &
Martin-Belloso, 2009). The variations in the treatment times among previously
published studies could depend on the conductivity of the juice, polarity mode, pulse
width etc. (Wouters et al., 2001).
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Figure 5.16. Response surface plot of log-reduction of acid adapted E. coli 11775 in MS
subjected to PEF

As shown in Figure 5.16, the elevated electrical field intensity resulted in an

increased effectiveness of PEF treatment on inactivation of acid adapted E. coli 11775

104



cells in SJ. Thus, more reductions of E. coli cells were achieved at higher electrical field
intensity compared to lower EFI. This is actually attributed to the better disintegration
of cell matrices due to the increased intensity of electrical field (T6pfl, 2006).

The number of pulses per transit and frequency were calculated by using

Equation 5.7 and Equation 5.8, respectively.

Number of pulses per transit = oose (5.7)
N -w
frequency (1/s) = e V/A (5.8)
w-N-L '

where tgose IS the treatment time (us), N is the number of treatment cells which is 4,
and w is the pulse width (us), V is the flow rate (cm®/s), A is the cell area (cm?), and L

is the length of cell (cm).

Table 5.11. PEF processing parameters for model solution based on central composite

design
EFI Frequency o o o
(kV/cm) tdose (HS) (HZ) Tin ( C) Tout ( C) AT ( C)

25 5 29 3 22.7 23.9 1.2
35 5 29 3 22.6 25.9 3.3
25 27 155 14 22.8 31.9 9.1
35 27 155 14 22.7 46.0 23.3
25 16 92 8 22.8 27.6 4.8
35 16 92 8 22.6 34.6 12

30 5 29 3 22.7 24.8 2.1
30 27 155 14 22.6 37.7 15.1
30 16 92 8 22.7 30.8 8.1

Electrical conductivity (3.9 mS/cm), flow rate (350 mL/min), and pulse width (2 pus) were kept
constant.

n: total number of pulses in four treatment cells

Tin: Temperature of MS at the inlet point

Tout: Temperature of MS at the outlet point

AT =Tou- Tin

Table 5.11 shows the processing parameters of PEF technology that was applied
to MS based on a central composite design. Corresponding frequencies for the applied
tqose OF 5, 16, and 27 us were 29, 92, and 155 Hz, respectively. Accordingly, the total
number of pulses applied by 4 treatment cells varied from 3 to 14 pulses depending on

the treatment time (tgose). The initial temperature of the MS was approximately 22.7 +
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0.07 °C. Depending on the applied EFI and frequency, thereby tyose, the temperature of
model solution at the outlet of the system increased up to 46 °C due to the energy
dissipation (Table 5.11). Even though the temperature increased during processing, it
was still below the lethal temperature.

The experimental and predicted logarithmic reduction data obtained from the
quadratic model using central composite design were compared and shown in Table
5.12. Consequently, 5.53 log CFU/mL reduction of E.coli 11775 was obtained when the
MS was exposed to PEF at an electrical field of 35 kV/cm, tyse Of 27 ps, frequency of
155 Hz, pulse width of 2 ps, flow rate of 350 mL/min, electrical conductivity of 3.9
mS/cm. Thus, FDA’s 5-log reduction requirement was satisfied for model solution of

strawberry juice under these operating conditions.

Table 5.12. Comparison of experimental and predicted PEF data of E. coli based on
central composite design

EF1 (kviem) taose (1) Reduction in E.coli cells (log CFU/mL)
(X1) (X2)

Actual  Coded Actual Coded Experimental Predicted
25 -1 5 -1 0.18 0.17
25 -1 5 -1 0.14 0.17
35 +1 5 -1 1.29 1.44
35 +1 5 -1 1.33 1.44
25 -1 27 +1 2.02 2.04
25 -1 27 +1 1.97 2.04
35 +1 27 +1 5.53 5.70
35 +1 27 +1 5.53 5.70
25 -1 16 0 1.12 1.53
25 -1 16 0 1.45 1.53
35 +1 16 0 3.75 4.00
35 +1 16 0 4.23 4.00
30 0 5 -1 0.76 0.80
30 0 5 -1 0.72 0.80
30 0 27 +1 3.83 3.87
30 0 27 +1 3.93 3.87
30 0 16 0 2.87 2.77
30 0 16 0 2.77 2.77
30 0 16 0 2.77 2.77

When the experimental data was plotted versus predicted data as shown in

Figure 5.17 a good linear correlation was obtained (R? value is 0.9933). This means that
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the model well described the experimental data. In literature, response surface
methodology has been successfully applied for the evaluation of inactivation of either
pathogenic or spoilage microorganisms in different types of media (Gomez, Garcia,
Alvarez, Condon, & Raso, 2005; Marselles-Fontanet, Puig, Olmos, Minguez-Sanz, &
Martin-Belloso, 2009). It would worth to mention that PEF processing should be
carefully carried out in order to avoid arching, pumping any possible air bubbles to the
treatment chamber, or exceeding temperatures above limitation. Otherwise, the PEF
system might stop and quit pulsing while the liquid passes through the chamber. In that
case, some liquids would be passed through the system without receiving the applied
electrical field. Accordingly, the EFI, the residence time, and the distribution of
microorganisms throughout the product must be homogeneous and uniform inside the

treatment chamber in order to let the microbial cells to receive same intensity.
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Figure 5.17. Experimental versus predicted data for the reduction of E. coli in SJ

5.3.6. Inactivation of Acid Adapted E. coli by Thermal Processing

Acid-adapted E. coli O157:H7 has been reported to have greater heat resistance
than Salmonella and L. monocytogenes as studied in apple, orange, and white grape
juice (Mazzotta, 2001). As a surrogate of E. coli O157:H7, a complete inactivation of E.

coli 11775 cells was achieved in SJ by thermal pasteurization at 71.7 °C for 15 s. Thus,
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FDA'’s criterion of 5-log reduction in the pertinent microorganism was successfully
satisfied in the present study. Hence, the thermal pasteurization conditions for SJ were
selected as 71.7 °C for 15 s on the basis of reduction of E. coli 11775 equivalent to that
of other studied nonthermal technologies. Kaya et al. (2015) used E. coli K-12 as a
surrogate for the determination of thermal pasteurization conditions for lemon melon
juice blend. The authors achieved approximately 6 log reduction of E. coli K-12 in the
juice blend subjected to thermal pasteurization at 72 °C for 71 s (Kaya, Yildiz, &
Unluturk, 2015).

5.3.7. Validation of Processing Conditions for SJ

Freshly squeezed SJ was exposed to HPP, US, PEF and thermal processing
under the equivalent conditions that were obtained in the previous studies. For this
purpose, the freshly squeezed strawberry juice was kept at 4 °C for 5 days in order to

increase its natural microbial flora

High Pressure Processing

Figure 5.18 shows the logarithmic reduction of total mesophilic aerobic count
(TMAC) and yeast mold (YM) in SJ treated with HPP. The initial population of TMAC
was 3.68 + 0.30 log CFU/mL. After processing the juice at 300 MPa for 1 min, 1.81 +
0.15 log CFU/mL reduction was obtained. On the other hand, HPP at 350 MPa for 30 s
and 400 MPa for 15 s resulted in 1.60 + 0.03 and 1.56 + 0.16 log CFU/mL reduction of
TMAC, respectively. However, statistically, no significant difference was found among
HPP treatments (300 MPa — 1 min; 350 MPa — 30 s; 400 MPa — 15 s) in terms of
TMAC of SJ. Similar trend was also observed for yeast-mold (YM) count recorded
before and after HPP under the same conditions. The initial YM count of strawberry
juice was 5.25 + 0.20 log CFU/mL. The highest reduction of YM (4.07 £+ 0.58 log
CFU/mL) was obtained when the juice processed at 300 MPa for 1 min. The reduction
of YM count in SJ processed at 350 MPa for 30 s and 400 MPa for 15 s was 3.42 + 0.16
and 3.44 + 0.09 log CFU/mL, respectively. However, there was no significant
difference among treatments (p<0.05). It was observed that mesophilic aerobic bacteria
in SJ were more resistant to HPP processing than yeast and molds in the current study.

This finding had correlation with the pressure sensitivities of microorganisms reported
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by Fonberg-Broczek et al. (2005). The authors claimed that the prokaryotes were more
resistant to pressure compared to yeast and molds (Fonberg-Broczek et al., 2005). On
the other hand, it was reported that HPP could increase the sensitivity of E. coli
0157:H7 to the acidic conditions by resulting in less survival cells after processing
(Bull et al., 2004).

High pressure processing times that were commonly used for treatment of liquid
foods were reported to be up to 5 min (Guerrero-Beltran et al., 2011; Ramaswamy et al.,
2003). This was in line with this study. Similarly, Jayathunge et al. (2015) pasteurized
tomato juice by HPP at 600 MPa for 1 min at ambient temperature (approximately 16
°C) (Jayathunge, Grant, Linton, Patterson, & Koidis, 2015). Yi et al (2017) subjected
cloudy apple juice to 600 MPa for 3 min (Yi et al., 2017). Although the use of pump for
such low times for compressing, holding and decompressing may reduce the life of
pump, processing times less than 1 min may not be preferred. In order to guarantee the
microbial safety and provide applicability, 300 MPa and 1 min at around 20 °C were

selected as the final HPP conditions for pasteurization of SJ.
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Figure 5.18. Logarithmic reductions in total mesophilic aerobic count (TMAC) and
yeast-mold count (YM) in SJ treated by HPP

(Different letters shows statistically significant differences. No significant difference was
observed for TMAC (small case letters) and YM (capital case letters))
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Thermosonication

Thermosonication conditions which resulted in 5.69 = 0.61 log CFU/mL reduction
of acid adapted E.coli cells in SJ were applied to inactivate the natural microbial flora of
SJ. The sonication at 120 um of amplitude in continuous pulsing mode and 55 °C for 3
min was able to reduce total mesophilic aerobic count (TMAC) and yeast-mold (Y M)
count in SJ by 2.72 + 0.06 log CFU/mL; and 4.06 + 0.22 log CFU/mL, respectively.
Adekunte et al. (2010) studied a specific yeast strain, i.e. Pichia fermentans, in order to
evaluate the efficacy of sonication for tomato juice. The authors applied varying
amplitude levels from 24.4 to 61.0 um and treatment times from 2 to 10 min
considering pulse duration of 5 s on and 5 s off. Similarly, they observed significant
reduction in yeast strain as the amplitude and processing time increased (Adekunte,
Tiwari, Scannell, Cullen, & O'Donnell, 2010). Gabriel (2012), on the other hand,
studied both pathogen bacteria and spoilage yeasts in cloudy apple juice subjected to
sonication. They used a mixture of spoilage yeasts containing Debaryomyces hansenii,
Torulaspora delbrueckii, Clavispora lusitaniae, Pichia fermentans and Saccharomyces
cerevisiae. The authors stated that the yeasts showed more resistance to sonication
compared to acid adapted or non-adapted pathogen bacteria such as E. coli O157:H7,
Salmonella spp., and Listeria monocytogenes (Gabriel, 2012a). These findings are in
accordance with the results obtained for strawberry juice in this study. In conclusion,
the natural microbial flora of SJ showed more resistance to thermosonication compared
to the acid adapted E.coli 11775. A similar trend was also observed by Bermudez-
Aguirre et al. (2009). The authors found out that thermosonication of milk at 63 °C for
10 min considering 100 % amplitude resulted in more than 5 log reductions in L.
innocua while the same conditions achieved 3.13 log CFU/mL of total mesophilic

bacteria (Bermudez-Aguirre, Corradini, Mawson, & Barbosa-Canovas, 2009)

Pulsed Electric Field

PEF processing conditions which resulted in 5-log reduction of E. coli 11775 in
model buffer solution were firstly confirmed by applying the same conditions to the
strawberry juice. Figure 5.19 shows the logarithmic reduction of acid adapted E.coli in
SJ treated by PEF in the same way as it was done for model solution. The effect of PEF
on the inactivation of E. coli in model solution and SJ were similar. Acid adapted E.coli
in MS and SJ subjected to PEF were reduced by 5.53 £ 0.00 and 5.16 £ 0.15 log
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CFU/mL, respectively. Statistically, there were no significant differences between the
logarithmic reduction level of E. coli in MS and SJ. Thus, the final PEF processing
conditions including electrical field intensity, treatment time, frequency, flow rate, pulse
width and mode were determined to be 35 kV/cm,27 us, 155 Hz, 350 mL/min, 2 ps and
monopolar mode, respectively These results were in agreement with the study of
Evrendilek et al. (2000). Evrendilek et al. (2000) applied electric field strength of 34
kV/cm for 160 us considering pulse duration time of 4 us, frequency of 800 pps in a
pilot plant scale PEF system, and achieved 4.5 log reduction of E. coli O157:H7
(35150) in apple cider (Evrendilek et al., 2000). Vega-Mercado et al. (1996) reported
2.2 log reductions of E. coli 11229 in simulated milk processed at electrical field
intensity ranged from 20 to 55 kV/cm. The authors stated that the electrical field
strength related to the poration rate and physical damage in the cell membrane (Vega-
Mercado et al., 1996). Formation of irreversible pores would result in disintegration of
membrane and loss of cell viability when the applied electrical field was higher than the
critical value (Saulis, 2010). It was reported that Gram-positive and Gram-negative
bacteria were more resistant than the yeasts in general. Due to the morphological
changes, larger cells could be more easily permeabilized compared to smaller cells
(Wouters et al., 2001). However, a contradictive finding was obtained in the current
study. In addition to E. coli cells, the efficacy of equivalent PEF processing conditions
was tested on natural microbial flora, i.e., TMAC and yeast-mold count of SJ. Although
the number of E.coli cells was reduced by 5.13 + 0.15 log CFU/mL at 35 kV/cm and
155 Hz, the reduction in TMAC and YM counts were 2.90 + 0.25 and 3.69 + 0.07 log
CFU/mL, respectively. Although the total mesophilic aerobic bacteria exhibited more
resistance to PEF processing compared to yeast and molds, the inactivation levels of
TMAC and YM count were below than that of E. coli cells. This result may be
attributed to the type of species of bacteria in the mixed population where the microbial
load was intentionally increased by keeping the juice at refrigerated conditions for 5
days before processing. Besides, change in the viscosity and formation of any metabolic
products during incubation, i.e. fermentation, of SJ can change the homogeneity of the
electrical field. Nevertheless, FDA’s requirement of 5-log reduction in the population of
target microorganism was satisfied and a considerable amount of reduction was
achieved for TMAC and YM count. Thus, these conditions were confirmed and chosen

as PEF processing condition for pasteurization of strawberry juice.
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Figure 5.19. The effect of PEF processing on the inactivation of acid adapted E.coli
11775 in MS and SJ

Thermal Pasteurization

The temperature-time parameters that resulted in complete inactivation of acid
adapted E. coli 11775 in SJ were confirmed by treating freshly squeezed SJ having
increased level of natural microbial flora. The initial load of total mesophilic aerobic
bacteria and yeast-mold in SJ were 4.82 + 0.6land 5.86 + 0.50 log CFU/mL,
respectively. Thermal pasteurization at 71.7 °C for 15 s resulted in 4.1 £ 0.10 and 5.11 +
0.15 log CFU/mL reductions of TMAC and YM count, respectively. Since Turkish
Food Codex declared the maximum acceptable load of TMAC and YM as 4 log and 3
log CFU/mL (Codex, 2001), thermally pasteurized strawberry juice can be considered
as a safe product in terms of natural flora. Similarly, Ahzuvalapril et al. (2010) applied
thermal processing to the apple cider inoculated with E. coli K-12 at an initial load of
approximately 7-log CFU/mL. The authors found that thermal treatments at 72, 74, and
76 °C for 1.3 s at a flow rate of 15 L/h resulted in significant reduction of E. coli K-12
population in apple cider (Ahzuvalapril et al.,, 2010). In conclusion, thermal
pasteurization conditions (71.7 °C for 15 s) yielded at least 5 log reduction of E. coli in
SJ were also resulted in significant reduction in the natural microbial flora of SJ.

As a summary of this section, the effectiveness of thermal and non-thermal
technologies applied for the pasteurization of SJ was illustrated in Figure 5.20. The
inactivation levels of each treatment were summarized in this figure in terms of TMAC
and YM count.
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Figure 5.20. Comparison of thermal and nonthermal treatments for mild pasteurization
of strawberry juice

5.4. Conclusions

In literature, many researchers investigated the effect of nonthermal processing
technologies on juice quality. In order to fairly compare the properties of final products,
the juice should be processed under equivalent conditions. Thus, in this part of PhD
thesis, the processing conditions for individual or combined technologies were
determined in consideration of equivalent processing approach. Firstly, a target
microorganism, i.e. acid adapted E. coli 11775, was selected based on the survival
behaviors of different surrogates in strawberry juice. Then the juice inoculated with acid
adapted E. coli 11775 was subjected to several processes, i.e. HPP, sonication, PEF, and
thermal pasteurization at varying conditions specific to each technology. The processing
conditions provided equivalent microbial reductions of at least 5 log cycles in SJ were
determined as the final pasteurization conditions for SJ.

In this respect, HPP at 300 MPa for 1 min were sufficient for achieving 5 log
reductions in the number of target microorganism. Ultrasonication, on the other hand,
was ineffective to achieve 5-log reduction of target cells at 25 °C. Therefore, hurdle
concept was applied by combining mild heat treatment at 55 °C. Thus, thermosonication
at 55 °C for 3 min provided 5.69 + 0.61 log CFU/mL reduction in the number of E. coli
population under the conditions of 5.15 + 1.34 J/mL acoustic energy, 100 %
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amplitude (120 um), continuous pulsing mode. For the PEF treatment, SJ was
successfully simulated by the model solution prepared with citric acid - Na,HPO, buffer
solution, glucose, fructose, and salt. Electrical conductivity, pH, and total soluble
content (° Brix) of model buffer solution were well adjusted to that of SJ. Both liquids
showed similar properties in terms of thermal and rheological properties as well.
Newtonian flow behavior was observed for SJ and model solution. There was no
significant change between two samples in terms of their specific heat capacity (Cp). A
central composite design was applied to study the effect of PEF on the inactivation of
acid adapted E.coli in MS. Application of PEF under the conditions of 35 kV/cm
electrical field intensity, 27 ps treatment time, 155 Hz frequency, 350 mL/min flow
rate, 2 ps pulse width in monopolar mode resulted in 5.53+0.00 log CFU/mL
reduction of E.coli in MS. This finding was confirmed by exposing SJ inoculated with
acid adapted E.coli to the same PEF processing conditions. 5.13+£0.15 log CFU/mL
reduction of acid adapted E.coli was obtained in SJ. Thereby, the PEF processing
conditions were satisfied for both SJ and MS. Using a model system was a satisfactory
approach to select proper conditions for PEF processing of SJ by centering the analysis
in the most influential components, and thus saving time and unnecessary guessing.
Thermal pasteurization at 71.7 °C for 15 s, on the other hand, accomplished complete
inactivation of acid adapted E.coli cells in SJ. Finally, all the equivalent processing
conditions accomplished at least 5-log reduction of acid adapted E.coli cells in SJ were
tested on freshly squeezed and fermented SJ to reveal their effect on the inactivation of
natural microbial flora of SJ. Since remarkable reductions were obtained in TMAC and
YM counts of SJ after subjecting the juice to equivalent pasteurization, the processing
conditions were confirmed and declared as the final pasteurization conditions.

This chapter demonstrated that the equivalent processing approach was well
applied for the determination of mild pasteurization conditions for strawberry juice.
Accordingly, thermal and nonthermal processing conditions which revealed at least 5-
log reduction of acid adapted E. coli 11775 was considered as the final processing
parameters for pasteurization of strawberry juice at moderate temperatures. Since the
microbial safety of food product is the major concern in food processing, the processing
conditions for each technology must satisfy FDA’s regulation of 5-log reduction in the
microorganism of concern in fruit and vegetable juices. Food quality affected by

different processes should be investigated once the similar safety conditions are
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fulfilled. In this regard, next chapter will focus of the evaluation of the physicochemical
and phytochemical properties of SJ pasteurized by HPP, thermosonication, PEF, and

thermal treatment under equivalent conditions.
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CHAPTER 6

OVERALL QUALITY ATTRIBUTES AND RETENTION
OF BIOACTIVE COMPOUNDS OF STRAWBERRY JUICE
PASTEURIZED UNDER EQUIVALENT PROCESSING
CONDITIONS

6.1. Introduction

Nonthermal food processing technologies have been gained special attention in
order to avoid negative impact of thermal pasteurization on quality of fruit juices
(Sanchez-Moreno, De Ancos, Plaza, Elez-Martinez, & Cano, 2009). In literature, many
studies have been conducted on mild preservation of fruit juices by innovative
nonthermal processing technologies. However, the variances arise from the use of raw
material with varying initial quality, as well as different maturity levels, processing and
storage conditions make the case difficult to compare with other processes. Therefore,
the equivalent processing approach was proposed considering equivalent products in
terms of inactivated microorganisms or enzymes (Timmermans et al., 2011). Equivalent
degree of microbial inactivation constitutes a fair basis for the comparison of chemical
and biochemical quality parameters of the final product (Vervoort et al., 2011).

In this chapter, the microbial quality as well as physicochemical and
phytochemical properties of freshly squeezed strawberry juice (SJ) subjected to thermal
and nonthermal processing technologies were evaluated. The juice was pasteurized by
high pressure processing (HPP), thermosonication (US), pulsed electric fields (PEF),
and conventional thermal pasteurization under equivalent processing conditions
determined in Chapter 5 considering same level of reduction of acid adapted E.coli
11755 (= 5 log CFU/mL). The strawberry juice subjected to equivalent processing
conditions were then used for further experiments to assess the microbial quality, pH,
titratable acidity, total soluble solids (TSS) (°Brix) of SJ before and after the treatments.
Moreover, the phytochemical properties such as total phenolic content (TPC), total

anthocyanin content (TAC), and antioxidant activity of SJ samples were evaluated as an
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indicator of retention of bioactive compounds in the juice. Equivalent processing
approach enabled to make a fair comparison of different quality parameters of SJ

pasteurized with different technologies.

6.2. Material and Methods

6.2.1. Equivalent Pasteurization of Strawberry Juice

Freshly squeezed strawberry juice was prepared as previously described in
Chapter 4, and then pasteurized by thermal and nonthermal technologies. In this
chapter, freshly squeezed SJ was directly subjected to HPP, thermosonication, PEF or
thermal treatment under the equivalent conditions that were previously determined in
Chapter 5. Here, a summary of the treatments were given.

A high pressure unit from Engineering Pressure Systems, Inc., (Andover, MA,
USA) was used for HPP treatment. Freshly squeezed SJ was packed in the plastic
pouches (200 mL) (Nasco Whirl-Pak™, Fort Atkinson, WI). The pouches were then
carefully sealed and placed into the cylindrical chamber vessel containing the pressure
transmitting liquid. HPP was then applied to SJ at 300 MPa for 1 min in duplicate. The
temperature and pressure profile of the process were monitored during treatment. It took
0.5 s to come up to the desired pressure, and less than 0.5 s to depressurize. The initial
temperature of the pressurizing liquid inside the chamber (18.33 + 1.04 °C) reached to
maximum temperature of 26.13 = 1.12 °C during holding period. Thus, the temperature
rise during compression was 2.6 °C/100 MPa.

US was combined with mild heating in order to increase the lethal effect of
sonication. Therefore, this treatment was renamed as thermosonication throughout this
chapter. An ultrasonic device Hielscher (Hielscher USA Inc., Ringwood, NJ) equipped
with a probe of 22 mm diameter, double wall sample unit and a water bath (Viscotherm
VT 10) was used for the pasteurization of SJ. Four hundred mL of freshly squeezed SJ,
which had initial temperature of 25 °C, was placed into a double-wall glass sample unit.
Two K-type probes were immersed into the sample container at different locations in
order to monitor the temperature increase during sonication. The temperature of water
circulating around the sample unit was adjusted to 25 °C in order to keep the
thermosonication temperature at around 55 °C. Once the sonicator was turned on, the

117



temperature of SJ increased due the energy transmission into the sample. After a certain
come-up-time (4.40 s), the temperature of SJ was reached to 55 °C. At that point, the
treatment time for thermosonication started and recorded manually by a chronometer.
The duplicate juice samples were subjected to thermosonication considering 5.15 + 1.34
J/mL of acoustic energy, 100 % amplitude (120 um) in continuous pulsing mode at 55
°C for 3 min of treatment time.

PEF, on the other hand, was conducted by using a pilot plant scale Powermod™
PEF system (Diversified Technologies Inc., Bedford, MA, USA) equipped with two
pairs of co-field treatment chambers. Six liters of freshly squeezed SJ placed in jar was
connected to PEF processing line. The juice with an initial temperature of 22.7 °C was
passed through the PEF treatment chamber by a peristaltic pump. The freshly squeezed
SJ was subjected to PEF treatment that was applied using monopolar pulses of 2 ps
duration at electric field intensity (EFI) of 35 kV/cm, treatment time of 27 us, frequency
of 155 Hz, flow rate of 350 mL/min. EFI, frequency, and pulse width was adjusted by
using the control panel of PEF system. The temperature of juice was measured at the
inlet and outlet of treatment chamber using K-type thermocouple (Omega Engineering
Inc., Stamford, CT). The temperature of SJ at the inlet and outlet points of PEF
treatment chamber was recorded as 22.7 and 46 °C, respectively.

A conventional thermal pasteurization was carried out in a double walled sample
unit connected to a water bath (Viscotherm VT 10). Four hundred mL of SJ was poured
into the sample container. Then, the sample unit containing the juice and a magnetic stir
bar was placed on a magnetic stirrer. The speed of stirrer was adjusted to 250 rpm in
order to increase the heat transfer inside the medium. The juice was heated up to 71.7
°C by circulating hot water at 74 °C between double walls of sample unit. Once the
juice reached to the desired temperature, mild heating of SJ was carried out at 71.7 °C
for 15 s. The temperature was controlled by K-type thermocouple. The treated juice was
then placed into a previously sterilized bottle and immediately cooled down by placing
into iced water.

All of the samples treated by each technology were kept at 4 °C prior to
analysis, i.e. microbial, physicochemical and phytochemical attributes of SJ. The details

of such assays were given in Chapter 4.
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6.2.2. Overall Quality Attributes and Phytochemical Properties of

Strawberry Juice

Microbial quality of strawberry juice samples before and after processing was
evaluated in terms of total mesophilic aerobic count (TMAC) and yeast and mold (YM)
count. The samples were plated on Plate Count Agar (PCA), Potato Dextrose Agar
(PDA) acidified with 10 % of tartaric acid by pour plate method for TMAC and YM
count, respectively. The plates were then incubated at 37 °C for 48 h for TMAC, and 25
°C for 5 days for YM count. After appropriate time of incubation, the number of viable
cells was counted, and the results were expressed as log CFU/mL. Untreated SJ was
used as control.

Regarding the physicochemical properties, pH, total soluble solids, and titratable
acidity of SJ were measured. Briefly, pH measurement was carried out by using 10 mL
of SJ and a bench top pH meter (Mettler Toledo™ FE20 FiveEasy) at 22°C. A digital
hand-held refractometer (PAL-a, Atago CO., LTD.) was used to determine the total
soluble solids (°Brix) of the samples (3-4 drops). Titratable acidity, on the other hand,
was determined according to Cemeroglu (2010) by titrating 10 mL of SJ against 0.1 N
NaOH up to pH 8.1. The acidity (%) was then calculated considering the normality of
NaOH, normality factor, miliequivalent weight of citric acid, the volume of NaOH used
for titration.

Phytochemical properties of bioactive compounds including total phenolic
content (TPC), total anthocyanin content (TAC), and antioxidant activity of SJ were
also determined. Total phenolic contents of SJ samples were determined according to
the Folin-Ciocalteu method (Singleton & Rossi, 1965; Tezcan, Gultekin-Ozguven,
Diken, Ozcelik, & Erim, 2009) by using HP 8452A diode array spectrophotometer
(Agilent Technologies, Palo Alto, USA). The concentrations of total phenolic
compounds in SJ samples were expressed as mg gallic acid equivalents (GAE) per L. A
pH differential method was used for determination of the anthocyanin content of
strawberry juice (Meyers, Watkins, Pritts, & Liu, 2003). SJ samples prepared in two
different buffers at pH values of 1.0 and 4.5 were spectrophotometrically measured at
510 and 700 nm. Then, the results were expressed as mg pelargonidin-3-glucoside per
L. Free-radical scavenging capacity of SJ samples was determined on the basis of

DPPH (1,1-diphenyl-2-picrylhydrazyl) assay (Odriozola-Serrano, Soliva-Fortuny, &
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Martin-Belloso, 2009). Antioxidant activities of the samples were given as % inhibition
as detailed in Chapter 4.

6.2.3. Data Analysis

All the tests related to microbial quality and physicochemical properties were
performed in duplicate. Phytochemical properties, on the other hand, conducted in
triplicate.

Changes in the quality parameters (microbial, physicochemical and
phytochemical properties) for the different treatments (untreated, thermal, HPP, US,
PEF) were quantified. Differences between the various treatments compared in this
study were expressed as mean + standard deviation (SD). Data analysis was conducted
by using Excel worksheet (Microsoft Office 2010, USA) and Minitab 16 software
(Minitab Inc., State College, PA, USA). Variance analysis (ANOVA) followed by
Tukey comparison test was performed considering 95 % of confidence interval
(p<0.05). Multivariate data analysis including principal component analysis (PCA) and
hierarchical cluster analysis (HCA) were utilized to classify the SJ samples subjected to
different treatments in terms of their physicochemical and phytochemical properties.
PCA and HCA were conducted by Minitab 16.0 software to visualize the data structure.

In this context, a data matrix was constructed using the analyzed
physicochemical and phytochemical properties of SJ samples as columns and
pasteurization technologies as rows. The data matrix was introduced into Minitab 16
data analysis software (Minitab Inc., State College, PA, USA). Computation of PCA
was conducted considering correlation type of matrix and 5 components. The score
values, coefficients, as well as eigenvalues were saved as storage data. Score and
loading plots were drawn as PCA output. PCA enabled the reorganization of the
information in the data set of the samples. Finally, freshly squeezed SJ samples
subjected to different pasteurization technologies were classified in terms of their
physicochemical and phytochemical properties.

The cluster analysis was applied to classify untreated (control) and pasteurized
SJ samples in terms of their physicochemical and phytochemical properties.
Accordingly, the PC-scores of interest were loaded to Minitab 16 data analysis software

as new input data for HCA. The computation was carried out considering Ward’s
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linkage as amalgamation method and Euclidean distance as similarity measurement.
Finally, the similarities/dissimilarities among the pasteurization technologies and
control SJ were plotted as dendrogram. The interpretation of the samples on a tree-
shaped map was conducted considering pH, titratable acidity, TSS, total phenolic

content, antioxidant capacity, total anthocyanin content of SJ samples.

6.3. Results and Discussion

6.3.1. Microbial Quality of SJ

Microbiological analysis showed that untreated juice samples had an initial load
of 3.11 £ 0.09 log CFU/mL total mesophilic aerobic plate count (TMAC) and 3.41 +
0.04 log CFU/mL yeast-mold (YM) count. TMAC and yeast-mold count of strawberry
juice was reduced below 2 log CFU/mL after processing of SJ by thermal
pasteurization, thermosonication, HPP and PEF (Figure 6.1). Among the all processes,
thermal pasteurization resulted in the highest reduction in both total mesophilic aerobic
and yeast and mold counts. However, statistically there was no significant difference
among pasteurization technologies in terms of TMAC and YM counts of treated SJ
samples.

Bull et al. (2004) processed Valencia and Navel orange juices by HPP. The
initial viable counts for total aerobic and yeast-mold counts in Valencia orange juice
and Navel orange juice were 7.8 and 4.8 log CFU/mL; and 4.5 and 3.1 log CFU/mL,
respectively. The authors reported that HPP at 600 MPa, 20 °C for 60 s reduced the
microbial load to non-detectable levels in Valencia and Navel orange juices (Bull et al.,
2004). Cao et al. (2014) studied inactivation of total aerobic bacteria and yeast-mold by
HPP in both cloudy and clear apple juices at 600 MPa and varying processing times up
to 6 min. Regardless of time, the authors achieved complete inactivation of total aerobic
bacteria and yeast-molds in both type of juices when the initial microbial load was less
than 4 log CFU/mL. It was stated that cloudy strawberry juice required more time (4
min) in order to reduce the total aerobic bacteria count below the reported detection
limit (10 CFU/mL) (Cao, Liu, Wu, Liao, & Hu, 2014). In another study, high pressure
processing of carrot juice at 500 and 600 MPa for 1 min at 20 °C reduced total plate
count by approximately 4 log CFU/mL (Patterson, Mckay, Connolly, & Linton, 2012).
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Even though microbial reductions obtained for SJ in the current thesis were found less
than previously mentioned studies, it is still remarkable to provide microbiologically
safe product after HPP at 300 MPa for 1 min.
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Figure 6.1.Total mesophilic aerobic (TMAC) and yeast-mold (YM) counts in SJ

samples before and after processing

(Different letters show significant differences among treatments in terms of TMAC and
YM count in SJ samples. Small case letters belong to TMAC while italic small case letters
refer to YM count.)

Elez-Martinez (2006) applied high intensity PEF (35 kV/cm for 1,000 us with 4-
us bipolar pulses at 200 Hz) and thermal treatment (90 °C for 1 min) to orange juice
having an initial microbial load of 3.5 and 2.9 log CFU/mL of total aerobics and yeast
and mold counts, respectively. The authors reduced the initial microbial counts below 1
log CFU/mL after processing with either thermal or PEF processing (Elez-Martinez,
Soliva-Fortuny, & Martin-Belloso, 2006). Walkling et al. (2010) applied PEF (34
kV/cm, 60 us) in combination with mild heat (55 °C, 60 s) for a fruit smoothie. Natural
flora of the smoothie was reported to be reduced to 1.9 log CFU/mL and 1.1 log
CFU/mL in terms of total aerobic and yeast-mold counts, respectively (Walkling-
Ribeiro, Noci, Cronin, Lyng, & Morgan, 2010). In accordance with these studies,
TMAC and YM count was reduced to below 2 log CFU/mL after PEF treatment in this

thesis. Combination of high intensity PEF with some antimicrobial agents such as citric
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acid, cinnamon bark oil was also suggested as an alternative preservation method for
strawberry, orange, apple, pear and tomato juices (Mosqueda-Melgar, Raybaudi-
Massilia, & Martin-Belloso, 2012).

Ultrasound processing can reduce the microbial load due to acoustic cavitation
that can damage biological species by increasing local temperature and pressure inside
the product (Abid et al., 2013). Bhat and Goh (2017) treated strawberry juice by
sonication considering 25 kHz frequency with a power set at 70 % (at 20 °C) at varying
sonication times up to 30 min. The initial counts for total aerobic bacteria and yeast and
molds were 4.70 and 4.66 log CFU/mL, respectively. However, the authors were not
able to achieve a significant degree of inactivation for the total mesophilic aerobic
bacteria and yeast and molds after sonication (Bhat & Goh, 2017). This was attributed
to the resistance of microorganisms, presence of spores of bacteria or fungi
(Chandrapala, Oliver, Kentish, & Ashokkumar, 2012). It was reported that, in general,
fungi might offer higher resistant compared to bacteria due to the cell wall composition
(Chemat, Zill-e-Huma, & Khan, 2011). Thus, a combination sonication with mild
heating can be considered in order to increase the lethal effect of the treatment. In the
case of this study, thermosonication was successfully applied for mild pasteurization of
strawberry juice. Accordingly, TMAC and YM count was reduced to below 2 log
CFU/mL by thermosonication.

Thermal pasteurization at 71.7 °C for 15 s reduced the TMAC and YM count
below 2 log CFU/mL. This finding was in the line with previously published studies.
Bull et al (2004) reduced the total aerobic bacteria from 7.8 to 4.3 log CFU/mL and YM
from 4.8 to 3.0 log CFU/mL in orange juice after applying a thermal treatment at 65 °C
for 60 s (Bull et al., 2004). Elez-Martinez et al. (2006) applied conventional thermal
pasteurization at 90 °C for 1 min and they were able to reduce the initial TMAC and
YM count below 1 log CFU/mL (Elez-Martinez et al., 2006). Thermal pasteurization at
72 °C for 71 s was able to reduce the natural flora of lemon melon juice blend below
detection limits (Kaya, Yildiz, & Unluturk, 2015). Timmermans et al. (2011), on the
other hand, equivalently processed orange juice by thermal processing (72 °C for 20 s),
HPP and PEF, all treated samples showed microbiological loads below detection limits
(Timmermans et al., 2011).

123



6.3.2. Physicochemical Properties of SJ

Total soluble solid (TSS) content, pH, titratable acidity, and electrical
conductivity of treated and untreated strawberry juice samples are provided in Table
6.1. TSS content of control sample was 7.85 + 0.07 °Brix. No significant difference was
observed between control and treated SJ samples. Thermally pasteurized,
thermosonicated, HPP and PEF treated SJ samples showed TSS of 7.88 + 0.04, 8.00 +
0.14, 7.83 + 0.04, 7.83 + 0.04 °Brix, respectively. TSS of fruit juices may vary
depending on the maturation of the fruit as well as the fruit juice preparation protocol.
Mosqueda-Melgar et al. (2012) reported soluble content of untreated SJ as 7.0 + 0.01
°Brix. The authors did not observe any difference in TSS content of the strawberry juice
subjected to high intensity PEF. On the contrary, they detected significant change in
TSS of SJ (7.4 £ 0.2 °Brix) after thermal processing (Mosqueda-Melgar et al., 2012).
On the other hand, Odriozola-Serrano et al. (2008) reported soluble solid content of
untreated SJ used as 7.2 + 0.2 °Brix which was in line with the findings of this study.
They treated the strawberry juice with PEF using bipolar square-wave pulses of 4 us at
a frequency of 100 Hz and 35 kV/cm field strength for 1,700 us. SJ was also subjected
to the thermal treatment at 90 °C for 30 s and 60 s. They concluded that TSS content of
SJ was not significantly changed after subjecting the juice to PEF (Odriozola-Serrano,
Soliva-Fortuny, & Martin-Belloso, 2008). Thus, the findings of this study were in
accordance with the literature.

Untreated SJ had a pH of 3.50 + 0.01 while the pH of treated samples varied
between from 3.45 and to 3.48 (Table 6.1). Even though the pH values of SJ before and
after processing seem very close to each other, the sonication process resulted in
statistically significant change in pH (p<0.05). The observed small differences could be,
possibly, attributed to experimental error. This finding is in contrast with the study
conducted by Abid et al. (2013). It was reported that no significant change was
observed for pH, titratable acidity as well as total soluble solids of apple juice after
sonication (Abid et al., 2013). Except sonication, no significant difference was found
between control and other pasteurization technologies in aforementioned study.
Likewise, Mosqueda-Melgar et al. (2012) reported that pH of SJ (3.26 = 0.01) was not
significantly affected by high intensity PEF and thermal treatments (Mosqueda-Melgar
et al., 2012). In the current study, titratable acidity of untreated SJ, on the other hand,
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was found as 0.81 + 0.00 g citric acid per 100 mL. The acidity of treated samples varied
from 0.79 to 0.84 g/100 mL. Thermally pasteurized SJ had the lowest acidity (0.79 +
0.00 g/100 mL) among all samples. Likewise, titratable acidity of strawberry juice used
for sonication was reported to be 0.73 g citric acid per 100 mL (Tiwari, O'Donnell,
Patras, & Cullen, 2008).

Acidity and pH are important parameters in food processing in order to produce
products with consistent well defined properties and to meet the regulatory
requirements. Moreover, such parameters affect the consumer acceptability in terms of
palatability of final product (Bates, Morris, & Crandall, 2001; Singhal, Kulkarni, &
Rege, 1997). It was reported that pasteurization of apple juice by PEF did not affect
acidity; thereby one of the important physicochemical property would remain intact
with the overall quality of the juice (Aguillar-Rosas, Ballinas-Casarrubias, Nevarez-
Moorillon, Martin-Belloso, & Ortega-Rivas, 2007). No significant changes were
observed for acidity and pH of grapefruit juice subjected to sonication at a frequency of
28 kHz at 20 °C (Aadil, Zeng, Han, & Sun, 2013). Acidity and pH did not show
significant differences for HPP treated pomegranate juice after processing at 350, 450
and 550 MPa for 30 s, 90 s and 150 s (Varela-Santos et al., 2012).

Besides, pH has also direct correlation with microbial quality of the product.
Since fruit juices have lower pH values, they are highly susceptible to be spoiled by
yeasts-molds, lactic acid bacteria, and acid tolerant bacteria (Mosqueda-Melgar et al.,
2012). In the case of PEF processing, for instance, microbial spoilage of fruit juices can
be delayed as a consequence of formation of pores in the cell membrane of
microorganisms due to establishment of the transmembrane potential between the cell
membrane and induced electrical field (Coster & Zimmermann, 1975). Once the pores
are formed in the cell membrane, undissociated acid molecules tend to dissociate into
charged anions in the cell cytoplasm, and gradually decreases intracellular pH. Thus,
cell damage occurs in cell signaling, active transport, and genetic material (Raybaudi-
Massilia, Mosqueda-Melgar, Soliva-Fortuny, & Martin-Belloso, 2009).

Electrical conductivities of SJ samples varied between 4.05 and 4.11 mS/cm
(Table 6.1). There was no significant difference observed in electrical conductivity of
SJ before and after processing (p>0.05). Electrical conductivity is a critical and essential
parameter for the design of a pulse electric field processing. It has been reported to be
increased as the temperature escalated (Palaniappan & Sastry, 1991). Altuntas et al.

(2010) reported the electrical conductivity of sour cherry juice as 3.64 = 0.17 mS/cm
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(Altuntas, Evrendilek, Sangun, & Zhang, 2010). The strawberry juice was reported to
have electrical conductivity of 3.8 mS/cm (Odriozola-Serrano et al., 2008). As a result,

the electrical conductivity values of SJ used in this work were in good agreement with

those studies cited in the literature.

Table 6.1. Physicochemical properties of SJ samples before and after processing

Titratable acidity Conductivity

Process TSS (°Brix) pH
(g/100 mL) (mS/cm)

C 7.85+0.07a 3.50+0.01a 0.81 £+ 0.00ab 4.09 £0.01a
T 7.88 +£0.04a 3.48 £ 0.02ab 0.79 = 0.00b 411 £0.01a
usS 8.00 £0.14a 3.45+0.01b 0.84 +0.02a 4,10 +£0.00a
HPP 7.83 £0.04a 3.46 = 0.00ab 0.81 = 0.00ab 4,08 £0.01a
PEF 7.83 +£0.04a 3.48 £ 0.00ab 0.82 £ 0.00ab 4.05 +0.05a

(C: Control, T: Thermal, US: Ultrasonication, HPP: High pressure processing, PEF: Pulsed electric
fields, TSS: Total soluble solids, TA: Titratable acidity). Different letters in the same column show the
significant differences among treatments on a 95 % of confidence interval (p<0.05).

6.3.3. Phytochemical Properties of SJ

Bioactive compound content of SJ was studied in terms of total phenolic content
(TPC), total anthocyanin content (TAC), and radical scavenging activity (RSA). These
phytochemical properties of SJ samples subjected to different processing technologies

were investigated and compared in this section.

6.3.3.1. Total Phenolic Content (TPC)

Total phenolic contents of SJ samples are given in Table 6.2 in terms of gallic
acid equivalent (mg/100 mL). TPC of all studied samples varied from 132 to 145
mg/100 mL. In the current study, the untreated sample had TPC of 137.81 + 0.91
mg/100 mL. Varela-Santos et al. (2012) reported the initial phenolic content of
pomegranate juice (untreated sample) as 135.034 mg GAE/100 mL (Varela-Santos et
al., 2012). Thus, the results of this study were in good agreement with the one cited by
Varela-Santos et al. (2012). Odriozola-Serrano et al. (2008), on the other hand,
determined the TPC of strawberry juice as 47.3 mg/100 mL (Odriozola-Serrano et al.,
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2008). The differences in the content of total phenolics of juices can be attributed to
varietal differences, cultivation techniques (Hékkinen & To6rrdnen, 2000), processing
and storage conditions (Spanos & Wrolstad, 1992).

Table 6.2. Phytochemical content of SJ samples before and after processing

Process TPC TAC RSA

(mg GAE/100 mL) (mg/L) (%)
C 137.81+0.91% 153.31 + 2.57 33.72 +2.74"®
T 132.21 + 1.65 166.42 + 2.42% 29.94 + 3.60°
us 137.59 + 1.93% 166.97 + 0.39% 39,55+ 1.92°
HPP 143.53 +2.80% 176.67 + 1.732 39.98 + 1.84°
PEF 144.97 + 1.52° 179.21 + 8.472 40.25 +0.51°

(All measurements were done at least in triplicate. All values were given as mean + standard deviation.
Different letters within the same column are significantly different considering 95 % of confidence
interval (p<0.05). C: Control, T: Thermal, US: thermosonication, HPP: high pressure processing, PEF:
pulsed electric fields)

PEF and HPP (300 MPa for 1 min) treatments resulted in a slight but non-
significant (p>0.05) increase in total phenolic content compared to untreated SJ. Thus,
PEF and HPP treated samples contained the highest amount of phenolics at a
concentration of 144.97 + 1.52 mg/100 mL and 143.53 + 2.80 mg/100 mL, respectively.
Patras et al. (2009) also reported a slight but non-significant increase in TPC of
strawberry and blackberry purees after HPP treatment at 400 and 500 MPa (Patras,
Brunton, Da Pieve, & Butler, 2009). Likewise, Ferrari et al. (2010) reported that HPP at
400 MPa led to increase in the total polyphenol content of pomegranate juice (Ferrari,
Maresca, & Ciccarone, 2010). Varela-Santos et al. (2012) subjected pomegranate juice
to different pressure (350, 450, and 550 MPa) and treatment times (30, 90, 150 s). In
accordance with this PhD thesis, the authors observed an increase in amount of TPC in
juice samples after HPP treatment. The significant increments in TPC of pomegranate
juice were found as 1555 and 1591 mg/L when the juice was treated by HPP at 450
MPa for 90 and 150 s, respectively (Varela-Santos et al., 2012). Corrales et al. (2008)
indicated increase in total phenolic content of grape by-products following high
pressure processing, ultrasonics and pulsed electric fields (Corrales, Toepfl, Butz,
Knorr, & Tauscher, 2008). In the present study, pasteurization by HPP and PEF retained
the highest amount of total phenolic content in SJ compared to thermal treatment

(p<0.05) (Table 6.2). The increase in total phenolic content in HPP treated products has
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been related to the increased extractability of some of the antioxidant components due
to high pressure. Le Chatelier’s theory complies that the volume of the system tends to
be reduced during HPP. During treatment, the extracting solvent enters into the cell and
interacts with the bioactive constituents (Xi et al., 2009). In the case of PEF, improving
the phenolic content of the juice could be attributed to the increase in extraction
efficiency of intracellular metabolites due to applied electrical field (Knorr, Angersbach,
Eshtiaghi, Heinz, & Lee, 2001). On contrary, Caminiti et al. (2011) observed
nonsignificant changes in TPC of apple and cranberry juice blends when the juice
subjected to high intensity light pulses (3.3 J/cm?), UV light (5.3 J/cm?) and their
combinations with pulsed electric fields (34 kV/cm, 18 Hz, 93 ps) and
manothermosonication (5 bar, 43 °C, 750 W, 20 kHz) (Caminiti et al., 2011). The
phenolic contents of apple and cranberry juice treated by any type of treatment were
reported to vary between 57 and 61 mg/100 mL (Caminiti et al., 2011) which was lower
compared to strawberry juice studied in the present study most likely due to the
composition of bioactive compounds in strawberries (Giampieri et al., 2015).

On the other hand, the initial content of total phenolics was slightly reduced by
thermal pasteurization (132.21 + 1.65 mg/100 mL) and thermosonication (137.59 + 1.93
mg/100 mL). However, no significant difference was observed among heat treated,
thermosonicated and untreated juice samples (p>0.05) (Table 6.2). The reduction in
TPC of heat treated and thermosonicated juice samples were 4.06 and 0.16 %,
respectively (Table 6.3). A similar trend was also observed for the thermosonication of
watermelon juice by Rawson et al. (2011). The authors considered varying temperature
(25-45 °C) and amplitude (24.1-60 um) and sonication time (2-10 min) at a constant
frequency (20 kHz), and concluded that total phenolic content significantly decreased as
the amplitude and processing time increased (Rawson et al., 2011b). Golmohamadi et
al. (2013) observed that sonication of red raspberry puree for 10 min of sonication
considering frequency of 20 and 490 kHz did not show any significant effect on total
phenolics although anthocyanin content increased. Thus, authors suggested that
anthocyanins may not have contributed to the results of total phenolic content of puree
samples (Golmohamadi, Moller, Powers, & Nindo, 2013). Another study indicated
enhancement of bioactive compounds in fruit juices after sonication. Bhat et al. (2011)
applied sonication to a lime juice at 25 kHz and 20 °C for 30 and 60 min. They

observed that the initial content of bioactive compounds in the lime juice increased with
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the sonication for 60 min compared to 30 min of treatment (Bhat, Kamaruddin, Min-
Tze, & Karim, 2011). Aguilar-Rosas et al. (2007) reported that thermal pasteurization at
90 °C for 30 min (HTST: high temperature-short time) caused considerable amount of
loss in the content of total phenolics in apple juice (Aguillar-Rosas et al., 2007).

Overall, the findings of this study were in line with the others cited in the literature.

6.3.3.2. Total Anthocyanin Content (TAC)

Total anthocyanin content was expressed in terms of mg pelargonidin-3-
glucoside per L as given in Table 6.2. TAC of SJ samples varied from 153 to 179 mg/L.
The range of TAC of SJ samples were actually slightly higher than what Teleszko et al.
(2016) reported for TAC of cloudy strawberry juices (67.84 to 133.52 mg/L) obtained
from different kinds of cultivars. Thus, varietal changes highly affect the composition of
bioactive compounds in juices (Teleszko, Nowicka, & Wojdylo, 2016). Two types of
anthocyanidin pigments, i.e. pelargonidin (bright red) and cyanidin (dark red), were
responsible for the attractive color of strawberries and their products (Gossinger et al.,
2009). Pelargonidin-3-glucoside was reported as the predominant anthocyanin in
strawberries, usually followed by pelargonidin-3-rutinoside and cyanidin-3-glucoside.
These three major anthocyanins constitute more than 95 % of the total anthocyanins in
strawberry (da Silva, Escribano-Bailon, Alonso, Rivas-Gonzalo, & Santos-Buelga,
2007). Similarly, Teleszko et al. (2016) stated that pelargonidin-3-glucoside content
varied from 72 to 96 % of total anthocyanins with corresponding concentrations from
67.84 to 133.52 mg/L, respectively (Teleszko et al., 2016). However, the stability of the
anthocyanins in food product depends on many factors such as pH, processing
temperature, molecular structure, light, oxygen, enzymes, presence of other
accompanying substances, storage time, and temperature (Teleszko et al., 2016; Tiwari,
O'Donnell, Patras, Brunton, & Cullen, 2009a).

In this study, HPP (300 MPa for 1 min) and PEF (35 kV/cm, 27 ps, 155 Hz)
treatments significantly enhanced the total anthocyanin content compared to untreated
samples. The initial content of anthocyanins was increased by 15.24 and 16.90 % after
HPP and PEF treatments (Table 6.3). This finding was in good agreement with the
studies conducted by Odriozola-Serrano et al. (2009) and Barba et al. (2012). A

remarkable increase in anthocyanin content of strawberry juice subjected to high
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intensity PEF processing (35 kV/cm, 1000 us) was reported to be between 83 % and
102 % in terms of relative retention (Odriozola-Serrano et al., 2009). Barba et al. (2012)
achieved a significant increase in the content of total anthocyanins of blueberry juice
subjected to PEF treatment at 35 kV/cm (Barba et al., 2012). Some other studies in
literature also assessed the efficacy of PEF for improving the extraction of anthocyanins
from grape pomace and juice (Barba, Brianceau, Turk, Boussetta, & Vorobiev, 2015;
Leong, Burritt, & Oey, 2016). In accordance with TPC findings, the reason of increase
in TAC after HPP and PEF can be attributed to the extraction effect of these
technologies (Corrales et al., 2008; Knorr et al., 2001; Richard, 1992). HPP enables
extraction of monomeric anthocyanins by affecting the membranes in vegetative cells.
HPP can increase the cell permeability by disrupting salt bridges and hydrophobic
bonds in the cell membrane (Rastogi, Angersbach, & Knorr, 2003). Therefore, HPP
could make the anthocyanins more accessible (Cao et al., 2011). PEF provides
enhancement of anthocyanins due to the cell membrane permeabilization and
subsequent release of intracellular compounds (Soliva-Fortuny, Balasa, Knorr, &
Martin-Belloso, 2009). Some recent reviews can be found in literature for more
comprehensive knowledge about the effect of HPP and PEF on bioactive constituents of
different type of fruit juices (Altuner & Tokusoglu, 2013; Leong et al., 2016;
Tokusoglu, 2016).

Table 6.3. Changes in TPC, TAC, and RSA of strawberry juice subjected to different

treatments
Changes in percentage

Treatment

TPC TAC RSA
C 0.00 0.00 0.00
T -4.06 8.55 -11.22
us -0.16 8.92 17.30
HPP 4.16 15.24 18.56
PEF 5.20 16.90 19.36

Heat treatment (71.7 °C for 15s) and thermosonication at 55 °C slightly
increased the content of total anthocyanins in SJ. However, the increment was not
statistically significant. Similarly, Herceg et al. (2013) indicated that sonication can
have negligible effects on total anthocyanin content of strawberry and blackberry juice
(Herceg, Lelas, Jambrak, Vukusi¢, & Levaj, 2013). Besides, Bhat and Goh (2017)
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studied the impact of sonication at frequency of 25 kHz and temperature of 20 °C for 15
and 30 min of sonication time. The authors observed increase in the TAC of strawberry
juice after both 15 and 30 min (Bhat & Goh, 2017). Tiwari et al. (2008) subjected
strawberry juice to sonication at varying amplitude levels (from 40 to 100 %) and time
(2-10 min) at a constant frequency of 20 kHz. The authors reported a slight
enhancement of 1-2 % in the anthocyanin content at low amplitude and treatment time.
The increment in anthocyanins has been attributed to the extraction of bound
anthocyanins from suspended pulp (Tiwari et al., 2008). In this thesis, thermosonication
resulted in 8.92 % increase in the anthocyanin content of strawberry juice after 3 min of
sonication at 55 °C and 100 % amplitude. On contrary, higher amplitude levels and time
greater than 5 min have been reported to be resulted in the degradation of anthocyanins
by Tiwari et al. (2008). Maximum decrease in the anthocyanin content of strawberry
juice (3.2 %) was observed when the authors applied sonication at the maximum
treatment conditions (Tiwari et al.,, 2008). Degradation of anthocyanins during
sonication could be due to the oxidation reactions promoted by the interactions of free
radicals formed during processing (Portenlanger & Heusinger, 1992). Sivasankar et al.
(2007) related the sonodegradation mechanism to the pyrolysis within cavitation
bubbles or nuclei and generation of "OH radicals which subsequently oxidizes the polar
organic compounds (Sivasankar, Paunikar, & Moholkar, 2007; Tiwari et al., 2008).
Another reaction mechanism could be either the thermolysis inside the bubble or
reaction with hydroxyl radicals resulting in formation of oxidation products on the
surface of the bubble (Hart & Henglein, 1985; von Sonntag, Mark, Tauber, &
Schuchmann, 1999). Dubrovic et al. (2011) applied sonication at different amplitude
(60, 90, and 120 um), time (3, 6, and 9 min) and temperature (25, 40, and 55 °C)
considering a central composite design. Likely, one of the combinations of the
parameters was equivalent to the sonication conditions used in this PhD thesis. Thus,
the authors were able to compare the content of specific anthocyanin compounds in
untreated, thermally pasteurized, and sonicated strawberry juice. They reported the
concentration of pelargonidin-3-glucoside, pelargonidin-3-rutinoside, cyanidin-3-
rutinoside, and cyanidin-3-glucoside in sonicated strawberry juice as 101.68, 7.05, 6.93,
and 0.67 mg/kg, respectively, where the sonication was applied considering 120 um
amplitude, 55 °C, and 3 min of treatment time. The initial content of these specific

anthocyanins in strawberry juice was reported to be slightly reduced by sonication (0.7-
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4.4 %). However, the degradation caused by sonication was not as intensive as thermal
pasteurization (5.3-5.8 %) (Dubrovic, Herceg, Jambrak, Badanjak, & Dragovic-Uzelac,
2011). Thermal processing applies heating at varying temperatures from 50 to 150 °C
depending on the type of food product and desired shelf life (Patras, Brunton,
O'Donnell, & Tiwari, 2010). Even though inter and intramolecular co-pigmentation with
other substances could provide more stability for the anthocyanins towards pH, heat,
and light (Francis, 1992), heating has a remarkable influence on anthocyanin stability
(Patras et al., 2010). Dubrovic et al. (2011) obtained strawberry juice using seven
different cultivars and treated them with thermal and ultrasound processes. They
observed that thermal pasteurization at 85 °C for 2 min resulted in the lowest levels of
anthocyanins in cloudy strawberry juices compared to untreated or sonicated samples
(Dubrovic et al.,, 2011). On the other hand, additional blanching step (heating to
approximately 50 °C) in fruit juice processing could provide a positive influence on
retention of anthocyanins (Patras et al., 2010). In the current study, thermal
pasteurization at 71.7 °C for 15 s resulted in a slight but nonsignificant increase in the
initial content of anthocyanins in accordance with thermosonication studies. The
increments in TAC of thermally pasteurized and sonicated strawberry juice were 8.55 %
and 8.92 %, respectively (Table 6.3).

6.3.3.3. Antioxidant Activity (RSA) of SJ

Antioxidant activities of samples are given in Table 6.2 as the radical
scavenging activity (RSA) in percentage. Antioxidant activity values calculated based
on % inhibition capacity of SJ samples on DPPH free radical. Lower absorbance values
of the mixture of sample and DPPH indicated higher radical scavenging activity.
Antioxidant activities of SJ samples varied from approximately 30 to 40 %. This is
partially similar to the previous findings (Bhat & Goh, 2017). The initial antioxidant
activity was 33.72 + 2.74 %. In accordance with TPC results, antioxidant activity of the
juice samples significantly increased after HPP and PEF treatments by 18.56 and 19.36
%, respectively, compared to thermal pasteurization (Table 6.3). Hence, the radical
scavenging activities of HPP and PEF treated samples were 39.98 + 1.84 % and 40.25 +
0.51 %, respectively. The enhancement of the antioxidant activities in HPP and PEF

treated SJ samples could be associated with the increased content of total phenolics by
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HPP and PEF. Thus, the impact of HPP and PEF technologies on the extraction could
result in a product which is richer in antioxidant activity (Knorr et al., 2001; Patras et
al., 2009). Alterations in food matrix due to processing could lead to release of
compounds having free radical binding attributes (Tadapaneni et al., 2012). Figure 6.2
depicts all the phytochemical properties of SJ subjected to different processes. It gives a
good indication how bioactive compounds of strawberry juice retained after application
of different processing technologies. It was observed that antioxidant activities of SJ
samples almost followed the similar trend with the TPC and TAC. This could be
attributed to the contribution of phenolic compounds to the antioxidant activity of the
fruit juices (Gil, Tomas-Barberan, Hess-Pierce, Holcroft, & Kader, 2000; Miller &
RiceEvans, 1997).
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Figure 6.2. Change in TPC, TAC and RSA of strawberry juice samples before and after

processing

(Control refers to untreated SJ while thermal, US, HPP, and PEF correspond to thermal
pasteurization, thermosonication, high pressure processing, pulsed electric fields. Different
letters in the same type of plot shows significant differences among treatments. Small case
letters address total phenolic content (TPC), italic small case letters indicate differences in
terms of total anthocyanin content (TAC), and capital letters refers to the differences
among radical scavenging activity (RSA) of SJ samples.)

Bhat and Goh reported that sonication (at 25 kHz frequency with a power set of
70 %) for 15 min and 30 min increased the initial radical scavenging activity (30.42 %)
to 31.78 % (non-significant) and 33.61 % (significant), respectively (Bhat & Goh,
2017). Patras et al. (2009) found out that HPP and PEF were able to significantly retain
higher antioxidant activities in strawberry and blackberry puree compared to thermal
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pasteurization (Patras et al., 2009). These findings were in accordance with the ones
obtained in this PhD work. Sanchez-Moreno et al. (2005) stated that HPP and PEF did
not alter the antioxidant activity of orange juice; however, thermal pasteurization at high
temperature (90 °C for 1 min) was reported to cause a significant decrease in
antioxidant activity by 6.56 % (Sanchez-Moreno et al., 2005). In the current study, even
though heat treated juice samples showed significantly lower antioxidant activity than
thermosonicated, HPP and PEF treated samples; it is a noticeable outcome to indicate
that thermal pasteurization at 71.7 °C for 15 s was able to maintain the initial
antioxidant activity of untreated SJ with a non-significant difference. Thus, extreme
temperatures such as 90 °C, which has been applied as pasteurization temperature
(Nagy, Chen, & Shaw, 1993), can be avoided in cases where the practitioner needs to

apply thermal treatment to preserve the quality of juice.

6.3.4. Principal Component Analysis

Principal Component Analysis (PCA) reduced the dimension of data matrix,
thus enabled a simultaneous evaluation of all physicochemical and phytochemical
properties of SJ. Figure 6.3 shows the distribution of treatments in space considering
first and second principal components. The first principal component distinctively
separated nonthermal pasteurization technologies than the rest. While HPP and PEF
treatments were located close to each other, untreated and thermally pasteurized SJ
samples fell close to each other. Thermosonication resulted in similar results to HPP
and PEF rather than thermal pasteurization.

The locations of the untreated and treated samples were actually based on the
physicochemical and phytochemical properties of the juice. The distribution of quality
attributes of SJ in space is presented in Figure 6.4. When Figure 6.3 and Figure 6.4 were
evaluated together, it can be clearly seen that HPP and PEF treated SJ samples located
far from the control sample since they contained higher amount of total phenolics, total
anthocyanins and showed higher antioxidant activity compared to control and heat
treated SJ. Thus, it could be inferred that HPP and PEF treatments were able to enhance
the phytochemical properties of SJ. Since physicochemical properties of SJ before and
after treatments were relatively close to each other, the dominating effect in the
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principal component analysis was the phytochemical properties which led to a clear
separation of samples.
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Figure 6.3. Principal component analysis output: Score plot
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Figure 6.4. Principal component analysis output: Loading plot

The principal component and factor loading values for physicochemical and
phytochemical properties of strawberry juice subjected to different treatments are listed
in Table 6.4. Phytochemical properties, i.e. TPC, TAC, and antioxidant activity had

absolute values of more than 0.41 in the 1% principal component (PC). pH and titratable
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acidity also had large absolute values. However, TSS made the lowest contribution
(0.121) to the 1% PC. With respect to 2" pC, the loadings had a different pattern. TSS,
titratable acidity, and pH gained greater absolute values, hence physicochemical
properties made larger contribution to the 2" PC in order to distinguish untreated and

treated SJ samples.

Table 6.4. Loadings and eigen analysis of principal components

Factor loadings PC1 PC2 PC3 PC4 PC5
TSS (°brix) 0.121 -0.680 0.000 0.214 -0.095
pH -0.404 0.304 0.561 0.572 -0.279
Titratable acidity 0.396 -0.414 0.476 0.302 0.249
TPC 0.430 0.440 0.292 -0.065 0.566
TAC 0.419 0.249 -0.552 0.665 -0.112
DPPH 0.551 0.136 0.261 -0.299 -0.720
Eigen analysis PC1 PC2 PC3 PC4 PC5
Eigen value 2.731 1.977 0.773 0.362 0.093
Proportion of variance 0.455 0.329 0.129 0.060 0.015
Cumulative variance 0.455 0.785 0.914 0.974 0.989
% Cumulative variance 45.50 78.50 91.40 97.40 98.90

The PC 1 explained 45.5 % of the total variance in the data set, and PC 2
explained that of 32.9 %. Thus, PCA revealed that untreated and treated SJ samples by
different pasteurization methods could be differentiated by phytochemical properties for
PC 1, and physicochemical properties for PC 2 considering an explanation of 78.5 % of
total cumulative variance. Principal component analysis has been successfully applied
for the estimation of correlations among quality parameters (L*, a*/b*, Bl, HMF,
viscosity, PME and PG) of strawberry juice by Aguilo-Aguayo et al. (2009). The
authors were able to explain 99.04 % of the total variance considering the first two
principal components (Aguilo-Aguayo, Oms-Oliu, Soliva-Fortuny, & Martin-Belloso,
2009). By means of PCA, Kaya et al. (2015) classified lemon-melon juice blends
subjected to conventional thermal pasteurization and UV-C light combined with mild
heating and subsequent storage up to 30 days. The authors were clearly distinguished
untreated and treated blends during storage in association with the physicochemical
properties such as pH, acidity, TSS, turbidity, and color parameters. Likewise, they used
the first two principal components which explained 51.09 % of the total variance. Even
though the cumulative variance is relatively low compared to the present study, it was

still clear enough for the discrimination of samples (Kaya et al., 2015).
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6.3.5. Hierarchical Cluster Analysis

A dendrogram was constructed as an output of Hierarchical Cluster Analysis
(HCA) in order to describe the similarities and differences among treatments. The plot
obtained on the basis of Ward’s linkage method and Euclidean distance is given in
Figure 6.5. In accordance with PCA, HPP and PEF treated samples associated with
each other. Then, thermosonicated samples located close to the cluster of HPP and PEF
treatments. On the other hand, untreated and heat treated SJ samples fell close to each
other. Classification of the samples correlated to the associated treatments in clusters.
Since nonthermal pasteurization technologies enhanced the physicochemical content of
SJ samples, they located distant from the control and thermally pasteurized samples.
Kaya et al. (2015) well applied HCA for the differentiation of UV-C light treated, heat
treated and untreated lemon-melon juice blends during 30 days of refrigerated storage
(Kaya et al., 2015).
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Figure 6.5. Dendrogram for the similarities and differences among treated and untreated
juice samples

6.4. Conclusions

In this chapter, processing technologies, i.e. HPP, PEF, thermosonication, and
mild thermal treatment, were applied for the pasteurization of freshly squeezed
strawberry juice. The overall quality attributes and bioactive compounds retention of SJ

were comparatively evaluated in terms of physicochemical (pH, titratable acidity, total
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soluble solids) and phytochemical properties (total phenolic content, total anthocyanin
content, antioxidant or radical scavenging activity) of SJ samples. The pasteurization
conditions determined previously in Chapter 5 on the basis of equivalent microbial
inactivation was directly applied to the juice. Hence, SJ was pasteurized by HPP at 300
MPa for 1 min at approximately 20 °C. Thermosonication was performed considering
5.15 £ 1.34 J/mL of acoustic energy, 100 % amplitude (120 um) in continuous pulsing
mode at 55 °C for 3 min of treatment time. The processing conditions for PEF were 35
kV/cm of electric field intensity, 27 us of treatment time, 155 Hz of frequency, 350
mL/min of flow rate, 2 us of pulse width in monopolar mode. Thermal pasteurization,
on the other hand, was conducted at 71.7 °C for 15 s as mild thermal pasteurization.

After processing, the initial load of natural flora of SJ in terms of TMAC and
YM was reduced below 2 log CFU/mL by all technologies. Since microbial safety of
the final product is the first prerequisite, this result is a promising output suggesting that
nonthermal pasteurization at mild conditions were able to reduce the initial microbial
population to an acceptable level. However, different combinations of such technologies
can be taken into consideration to increase the lethal efficacy and decrease the initial
microbial load below 1 log CFU/mL.

Regarding physicochemical properties, no significant was observed for the total
soluble content and electrical conductivity of SJ samples. Some significant changes
were detected for pH and titratable acidity of SJ samples; however the differences were
numerically small. Bioactive constituents of SJ were well retained by nonthermal
technologies. Based on the ANOVA test, it can be concluded that phytochemical
contents of HPP and PEF treated SJ samples were significantly greater than that of
thermally pasteurized juice. PCA and HCA also showed that HPP and PEF treated
samples showed similar properties. The similarities between these products mostly
results from the increase in the content of phytochemicals. On the other hand,
thermosonication and thermal pasteurization resulted in similar products in terms of
physicochemical and phytochemical attributes. Thus, HPP, thermosonication, PEF, and
mild thermal pasteurization were well applied for the pasteurization of SJ. Next chapter
focused on the changes in physicochemical and phytochemical properties of SJ during

refrigerated storage period.
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CHAPTER 7

SHELF LIFE OF FRESHLY SQUEEZED STRAWBERRY
JUICE TREATED WITH THERMAL AND
NONTHERMAL PROCESSES

7.1. Introduction

Fruit juices constitute an important place in the human diet due to their
nutritional and health related characteristics. Consumers recently prefer fruit juices with
fresh-like properties, convenience, reasonable cost, high nutritional and functional
quality, and prolonged shelf life (Sanchez-Moreno, De Ancos, Plaza, Elez-Martinez, &
Cano, 2009). Nonthermal processing operations have been revealed as alternative
technologies to preserve the nutritional and functional properties as well as to extend the
shelf life of the final product. Many studies in literature have contributed to the shelf
life extension of fruit juices by high pressure processing (HPP), sonication (US), and
pulsed electric fields (PEF). In this regard, HPP has been well applied for mango juice
(Santhirasegaram, Razali, George, & Somasundram, 2015b), strawberry juice (Cao, Liu,
Wu, Liao, & Hu, 2014), strawberry pulp (Cao et al., 2011), red grapefruit juice (Gao et
al., 2015), pomegranate juice (Varela-Santos et al., 2012). Sonication has been claimed
as another alternative technology to retard the microbial spoilage and preserve the
quality attributes of different types of fruit juices (Guerrouj, Sanchez-Rubio, Taboada-
Rodriguez, Cava-Rolla, & Marin-Iniesta, 2016; Martinez-Flores, Garnica-Romo,
Bermudez-Aguirre, Pokhrel, & Barbosa-Canovas, 2015). PEF, on the other hand, has
been reported to extend the shelf life and retain the quality properties without causing
any adverse alterations in several products such as orange juice (Agcam, Akyildiz, &
Evrendilek, 2016; Plaza et al., 2006), pomegranate juice (Guo et al., 2014), peach nectar
(Altuntas, Evrendilek, Sangun, & Zhang, 2011) compared to thermal pasteurization.
Changes in quality attributes of juices immediately after processing by different
nonthermal technologies as well as during storage period have been evaluated by some

scientists considering equivalent processing approach (Timmermans et al., 2011;
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Vervoort et al., 2011; Zulueta, Barba, Esteve, & Frigola, 2013). In this chapter, the
microbial stability and retention of physicochemical and phytochemical properties
(bioactive compounds) of freshly squeezed SJ treated with HPP, thermosonication, PEF,
and conventional thermal pasteurization employed on the basis of equivalent processing

approach was monitored during 42 days of refrigerated storage at 4 °C.

7.2. Material and Method

7.2.1. Pasteurization and Storage

The fresh strawberry juice prepared as previously described in Chapter 4
(section 4.1.1). Then the freshly squeezed strawberry juice was subjected to high
pressure, thermosonication, PEF and thermal pasteurization under equivalent processing
conditions followed by a refrigerated storage at 4 °C. Thermal and nonthermal
pasteurization of fresh strawberry juice was conducted as it was explained in Chapter 6
(section 6.2.1). Briefly, SJ was subjected to HPP at 300 MPa for 1 min at approximately
20 °C. Thermosonication was carried out at 55 °C for 3 min considering the maximum
amplitude (120 um) in continuous pulsing mode. PEF processing was conducted at 35
kV/cm of electrical field intensity, 27 us of treatment time, 155 Hz of frequency, 350
mL/min of flow rate, 2 ps of pulse width in monopolar mode. On the other hand, SJ was
thermally pasteurized at 71.7 °C for 15 s. Untreated, HPP, PEF, US and heat-treated
strawberry juice samples were then stored in the cold storage room of Washington State
University at refrigerated conditions (4 °C) for 42 days. Total mesophilic aerobic
bacteria (TMAC), yeasts and mold (YM) counts, physicochemical properties (pH, total
soluble content (TSS, °Brix), titratable acidity) and phytochemical properties (total
phenolic content (TPC), total anthocyanin content (TAC), and antioxidant (radical
scavenging) activity (RSA)) were measured during the storage period. The analytical
assays used for determination of physicochemical and phytochemical properties of SJ
were outlined in section 4.2 and section 4.3 in Chapter 4. Control samples were
analyzed at 0-3-5-7-14™ days of storage. On the other hand, processed samples were
analyzed weekly to determine the microbial quality and the quantitative changes in
physicochemical and phytochemical properties of SJ through storage period, i.e., 42

days. Besides, similarities and differences among treatments were determined with
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respect to the physicochemical and phytochemical properties of SJ samples during
storage. Additionally, phytochemical properties such as total phenolic content (TPC),
total anthocyanin content (TAC), and antioxidant (radical scavenging) activity (RSA) of
the samples were monitored during storage, and expressed as mg GAE/100 mL, mg
pelargonidin-3-glucoside/L, and %, respectively. More details about the procedures can
be found in Chapter 4 and Chapter 6.

7.2.2. Data Analysis

Microbiological quality and physicochemical properties of SJ samples were
analyzed in duplicate. Phytochemical assays were conducted in triplicate. All data were
analyzed by using Excel worksheet (Microsoft Office 2010, USA) and Minitab 16
software (Minitab Inc., State College, PA, USA) as described in the section 6.2.3.
Variance analysis (ANOVA) followed by Tukey comparison test considering 95 % of
confidence interval was performed in order to determine the differences among
treatments and storage days. Moreover, principal component analysis (PCA) and
hierarchical cluster analysis (HCA) were applied to visualize the data structure and
distinguish similarities and differences among treatments and storage days considering
physicochemical and phytochemical attributes of SJ simultaneously. The details of PCA

and HCA are given in Chapter 6, section 6.2.3.

7.3. Results and Discussion

7.3.1. Microbial Quality of Strawberry Juice during Storage

Logarithmic changes in total mesophilic aerobic bacteria (TMAC), yeast and
mold (YM) counts of untreated (control), HPP, PEF, US and heat-treated strawberry
juice (SJ) during 42 days of refrigerated storage (4.0 °C) were evaluated. Initially,
untreated strawberry juice had 3.11 + 0.12 log CFU/mL of TMAC and 3.41 + 0.05 log
CFU/mL of YM counts, respectively. Figure 7.1 shows the effects of treatments and
storage on total mesophilic aerobic bacteria count of SJ. TMAC counts of untreated
(control) SJ increased to 4.01 + 0.05 log CFU/mL within 14 days. The increase in the
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number of microorganisms in untreated fruit juice attributed to the naturally occurring
microorganisms causing spoilage of fruit juices during refrigerated storage (Vegara,
Marti, Mena, Saura, & Valero, 2013).

—e— Control —®— Thermal —— US —%¥— HPP —e— PEF
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Figure 7.1. The effect of treatments and storage on total mesophilic aerobic bacteria
count (TMAC) of strawberry juice

(Control: untreated, Thermal: thermal pasteurization at 71.7 °C for 15s, US:
thermosonication, HPP: high pressure processing, PEF: pulsed electric fields)

Figure 7.2, on the other hand, illustrates the effect of treatments and storage on
yeast and mold (YM) count of strawberry juice (SJ). YM count of untreated SJ reached
to 5.62 + 0.02 CFU/mL at 14™ day of storage period. Molds and yeasts were reported to
be the main microorganisms limiting the shelf life of unprocessed SJ (Mosqueda-
Melgar, Raybaudi-Massilia, & Martin-Belloso, 2012). According to the microbial
criteria mandated by Turkish Food Codex (2002) (Microbiological Criteria, No:
2001/19) ) (Codex, 2001) and practical working guidance provided by Institute of Food
Science and Technology (IFST, 1999), the acceptable maximum TMAC and YMC
counts in fruit juice and nectars must be 4 and 3 log CFU/mL, respectively. Therefore,
juice having TAB and YM counts higher than these values is spoiled and cannot be sold
in the market (Kaya, Yildiz, & Unluturk, 2015). These limits were taken into
consideration as microbial criteria for the shelf life evaluation of SJ pasteurized by
different technologies. Thermal and nonthermal pasteurization processes were able to
retard the microbial growth (Figure 7.1 and Figure 7.2). Thermal pasteurization at 71.7

°C for 15 s, thermosonication at 55 °C for 3 min, and HPP at 300 MPa for 1 min were
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able to keep the TMAC of SJ below 2 log CFU/mL during 42 days of storage period at
4 °C. The maximum counts of total mesophilic aerobic bacteria in SJ treated by heat,
thermosonication, and HPP at the end of storage period were found to be 1.81 + 0.05,
1.81 £0.13, and 1.71 + 0.03 log CFU/mL, respectively, which were below the allowed
limit. On the other hand, YM counts of heat treated, thermosonicated, and HPP treated
SJ samples at the end of storage were recorded as 1.91 = 0.13, 1.93 + 0.04, and 1.97 +
0.06 log CFU/mL, respectively. Since the microbial counts in terms of TMAC and YM
were below the microbial criteria, it was concluded that selected nonthermal and
thermal processes were able to extend the shelf life of SJ up to 42 days under
refrigerated conditions. TMAC count of PEF-treated juice reached to 2.81 + 0.14
CFU/mL at the end of storage period (42 days). However YM count of PEF treated SJ
was recorded as 2.60 + 0.03 log CFU/mL at the end of 28" day. YM count of SJ
gradually increased after the 28" day reaching to 3.21 + 0.37 log CFU/mL at 35" day
and 4.04 + 1.38 log CFU/mL at the end of storage period (42" day). When the
microbial criteria of Turkish Food Codex were taken into consideration, PEF-treated
juice was assumed to be spoiled at 35" day of storage. It was concluded that thermal
pasteurization, thermosonication, and HPP processes successfully extended the shelf life
of SJ up to 42 days; whereas PEF processing prolonged the shelf life of SJ up to at least

28" days at refrigerated conditions.
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Figure 7.2. The effect of treatments and storage on yeast and mold (YM) count of

strawberry juice (SJ)
(Control: untreated, Thermal: thermal pasteurization at 71.7 °C for 15s, US:
thermosonication, HPP: high pressure processing, PEF: pulsed electric fields)
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The results of this study were in good agreement with the findings of others
cited in the literature. For example, the shelf life of mango juice was extended at least 4
weeks by sonication applied for 30 min compared to control sample (Santhirasegaram et
al., 2015b). However, the sonication time used by Santhirasegaram et al. (2015b) was
longer than the one used in the current study. In this study, the sonication was combined
with a moderate temperature which resulted in shortened processing time of SJ.
Similarly, Martinez-Flores et al. (2015) processed carrot juice by sonication (24 kHz,
120 pum amplitude) at three different temperatures (50 °C, 54 °C and 58 °C) for 10 min.
The authors were also able to extend the shelf life of carrot juice up to 20 days at 4 °C.
However, the microbial growth during storage of carrot juice was higher compared to
the findings of this study. As stated by the authors, carrot juice sonicated at 58 °C had 3
log CFU/mL of total mesophilic aerobic count, and 4.5 log CFU/mL of yeast and molds
count at the end of 20 days of storage period (Martinez-Flores et al., 2015). In the
current study, on the other hand, the shelf life of SJ was extended to 42 days by
sonication (24 kHz, 120 um amplitude) at 55 °C for 3 min. The reason of achieving
longer shelf life for strawberry juice when compared with carrot juice can be attributed
to the lower pH value of SJ. Many studies related to sonication have been primarily
concentrated on the changes in quality parameters of several fruit juices (Abid et al.,
2014a; Bhat & Goh, 2017; Bhat, Kamaruddin, Min-Tze, & Karim, 2011; Rawson et al.,
2011b) rather than microbial stability of juices during storage. This can be aroused from
the fact that sonication is more effective to accomplish the required amount of microbial
reduction when it is combined with other technologies (Piyasena, Mohareb, &
McKellar, 2003). The microbial inactivation by sonication has been attributed to the
creating high pressure shock waves, thinning and disrupting of cell membranes,
localized heating and production of free radicals (Butz & Tauscher, 2002; Piyasena et
al., 2003). In order to increase the lethality of the treatment, sonication has been tended
to be combined with other thermal or nonthermal processing technologies such as PEF
(Walkling-Ribeiro, Noci, Cronin, Lyng, & Morgan, 2009), pressure (Abid et al.,
2014b), antimicrobials (Munoz et al., 2012). It has been claimed that the additive or
synergistic effect obtained from the combination of sonication and moderate heat
(thermosonication) could improve the lethal effect of ultrasound (Lee, Zhou, Liang,
Feng, & Martin, 2009). However, there are limited studies related to the shelf life

extension of fruit juices by thermosonication. Thus, this study revealed the potential of
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thermosonication to be used as an alternative pasteurization method for extending the
shelf life of strawberry juice.

The total mesophilic aerobic bacteria (TMAC) count of HPP processed juice
samples was also found to be below 2 log CFU/mL throughout the whole storage
period. The highest TMAC of HPP treated SJ was recorded as 1.71 + 0.03 log CFU/mL
at the end of 42" day of refrigerated storage (Figure 7.1). Even though limited
information is available in literature about the microbial stability and safety of HPP
treated fruit juices stored for extended periods, this study showed a good correlation
with the previous research findings. Varela-Santos et al. (2012) also reported that HPP
at 350 MPa for 150 s was able to extend the microbiological shelf life of pomegranate
juice by more than 35 days under refrigerated conditions (Varela-Santos et al., 2012).
Bull et al. (2004) applied HPP to orange juice at 600 MPa for 60 s. Accordingly, the
authors were able to reduce the microbial load of orange juice to non-detectable levels.
The microbial growth in orange juice was kept below the detection limit during the first
4 weeks of refrigerated storage (4 °C) and then it was stabilized around 2 log CFU/mL
throughout 12 weeks of storage (Bull et al., 2004). Briones et al. (2010) pointed out that
refrigerated storage has influence on the delay of the onset of the microbial growth
phase (Briones, Reyes, Tabilo-Munizaga, & Perez-Won, 2010). Accordingly, Patterson
et al. (2012) were able to reduce the initial microbial load to approximately 1.7 log
CFU/mL after subjecting the carrot juice to HPP at 500 and 600 MPa for 1 min (20 °C).
The authors then observed very little increase in the survival number of microorganisms
of HPP treated carrot juice during 22 days of refrigerated storage (4 °C). However,
storage of HPP treated carrot juice at 12 °C caused an increase in the microbial count
reaching to 7 log CFU/mL by the end of day 10 whereas storage at 4 °C were able to
keep the microbial count below 3 log CFU/mL until the end of storage period (22 days)
(Patterson, Mckay, Connolly, & Linton, 2012). On the other hand, this study showed
that the microbial shelf life of HPP treated strawberry juice was 42 days which was
longer than the shelf life of HPP treated carrot juice. The differences in the shelf life of
HPP treated SJ and carrot juice could be attributed to pH of these products. The carrot
juice possess higher pH values (pH 6.2) (Teo, Ravishankar, & Sizer, 2001) compared to
that of strawberry juice (pH 3.9) used in this study. This is because lower pH values
would contribute to the destruction of microorganism in combination with HPP (Tola &
Ramaswamy, 2014). Krebbers et al. (2003) reported that HPP treatment up to 500 MPa
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at ambient temperature caused a moderate inactivation in the natural microbial flora of
tomato puree. HPP at 700 MPa and 20 °C reduced the number of natural microflora of
tomato puree below detection limits (Krebbers et al., 2003). Cao et al. (2012) extended
the shelf life of turbid and clear strawberry juices up to 6 months by subjecting the
juices to 600 MPa for 4 min and subsequent storage at 4 °C (Cao et al., 2012). Besides,
Dede et al. (2007) reported that the combination of pressure with mild heat could
enhance the lethal effect of the treatment. HPP of carrot juice at 250 MPa for 15 min at
35 °C was able to reduce the total aerobic count below the detection limit (Dede, Alpas,
& Bayindirli, 2007). Similarly, Tonello (2011) indicated that the higher pressures and
shorter processing times would likely to be more desirable from commercial point of
view (Tonello, 2011). Consequently, the findings of this study are in a good line with
the previous researches.

The PEF treatment of SJ at 35 kV/cm of electrical field intensity, 27 us of
treatment time, and 155 Hz of frequency was able to keep the total aerobic bacteria
counts around 2 log CFU/mL throughout 28 days of storage. A remarkable increase in
the TMAC and YM counts were observed at 35" day and 42" day of storage (Figure
7.1). The final TMAC of PEF treated SJ increased to 2.81 + 0.14 CFU/mL at the end of
storage. These findings were partially in agreement with the study conducted by Guo et
al. (2014). They treated pomegranate juice with PEF applied at an electrical field
intensity of 35 and 38 kV/cm for 281 us at 55 °C resulted in a significant inhibition of
total aerobic bacteria. TMAC was kept below 2.5 log CFU/mL during 12 weeks of
storage at 4 °C. They were also able to reduce the YM counts in pomegranate juice
below detectable limits after processing. Accordingly, YM count was kept below 3 log
CFU/mL up to 12 weeks. Thus it would be concluded that PEF processing was able to
extend microbial shelf life of pomegranate juice up to 12 weeks (Guo et al., 2014).
Elez-Martinez et al. (2006) were able to reduce the number of naturally present
microorganisms below 1 log CFU/mL when the orange juice was processed by high
intensity PEF (35 kV/cm for 1,000 ps; bipolar 4-us pulses at 200 Hz). Moreover, the
authors found out that the microbiological shelf life of HIPEF treated orange juice was
extended up to 56 days at 4 °C. However, storage at 22 °C resulted in higher microbial
counts (>4 log CFU/mL) at the 28" day. Thus, storage at 4 °C is favorable to provide
the extension of shelf life of orange juice (Elez-Martinez, Soliva-Fortuny, & Martin-

Belloso, 2006). The processing conditions, i.e. number of pulses, treatment time, type of
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pulse, etc., applied to orange juice in the study of Elez-Martinez et al. (2006) were more
intense compared to the PEF processing conditions applied for strawberry juice in this
study. Because of this reason, it is speculated that the shelf life of orange juice was
longer than the strawberry juice. Additionally, the influence of storage temperature was
previously addressed by Evrendilek et al (2000) concluding that PEF processed apple
juice and cider samples had a shelf life more than 67 days at 4°C, approximately 67
days at 22 °C, and 14 days at 37 °C whereas the control samples had a shelf life of
approximately 14 days at 4 °C and less than 3 days at 22 and 37 °C, respectively
(Evrendilek et al., 2000). Mosqueda-Melgar et al. (2008) applied high intensity PEF
(HIPEF) (35 kV/cm at 193 Hz and 4 us pulse duration) to melon and watermelon juices
containing natural antimicrobials (citric acid and cinnamon bark oil). Complete
inactivation of mesophilic bacteria, psychrophilic bacteria and yeast and mold were
accomplished in both juices subjected to HIPEF treatment. The HIPEF increased the
shelf life of both juices by more than 91 days of storage at 5 °C (Mosqueda-Melgar,
Raybaudi-Massilia, & Martin-Belloso, 2008).

The storage time (42 days) studied for the strawberry juice pasteurized by
nonthermal technologies was relatively shorter than previously published shelf life
studies in literature. HPP and US treated SJ samples might show microbial stability at
refrigerated storage for extended periods more than 42 days. However, this hypothesis
would not apply for PEF treated SJ since the total aerobics, yeast and mold counts
reached to the critical limits at 35" day of storage.

Thermal pasteurization (71.7 °C for 15s), on the other hand, was able to ensure
the microbial safety of SJ throughout the storage period (42 days). In literature, different
time and temperature parameters were applied for shelf life extension of fruit juices. For
example, Bull et al (2004) applied relatively low temperature (65 °C for 60 s) heat
treatment to Valencia orange juice which had high initial load of aerobic bacteria and
yeast-mold. They stated that the thermal treatment was able to reduce the aerobic
bacteria population to 4.3 log CFU/mL while the yeast and mold count was reported to
be 3 log CFU/mL after thermal pasteurization (Bull et al., 2004). Thus, this study
showed that moderate temperatures may not be sufficient when the initial microbial
load was quite high. In order to start the microbiological shelf life of the product at the
safe microbial levels, thermal treatments at higher temperatures have been also widely

applied to food products. Min et al. (2003) pasteurized orange juice at 90 °C for 90 s,
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and extended its shelf life by 196 days at 4 °C (Min, Jin, Min, Yeom, & Zhang, 2003).
In another study, thermal pasteurization at 90 °C for 1 min achieved microbial counts
below 1 log CFU/mL in orange juice and extended the shelf life of the juice up to 56
days (Elez-Martinez et al., 2006). Walkling-Ribeiro et al. (2009) applied High-
Temperature Short-Time (HTST) treatment method (94 °C for 26 s) for pasteurization
of orange juice, and observed that the microbial counts were below the detection limits
during 168 days of storage (Walkling-Ribeiro et al., 2009). In conclusion, shelf life
study of strawberry juice was conducted shorter than related studies in literature.
Similar to HPP and thermosonicated samples, the microbial load of heat treated SJ was
also below critical limits up to 42 days at refrigerated conditions. Therefore, thermally
pasteurized product would likely to maintain its microbial stability for more than 42

days.

7.3.2. Physicochemical Properties Changes during Storage of

Strawberry Juice

Influence of storage duration on the physicochemical properties, i.e. pH,
titratable acidity (g/100 mL), total soluble content (TSS) (°Brix), of SJ samples
subjected to different thermal and nonthermal processes are evaluated and quantitative
changes are given in Table 7.1. The initial TSS of strawberry juice was 7.85 + 0.07
°Brix. Similarly, Odriosola Serrrano et al. (2008) reported the range of TSS of both
pasteurized strawberry juice by PEF and thermal treatments, and fresh strawberry juice
to be between 7.0 and 7.2 °Brix (Odriozola-Serrano, Soliva-Fortuny, & Martin-Belloso,
2008). This range was very close to that of SJ in this study. Tiwari et al. (2008) used a
strawberry juice containing total soluble solids of 9.61 °Brix for sonication treatment
(Tiwari, O'Donnell, Patras, & Cullen, 2008) which was slightly higher than that of juice
used in the current study.

Total soluble content of untreated SJ decreased from 7.85 £ 0.07 to 7.70 + 0.07
°Brix during 14 days of refrigerated storage. Even though the decrease in TSS of
untreated SJ was not statistically significant (p>0.05), Elez-Martinez et al. (2006)
attributed this difference to the consumption of sugars by microorganisms. In other

words, the microbial growth in the orange juice was directly correlated with the
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consumption of sugars during storage period (Elez-Martinez et al., 2006). On the other
hand, after processing of SJ by thermal, thermosonication, HPP, and PEF treatments, no
significant changes were observed in the TSS of SJ samples (p>0.05) (Table 7.1), This
result was in good agreement with the findings of Aadil et al. (2015) who reported
similar result for grapefruit juice treated by PEF processing (Aadil et al., 2015). The
results of this study was also in line with the studies of equivalently processed orange
juice by thermal, HPP, and PEF (Timmermans et al., 2011), and sonicated grapefruit
juice (Aadil, Zeng, Han, & Sun, 2013). During storage of treated SJ samples, no
significant changes in TSS of SJ samples were observed during 42 days irrespective of
treatment (Table 7.1). This finding is in agreement with other studies reported
previously for different fruit juices subjected to heat, thermosonication, HPP, and PEF
(Elez-Martinez et al., 2006; Timmermans et al., 2011; Walkling-Ribeiro et al., 2009).

Untreated SJ had pH value of 3.50 +0.01 and titratable acidity of 0.81 + 0.00
9/100 mL (Table 7.1). The strawberry juice used in the study of Tiwari et al. (2008) was
reported to have pH value of 3.14 and acidity of 0.73 g/100 mL (Tiwari et al., 2008)
which were similar to the characteristics of SJ used in the present study. The changes in
pH and acidity immediately after processing were discussed in Chapter 6. In the
literature, it is commonly reported that juice products have showed insignificant change
in pH and acidity during storage period (Barba, Esteve, & Frigola, 2012b; Odriozola-
Serrano, Aguilo-Aguayo, Soliva-Fortuny, & Martin-Belloso, 2013).

Although the differences were small among the storage days, the results of this
study indicated significant change (p<0.005) in pH and acidity of treated SJ ranging
between 3.39 and 3.51, and 0.79 and 0.88 /100 mL, respectively, throughout
refrigerated storage (Table 7.1). In contrast, Tiwari et al. (2009) observed no significant
changes in the titratable acidity and TSS of sonicated orange juice irrespective of
amplitude level, treatment time or storage time (Tiwari, Donnell, Muthukumarappan, &
Cullen, 2009c). On the other hand, the authors observed some significant changes in pH
(Tiwari et al., 2009¢) in accordance with the results of this study. Martinez-Flores et al.
(2015) attributed the change in pH of sonicated carrot juice during storage to the new
chemical compounds generated in the media because of the ultrasound processing
(Martinez-Flores et al., 2015).
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Table 7.1. Influence of storage duration on the physicochemical properties of SJ
subjected to different thermal and nonthermal processes

Time Treatment TSS (°Brix) oH Titratable acidity
(day) (9/100 mL)
0 Control %7.85+0.07A 3.50 £ 0.01A ™0.81 + 0.00A
T %7.88 + 0.04a 3,48 + 0.02ab ®0.79 + 0.00b
us 8.00 + 0.14A ®3.45+0.01B 40.84 + 0.02A
HPP %7.83 +0.04a ®3.46 + 0.00a %0.81 +0.00c
PEF %7.83 + 0.04a 3,48 +0.00a %0.82 + 0.00a
3 Control 7.83 £ 0.04A 3.48 £ 0.01A 0.82 + 0.00A
5 Control 7.83 £ 0.04A 3.47 £ 0.05A 0.82 + 0.00A
7 Control 7.80 £ 0.00A 3.46 £ 0.04A 0.84 £ 0.02A
T 7.98 +0.04a 3.51+0.01a 0.82 £ 0.00ab
us 7.93 £ 0.04A 3.47 £ 0.00A 0.84 £ 0.00A
HPP 7.90 £ 0.00a 347+0.01la 0.82 £+ 0.00bc
PEF 7.90 £ 0.07a 3.45+0.00b 0.82 +£0.00a
14 Control 7.70 £ 0.07A 3.44 £ 0.00A 0.84 £ 0.02A
T 7.95+0.07a 3.46 £0.01ab 0.83 £0.01ab
us 7.98 £ 0.04A 3.43+0.00BC 0.85+0.01A
HPP 7.95+£0.07a 3.42+0.01b 0.85+0.01ab
PEF 7.85+0.07a 3.42 +0.00c 0.84 + 0.04a
21 T 7.85+0.07a 3.45 £ 0.05ab 0.81 £0.01ab
us 7.80 = 0.00A 3.40 £ 0.00D 0.84 £ 0.02A
HPP 7.80 £ 0.00a 3.41 +0.00bc 0.86+0.01a
PEF 7.70 £ 0.00a 3.40 £ 0.00d 0.86 £ 0.00a
28 T 7.90 +0.00a 3.42 +0.00b 0.82 = 0.00ab
us 7.88 £ 0.04A 3.40+0.01D 0.84 £ 0.03A
HPP 7.88 £ 0.04a 3.39 +£0.00c 0.86 = 0.00a
PEF 7.80 £ 0.00a 3.39+0.00d 0.86 £0.02a
35 T 7.85+0.07a 3.41+0.00b 0.83 + 0.00ab
us 7.80 = 0.00A 3.41 £0.00CD 0.85 £ 0.00A
HPP 7.80 = 0.00a 3.39 +0.00c 0.86+0.01a
PEF 7.60 £0.14a 3.40+0.01d 0.86 +£0.02a
42 T 7.85+0.07a 3.47+0.01ab 0.85+0.02a
us 7.90 = 0.00A 343+0.01B 0.85 £ 0.00A
HPP 7.85+0.07a 3.39+0.00c 0.85 +0.00ab
PEF 7.58+0.18a 3.39 +0.00d 0.88 £0.02a

T, US, HPP, PEF refer to thermal pasteurization, thermosonication, high pressure processing, pulsed
electric fields, respectively. Results were given as mean =+ standard deviation. Different bold upper case,
lower case, upper case, italic lower case and bold lower case letters indicate the significant differences
during 42 days of storage of untreated SJ and SJ treated by thermal pasteurization, US, HPP, and PEF,
respectively. With respect to day 0, different lower case letters given on the left side of the data as
superscript show the significant differences among treatments (p<0.05).
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On the contrary, Bull et al. (2004) stated that pH of Valencia and Navel orange juice
subjected to HPP did not significantly change over storage time (Bull et al., 2004).
Walkling-Ribeiro et al. (2009) found out no significant differences for both TSS and pH
values of orange juice samples subjected to thermosonication (55 °C for 10 min)
followed by PEF (40 kV/cm for 150 us), thermal pasteurization (94 °C for 26 s) and
subsequent storage at 25 °C up to 168 days (Walkling-Ribeiro et al., 2009). Similarly,
no significant changes in the acidity of thermosonicated and PEF treated SJ were

detected during 42 days of storage in the present study.

7.3.3. Phytochemical Properties Changes during Storage of Strawberry

Juice

7.3.3.1. Total Phenolic Content

Influence of storage duration on the phytochemical properties of SJ subjected to
different thermal and nonthermal processes was evaluated. The guantitative changes in
phytochemical properties right after the processing and during storage are shown in
Table 7.2. The effect of storage time on total phenolic content (TPC) of SJ samples
subjected to different treatments is depicted in Figure 7.3. Untreated SJ had a TPC of
137.81 + 0.91 mg/100 mL. As discussed thoroughly in Chapter 6, TPCs of HPP and
PEF treated SJ were significantly increased after the processing as compared to
thermally pasteurized juice samples. The initial TPCs of heat, thermosonication, HPP,
and PEF treated samples were 132.21 + 1.65, 137.59 + 1.93, 143.53 + 2.80, 144.97 +
1.52 mg/100 mL at the beginning of storage period (day 0). A remarkable increase in
TPC of HPP and PEF treated SJ was observed at 7" day of refrigerated storage (Figure
7.3). Although, the increase was not significant for PEF treated SJ (p>0.05); a
significant elevation was observed in TPC of HPP treated juice samples (p<0.05) (Table
7.2). Thermal processing resulted in the lowest content of total phenolics in SJ samples
at the end of storage followed by thermosonication, PEF, and HPP treatments. In fact,
total phenolic content remained higher in HPP and PEF treated SJ samples compared to
thermally pasteurized juice throughout storage. This result is in accordance with the
study conducted by Plaza et al. (2011). They indicated that HPP and PEF treatments
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were more effective for the preservation of bioactive compounds in orange juice in
comparison to low temperature pasteurization (70 °C for 30 min) during storage period
(Plaza et al., 2011). However, at the end of 42 days of refrigerated storage, TPC of SJ

samples did not show significant difference among processing technologies (p>0.05).

Table 7.2. Influence of storage duration on the phytochemical properties of SJ subjected

to different thermal and nonthermal processes

Time

(days) Sample TPC (mg/100 mL) TAC (mg/L) RSA (%)

0 cC ®137.81+0.91 ®153.31 £2.57 3372 +2.74
T ®132.21 + 1.65a ®166.42 +2.42a ©30.00 + 2.18b
us ®137.59 + 1.93A ®166.97 + 0.39A #3955+ 1.92B
HPP 4143.53 +2.80b 8176.67 £ 1.73a 439.98 + 1.84bc
PEF %144.97 + 1.52ab 4179.21 + 8.47a 40.25+0.51b

7 T 128.70 = 19.95a 150.81 +2.83ab 50.58 = 1.10a
us 138.17 + 5.15A 155.27 + 10.59AB 54.17 + 0.54A
HPP 161.40 + 4.08a 157.13 +3.28b 55.77 + 1.24a
PEF 153.82 + 20.45a 161.21 + 2.54abc 53.96 + 0.98a

14 T 127.15+11.41 a 144.31 +5.07bc 48.28 +2.34a
us 131.50 + 1.15A 154.35 + 1.58ABC 48.75 + 0.04A
HPP 133.25 + 1.65bc 156.92 +2.99b 49.61 + 1.17ab
PEF 132.67 + 5.88bcd 159.60 + 0.26b 4993 +3.11a

21 T 116.91 + 1.76a 133.40 + 1.52bc 31.94 +0.89b
us 122.94 + 2.74AB 140.23 + 3.44BCD 38.78 +0.14B
HPP 123.45+2.61c 152.37 +4.67b 39.74 + 6.42bc
PEF 123.30 + 0.00cde 152.83 + 0.22bcd 35.16+ 1.14b

28 T 102.37 + 1.74a 127.59 + 3.73¢ 37.05+1.97b
us 115.88 + 13.43AB 137.19 + 1.18CD 37.38£3.91B
HPP 121.39 + 7.85cd 144.30 + 8.26b 36.02 +0.78¢
PEF 114.84 + 6.37de 142.97 +2.92cd 35.01 = 0.46b

3B T 102.17 +0.27a 125.41 + 8.73¢ 34.27+5.10b
us 105.59 +2.54B 136.30 + 1.60D 38.80 + 0.37B
HPP 108.07 + 0.47d 143.26 2.86b 38.97 + 0.95¢
PEF 106.86 + 6.42¢ 141.20 + 0.98d 37.97 +0.78b

2 T 101.75 + 0.25a 3125.30 + 5.55¢ 334.04 + 1.00b
us 2104.41+2.71B 412834 +2.41D 238.80 + 0.60B
HPP 4107.04 + 0.08d 4140.30 + 2.50b 336.98 + 0.34¢C
PEF 2104.48 + 1.87¢ 3140.96 + 2.35d 338.48 + 0.73b

T, US, HPP, PEF refer to thermal pasteurization, thermosonication, high pressure processing, pulsed
electric field, respectively. Results were given as mean + standard deviation. Different lower case,
upper case, italic lower case and bold lower case letters indicate the significant differences during 42
days of storage of SJ treated by thermal pasteurization, US, HPP, and PEF, respectively. With respect to
day O, different lower case letters given on the left side of the data as superscript show the significant
differences among treatments (p<0.05).
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The content and stability of total polyphenols in juices have been reported to be
dependent on duration of storage conditions (Teleszko, Nowicka, & Wojdylo, 2016) as
well. Accordingly, a decreasing trend was expected for TPC of all SJ samples during
storage period. However, a significant increase was observed at the 7™ day of storage.
This finding was contrary to the results presented by Barba et al. (2012) who conducted
a storage study with HPP and PEF treated blueberry juice. The authors indicated a
significant decrease after 7 days of refrigerated storage of blueberry juice subjected to
HPP and PEF. Afterwards, the authors also reported that they have noticed some
fluctuation such as increase and decrease in the content of total phenolics during 56
days of refrigerated storage at 4 °C (Barba et al., 2012). In this work, TPC of all

samples decreased from 7" day to 42™ day irrespective of treatment type (Figure 7.3).

200 —e— cControl —W— T US —¥— HPP —— PEF

180
160
140

120 4

100

TPC (mg gallic acid equivalent/100 mL)

80 l I I T 1

Time (days)

Figure 7.3. The effect of storage time on the Total Phenolic Content (TPC) of

strawberry juice subjected to different treatments
(T, US, HPP, PEF refer to thermal pasteurization, thermosonication, high pressure
processing, pulsed electric fields, respectively)

Table 7.3 shows the retention of phytochemical properties of SJ samples in
terms of percentage throughout the storage. In this table, retention percentages at day 0
were calculated considering untreated SJ as 100 %. On the other hand, the percent
retention of phytochemical properties of SJ samples during storage starting from day 7"
up to day 42" was calculated considering the initial contents of the related properties of

heat, thermosonication, HPP, and PEF treated SJ samples.
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Table 7.3. Percentage Retention of phytochemical properties of SJ processed with
different technologies during 42 days of storage at 4 °C

Storage Day Process TPC (%) TAC (%) RSA (%)
0 C 100% 100° 100°
T 96° 109% 89°
us 100%° 109% 1172
HPP 104° 1152 119
PEF 105° 1172 119
7 T 974 917 169"
us 100% 93" 1374
HPP 112% 89" 140"
PEF 106” 90" 1344
14 T 96" 87" 1624
us 96" 924 1234
HPP 934 89" 1244
PEF 924 89" 1244
21 T 8g” 80" 1074
us 89" 84 08"
HPP 86" 86" 99"
PEF 85" 85" 874
28 T 778 77" 1244
us 84” 82" 95
HPP 85" 82" 90"
PEF 794 80" g7
35 T 770 75% 115"
us 774 82" 08"
HPP 754 81” 08"
PEF 744 79" 944
42 T 770 75% 1147
us 76% 778 08"
HPP 754 79" 934
PEF 724 794 96"

(Different letters in the same column shows significant differences. At day 0, retention of
phytochemical properties was compared with respect to untreated SJ. Regarding day 7 — day 42,
retention of phytochemical properties were compared with respect to the initial TPC, TAC, and RSA
of SJ subjected to thermal (T), thermosonication (US), high pressure processing (HPP), and pulsed
electric fields (PEF).)

Consequently, thermal pasteurization reduced TPC of SJ to 96 % while
thermosonication did not change the TPC immediately after processing. Compared to
thermal pasteurization, HPP and PEF treatments increased TPC to 104 and 105 %,
respectively. At day 7, the initial TPC of HPP treated juice increased by 12 %. PEF
treated samples also showed some increment in the TPC of SJ and achieved 106 % of

retention at the first week of storage. Thermosonicated samples maintained the initial
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TPC level at day 7 whereas thermally pasteurized caused 3 % of loss in the initial
amount of total phenolic compounds. Then, total phenolic content of SJ samples
irrespective of treatment underwent a substantial depletion until the end of storage
period.

Nonetheless, the percent retention of TPC of T, US, HPP, and PEF treated
samples at the end of storage (42" day) were recorded as 77, 76, 75, and 72 % with
insignificant difference. The decrease in TPC in fruit juices during storage can be due to
the insufficient inactivation of enzymes responsible for the degradation of phenolic
compounds such as polyphenoloxidase, peroxidase and B-glucosidase (Barba et al.,
2012).

7.3.3.2. Total Anthocyanin Content

Total anthocyanin content (TAC) of strawberry juice samples were also
monitored during 42 days of storage (Figure 7.4). TAC of untreated SJ was 153.31 +
2.57 mg pelargonidin-3-glucoside equivalent/L. While thermal pasteurization at 71.7 °C
for 15 s and thermosonication at 55 °C did not significantly alter the content of total
anthocyanins, HPP and PEF treatment increased TAC of SJ right after processing (day
0, p<0.05) (Table 7.2). During storage at 4 °C, TAC of strawberry juice samples showed
a decreasing trend regardless of processing type (Figure 7.4).

Thermally pasteurized SJ samples contained lower amount of anthocyanins
compared to US, HPP and PEF treated juices. These findings are in accordance with
several other studies related to the stability of anthocyanins in fruit juices during
storage. Since monomeric pelargonidin-3-glucoside (Pg-3-glu), cyanidin-3-glucoside
(Cy-3-glu), pelargonidin-3-rutinoside (Pg-3-rut) are the major anthocyanins compounds
in strawberry (Cao et al., 2011), they are widely analyzed by some researchers (Cao et
al., 2012; Teleszko et al., 2016). Cao et al. (2012) reported total anthocyanins in HHP-
treated cloudy and clear strawberry juices as 116.5 and 111.3 mg/L, respectively, before
the storage. The retention of Cy-3-glu, Pg-3-glu, Pg-3-rut, and total anthocyanins in
cloudy SJ was found to be 74.37%, 66.59%, 78.84% and 70.24% after 6 months of
storage, and the values of the same compounds and total anthocyanins in clear juices
were reported to be 90.1%, 94.13%, 91.11% and 92.98%, respectively. Significant

losses in cloudy SJ were attributed to the higher concentrations of oxygen absorbed on
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pulp particles promoting the degradation of anthocyanins (Cao et al., 2012). The
findings obtained in this study related to the loss of anthocyanins in SJ during storage
were found very similar to the findings of Cao et al. (2012). Loss of anthocyanins can
be aroused from the oxidation as well as condensation of anthocyanins (Castaneda-
Ovando, Pacheco-Hernandez, Paez-Hernandez, Rodriguez, & Galan-Vidal, 2009). It has
been previously reported that condensation reactions of anthocyanins during storage
occur due to the formation of complexes with other phenolics naturally occurred in
juices such as strawberry and raspberry juices (Rein, Ollilainen, Vahermo, Yli-

Kauhaluoma, & Heinonen, 2005).
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Figure 7.4. The effect of storage time on the total anthocyanin content (TAC) of

strawberry juice subjected to different treatments
(T, US, HPP, PEF refer to thermal pasteurization, thermosonication, high pressure
processing, pulsed electric fields, respectively)

In Table 7.3, retentions of TAC in SJ samples are given in terms of percentage in
the same way as TPC. Retention percentages of TAC of treated SJ at day O were
calculated considering TAC of untreated SJ as 100 %. On the other hand, the percent
retention of TAC of treated SJ samples during storage starting from day 7™ up to day
42" was calculated considering the initial TAC of heat, US, HPP and PEF treated
samples at day 0 as 100 %. Consequently, HPP and PEF treatments resulted in
significant increment in the concentrations of total anthocyanins after processing

compared to untreated juice (p<0.05). Even though anthocyanin concentration in
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untreated SJ was increased by thermal pasteurization and thermosonication, the
increment was not statistically significant. At the end of storage, TACs of juices
subjected to thermal pasteurization, US, HPP, and PEF were 75, 77, 79, and 79 % with
insignificant difference (p>0.05).

7.3.3.3. Antioxidant Activity

The quantitative changes in antioxidant activity right after the processing and
during storage of SJ samples were measured using DPPH method and expressed in

terms of radical scavenging activity (RSA) (%) (Figure 7.5 and Table 7.2).
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Figure 7.5. The effect of storage time on the radical scavenging activity (RSA) of

strawberry juice subjected to different treatments
(T, US, HPP, PEF refer to thermal pasteurization, thermosonication, high pressure
processing, pulsed electric fields, respectively)

In accordance with TPC results, HPP and PEF treated samples had higher
antioxidant activity during storage period. The initial antioxidant activity of untreated
SJ was found to be 33.72 + 2.74 % (Table 7.2). The results were indicated that the
values of antioxidant activity of SJ subjected to different treatments were not
significantly different than the values of untreated samples at the end of storage period.

However, HPP and PEF treatments retained the antioxidant activity of SJ samples
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slightly better compared to thermal pasteurization. On the other hand, some significant
fluctuations were observed for RSA values of SJ samples throughout storage at 4°C. For
example, RSA of SJ samples subjected to heat, US, HPP, and PEF showed a significant
increase at the 7" day, and then a significant decrease until the 21% day. Thereafter, SJ
samples showed relatively consistent results with insignificant changes until the end of
the storage.

Retention of antioxidant activities were evaluated in the same way as TPC and
TAC as given in Table 7.3 in percentages. In conclusion, no significant difference was
observed among the treatments during storage of SJ for a period of 42 days at
refrigerated conditions. Nonthermal processing technologies resulted in better retention
of the radical scavenging activities of SJ samples compared to untreated juice; however,
storage time reduced the antioxidant activity in accordance with total phenolic and
anthocyanin content. While SJ samples processed by nonthermal technologies contained
higher antioxidant activities compared to thermally pasteurized juice at the beginning of
the storage, the retention of RSA at the end of storage period were 114, 98, 93, and 96
% for thermal pasteurization, US, HPP, and PEF, respectively, and were not
significantly different according to Tukey comparison test (p<0.05). Plaza et al (2006)
processed orange juice with mild heat treatment (70 °C for 30 s), HPP (400 MPa, 40 °C
for 1 min), PEF (35 kV/cm for 750 ps). Our findings were in good agreement with the
results of their study. The authors stated that antioxidant activity of orange juice
samples did not show any significant difference in terms of treatments after 40 days of
storage at 4 °C. Therefore, HPP and PEF treatments were suggested as the effective
technologies for the retention of antioxidant characteristics of orange juice during
storage period (Plaza et al., 2006). Phenolic compounds and anthocyanins are natural
antioxidants that can scavenge the free radicals in the media; thereby reduce the
oxidative stress on human health. Thus, Martinez-Flores et al. (2015) pointed out that a
preservation or enhancement of bioactive compounds in fruit juices by emerging
technologies could increase the radical scavenging activity (Martinez-Flores et al.,

2015) supporting the results of this study.
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7.3.4. Principal Component Analysis

Principal component analysis (PCA) was utilized to visualize the data structure
of the SJ samples during storage period. The structure of the whole data set obtained
from storage study analyzed by principal component analysis (PCA) and depicted in
Figure 7.6 and Figure 7.7. The data related to physicochemical (pH, titratable acidity,
TSS) and phytochemical properties (TPC, TAC, RSA) of thermally pasteurized,
thermosonicated, HPP and PEF-treated samples were used as PCA input. Control
sample was only included at the beginning of storage (0" day) since the microbial load
increased afterwards. Score plot of PCA output shows the distribution and
discrimination of treatments (Figure 7.6).

The first principal component (PC 1) was able to distinguish the samples stored
up to 14 days by separating them from the rest of the stored samples. Samples of the
day O (processing day) were located almost in the same region and close to each other.
Samples of the 7" day and 14" day, on the other hand, fell close to each other except
thermally pasteurized ones. The distribution of the treatments in terms of storage days
was actually resulted from the physicochemical and phytochemical properties. Figure
7.7 is the loading plot indicating the distribution of physicochemical and phytochemical
properties in space defined by the first and second PCA dimensions. Simultaneous
evaluation of score and loading plot revealed that the contents of total phenolics,
anthocyanins, and antioxidant activities of SJ samples were higher when the juice was
stored up to 14" day.

According to the second principal component (PC 2), nonthermal technologies
located away from thermal pasteurization due to their higher content of phytochemical
properties and titratable acidity as well as lower content of TSS and pH value compared
to thermally pasteurized and untreated SJ. Thermosonicated and thermally processed
samples showed similar properties while HPP and PEF treated juices were similar at the

later days of storage (Figure 7.6 and Figure 7.7).
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Figure 7.6. PCA output of storage data as score plot
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Figure 7.7. PCA output of storage data as loading plot

The loadings of PCA are given in Table 7.4. It is worth to mention that the
values of phytochemical properties of SJ samples subjected to HPP and PEF treatments
were high if evaluated with respect to the score and loading plots. All the factors had
loading of greater than 0.3 for PC 1. However, TPC made the highest contribution
(0.497). On the other hand, RSA and titratable acidity were the main loadings of PC 2
with a value of 0.590 and 0.580, respectively. Eigen analysis showed how much

variance was able to be explained by each factor either in proportion or cumulative way.

160



The PC 1 was able to explain 55 % of the total variance while PC 2 accounted for 18.8
% of the total variance. Hence, PCA was able to cumulatively explain 73.8 % of total
variance in this data set (Table 7.4). Multivariate data analysis tools such as PCA have
been well applied by several researchers for the estimation of relationships between
different innovative processing technologies and quality parameters of the treated
products (Anaya-Esparza et al. 2017) including grapefruit juice (Aadil et al., 2015b),
apple juice (Abid et al., 2014b), lemon melon juice blend (Kaya et al., 2015). Abid et al.
(2014) were able to explain 84 % of the total variance by PC 1 and PC 2 for apple juice
samples subjected to sonication and HPP. The authors stated that PCA was able to
discriminate combined US-HPP treatment from the rest of treatments on the basis of
ascorbic acid, phenolic compounds, and radical scavenging activity (Abid et al., 2014b).
Kaya et al. (2015) were also able to distinguish untreated, UV-C or heat treated lemon-
melon juice blends with respect to their physicochemical properties during storage of 30
days. Even though the level of explanation of total variance was lower (51.09%)
compared to the current study, the authors were able to obtain a clear discrimination of
treatments (Kaya et al., 2015).

Table 7.4. Loadings of PCA of storage study for each variable

Factor loadings PC1 PC2 PC3 PC4 PC5

TSS (°Brix) 0.346 -0.149 -0.696 0.596 0.129
pH 0.452 -0.367 -0.002 -0.494 0.645
Titratable acidity -0.394 0.580 -0.129 0.089 0.660
TPC 0.497 0.273 0.212 0.095 -0.169
TAC 0.411 0.291 0.533 0.391 0.211
RSA 0.324 0.590 -0.411 -0.481 -0.242
Eigen analysis PC1 PC2 PC3 PC4 PC5

Eigen value 3.298 1.129 0.908 0.380 0.196
Proportion of variance 0.55 0.188 0.151 0.063 0.033
Cumulative variance 0.55 0.738 0.889 0.952 0.985
% Cumulative variance 55 73.8 88.9 95.2 98.5
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7.3.5. Hierarchical Cluster Analysis

The scores of PCA model were used as an input for hierarchical cluster analysis
(HCA) where Ward linkage and Euclidean distance was applied. Figure 7.8 shows the
similarities and differences among juice samples subjected to different processing
technologies and subsequent refrigerated storage. Untreated SJ at the processing day
and treated SJ stored up to 14™ day showed similar properties in terms of
physicochemical and phytochemical properties by locating close to each other in
dendrogram. In the same manner, SJ samples stored for 21, 28, 35, and 42 day showed
similar properties by gathering together at the right side of the dendrogram. It was
observed that thermal pasteurization and thermosonication located close to each other
while HPP and PEF treatments settled closer in each cluster (Figure 7.8). Kaya et al.
(2015) also used HCA for the classification of control, UV-C and heat treated lemon-
melon juice blends considering their physicochemical properties such as pH, titratable
acidity, TSS, turbidity, absorption coefficient, and color. HCA was able to reveal the
similarities and differences among all blend samples during 30 days of storage (Kaya et
al., 2015).
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Figure 7.8. Dendrogram for the similarities and differences among juice samples during

storage study
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7.4. Conclusions

This chapter covered the microbial quality in terms of total mesophilic aerobic
and yeast-mold counts as well as stability of physicochemical (pH, titratable acidity,
TSS) and phytochemical properties (TPC, TAC, RSA) of strawberry juice subjected to
thermal pasteurization (71.7 °C for 15 s), thermosonication at 55 °C (US), HPP at 300
MPa for 1 min, PEF (35 kV/cm, 27 us, 155 Hz) and subsequent refrigerated storage at 4
°C for 42 days.

Microbial inactivation was ensured in this study as a prerequisite. While the
TMAC and YM count of untreated strawberry juice exceeded the microbial criteria for
the spoilage of fruit juices at 14" day, thermal pasteurization, thermosonication, and
HPP were able to maintain the microbial load at around 2 log CFU/mL during 42 days.
In the case of PEF, a remarkable increase was observed at 35" day. Thus, it can be
concluded that the shelf life of untreated SJ was extended from 2 weeks to at least 6
weeks by thermal pasteurization, US, and HPP while PEF treatment prolonged the shelf
life of SJ up to 5 weeks.

In addition ensuring the microbial safety in SJ subjected to different treatments,
physicochemical characteristics of SJ were not affected from the treatments and found
to be similar to each other. Even though some significant differences were observed in
acidity and pH of the samples during storage; however, the numerical changes were in
small range. No significant difference was observed in the total soluble solid content of
the juice samples during storage (p>0. 05).

Phytochemical properties in terms of TPC, TAC, and antioxidant activity (RSA)
were significantly decreased by thermal pasteurization compared to HPP and PEF right
after processing. However, irrespective of treatment types, a remarkable decrease was
observed for the phytochemical attributes of SJ after the 7th day of refrigerated storage.
This can be resulted from the residual enzymes that can have a role on degradation of
antioxidant compounds. Thus, a future study can be suggested for investigation of the
enzyme inactivation in SJ under equivalent conditions.

Multivariate data analysis tools such as PCA and HCA were able to distinguish
the SJ samples considering treatments types and storage days. The classification was
based on the all physicochemical and phytochemical data obtained in the storage study
of SJ.
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In conclusion, mild heat treatment at moderate temperature, thermosonication,
HPP, and PEF processes can be suggested as alternative methods to thermal
pasteurization for the extension of microbial shelf life of strawberry juice. Additionally,
preservation or enhancement of bioactive compounds in fruit juices can be achieved by

using emerging nonthermal technologies.
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CHAPTER 8

PASTEURIZATION OF STRAWBERY JUICE BY UV-C
IRRADIATION AND A COMBINED UVC-MILD HEAT
TREATMENT

8.1. Introduction

Thermal pasteurization has been conventionally applied in order to extend the
shelf life of fruit juices and ensure the product safety. For this purpose, low temperature
long time (LTLT) or high temperature short time pasteurization methods has been used
extensively in the field of food processing (Koutchma, Popovic, Ros-Polski, &
Popielarz, 2016). Nonthermal processing technologies have been emerged as alternative
methods to reduce any possible heat damage on fresh-like properties and nutrient
composition of the product (Sanchez-Moreno, De Ancos, Plaza, Elez-Martinez, &
Cano, 2009). UV-C irradiation has been considered as one of the nonthermal
technologies having germicidal effect against different microorganisms such as bacteria,
viruses, protozoa, yeast, molds, and algae (Gayan, Condén, & Alvarez, 2014;
Koutchma, 2009b). The U.S. Food and Drug Administration (FDA) introduced
regulation (21 Code of Federal Regulations 120; FDA, 2001) mandating that all 100%
fruit/vegetable juices sold wholesale be produced under a Hazard Analysis and Critical
Control Point (HACCP) plan. This regulation requires that juice processors obtain at
least 5 log reduction in the most pertinent microorganism in the treatment medium
(FDA, 2001). Afterwards, in 2004, the National Advisory Committee on
Microbiological Criteria for Foods (NACMCF) of USDA redefined the pasteurization
term as “any process, treatment, or combination thereof, which is applied to food to
reduce the most microorganism(s) of public health significance” (NACMCF, 2004).

The objective of this chapter was to determine the processing conditions for
pasteurization of strawberry juice (SJ) by UV-C irradiation alone and a combined UVC-
mild heat treatment. For this purpose, freshly squeezed SJ was subjected to thermal

pasteurization in order to eliminate the background flora in the juice. Following the
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pre-pasteurization step, strawberry juice was inoculated with a target microorganism,
I.e., E. coli K-12 as a surrogate of E. coli O157:H7, and exposed to UV-C irradiation,
and combined UVC- mild heat treatment. In accordance with the FDA’s 5-log reduction
performance standard (FDA, 2001), the conditions resulted in at least 5-log reduction of
E.coli K-12 were chosen as the final processing conditions. Untreated and thermally
pasteurized juice samples were used as negative and positive controls, respectively, for
comparison against juice samples treated with UVC irradiation and combined UVC-

mild heating.

8.2. Materials and Methods

8.2.1. Experimental Procedure

Figure 8.1 shows the flow diagram of the studies conducted in this chapter. SJ
juice samples were prepared similarly according to the method described in Chapter 4.

Strawberries

|

Cleaning and sorting

|

Juice extraction

|

Centrifugation (10000 rpm, 5 min, 4 °C)

|

Filtration

|

Heating to remove background microflora

|

Inoculation of E.coli K-12 into SJ

| l ! |

Untreated Juice Thermal UV-C UV-C
(Control) Pasteurization Irradiation combined with
mild heat

Microbiological analysis

Data Analysis

Figure 8.1. Flow diagram of Chapter 8
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Briefly, strawberries were firstly cleaned and sorted. The juice was extracted
from the fruits by a fruit juice extractor and centrifuged at 10000 rpm and 4 °C for 5
min. Then, it was filtered through a sterile gauze strip to eliminate the suspended
particles. The filtered strawberry juice was then preheated in order to eliminate the
background microflora and cooled down to ambient temperature by placing the pre-
heated juice in ice water. Thereafter, the strawberry juice was inoculated with E.coli K-
12 (ATCC 25253) and exposed to further treatments such as thermal pasteurization,
UV-C irradiation, combined UV-C-mild heat treatment (UV-C-MH). The effects of
treatments on the inactivation of E. coli K12 in SJ were then evaluated and compared

with untreated juice samples.

8.2.2. Pasteurization of Freshly Squeezed Strawberry Juice (Pre-

Pasteurization)

Before inoculation of SJ with target E. coli K-12 (ATCC 25253) cells, the juice
was pre-pasteurized at 70 °C in order to eliminate the background microflora. For this
purpose, SJ was heated up in boiling water as illustrated in Figure 8.2. 800 mL of water
in 2 L of beaker was placed on a hot plate adjusted to 300 °C and 250 rpm. When the
water reached the boiling temperature, 400 mL of juice (20 °C) in the Schott bottle was
placed into the boiling water and heated to 70 °C in 5 min. The juice was kept at this
temperature for 15 s; and subsequently cooled down to approximately 20 °C. Then the

pre-pasteurized juice was used for inoculation and inactivation experiments.
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Figure 8.2. Schematic view of the pre-pasteurization of the juice prior to sample
inoculation

> T . =99°C

water —
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8.2.3. Bacterial Strain, Sample Inoculation and Bacterial Enumeration

Koutchma, Keller, Chirtel & Parisi (2004) found that UV sensitivities of E. coli
O157:H7 and a surrogate E.coli K12 (ATCC 25253) were not significantly different
from each other. Thus, E. coli K-12 (ATCC 25253), a surrogate of E. coli O157:H7
was used as a target microorganism for inoculation of juices. The E. coli K12 (ATCC
25253) strain was cultured from —80 °C lyophilized vials, enriched in a test tube
containing nutrient broth (NB, Merck, Darmstadt, Germany) and incubated overnight
(18-24 h) at 37 °C. The E. coli K12 (ATCC 25253) culture was first adapted to pH 4.0
by growing in a solution containing tartaric acid following the procedure described by
Pala & Toklucu (2013a). For this purpose, E.coli cells was incubated at 37 °C during
18 h by using Tryptone soy broth (TSB, Merck, Germany) at pH 7.0. Acid adaptation
procedure was then carried out by lowering the pH gradually. 1 mL of the initial culture
was transferred to TSB adjusted to pH 6.5 and incubated for 18 h at 37 °C. Then 1 mL
of pH 6.5 adapted culture was transferred to TSB adjusted to pH 6.0. In the same
manner, the adapted culture was transferred to a new media adjusted to a lower pH
considering the order of pH 5.5, pH 5.0, pH 4.5, and finally pH 4.0 (Pala & Toklucu,
2013a). The last culture adapted to pH 4.0 was used throughout the inactivation studies.
Stock cultures were prepared by transferring acid-adapted cells onto TSA slants and
stored at 4°C until used. A loopful of acid-adapted culture from the TSA slant was first
inoculated into 10 ml of TSB (TSB, Merck, Darmstadt, Germany) for enrichment, and
then 1 mL from this culture medium was inoculated into SJ.

Inoculated SJ was then subjected to thermal processing, UVC irradiation and
combined UVC-mild heating. To enumerate the viable microorganisms in the treated
and untreated samples, appropriate dilutions were made with 0.1 % peptone water and
surface plated in duplicate on tryptic soy agar (TSA, Merck, Darmstadt, Germany)
plates. All of the plates were incubated at 37 °C for 18 h and then counted. The
untreated SJ sample was used as a negative control, while a heat treated sample was
used as a positive control in this study. The treated, positive and negative control
samples were checked by surface plating on tryptic soy agar (TSA, Merck, Darmstadt,
Germany) containing 0.1% dihydrostreptomycin (Koutchma, Keller, Chirtel, & Parisi,
2004) i.e., an antibiotic agent to which E. coli K-12 is resistant. TSA plates were
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incubated at 37 °C for 18 h. Results were expressed as colony-forming units (CFU) per

milliliter.

8.2.4. Determination of Thermal Kinetic Parameters and

Pasteurization Conditions

Thermal kinetic parameters were utilized to determine thermal processing
conditions for ensuring the microbial safety and preservation of quality of the product
(Erkmen & Barazi, 2012). Chick (1908) observed the exponential decay in the
microbial survivor curves and mathematically described the inactivation of
microorganism population by a first-order reaction (Chick, 1908). The following
equation was used to describe the first order inactivation kinetics (Equation 8.1) (Chick,
1908; Watson, 1908).

09,0 () =Kt (5.1)

where Ng is the initial microbial load, N is the concentration of microorganism at a
specific time (CFU/mL), k is the inactivation rate constant (1/time). Equation 8.1 can be

written in the following form as well (Stumbo, 1973).

t
logN =log N, e (8.2)

where D = 2.303/k.

D value (decimal reduction time) has been defined as the time required at a
certain temperature to inactivate 90% of the organisms being studied (Peleg, 2006).
Following equation was used for the calculation of D-values of target microorganism
(Stumbo, 1973).

Sl - (8.3)
logN, —log N,
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where t is the holding time, and N is the viable cell number.

D value varies with temperature. A linear correlation which is called as thermal
death time curve was obtained by plotting the log-D values versus temperature. The use
of thermal death time curve reveals the necessary temperature increase to obtain 1-log

reduction in D value. This is called as z-value as represented in the Equation 8.4.

7= Tz _Tl
log D; —log D,

(8.4)

where T; and T, are two different temperatures, D+ is the D value measured at a specific
temperature. The linear regression equation of log D-value versus temperature reveals
z-value by calculating -1/slope.

Initially, thermal inactivation kinetic parameters (D and z values) of the target
microorganism in SJ were determined by constructing a thermal death time curve. For
this purpose, E. coli K-12 (ATCC 25253) cells, previously adapted to pH 4, were used
in this study. Initially, strawberry juice samples (3.9 mL) were placed into glass test
tubes. The tubes were then heated to certain temperatures (70-85 °C) in a water bath
adjusted to corresponding temperatures. Once the temperature of juice samples reached
to the desired degree, 0.1 mL of E.coli was added; and inoculated juice samples were
subsequently kept at the desired temperature up to 180 s.

After the heating process, the survived E. coli K-12 cells were plated on Tryptic
Soy Agar (TSA) in duplicate by spread plate method considering appropriate dilutions
with phosphate buffered peptone solution. Residual colonies were enumerated after
incubation at 37 °C for 18 h. Results were expressed as log CFU/mL.

The initial concentration of E.coli in each test tube was approximately 6-7 log
CFU/mL. The reduction in the initial number (No) of population was monitored during
5-180 s heating at constant temperatures. Survival curve of viable cells was constructed
by plotting log (N) versus corresponding time. D values for each temperature (70-75-85
°C), were then calculated by Equation 7.3. Log D-values were plotted against
temperature and 1-log reduction in D value was calculated by -1/slope of linear
regression line.

The z value indicates the degree of temperature required for the one log
reduction of D value (Erkmen & Barazi, 2012). The pasteurization time ensuring 5-log
reduction of E.coli in SJ at 72 °C was calculated based on D and z values. All the
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measurements in this study conducted to determine the thermal kinetic parameters were

performed in duplicate.

8.2.5. Thermal Pasteurization of Strawberry Juice

Thermal pasteurization was conducted in duplicate based on the findings of
thermal kinetic parameters study. 72 °C and 101 s were chosen as pasteurization
conditions. Strawberry juice was thermally pasteurized by following a continuous flow
as highlighted in Figure 8.3. The juice was placed in a sample tank and water at 70 °C
circulated around it. Strawberry juice was then pumped (13 rpm) to helical tube placed
in water bath. The flow rate and the residence time inside the tube were 0.72 mL/s and

101 s, respectively. The pasteurized samples were collected and used for further

analyses.
e
inlet outlet
Fruit
e $
; ‘ 4
\4 I
) Collect and cool
down the pasteurized
» juice

Figure 8.3. Scheme of thermal pasteurization

8.2.6. UV-C Treatment of Strawberry Juice

The UV system was designed and manufactured at Department of Food
Engineering, Izmir Institute of Technology (Figure 8.4 and 8.5). UV system was made
of a glass storage tank equipped with a cooling jacket, a pump (Watson Marlow Inc.,
England) used to regulate the volumetric flow rate, and an annular quartz glass tube
surrounded by a cylindrical aluminum reflector (Afe Olgunlar Inc., Turkey) and seven
UV-C lamps (254 nm, 15 W UV-C output, UVP XX-15, UVP Inc., CA, USA). One of

the UV lamps was located in the middle of the quartz tube, whereas the other UV lamps
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were assembled around the quartz tube (Kaya, Yildiz, & Unluturk, 2015; Unluturk &
Atilgan, 2014). The gap size for annular flow was approximately 5 mm.

UV lamp Energy cables

connections

E\;‘”"I‘% []

Lamp key

sample outlet

Glass

UV reactor sample tank

Cooling/heating

water entrance

Peristaltic pump

—>

7 .. |
& = ¢ ,
N

N

Cooler air
pump

Figure 8.4. A general schematic drawing of continuous flow annular UV system
(Source: Unluturk & Atilgan, 2014)

Four hundred mL of juice samples inoculated with approximately 6.10 £ 0.29
log CFU/mL of E. coli K-12 passed through the UV-C system circulating cold water at
4 °C around the glass sample tank. The water around the glass tank was circulated by
means of a water bath (Haake DL30, Thermo Electron Corp., Karlsruhe, Germany)
equipped with a cooler (Haake EK45, Thermo Electron Corp., Karlsruhe, Germany).
The temperature of juice at the outlet of the UV system and inside the sample tank was
checked by a K-type thermocouple (CEM DT-8891E, Shenzhen, China). UV treatments
were carried out at two flow rates (3.80 mL/s, 7.55 mL/s). Time necessary to complete
one cycle of 400 ml SJ in the UV-C system was recorded manually at each flow rate by
using a chronometer. Thus, the total processing time was calculated by summing up t;
(the time required for the transportation of sample from sample tank to the entrance of

UV-C reactor), t, (the time that the SJ samples are subjected to UV-C light, also known
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as UV exposure time), t3 (the time required to remove all the juice away from the

system) (Figure 8.5).

outlet (ty) m

‘ o%e
4°C UV-C
g; oC exposure (t,)
j [— !

inlet (t,)

Figure 8.5. Continuous flow UV system with flow direction

Different lamp configurations and flow rates can deliver different amount of UV
light intensity to the fluid circulating in the UV system. Thus, the effect of two different
lamp configurations (4 UV and 7 UV lamps turned on) and two different flow rates
(3.80 mL/s and 7.55 mL/s) on the inactivation of E. coli K12 in SJ were investigated.
For this purpose four different designs including I (4 UV lamps on - 3.80 mL/s flow
rate), Il (4 UV lamps on - 7.55 mL/s flow rate), Il (7 UV lamps on -3.80 mL/s flow
rate) and IV (4 UV lamps on - 3.80 mL/s flow rate - mild heating) (Figure 8.6). Firstly,
inoculated juice samples were circulated through the reactor using design | and Il. With
respect to the results of design I and 11, third design (I11) was constructed in order to
study the inactivation level when all the lamps were switched on at a low flow rate (3.80
mL/s). The last configuration (IV) was designed to investigate the synergistic effect of
UV-C and mild heating on the inactivation of E. coli K12 in SJ. Fifty five degree
Celsius has been previously reported as the optimum temperature to benefit the
synergistic effects of UV and mild heat (Gayan, Serrano, Monfort, Alvarez, & Condon,
2013). Four hundred mL of juice was firstly pre-heated to 52 °C by placing the juice
bottle into boiling water as shown in Figure 8.2. Then the pre-heated juice was
transferred to the sample tank of the UV system. In this case, hot water adjusted to 55

°C was circulated through the double walled sample container.
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The juice was circulated eight times through the UV system. All experiments
were duplicated and sampling was performed after each cycle for each design. The
samples drawn after each cycle was cooled down in an ice-water bath and plated on
TSA for enumeration of E.coli K-12 survived after UV processing. The survival curve
of microorganisms was plotted by using logarithmic reductions i.e. log (N/No) versus
time (s), where N is the residual microbial load (CFU/mL) at a given time and Ny is the
initial microbial load (CFU/mL).

° ® %0 °
Oq O ) O
° ° 94 °
| II I v
3.80 mL/s 7.55 mL/s 3.80 mL/s 3.80 mL/s assisted

with mild heat

Figure 8.6. UV-C Lamp configurations (black: lamps on)

8.2.7. Determination of UV-C Dose

Actinometry is a method for the determination of the photon flux for a specific
system. Chemical actinometer can be defined as the reference substance that has role in
a photochemical reaction. Most common chemical actinometers are ferrioxalate or
iodide-iodate solutions (Atilgan, 2013; Rahn, 1997).

The applied UV-C incident intensities were estimated by using a potassium
iodide/iodate actinometer (Rahn, 1997). The actinometer buffer was pumped through
the UV-C system at each flow rate and lamp configuration. The chemical actinometer
was 0.6 M potassium iodide / 0.1 M of potassium iodate solution in 0.01 M borate
buffer (pH 9.25) (Merck, Germany). Triiodite was formed due to the irradiation of
potassium iodide/iodate solution. The concentration of triiodide was quantified by
measuring its absorbance at 352 nm for each configuration.

Before UV-C irradiation, the initial optical density of the original Kl solution
was measured at 300 nm. Then, the initial amount of iodide concentration was

calculated by Equation 8.5:
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oD
[Cotice (M) =— (8.5)

*
e*l @300 nm

where ¢ was the extinction coefficient and equal to 1.061 [1/(M*cm)] and | referred to
the path length which is equal for 1 cm.

After photocatalytic reaction, Equation 8.6 was used for the determination of
triiodide concentration (Rahn, 1997):

o |
1
M cm

[Ctriiodide](M ) =

(8.6)

26400

*|

@352 nm

where 26400 [1/(M*cm)] is molar extinction coefficient of triiodide formed in a cell
having 1 cm path length. Total number of moles of triiodide formed was found by
Equation 8.7:

*V

sample

Niriiodide = Ctriiodide (8.7)
Quantum vyield is defined as the ratio of number of absorbed molecules to the

number of photons absorbed per unit time. It identifies the rate of the photochemical

reaction. Quantum vyield (@) was determined according to Rhan (1997) as given in

Equation 8.8:

@ = 0.75[1+ 0.02(T — 20.7)]J[L+ 0.23(C; g — 0.577)] (8.8)

The number of einsteins of photons absorbed by the sample was found by

dividing the moles of product with the quantum yield (Equation 8.9):

einsteins)  AODgg, i *Veamote
E( J: 352 pl (8.9)

L 26400* @

Assuming that all photons absorbed at 254 nm of wavelength, the total energy

absorbed by the sample (incident joules) can be determined considering Equation 8.10:
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Incidentjoules=

4.72*10°) Einstein
* E( j (8.10)

Einsteinphotons L

The rate of UV exposure was then calculated by dividing the incident joules by

volume of annular gap:

incident joules
Volume

UV Incident Intensity (J/mL)= (8.11)

Thus, the number of einsteins of photons absorbed by the irradiated sample were
calculated from the moles of generated triiodide (Rhan, 1997). The photon flux (254

nm) received per volume unit and the corresponding effective dose was estimated.

8.2.8. Modeling of UV-C Inactivation Kinetics of E. coli K-12 in

Strawberry Juice

In order to study the inactivation kinetics of a UV dose response curve, linear
and non-linear inactivation kinetic models can be used. Several inactivation behaviors
can be observed for microorganisms exposed to thermal or nonthermal food processing
applications. Some of the inactivation curves are illustrated in Figure 8.7 (Geeraerd,
Valdramidis, & Van Impe, 2005). Depending on the physiological condition and
population of organism as well as the destructive potential of lethal agent, survivor
curves with various shapes such as concave, convex, sigmoid and linear may be
obtained (Casolari, 1988).

Log-Linear model is widely accepted and used to describe the microbial
inactivation resulted from application of both thermal and non-thermal processes. This
model assumes that the inactivation of microorganisms obeys the first order kinetic
model (Peleg, 2006). The model is given in Equation 8.1 (Chick, 1908; Watson, 1908).

N
log,, (N_) = —kt

0
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where Ny is the initial microbial load, N is the concentration of microorganism at a

specific time (CFU/mL), k is the inactivation rate constant (1/time).

Log10(N)

time tie

Figure 8.7. Representation of different survival curves of microorganisms
(Source: Geeraerd et al., 2005)

Nonlinear inactivation curves are mainly composed of three different regions
when there is a resistivity to inactivation of target microorganism: (i) a delayed response
at the beginning of lethal effect is called as “shoulder”, (ii) a log linear inactivation
region, (iii) residual survival at the end of process refers to “tailing” (Marugan, van
Grieken, Sordo, & Cruz, 2008).

A single cell can be affected by multiple UV contacts or single UV light can
have influence on a group of cells. In such cases, inactivation efficiency of UV light can
decrease. This phenomenon is called as multiple hit. Therefore, less resistant cells are
eliminated first, then more resistant cells are left to form a tail in survival curve (Bialka,
Demirci, & Puri, 2008; Buzrul & Alpas, 2007; Gomez, Garcia, Alvarez, Condon, &
Raso, 2005; van Boekel, 2002). Weibull model has been widely used to predict the
nonthermal inactivation behavior of microorganisms. It describes sigmoid curves and
exhibits concavity or convexity behaviors through downwards or upwards as a function
of inactivation time or UV dose (Albert & Mafart, 2005; Stone, Chapman, & Lovell,
2009). It is described by the following equation:

N Ly
N 10 ° (8.12)
0

where 0 is a scale parameter p refers to the shape parameter or concavity index.
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The reliable time (tg) indicates the time required for 90 % reduction of the
number of microbial cells (van Boekel, 2002).

t, = 5.(2.303) (8.13)

First-order kinetics is actually a special case of the model when p equals to 1. A
concave upward survival curve is obtained when p<1. On the other hand, a downward
concavity has been seen in the case of p>1 (Peleg, 2006). Upward concavity of the
inactivation curve is an indicator of stress adaptation of the target microorganism
survived after UV exposure while the downward concavity represents accumulated
damaging effect of UV in the cells (van Boekel, 2002)

In the current study, the processing conditions for UV-C irradiation of
strawberry juice were determined based on the inactivation study of E. coli K-12.
Inactivation data were evaluated by GlnaFiT (Geeraerd and Van Impe Inactivation
Model Fitting Tool). Two approaches, i.e. log-linear and Weibull models, were
considered for the mathematical modelling of inactivation data in order to estimate the

inactivation behavior of the target microorganism.

8.2.9. Data Analysis

All treatments were conducted in duplicate. One-way analysis of variance
(ANOVA) was used in order to determine how significantly the independent variables
(treatments) affect the changes observed in the dependent variable (logarithmic
reduction of E.coli K-12 in SJ). The means were compared by Tukey’s comparison test.
Data analyses were carried out by Minitab 16 (Minitab Inc., State College, PA, USA)
and a data sheet (Microsoft Excel, 2010). Results were expressed as means + standard
deviation. Regression analysis was performed for the thermal kinetic parameters (D and
z) and UV inactivation data by using Excel data sheet. Inactivation data were modelled
by using GinaFit modelling Excel add-in application (Geeraerd et al., 2005). Shape and
scale parameters, the root mean squared error (RMSE) and coefficient of determination
(R?) values obtained by GinaFit were compared in order to determine the suitability of
fitted functions for Weibull distribution and Log-linear model. Equation 8.14 shows the

formula for the calculation of RMSE.
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1 N N 2
RMSE = EZHlogl\l—oLl (IogN—oLp] (8.14)

8.3. Results and Discussion

8.3.1. Thermal Pasteurization

The reduction in the population of acid adapted E.coli K-12 due to thermal
pasteurization was evaluated by plotting the logarithm of survivor cells (log CFU/mL)
versus time (s). Figure 8.8 represents the survivals at each temperature. Log D-values
were calculated from this plot considering the Equation 8.3. Afterwards, log D-values
were plotted against corresponding temperature which is called as thermal death curve
(Figure 8.9). D value for E.coli K-12 at 72 °C (D7) was found to be 20.21 s.
Therefore, FDA’s requirement of 5 log reduction of E. coli was achieved by thermal
pasteurization after 101.07 s.

Heat resistance of acid adapted E. coli O157:H7 at 60 °C was reported to be 1.5,
1.7, and 1.2 min (D-value) for apple, orange, and white grape juice, respectively
(Mazzotta, 2001). In another study, D-value of E. coli O157:H7 was given as 1.0 min at
58 °C in apple cider (Splittstoesser, McLellan, & Churey, 1996). However, thermal
inactivation of E. coli K-12 was conducted at different temperatures varying from 70 to
85 °C in the current study. Thus, the cells were actually subjected to more lethal
temperatures. Therefore, the varying findings related to the heat resistance of E. coli
could be due to the strain of E. coli, growth phase of microorganism (Mazzotta, 2001),
pH of the medium (Splittstoesser et al., 1996), use of different techniques and materials
such as glass tubes (Chung, Wang, & Tang, 2007). Besides, acid adaptation of target
microorganism cross-protects the cell by increasing the D-values. Therefore,
determination of thermal pasteurization conditions considering heat resistance of acid

adapted cells would provide more safety (Mazzotta, 2001).
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Figure 8.8. Reduction in the number of E. coli K-12 in SJ at different temperatures
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Figure 8.9. Thermal death curve for E.coli K-12 inoculated into SJ

8.3.2. UV-C Processing

Reduction in the number of inoculated E.coli K-12 cells by design I, II, 11, IV
are shown in Figure 8.10. Initial load of E. coli was approximately 6 log CFU/mL.
Inactivation levels of E.coli K-12 by 6 cycles using design I and IT were found as 1.04 +
0.30 log and 0.82 + 0.00 log, respectively. Although relatively higher inactivation rate
was obtained with lower flow rate (3.80 mL/sec), none of the designs were able to
satisfy the FDA’s requirement of 5 log reduction of target microorganism. Therefore, in
the design |11, all the lamps were used at low flow rate of 3.80 mL/s. However, it was
found that even the maximum numbers of UV lamps were used, FDA’s requirement
was not satisfied. Only 0.99 + 0.23 log reduction was achieved by design 11l (Figure
8.10). The logarithmic reductions in the number of E.coli K-12 cells after each cycle for
each design are given in Table 8.1. For each flow rate, the processing time for one pass
was recorded as 113 s at 3.80 mL/s and 58 s at 7.55 mL/s.
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Figure 8.10. Inactivation of E.coli K-12 by UV-C treatments
(I: flow rate 3.80 mL/s, 4 lamps on, II: 7.55 mL/s, 4 lamps on; I11: 3.80 mL/s, 7 lamps on,
IV:3.80 mL/s, 4 lamps on, assisted with mild heat (55 °C))

8.3.3. UV-C Combined with Mild Heat Processing

Since UV-C irradiation as a stand-alone treatment was not effective to inactivate
5 log of target microorganism, hurdle approach was employed considering combination
of UV-C and mild heat. According to the UV-C results, another set of experiment was
designed by combining UV design 1 (3.80 mL/sec flow rate, 4 lamps on) with mild heat
(55°C) in order to take advantage of synergic effect of UV-C irradiation and mild heat
(Design 1V).

UV-C assisted with mild heat treatment resulted in 5.20 + 1.06 log reduction of
E. coli K-12 in SJ at the end of 5™ cycle. However, it was decided to circulate the juice
6 times in the UV system in order to guarantee the FDA requirement. Circulating the
juice 6 times in the system revealed 5.78 + 0.25 log CFU/mL microbial reduction
(Figure 8.10). Hence, it was assured that the 5 log reduction in target microorganism
was well satisfied when the juice was circulated 6 times in the system. The total
processing time was recorded as 11.3 min at the flow rate of 3.80 mL/s. The total UV-C
exposure times (tawra) during 6 cycles of processing were 5.8 min. A picture of samples
collected after each cycle of UV-C irradiation can be seen in Figure 8.11. Table 8.1 and
Table 8.2 summarize the results obtained from microbial inactivation study in which
inoculated strawberry juice samples were subjected to both UV-C and hurdle

treatments.
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Table 8.1. Logarithmic reduction of E.coli K-12 in SJ by UV-C light applied by using
different lamp configurations

UV-C irradiation Uv-C + MH
Cycle I 1| Il v
0 0.00+£0.00 0.00 £0.00 0.00 £0.00 0.00 £0.00
1 0.15+0.21 0.04 £0.01 0.08 £0.64 1.56 +£0.29
2 0.25+0.14 0.13 £0.04 0.40 +£0.22 2.12+0.70
3 0.32+£0.16 0.21 £0.12 043 +£0.24 2.58£0.93
4 0.62+0.27 0.45+0.20 0.63 £0.27 3.30 £0.86
5 0.87+£0.30 0.59+£0.12 0.78 £0.17 520+ 1.06
6 1.04 £ 0.30 0.82+0.00 0.92+0.30 578 £0.25
7 - - 0.95+0.30 5.96 £0.00
8 - - 0.99 £0.23 5.96 £ 0.00

i ‘
| !, " ‘ ’l, ;
: l

il

Figure 8.11. Samples collected during 8 cycles of UV-C assisted with MH
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Table 8.2. The effect of UV-C and hurdle treatment on the inactivation of E.coli K-12 in SJ

68T

_ Lamp Flow rate Uv-C Total_ Measured Microbial reduction

Process Design . . EXPOSUTe - Processing — j\/ yose/cycle

configuration (mL/s) time/cycle time/cycle * Log(N/No)

() () (J/mL)

uUVv-C I 4 lamps on 3.80 58 113 1.77 £ 0.00 1.04 +£0.30
uv-C I 4 lamps on 7.55 29 58 1.19£0.00 0.82+0.00
uv-C I 7 lamps on 3.80 58 113 2.05+0.02 0.92+£0.30
UVv-C + MH v 4 lamps on 3.80 58 113 1.01 £0.00 578 £0.25

(MH refer to mild heat. *Measured UV dose shows the actinometric results.)



Depending on the type of target microorganism and treatment medium, UV-C
doses required for 90 % reduction of initial population has been varied from 0.3 to 296
mJ/cm? (Gayén et al., 2014). Caminiti et al. (2012) reported UV treatments having at
least 2.66 J/cm? of exposure dose reduced the counts of E. coli below detection limits in
apple juice (Caminiti et al., 2012b). Bhat and Stamminger (2015) reported 1 log and 1.5
log reduction in total aerobics and yeast-mold count, respectively, in SJ subjected to
static UV treatment with an average UV-C dose of 2.158 J/m? for 30 min (Bhat &
Stamminger, 2015). A continuous flow UV-C reactor was used for the microbial
stability of orange juice by Pala & Toklucu (2013a). The applied UV-C doses varied
from 12.03 kJ/L to 48.12 kJ/L (Pala & Toklucu, 2013a). However, the authors
theoretically calculated the UV-C dose as a function of total output wattage of the lamps
and number of lamps. In the same manner, Gayan el al. (2013) reported the applied UV-
C dose for the process where UV-C was combined with mild heating as 27.10 J/mL
(Gayan et al., 2013). In the case of this thesis, the applied UV-C dose was estimated by
chemical actinometry and the results are presented in Table 8.2. Design | and 11, which
are constructed considering 4 UV-C lamps, have 1.77 and 1.19 J/mL of UV-C intensity,
respectively. UV-C dose was higher when the flow rate was lower. On the other hand,
design 11 with 7 lamps resulted in relatively higher UV-C intensity of 2.05 J/mL. When
design | combined with mild heat (design V), the UV dose reduced to 1.01 J/mL due to
the effect of temperature taken into consideration in the calculation of quantum yield in
Equation 8.8. Kaya et al. (2015) estimated the applied UV-C dose as 2.461 J/mL based
on actinometric measurements (Kaya et al., 2015) which was in line with the findings of
this study.

The temperature of the juice increased from 51.40 + 0.00 °C to 55.05 = 0.35 °C
in the sample tank. Due to the heat loss during circulation of juice, the outlet
temperature was lower than that of sample tank. The outlet temperature of strawberry
juice treated by the combination of mild heating at 1.01 J/mL of UV-C dose increased
from 47.65 £ 0.07 °C to 53.9 £ 0.00 °C after 6 cycles (11.3 min) (Figure 8.12). Geveke
(2008) used a tubular UV unit with four UV bulbs in series for liquid egg white
pasteurization. The author observed an increase in temperature of the product by 0.5 and
0.1 °C per bulb after UV-C irradiation at the inlet temperature of 30 and 40 °C,

respectively. Some other studies in literature applied UV-C irradiation at ambient
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temperature (Tran & Farid, 2004) or even less than ambient temperature (8-10 °C)
(Keyser, Muller, Cilliers, Nel, & Gouws, 2008).
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Figure 8.12. Change in temperature during UV-C with mild heat processing (design 1V)

8.3.4. Mathematical Modeling of E.coli K-12 Inactivation Data

Log-linear model and Weibull distribution were used for modeling the
inactivation Kkinetics of E. coli K-12 in strawberry juice subjected to UV-C irradiation.
UV dose response curves of the suspended cells were plotted considering logarithmic
reduction versus UV-C exposure times with the corresponding UV-C doses. Figure
8.13, Figure 8.14, and Figure 8.15 show the measured data as well as Log-linear and
Weibull models.

Slight concavity trends were observed for design | and design Il after applying a
UV-C dose of 1.77 and 1.19 J/mL per cycle, respectively. Consequently, design | (4
lamps on; 1.77 J/mL, 3.80 mL/s, 6 cycles, exposure time per cycle: 58 s) and design Il
(4 lamps on; 1.19 J/mL; 7.55 mL/s; 6 cycles; exposure time per cycle: 29 s) inactivated
E. coli K-12 by 1.04 £ 0.30 and 0.82 + 0.00, respectively. Thus, none of the
configurations was able to sufficiently inactivate the target microorganism in order to
meet FDA’s 5 log reduction criterion. Similarly, Design Il (7 lamps on, 3. 80 mL/s)
reduced the population of E. coli K-12 by 0.92 + 0.30 log (CFU/mL) by UV-C dose of

2.05 J/mL. Log-linear and Weibull model parameters, i.e. k, & (scale parameter), p
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(shape parameter), are given in Table 8.3. k values of E.coli K-12 in SJ subjected to
varying UV-C doses by design I, 1l, and Il were quite small, and found as 0.42, 0.66,
and 0.37 1/min, respectively. Consequently, these small k values resulted in UV-C
exposure time of 5.50, 3.51, and 6.18 min for the reduction of 1 logarithmic unit of E.
coli K-12. When the 5D concept was taken into account, relatively longer processing
times would be considered for design I, II, and I1l. With respect to design | and design
I1, root mean square error (RMSE) values were higher for Log-linear model (0.0819 and
0.0789, respectively) while Weibull model showed lower RMSE values (0.0562 and
0.0284, respectively). Moreover, shape parameters (p) were greater than 1.0 for design |
(1.47) and design 1l (1.73). These results indicated that application of UV-C irradiation
to the strawberry juice containing suspended E. coli K-12 resulted in nonlinear
inactivation of the target microorganism at UV-C doses of 1.77 and 1.19 J/mL,
respectively. Accordingly, the inactivation kinetics of E. coli K-12 by design | and 11
were best described by Weibull model with smaller RMSE and higher R? values.
Regarding the design I11, the shape parameter (0.96) was found close to 1.0 suggesting
almost a linear inactivation behavior for E. coli with lower RMSE values compared to
Weibull model. In any case, both Log-linear and Weibull model would result in quite
longer times of UV-C exposure in order to achieve 5 log reduction of E.coli K-12 in SJ.

On the other hand, the combination of UV-C light with mild heat treatment (53.9
°C) in design IV resulted in linear inactivation of E. coli K-12 in SJ at UV-C dose of
1.01 J/mL per cycle (Figure 8.15). k value was 2.20 1/min which suggested UV-C
exposure time of 1.05 min for 1 logarithmic reduction of E. coli K-12. The required
time to accomplish 5 log reduction of the E.coli K-12 in SJ could be estimated as 5.25
min based on Log-linear inactivation model. This finding was actually so close to the
time applied for the design IV (5.8 min). The R? and RMSE values of Log-linear model
for design IV were 0.9643 and 0.4199, respectively. Weibull model was also supported
Log-linear model since the shape parameter (1.05) was close 1.0. Although the
coefficient of determination (R?) was high enough for both models, the error of Log-
linear model was lower than Weibull distribution. Since the lethal effect was increased
by the assistance of external mild heating, design IV (4 UV-C lamps, 1.01 J/mL, 3.80
mL/s, 6 cycle, exposure UV-C time per cycle: 58 s, assisted with 55 °C) achieved 5.78
+ 0.25 log CFU/mL reduction of E.coli K-12. Thereby, FDA’s 5-log reduction
requirement was accomplished. The use of mild heat increased the linearity of

inactivation behavior of E.coli K-12 in SJ.
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Figure 8. 14. Effect of UV-C irradiation treatment using design I11 on E.coli K-12 in SJ
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Inactivation kinetics of E.coli K-12 has been modelled in freshly squeezed grape
juice by Unluturk & Atilgan (2014). The authors observed higher D values as the flow
rate increased. It is claimed that the contact of UV-C light and the target microorganism
could be inefficient due to the less UV-C exposure time at higher flow rates (Unluturk
& Atilgan, 2014). In accordance with this study, higher levels of E.coli K-12
inactivation was achieved in strawberry juice when the flow rate was adjusted to the
lower level. The mathematical modeling of inactivation kinetics of E. coli K-12 in SJ by
UV-C light treatments led to evaluation of resistance of target microorganism and
estimation of inactivation behavior considering model parameters such as inactivation
rate (k), shape and scale parameters. Considering Log-linear regression model, the
highest resistance of E.coli K-12 was observed for Design Il with a k value of 0.37
1/min. On contrary, design 1V resulted in the least resistance of E.coli K-12, thereby the
highest inactivation with k value of 2.20 1/min (Table 8.3). Weibulian model parameters
are also summarized in Table 8.3. Shape parameter p was greater than 1 for design | and
I1. Design 111 had a shape parameter below 1 which means that the surviving cells could
quickly adapt to exposed lethal agent (Mafart, Couvert, Gaillard, & Leguérinel, 2002)

as UV-C dose increased. 6 is the scale parameter of Weibull model which is also
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defined as the time of first decimal reduction in time unit (min). According to Table 8.3,
the time required for the first decimal reduction of E.coli K-12 by UV-C with mild
heating was 1.05 min. However, the time necessary for 1 logarithmic reduction of the
target cells was found as 9.95 min based on Weibull model when the same lamp
configuration and flow rate were used in design | where cooling was applied instead of
mild heating. Thus, assistance of mild heating enhanced the lethal effect on E.coli K-12

suspended in SJ.

UV-C Dose (J/mL)
0.0 1.0 2.0 30 4.0 5.0 6.0 7.0

Time {min)
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Design IV: 4 lamps on, 3.80 mL/s, assisted with mild heat
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Figure 8.15. Effect of UV-C irradiation and tempreature using design IV on E.coli K-12
in SJ
() Experimental values, (-) Log-linear model predicted values, (- -) Weibull model
predicted values
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Table 8.3. Model Parameters for E. coli K-12 inactivation in strawberry juice by UV-C treatments

Design Process Model k p 5 t (D10) R® RMSE
I uv-C Log-Linear 0.42 - - 5.50 0.9627 0.0819
Weibull - 1.47 5.65 9.95 0.9860 0.0562
I uv-C Log-Linear 0.66 - - 3.51 0.9448 0.0789
Weibull - 1.73 3.25 5.27 0.9943 0.0284
Il uUVv-C Log-Linear 0.37 - - 6.18 0.9778 0.0557
Weibull - 0.96 6.17 14.77 0.9782 0.0617
v UV-C + heat Log-Linear 2.20 - - 1.05 0.9643 0.4199
Weibull - 1.05 1.15 2.53 0.9646 0.4673

k specific inactivation rate [1/min]
p: shape parameter [-]
d: scale parameter [min]



8.4. Conclusions

In this part of the thesis, the efficacies of conventional thermal, UV-C irradiation
and UV-C irradiation under the assistance of external mild heating were evaluated
considering E.coli K-12, a surrogate of E.coli O157:H7, as a target microorganism in
strawberry juice. The inactivation behavior of E.coli K-12 by the combined effect of
thermal and UV-C light was evaluated with respect to the inactivation Kkinetics. The
target inactivation level was at least 5-log CFU/mL in accordance with FDA’s 5-log
reduction concept. D7, oc for E.coli K-12 in SJ was 20.21 s. Thus, the conditions of
thermal pasteurization were determined as 72 °C for 101 s due to the achievement of 5
log reduction in target microorganism. UV-C treatments alone were not enough to reach
5-log reduction in inoculated E.coli cells in strawberry juice when cold water was
circulated through the double walled sample tank. E. coli cells showed nonlinear
inactivation behavior when SJ subjected to UV-C irradiation alone. Therefore, UV-C
irradiation was combined with mild heat in order to increase the lethality. The time
required for 1 logarithmic reduction of E. coli K-12 was 1.05 min for design IV (4
lamps on; 1.77 J/mL, 3.80 mL/s, 6 cycles, exposure time per cycle: 58 s, mild heating at
53.9 °C). Accordingly, UV-C with mild heating achieved 5.78 + 0.25 log CFU/mL
reduction of E. coli in SJ and exhibited linear inactivation behavior. Thus, the results
obtained in this chapter were used as a baseline for further UV-C pasteurization of SJ.
According to the results of design I, Il, and Ill, it was found that UV-C light treatment
was not enough to achieve 5-log reduction in the target microorganism as required by
FDA. Since UV-C irradiation as a stand-alone treatment was not effective to inactivate
5 log of target microorganism, hurdle approach was employed considering a
combination of UV-C and mild heat.
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CHAPTER9

SHELF LIFE OF STRAWBERRY JUICE PASTEURIZED
BY A COMBINED UVC-MILD HEAT TREATMENT

9.1. Introduction

Processing of food products either by thermal or nonthermal technologies has
been applied to extend the shelf life and ensure the safety for consumers. Nonthermal
processing technologies have been emerged as alternative methods to obtain the final
product with desirable sensorial attributes and nutritional characteristics (Falguera,
Pagan, Garza, Garvin, & Ibarz, 2011a). Ultraviolet irradiation is one of the nonthermal
technologies providing lethal effect on microorganism; thereby reducing the microbial
load of the treated medium. It has been widely applied for decontamination of air,
surface, and water (Bintsis, Litopoulou-Tzanetaki, & Robinson, 2000). Recently many
scientific studies have been focused on the UV-C light processing of fruit juices such as
apple juice (Caminiti et al., 2012b; Gayan, Serrano, Monfort, Alvarez, & Condon, 2013;
Miiller, Noack, Greiner, Stahl, & Posten, 2014), orange juice (Gayan, Serrano, Monfort,
Alvarez, & Condon, 2012; Hakguder Taze, Unluturk, Buzrul, & Alpas, 2015; Pala &
Toklucu, 2013a), grape juice (Kaya & Unluturk, 2016; Miiller et al., 2014; Pala &
Toklucu, 2013b) mango juice (Santhirasegaram, Razali, & Somasundram, 2014),
grapefruit juice (La Cava & Sgroppo, 2015), strawberry juice (Bhat & Stamminger,
2015), lemon melon juice blend (Kaya, Yildiz, & Unluturk, 2015).

In this chapter, the microbial stability (total mesophilic aerobic count (TMAC),
coliform and yeast-mold (YM) counts) and physicochemical properties such as pH,
titratable acidity, total soluble solid (TSS) content, color parameters, i.e. L*(brightness-
darkness), a*(redness-greenness), b* (yellowness-blueness), absorption coefficient, and
turbidity of freshly squeezed strawberry juice (SJ) pasteurized by a combined UVC-
mild heat treatment were monitored during 42 days of refrigerated storage at 4 °C.
Besides, phytochemical properties of SJ (total phenolic content (TPC), total

anthocyanin content (TAC), antioxidant activity/radical scavenging activity (RSA))
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were evaluated immediately after processing. Untreated and thermally pasteurized juice
samples were used as negative and positive controls, respectively, for comparison

against strawberry juice pasteurized by UVC assisted mild heat treatment.

9.2. Material and Methods

9.2.1. Pasteurization and Storage

Freshly squeezed strawberry juice was prepared using the similar procedure as
described in Chapter 4 and Chapter 8. Freshly squeezed SJ was pasteurized by UV-C
irradiation and a combined UVC-mild temperature treatment at 53.9 + 0.00 °C (the
water temperature circulated around the juice placed in a holding tank was adjusted to
55 °C). For comparison, some of the SJ samples were also subjected to thermal
treatment at 72 °C for 101 s. Regarding UV-C processing; 400 mL of freshly squeezed
SJ was initially heated to 52 °C in a beaker containing boiling water (Figure 8.2 in
Chapter 8). Then the heated juice was transferred to the sample tank of the UV system
(Figure 8.4). Water adjusted to 55 °C was circulated through the walls of the sample
tank to provide mild heating. The water around the glass tank was circulated by means
of a water bath (Haake DL30, Thermo Electron Corp., Karlsruhe, Germany). The
temperature of juice at the outlet of the UV system and inside the sample tank was
checked by a K-type thermocouple (CEM DT-8891E, Shenzhen, China. SJ was
circulated six times through the system using the last configuration (V) designed for a
combined UV-C - mild heating treatment (Figure 8.5). The flow rate at the given system
was kept at 3.80 mL/s. Time necessary to complete one cycle of 400 ml SJ in the UV-C
system was recorded manually at 3.80 mL/s by using a chronometer. The total
processing time and UV-C exposure time per cycle were 113 s and 58 s, respectively.
Applied UV-C dose measured by an actinometric method was found as 1.01 + 0.00
J/mL (Chapter 8, section 8.2.7). The maximum temperatures of SJ at the outlet of UV-C
reactor and inside the sample container were 53.9 + 0.00 °C and 55.05 + 0.35 °C

measured at the end of sixth cycle.
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Freshly squeezed strawberry juice was also subjected to thermal treatment and
used as positive control in this study. For this purpose strawberry juice placed in a bottle
was firstly heated to 70 °C in 5 min a hot plate (Figure 8.2). Then the juice was
transferred to the sample tank of the pasteurization unit connected to helical holding
tube (see section 8.2.5). Hot water (73 °C) was circulated through the walls of holding
tube during processing by placing it into a water bath (Figure 8.3). Previous trials
showed that the temperature of juice inside the helical tube reaches to 72 °C when the
water bath is at 73 °C. SJ was pumped through the helical holding tube at 13 rpm which
corresponded to flow rate of 0.72 mL/s. Thermal pasteurization conditions (i.e.
temperature and time parameters) were determined previously by considering the
thermal inactivation behavior of E. coli K-12 and selected as 72 °C for 101 s. Then,
strawberry juice samples subjected to UVC assisted mild heating and thermal treatment,
was immediately cooled down in an ice-water bath. Untreated, UV-C+Mild Heat (MH)
treated and thermally pasteurized juice samples were then stored in amber color glass
bottles at refrigerated conditions (4.0 £ 0.82 °C) for 42 days. Samples were taken at 3-7
days intervals for the analysis. Microbiological analysis (total aerobic bacteria, total
coliforms, yeasts and molds) and physicochemical analysis were performed for each

sample.

9.2.2. Microbiological Analysis

Microbial quality of strawberry juice samples before and after processing was
evaluated in terms of total mesophilic aerobic bacteria count (TMAC), yeasts-molds
(YM), and coliform bacteria count The samples were plated on Plate Count Agar
(PCA), Violet Red Bile Agar (VRBA) and Potato Dextrose Agar (PDA) acidified with
10 % of tartaric acid by spread plating method for TMAC, coliform and YM count,
respectively. The plates were then incubated at 30 °C for 48 h for TMAC, 37 °C for 18
h for coliform and 25 °C for 5 days for YM count. After appropriate time of incubation,
the number of viable cells was counted, and the results were expressed as colony
forming units (CFU) per milliliter (Tran & Farid, 2004). Untreated SJ was used as

negative control.
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9.2.3. Measurement of Physicochemical and Phytochemical Properties

Physicochemical properties such as pH, titratable acidity, total soluble solid
(TSS) content, color parameters, i.e. L*(brightness-darkness), a*(redness-greenness), b*
(yellowness-blueness), absorption coefficient, and turbidity of strawberry juice samples
before and after pasteurization were measured according to the methods described in
Chapter 4. Briefly, pH was measured at 22°C using a bench top pH meter (inoLab pH
7310, WTW GmbH, Weilheim, Germany). Titratable acidity was determined based on
NaOH titrimetric method. Results were expressed as g citric acid/100 mL. A digital
hand-held pocket refractometer (Atago CO., LTD.) was used to determine the total
soluble solids (°Brix) of the samples. CIE L*, a*, b* values of the samples (30 mL)
were measured by a Chroma meter (CR 400, Konica Minolta Inc., Japan). Then, total
color difference (AE) and browning index values were calculated based on the equations
given in Chapter 4. Absorption coefficient of SJ was determined spectrophotometrically
by measuring the absorbance of different dilutions of SJ samples at 254 nm using quartz
cuvettes with a path length of 1 cm. Absorbance versus concentration plot was drawn in
order to calculate the absorption coefficient from the slope of the plot. Turbidity was
measured through a turbidimeter, and the results were given in terms of Nephelometric
Turbidity Unit (NTU).

Phytochemical properties of strawberry juice before and after pasteurization
were evaluated with respect to total phenolic content (TPC), total anthocyanin content
(TAC), antioxidant activity/radical scavenging activity (RSA). Details of the analytical
assays can be found in Chapter 4. Concisely, TPC of strawberry juice were determined
according to Folin-Ciocalteu method (Singleton & Rossi, 1965) modified by Tezcan et
al, (Tezcan, Gultekin-Ozguven, Diken, Ozcelik, & Erim, 2009). Results were expressed
as gallic acid equivalents (GAE). A modified pH differential method described by
Meyers et al, (Meyers, Watkins, Pritts, & Liu, 2003) was used for the determination of
total monomeric anthocyanin content of strawberry juice. TAC of SJ was expressed as
mg pelargonidin-3-glucoside/L. Antioxidant activities of strawberry juice samples were
measured with a stable radical 1,1-diphenyl-2-picrylhydrazyl (DPPH), and expressed as
% radical scavenging activity (Odriozola-Serrano, Soliva-Fortuny, & Martin-Belloso,
2009).

201



9.2.4. Data Analysis

Pasteurization of SJ by thermal and UVC-mild heat treatment was conducted in
duplicate. Microbiological assays and physicochemical analysis were also performed in
duplicate. Phytochemical properties of SJ samples were carried out in triplicate. One-
way analysis of variance (ANOVA) was used in order to determine how significantly
the independent variables (treatments or storage days) affect the changes in the
dependent variables. The means were compared by ANOVA considering Tukey’s
comparison test in 95 % of confidence interval. Data analyses were carried out by
Minitab 16 (Minitab Inc., State College, PA, USA) and a data sheet (Microsoft Excel,
2010). Results were expressed as means + standard deviation. Moreover, principal
component analysis (PCA) and hierarchical cluster analysis (HCA) were applied to
visualize the data structure and distinguish similarities and differences among
treatments and storage days considering physicochemical attributes of SJ
simultaneously. The details of PCA and HCA are given in Chapter 6, section 6.2.3.

9.3. Results and Discussion

9.3.1. Microbiological Quality of Strawberry Juice after Processing

and During Storage

Logarithmic changes in total mesophilic aerobic bacteria (TMAC), yeast and
mold (YM) counts and coliform counts of SJ samples which are untreated (control),
treated with UV-C+mild heating and thermally pasteurized, during 42 days of
refrigerated storage (4.0 °C) were evaluated. Strawberries are highly susceptible to
microbial spoilage due to their soft skin and nutritional composition (Tournas, Heeres,
& Burgess, 2006). The initial microbial counts in SJ were 3.36 + 0.04 log CFU/mL of
TMAC, 3.87+ 0.07 log CFU/mL of YM and 2.26 + 0.01 log CFU/mL of coliforms,
respectively (Figure 9.1). According to the microbial criteria mandated by Turkish Food
Codex (2002) (Microbiological Criteria, No: 2001/19) and practical working guidance
provided by Institute of Food Science and Technology (IFST, 1999), the acceptable
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maximum TMAC and YM counts in fruit juice and nectars must be 4 and 3 log
CFU/mL, respectively. These limits were taken into consideration as microbial criteria
for the shelf life evaluation of SJ pasteurized using UV-C+mild heat treatment and
thermal treatment. The juice had initially >3 log CFU/mL YM count which was higher
than this microbial criteria.
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Figure 9.1. The effect of storage (4°C for 15 days) on the natural flora of untreated
strawberry juice

UV-C treatment assisted with mild heating (UV-C+MH) were able to increase
the lethal effect on natural flora and ensured the microbial safety of SJ. Upon UV-
C+MH treatment (1.01 J/mL, 6 cycles, 5.8 min, 3.80 mL/s, 53.9 °C) and thermal
pasteurization (72 °C, 101 s), TMAC, YM, and coliform counts in SJ were reduced
below the detectable limit. In other words, no viable cells in treated SJ were detected
until the end of storage period. At the similar processing conditions, at least 5 log
reduction was achieved in the number of E.coli K-12 inoculated in SJ (see Chapter 8).
Pala and Toklucu (2013a) also reported 5.72 log reduction of E. coli ATCC 25922 after
UV-C treatment (36.09 kJ/L) while the same treatment resulted in 2.8 log and 0.34 log
reduction in TMAC and YM count in orange juice (Pala & Toklucu, 2013a). Char et al.
(2006) also showed that UV-C treatment provided lower inactivation in yeast compared
to E.coli (ATCC 35218) (Char, Mitilinaki, Guerrero, & Alzamora, 2010). Less

susceptibility of yeasts and molds to UV-C light compared to bacteria could be aroused
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from the difference in the thickness of cell wall and size of microorganism which have
influence on transfer of UV-C light. Moreover, lesser pyrimidine bases on the DNA
strand of yeast and mold correspond to less probability of cross link formation, thus
higher resistance to UV-C light (Miller, Jeffrey, Mitchell, & Elasri, 1999). However,
the UV-C dose studied in Pala and Toklucu (2013a) was higher (36.09 J/mL) than that
of applied (1.01 J/mL) in this study. Besides, no viable cells were detected in treated SJ
in contrast to the findings of Pala and Toklucu (2013a). The reason of this was due to
the combination of UVC irradiation with mild heating providing higher lethal effect on
microorganisms.

UV treatment combined with mild temperature (50-60 °C) has been reported to
create synergistic lethal effect on yeasts. (Gouma, Gayan, Raso, Condén, & Alvarez,
2015) achieved 5 log reduction of S. cerevisiae in apple juice by combining UVC with
mild heat (Gouma et al., 2015). Gayan et al. (2012) also combined UV-C light (13.55
J/mL) with mild heat treatment at varying temperatures up to 60 °C in order to increase
the effectiveness of the UV treatment for the pasteurization of orange juice. The authors
observed a synergistic effect when both treatments were applied simultaneously and
they stated that the maximum lethal effect was achieved at 55 °C (Gayan et al., 2012).
Synergistic effect on microbial inactivation can be determined with respect to the mode
of action of each individual treatment (Gouma et al., 2015). However, the inactivation
data was not modelled in the present study. Thus it would be difficult to sharply address
the whether the inactivation effect of processes are synergistic or additive. Nonetheless,
the reductions in TMAC, YM and coliform count obtained by UV-C+MH were
attributed to the synergistic effect of combined treatments. Synergistic effects occur due
to the sub-lethal damage on various cellular targets by different processing technologies
(Leistner, 2000). Accordingly, synergistic inactivation of yeasts by UV-C irradiation
and mild heat (45-60 °C) has been attributed to the impairment of its DNA-damage
repair ability (Petin, Kim, Rassokhina, & Zhurakovskaya, 2001).

Since fresh juice (untreated juice) is a suitable medium for the microbial growth
(Tournas et al., 2006), the YM count increased to 4.32 + 0.07 log CFU/mL at the end of
14 days under refrigeration conditions (4 °C) (Figure 9.1). Pala and Toklucu (2013a)
addressed the yeast and mold count as the mainly deteriorating factor for orange juice
during shelf life. Besides, the authors realized a rapid increase in total aerobic count of

UV-C treated orange juice during storage (Pala & Toklucu, 2013a). Regarding the total
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aerobic bacteria count of untreated SJ in this study, the initial population reached to
4.20 £ 0.08 log CFU/mL at the end of refrigerated storage of 15 days which was higher
than the microbial limit (4 log CFU/mL) mandated by Turkish Food Codex (Codex,
2001). No viable cells were detected in UV-C+MH treated SJ samples during
subsequent refrigerated storage up to 42 days. In the current study, the shelf life of SJ
treated with UV-C+MH had a much longer shelf life compared to UV-C treated white
grape juice studied by Unluturk and Atilgan (2015). The authors processed grape juice
by an annular flow UV system at 0.90 mL/s for 32 min by circulating 8 times through
the system, and finally prolonged the shelf life of white grape juice up to 14 days
(Unluturk & Atilgan, 2015). Likewise, UV-C treated orange juice had a shelf life of 9
and 5 days at 4 and 10 °C (Pala & Toklucu, 2013a), respectively that is lower compared
to the shelf life of SJ obtained in this study. Tran and Farid (2004) evaluated the shelf
life of UV-C treated orange juice considering a microbial criterion as 5000 CFU/mL.
Thus, shelf life of orange juice was extended more than 5 days and proposed to be
prolonged further by applying higher UV-C doses (Tran & Farid, 2004).

Al-Jedah and Robinson (2002) reported that coliform bacteria count permitted in
fruit juices must be maximum 100 CFU/mL (2 log CFU/mL). In this study, the initial
load of total coliforms in untreated SJ was 2.26 + 0.01 log CFU/mL and decreased
below 2 log CFU/mL during 14 days of storage at 4 °C (Figure 9.1). The decrease in the
number of coliform population was attributed to the chilling injury of some mesophilic
bacteria during storage (Tran & Farid, 2004). Kaya et al. (2015) also observed a
decrease in total coliform count of untreated lemon melon juice blend (LMJ) during
storage period. They reported the initial coliform count in LMJ as 2.21 + 0.17 log
CFU/mL and 1.85 + 0.13 log CFU/mL at the end of storage period (5 days). Their
findings support the results of this thesis. In the contrary, Miiller et al. (2014) found the
total aerobic count of both untreated and UV-C treated apple juices to be > 7 log
CFU/mL at the end of storage. On the other hand, they reported YM counts of untreated
and UV-C treated juices to be approximately 5 log CFU/mL(Miiller et al., 2014).
Nonetheless, UV-C irradiation has been successfully applied to different juice product
to accomplish a reduction of microorganisms due to its germicidal effect at 254 nm
(Gayan, Condén, & Alvarez, 2014; Keyser, Muller, Cilliers, Nel, & Gouws, 2008;
Koutchma, 2009b; Koutchma, Popovic, Ros-Polski, & Popielarz, 2016). Moreover,
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UV-C light treatment provides advantages including reduced cost, simple and low
maintenance (Guerrero-Beltran & Barbosa-Canovas, 2004).

Likewise, no microbial growth was observed for thermally pasteurized SJ juice
at 72 °C for 101 s and stored during 42 days at 4 °C. This finding is in accordance with
other studies related to mild heat pasteurization of fruit juices cited in the literature. For
instance, Timmermans et al (2011) applied mild heat pasteurization at 72 °C for 20 s for
orange juice, and consequently reduced total aerobics and yeast-mold count below
detection limits (Timmermans et al., 2011). Kaya et al. (2015) subjected lemon melon
juice blend to mild pasteurization at 72 °C for 71 s, and thereafter ensured the microbial
safety during 30 days of refrigerated storage (Kaya et al., 2015). Besides, higher
temperatures have been also applied for pasteurization of fruit juices. Walkling et al.
(2009) subjected orange juice to high temperature short time pasteurization at 94 °C for
26 s, and accomplished microbial safety during 168 days of storage at 25 °C by keeping
the microbial load within safe limits (less than 3 log CFU/mL). Thermal pasteurization
of mango juice at 90 °C for 60 s also achieved complete inactivation of aerobic bacteria,

yeast-molds, and coliforms (Santhirasegaram, Razali, George, & Somasundram, 2015a).

9.3.2. Physicochemical Properties of Strawberry Juice after Processing

and During Storage

Physicochemical properties of products such as chemical composition, total
soluble solids (TSS), and color properties have been indicated as the important factors
affecting both the absorption and effectiveness of UV processing (Koutchma et al.,
2016). Changes in physicochemical properties of SJ after processing as well as during
storage period are given in Table 9.1 and Table 9.2. Variance analysis (ANOVA) with
Tukey comparison test showed the significant differences considering 95 % of
confidence interval. Therefore, different super subscript letters on left side of the data
obtained at day O indicate the significant differences among the product immediately
after processing. Different capital, small case, italic small case letters in the same

column refer to the significant differences of each product on the basis of storage days.
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Table 9.1. The effect of treatments and storage on the physicochemical properties of strawberry juice

Day Process pH TSS (°Brix) TA (mg/100 mL) Turbidity (NTU) Abs. Coeff. (1/cm)
0 Control 83.52 + 0.00A %579+ 0.19A 80.59+ 0.01A 8144.25 + 30.05A 835.42 + 0.82A
Thermal 83.53 + 0.00a %5.73+0.07a 0.58 = 0.00a 8161.25 + 33.59a 835.74 + 1.08a
UV+MH 3.53 + 0.00a %5.80 + 0.07a 0.58 + 0.00b 815475 + 30.05a 834.11 + 0.58a
3 Control 3.51+0.00AB 5.77 £ 0.09A 0.59+ 0.01A 145,50 + 29.70A 35.25 + 1.05A
5 Control 3.51+0.00AB 5.64 + 0.09A 0.59+0.01A 147.75 £ 31 47A 34.79+ 1.05AB
7 Control 3.51+0.00AB 5.60 + 0.00A 0.59 + 0.00A 151.25 £30.76A 34.44 £ 0.20AB
Thermal 3.53+0.00a 5.63 +0.04a 0.58 +0.00a 161.50 +37.48a 33.74 £ 0.01ab
UV+MH 3.52 +0.00ab 5.60 +0.00a 0.58 = 0.00b 170.50 + 44.55a 33.23+0.05a
14 Control 3.49+0.01AB 558 +0.11A 0.60 £ 0.00A 155.50 + 32.53A 33.29 £ 0.26AB
Thermal 3.52 £ 0.00a 5.60 + 0.00a 0.58 £ 0.00a 166.00 + 37.48a 32.87 £ 1.47ab
UV+MH 3.52 +0.00ab 5.70 £ 0.14a 0.59 + 0.00ab 172.75 £ 49.85a 29.80+1.47b
21 Control 3.49+0.01B 5.58 + 0.04A 0.60+0.01A 157.83 £ 29.46A 31.90 £ 0.49B
Thermal 3.52+0.00a 5.60 £ 0.00a 0.59 £ 0.00a 166.75 +34.29a 31.71+£0.24b
UV+MH 3.52+0.00ab 5.65+ 0.07a 0.59 + 0.00ab 172.50 + 48.08a 28.91 £ 0.27bc
28 Thermal 3.52+0.00a 5.68 + 0.04a 0.59 + 0.00a 184.00 + 44.55a 27.29 + 1.36¢
UV+MH 3.51+0.01b 5.65+0.07a 0.60+0.01a 176.50 + 48.79a 27.23 £ 0.94bc
35 Thermal 3.52+0.01a 5.68 £ 0.04a 0.59 +0.00a 188.75 +44.19a 26.80 + 0.49¢
UV+MH 3.51+0.00b 5.65+0.07a 0.60 +0.00a 181.25 + 52.68a 25.99 + 0.84c¢
42 Thermal 3.52 +£0.00a 5.65+0.07a 0.59 +0.00a 190.75+42.78a 27.38 +£1.00c
UV+MH 3.52+0.0lab 5.65+0.07a 0.60 + 0.00a 181.58 = 48.20a 26.23 = 0.88c

Results were expressed as mean + std. Different super subscript letters on left side of the data indicate the significant differences among treatments at day 0
while capital, small case, italic small case letters in the same column refer to the significant changes among storage days of each product (p<0.05).

(TSS:Total soluble solid, TA: Titratable acidity, Abs. Coeff: Absorption coefficient).



Table 9.2. The effect of treatment and storage on the color properties of strawberry juice

Day Process L* a* b* AE Browning Index
0  Control 20.45 + 0.03A 9.48 + 0.22A 5,04 + 0.14A ®0.00 + 0.00B %60.28 + 1.52A
Thermal 920.12 + 0.06a %8.95+0.31a %456 + (.18a %0.78 + 0.10c 56.42 + 1.98ab
UV+MH %20.36 + 0.07a 9.13 + 0.45a %4.85 + 0.24a %0.40 + 0.26a 58.22 + 2.78a
3 Control 20.44+ 0.01A 9.44 + 0.22A 5.04 + 0.08A 0.06 + 0.00B 60.21 + 1.27A
5  Control 20.37 + 0.02AB 9.53+ 0.29A 5.00 + 0.12A 0.11 + 0.04B 60.40 + 1.63A
7 Control 20.33+0.01B 9.38+ 0.35A 4.85+0.12A 0.26 + 0.03AB 59.06 + 1.86A
Thermal 20.21+0.11a 8.96 + 0.40a 4.69 +0.22a 0.67+0.21c 57.06 + 2.44a
UV+MH 20.46 + 0.06a 9.20 + 0.42a 5.02+0.21a 0.28 + 0.20a 59.27 + 2.55a
14 Control 20.34 + 0.04AB 9.34+0.18A 4.88+0.10A 0.24 + 0.04AB 59.14 + 1.16A
Thermal 20.09 + 0.06a 8.74 +0.35a 451 +0.17ab 0.97 +0.12bc 55.53 + 2.05ab
UV+MH 20.40 + 0.03a 9.05 + 0.26a 4.92+0.02a 0.46 + 0.00a 58.29 + 1.03a
21  Control 20.34 + 0.04AB 9.10+ 0.03A 472 +0.02A 050+ 021A 57.35 + 0.09A
Thermal 20.14 + 0.05a 8.69+0.11a 454 +0.01ab 0.98 + 0.18bc 55.40 + 0.54ab
UV+MH 20.42 + 0.09a 9.19 + 0.40a 4.92+023a 0.31+ 0.20a 58.64 + 2.52a
28  Thermal 20.04 + 0.05a 8.24 + 0.34a 4.20 + 0.15ab 1.55+0.11ab 52.00 + 1.96ab
UV+MH 20.41 +0.10a 9.05 £0.54a 4.82+0.29a 0.49 + 0.36a 57.57 + 3.36a
35  Thermal 20.19 +0.13a 8.41+0.38a 4.44 + 0.18ab 1.25 + 0.18bc 53.70 + 2.06ab
UV+MH 20.58 +0.19a 9.29 + 0.48a 5.18 + 0.42a 0.40 + 0.03a 60.24 + 3.74a
42  Thermal 19.91 + 0.06a 7.86 + 0.20a 3.95 + 0.00b 2.02+0.11a 49.46 + 0.85b
UV+MH 20.36 + 0.06a 8.87+04la 4.80+0.25a 0.66 + 0.22a 57.01+2.75a

Results were expressed as mean + std. Different super subscript letters on left side of the data indicate the significant differences among

80¢

treatments at day O while capital, small case, italic small case letters in the same column refer to the significant changes among storage days of
each product (p<0.05). (L*: lightness-darkness, a*:redness-greenness, b*:yellowness-blueness, AE: Total color difference, BI: browning index)



pH of untreated strawberry juice was measured as 3.52 + 0.00 which was similar
to that of SJ used for the studies conducted at WSU (see Chapter 5-7). Neither thermal
pasteurization nor UV-C+MH treatment altered the pH of SJ after processing (p>0.05).
No significant change was observed for the thermally pasteurized and UV-C+MH

treated SJ throughout storage as well (Table 9.1 and Figure 9.2).
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Figure 9.2. The effect of storage on pH value of strawberry juice subjected to different
treatments

(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)

Figure 9.3 depicts the effect of storage on the titratable acidity (TA) of SJ
samples subjected to thermal and UVC+MH treatments. TA values expressed in terms
of mg citric acid/100 mL are also given in Table 9.1. TA values of SJ treated with UV-
C+MH heating varied from 0.58 = 0.00 to 0.60 = 0.00 until the end of 42" day. Similar
to pH, no significant difference was observed among TA values of untreated and treated
juice samples at the processing day (p>0.05). Processed SJ did not show any significant
change during storage of 42 days (p>0.05).

The initial TSS of untreated SJ was measured as 5.79 £+ 0.19 which was lower
than that of SJ used for studies conducted at WSU (see Chapter 5-7) (Table 9.1). The
TSS content of different juice products e.g. apple juice (11.2 °Brix) (Caminiti et al.,
2012b), mango juice (14.7 °Brix) (Santhirasegaram et al., 2015a), white grape juice
(18.6 °Brix) (Unluturk & Atilgan, 2015) were also reported to be higher than this

measured value. Soluble content of fruit juices could be changed depending on the
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characteristics of the juices of raw material, mechanical extraction processes (Codex,
2005). In this case, no significant differences were observed between TSS values of
untreated and treated SJ samples at day 0 and during storage (Table 9.1 and Figure 9.4).
Even though TSS of untreated SJ slightly decreased during 14 days of refrigerated
storage period, the decrement was not statistically significant (p>0.05).
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Figure 9.3. The effect of storage on the titratable acidity of strawberry juice subjected to
different treatments

(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)
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Figure 9.4. The effect of storage on the total soluble content of strawberry juice
subjected to different treatments

(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)
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The findings of this work were in good agreement with the results of studies
cited in the literature. For example, physicohemical properties (pH, TSS and TA) of
different juice products such as apple juice (Walkling-Ribeiro et al., 2008),
pomegranate juice (Pala & Toklucu, 2011), orange juice (Pala & Toklucu, 2013a),
grape juice (Pala & Toklucu, 2013b), mango juice (Santhirasegaram et al., 2015a)
subjected to thermal pasteurization or UV-C light treatment were not affected from the
type of treatments and they were not significantly changed after processing.

Nonsoluble solid content of fruit juices have been considered to be important for
the efficacy of UV-C irradiation since the light transmission through the medium would
be influenced by the transparency or turbidity of the juice (Guerrero-Beltran & Barbosa
Canovas, 2011b). Greater turbidity of the liquid could result in greater the absorption
coefficient which means less penetration of light through the system (Guerrero-Beltran
& Barbosa-Canovas, 2004). In other words, UV-C irradiation would have more
influence and lethal effect for clear fruit juices since suspended particles could absorb,
scatter, or block UV light in turbid juices (Christenen & Linden, 2001). Therefore,
turbidity is a critical parameter used for estimation of applied UV dose (Koutchma et
al., 2016). Kaya and Unluturk, (2016) reported the turbidity of clear and turbid grape
juices as 32.5 and 105 NTU, respectively (Kaya & Unluturk, 2016). No clarification
was applied in the case of SJ in the current study. Thus, the turbidity of untreated SJ
was 144.25 + 30.05 NTU which was relatively higher than that of turbid grape juice
reported by Kaya and Unluturk, (2016). None of the treatments caused any significant
change in turbidity of SJ right after processing. Moreover, no significant changes were
observed for the turbidity of SJ during refrigerated storage (Figure 9.5, Table 9.1). On
the contrary, Tandon et al. (2003) pointed out a significant increase in turbidity during
storage of UV treated apple cider (Tandon, Worobo, Churey, & Padilla-Zakour, 2003).
2003. Any changes occurred in turbidity of processed juices reported in literature can be
attributed to the protein and polyphenol complexes (Lee, Yusof, Hamid, & Baharin,
2007) or can be related to the residual PME activity after processing (Rivas, Rodrigoa,
Martineza, Barbosa-Cénovas, & Rodrigo, 2006) .
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Figure 9.5. The effect of storage on turbidity of strawberry juice subjected to different
treatments

(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)

Absorption coefficient is an indicator of transmittance of UV light through the
treatment medium. Composition of fruit juice, i.e. pigments, sugars, organic acids, and
suspended particles, can affect the absorption and reduce the transmission of UV-C
light; thus, performance of UV-C treatments can be lowered (Koutchma et al., 2016).
For instance, absorption coefficient of orange juice (47.9 1/cm) was reported to be
higher than that of apple juice (25.9 1/cm) due to its pulp content and turbidity
(Koutchma, Paris, & Patazca, 2007). The initial absorption coefficient of untreated SJ
was 35.42 + 0.82 1/cm which was found in the range of that of several juices varying
from 12.3 to 52.4 1/cm (Koutchma et al., 2016). Absorption coefficient of SJ was
relatively close to that of grape juice (36.5 1/cm) (Unluturk & Atilgan, 2014). High
amount of solids or suspended particles would diminish the intensity of penetration of
UV-C light and block the lethal effect of light on microorganisms (Bintsis et al., 2000).
Therefore, UV-C treatments are providing more advantages for clear liquids. In case of
turbid juice, a higher UV dose would be necessary to be applied to the fruit juice in
order to accomplish similar log reductions (Unluturk & Atilgan, 2015). Figure 9.6
shows the change in absorption coefficient of SJ samples during refrigerated storage.
Unlike other physicochemical parameters, absorption coefficient of SJ samples showed
some significant differences during storage period. Irrespective of treatment type,

absorption coefficient of all SJ samples tended to decrease as the storage time increased.
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A similar trend was also observed for heat and UV-C treated lemon melon juice blend
during 30 days of storage (Kaya et al., 2015). The turbidity changes during storage can
be related with the pectin content of the juice. It was reported that the turbidity loss rate

was reversely proportional to the concentration of pectin (Mirhosseini et al., 2008).
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Figure 9.6. The effect of storage on the absorption coefficient of strawberry juice
subjected to different treatments

(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)

The effect of treatments and storage on the color attributes of SJ, i.e. L*
(lightness-darkness), a* (redness-greenness), b* (yellowness-blueness), total color
difference (AE), and browning index (BI), is summarized in Table 9.2 and viewed in the
picture provided in Figure 9.7. The initial L*, a*, and b* values of untreated SJ were
20.45 +£0.03, 9.48 + 0.22, 5.04 £ 0.14, respectively. UV-C+MH treated SJ had L*, a*,
b* values of 20.36 + 0.07, 9.13 + 0.45, 4.85 + 0.24, respectively. On the other hand,
thermal pasteurization had L*, a*, b* values of 20.12 + 0.06, 8.98 + 0.31, 4.45 + 0.18,
respectively. Among L*, a*, and b* parameters, lightness is the one which was
significantly reduced by thermal pasteurization. No significant changes were observed
for a*, b*, and BI values of SJ subjected to different processes (p>0.05). Since total
color difference was actually a function of L*, a*, and b* values, thermal pasteurization
also caused significant change in total color difference compared to untreated juice. The
total color difference between untreated and UV-C+MH treated samples was not

significant.
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Figure 9.7. The color of strawberry juice collected before and after processing
(Control, Thermal, UV-C+MH refer to untreated, thermal pasteurization at 72 °C, and UV-
C assisted with mild heat treatment)

The results of this study indicated that there was no significant differences
observed in a*, b*, and Bl values of untreated SJ during refrigerated storage. However,
lightness decreased significantly which could be attributed to the some enzymes that
can cause color loss (Aguil6-Aguayo et al., 2008). Total color difference of untreated
SJ, on the other hand, significantly increased with the storage time (Table 9.2). Since
color of the final product is a good visual criterion for acceptance of the product by the
consumers, any change in the product can affect the preference of the consumers.
Besides, undesired color characteristics can be an indicator of inappropriate processing
and growth of spoilage microorganisms (Aguilo-Aguayo, Oms-Oliu, Soliva-Fortuny, &
Martin-Belloso, 2009). Lightness of untreated strawberry juice was reported as 25 by
Bhat and Stamminger, (2015) which is partially in agreement with the current study.
However, other color parameters such as a*, and b* reported in the same study were
much higher (Bhat & Stamminger, 2015) compared to ones reported in the present
study. These differences could be aroused from either characteristics the fruit or color
measurement techniques. Cserhalmi et al. (2006) evaluated the total color difference
between treated and untreated samples on the basis of varying ranges such as not
noticeable (0-0.5), slightly noticeable (0.5-1.5), noticeable (1.5-3.0), well visible (3.0—
6.0) and great (6.0-12.0) (Cserhalmi, Sass-Kiss, Toth-Markus, & Lechner, 2006).
Hence, SJ subjected to UV-C+MH showed “not noticeable” total color difference (0.48)
(Table 9.2, Figure 9.7). Bhat & Stamminger (2015) investigated the impact of
ultraviolet radiation treatments on the physicochemical properties, antioxidants, enzyme

activity and microbial load in freshly prepared hand pressed strawberry juice. They
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reported a decrease in pH, total soluble solids and titratable acidity, while an increase
was observed in the colour parameters (L*, a* and b* values) and clarity of juice (%
transmittance). These findings were in line with the results of this study. Additionally,
they observed significant increase in the value of AE after ultraviolet treatments. This
result is comparable to strawberry juice subjected to UV-C+MH heating presented in
this study.

9.3.3. Phytochemical Properties of Strawberry Juice after Processing

Total phenolic content (TPC), total anthocyanin content (TAC), and radical
scavenging activities of strawberry juice samples was determined before and after each
process. TPC of fresh, thermally pasteurized, and UV-C+mild treated samples were
compared in Figure 9.8 on the basis of mg gallic acid (GA) equivalent/L. According to
variance analysis, no significant differences were observed TPC and RSA properties of
untreated, heat treated and UV-C+mild heat treated SJ. This finding was in accordance
with some studies previously published in literature. For example, TPC of apple juice
was reported to be well retained after UV-C irradiation irrespective of exposure dose
(Islam et al., 2016). In another study, no significant differences were reported for TPC
and antioxidant activity of white and red grape juices after processing by UV-C
irradiation (Pala & Toklucu, 2013b).

On contrary, total anthocyanin content of untreated SJ was significantly reduced
by UV-C+mild heat treatment. Thermal pasteurization at 72 °C for 101 s did not
significantly alter the TAC of SJ. Bhat and Stamminger (2014) also demonstrated that
anthocyanin content of strawberry juice significantly decreased when the juice was
subjected to UV-C irradiation for different treatment times up to 60 min (Bhat &
Stamminger, 2015). On the other hand, Pala and Toklucu (2011) observed no significant
change in monomeric anthocyanin content of pomegranate juice after UV-C irradiation
whereas thermal pasteurization caused significant decreasein TAC (Pala & Toklucu,
2011). Depending on the applied UV-C dose, the loss in the content of anthocyanins in
red grape juice was reported to be approximately 6-8 % whereas thermal pasteurization

caused loss of 11.8 % of anthocyanins (Pala & Toklucu, 2013b). More studies are
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required for the phytochemical properties in order to gain a broad knowledge on
retention of health related compounds in fruit juices after UV-C irradiation.
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Figure 9.8. Changes in phytochemical properties immediately after processing of

strawberry juice

(TPC, RSA, and TAC respectively referred to total phenolic content, radical scavenging
activity, total anthocyanin content of strawberry juice subjected to thermal pasteurization at
72 °C and UV-C+mild heat combination. Different letters for the same bar plot indicate
significant differences among treatments (p<0.05))

9.3.4. Principal Component Analysis

The whole data set including physicochemical and phytochemical properties of
SJ after processing at day O were evaluated simultaneously by PCA. Figure 9.9 gives
score and loading factors as PCA output. From this figure, it could be inferred that the
physicochemical and optical parameters were mainly contributed to PC 1 which could
explain 68.2 % of the total variance. It is remarkable to indicate that thermal
pasteurization was located at a farther region compared to control sample mainly due to
the increased total color difference (AE) and turbidity after processing. On the other
hand, UV-C+MH seemed to have more similar properties to untreated freshly squeezed
SJ in terms of titratable acidity, L*, a*, b*, and browning index. PC 2 was able to
explain 31.8 % of the total variance. Phytochemical properties, i.e. TPC, TAC, RSA,

and absorption coefficient mainly contributed to the PC 2.
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Figure 9.9. PCA output for physicochemical and phytochemical properties of SJ

In the following figure, the data obtained throughout the storage period were
evaluated by PCA considering physicochemical and optical properties (Figure 9.10).
The numbers used with the abbreviation of treatment refer to the certain day of storage.
A clear discrimination of thermal pasteurization and UV-C+MH treatment could be
observed in the structure of data according to PC 1 based on physicochemical and
optical properties of SJ samples (Figure 9.11). UV-C+MH treated SJ samples showed
similar characteristics to freshly squeezed SJ especially after processing at day 0. PC 1
was able to explain 55.4 % of the total variance. PC 2, on the other hand, distinguished
the initial and further stages of storage period for each technology by explaining 30.6 %
of the total variance in the whole data set.
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Figure 9.10. Score plot of SJ samples during storage
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Figure 9.11. Loading plot of SJ samples during storage

9.3.5. Hierarchical Cluster Analysis

Similarities or differences among the strawberry juice samples during storage
were visualized by HCA. Figure 9.12 gives the dendrogram as an output of cluster
analysis. Since the initial microbial load of untreated SJ was already higher than
acceptable limits, the data related to the attributes of freshly squeezed SJ was taken into
consideration only for the day O of the storage. In accordance with PCA, UV-C+MH
treated samples showed more similar properties to freshly squeezed SJ in terms of
physicochemical and optical attributes. Therefore, untreated and UV-C+MH treated
juices were formed a cluster. With regard to the evaluation of shelf life data, it would
worth to indicate that PCA and HCA covered physicochemical and optical properties of
SJ. Phytochemical properties were not included to the data matrix since they were only
analyzed at day 0. Thus, a different scenario could likely be obtained by the addition of
the phytochemical data during storage. Thermally pasteurized SJ samples stored up to
21 days forms another cluster by locating close to untreated juice. These clusters were
then followed by UV-C+MH treated SJ stored up to 42 days. Thermally pasteurized
strawberry juice samples stored for 28-42 days were formed another cluster at the right
side of the dendrogram. Thus, the following cases could be inferred from these clusters:

e UV-C+MH treated SJ showed more fresh-like properties immediately after

processing in terms of physicochemical and phytochemical attributes. It should
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be noted that although total phenolic content and radical scavenging activities
were not significantly affected after UV light treatment, total anthocyanin
content reduced significantly after UV-C+MH.

e Then, the similarity to freshly squeezed SJ was followed by the cluster of
thermally pasteurized samples stored up to 21% day: UV-C+MH treated samples
stored up to 42 days; and finally thermally pasteurized juice stored for 28-42
days.
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Figure 9.12. Dendrogram for the similarities and differences among treated and
untreated strawberry juice during storage

9.4. Conclusions

In this chapter, freshly squeezed SJ was pasteurized either by conventional
thermal pasteurization (72 °C for 101 s) or UV-C+MH (four UV-C lamps, UV-C dose
of 1.01 J/mL, six times of circulation, exposure time of 58 s per cycle, and flow rate of
3.80 mL/s at 53.9 °C). Microbiological quality and physicochemical properties of SJ
were monitored after processing as well as during subsequent refrigerated storage.
Additionally phytochemical properties were evaluated after processing. Consequently,
the shelf life of SJ was extended up to 42 days by thermal pasteurization and UV-

C+MH treatment. In summary, no significant change was observed for pH, total soluble
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solids (°Brix), titratable acidity (g/100 mL), and turbidity (NTU) of SJ treated with
thermal and UV-C+MH treatments. Thermal pasteurization caused change in total color
difference more than UV-C+MH treatment did. Thus, it could be concluded that UV-C
irradiation assisted with mild heating can be as effective as moderate thermal
pasteurization for the preservation and shelf life extension of strawberry juice.
However, total anthocyanin content was negatively affected with the UV-C+MH
combination. Principle component analysis and hierarchical cluster analyses showed a
clear discrimination among SJ samples based on the physicochemical and optical
properties of the control and the UV-C and heat-treated SJ during storage. It could be
suggested that UV-C irradiation has a comparable effect on microbial stability at 4 °C
and better quality preservation performance than heat treatment. However, special
attempts should be considered in order to avoid degradation of anthocyanins.
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CHAPTER 10

CONCLUSION

In this Ph.D thesis, the potential of different nonthermal technologies including
high pressure processing (HPP), ultrasonication (US), pulsed electrical field (PEF), and
UV-C irradiation was explored for mild pasteurization of strawberry juice (SJ). The
preservation of quality attributes and retention of bioactive compounds as well as the
shelf life of SJ subjected to these nonthermal processes were compared with thermal
pasteurization. One of the most important issues for the comparison of characteristics of
food products treated by different technologies is the variations or biases that could be
originated from less or over processing of the product. In order to overcome this issue,
equivalent processing approach was taken into consideration for a fair comparison
among processing technologies used in this study. Thereby, equivalent products were
obtained on the basis of equivalent degree of microbial inactivation. The pasteurization
was redefined by USDA National Advisory Committee on Microbiological Criteria for
foods. Therefore “pasteurization” is defined as “any process, treatment, or combination
thereof, that is applied to food to reduce the most resistant microorganism(s) of public
health significance to a level that is not likely to present a public health risk under
normal conditions of distribution and storage.” In order to meet this requirement, the
juice processors must evaluate their processing operations using a HACCP plan to
achieve 5 log reduction in the most resistant (pertinent) microorganism of public health
significance. In order to meet FDA requirements, the equivalent inactivation of
pertinent microorganism in strawberry juice by selected nonthermal technologies was
considered in order to accomplish microbial safety of SJ by mild pasteurization.

In this respect, E.coli (ATCC 11775) and E.coli K-12 (ATCC 25253) species
(i.e. surrogate of E. coli O157:H7) adapted to acidic environment were selected as the
target microorganism for strawberry juice. E.coli (ATCC 11775) was used for HPP, US,
and PEF studies conducted at Washington State University. For HPP treatment,
inactivation behavior of E. coli was monitored at varying pressure and time.
Consequently, HPP at 300 MPa for 1 min was able to accomplish at least 5 log

reduction in the number of E. coli inoculated in SJ. The initial temperature of the
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pressurizing liquid was approximately 18 °C and increased during processing by 2.6 °C
per 100 MPa due to the compression. Since sonication was not able to achieve desired
level of microbial inactivation at ambient temperature, it was combined with mild
heating. Accordingly, thermosonication at 55 °C for 3 min revealed 5.69 + 0.61 log
CFU/mL reduction in the number of E. coli in SJ under the operating conditions of 5.15
+ 1.34 J/mL acoustic energy, 100 % amplitude (120 um), continuous pulsing mode. The
maximum temperature reached during thermosonication was 56.48 °C. With respect to
PEF treatment, a model solution was developed based on citric acid - Na,HPO, buffer
solution simulating SJ in terms of pH, titratable acidity, total soluble content, electrical
conductivity, viscosity, and specific heat capacity. A central composite design
constructed for the inactivation of E. coli (ATCC 11775) in MS by PEF was well
established the final processing conditions of the treatment. PEF processing achieved
5.53+£0.00 log CFU/mL reduction of E.coli in model solution considering operating
parameters of 35 kV/cm electrical field intensity, 27 ps treatment time, 155 Hz
frequency, 350 mL/min flow rate, 2 ps pulse width in monopolar mode. These PEF
processing parameters successfully reduced the population of E. coli by 5.13+0.15 log
CFU/mL in strawberry juice. The maximum temperature achieved at the exit of PEF
treatment chamber was 46 °C. Thermal pasteurization at 71.7 °C for 15 s, on the other
hand, resulted in complete inactivation of E. coli cells in SJ. Thus, processing
conditions of each technology were determined on the basis of equivalent degree of E.
coli inactivation. These processing conditions also achieved remarkable reductions in
total mesophilic aerobic and yeast and mold count of fermented SJ with increased
natural flora (Chapter 5).

Once the microbial safety was achieved at pre-determined conditions,
physicochemical (pH, titratable acidity, total soluble solid (TSS)) and phytochemical
(total phenolic content), total anthocyanin content (TAC), and radical scavenging
activity (RSA) properties of SJ subjected to these conditions were evaluated as an
indicator of overall quality and retention of bioactive compounds of SJ. The
pasteurization conditions were determined in Chapter 5 on the basis of equivalent
microbial inactivation and validated by directly applying to the freshly squeezed SJ.
After processing, the initial load of natural flora of SJ in terms of TMAC and YM was
reduced below 2 log CFU/mL by all technologies. According to ANOVA, no significant

was observed for the total soluble content and electrical conductivity of SJ samples.
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Some significant changes were detected for pH and titratable acidity of SJ samples;
however the differences were numerically small. Bioactive constituents of SJ were well
retained by nonthermal technologies. Principal component analysis (PCA) and
hierarchical cluster analysis (HCA) revealed that HPP and PEF treated SJ samples
showed similar properties while thermosonicated and thermally pasteurized SJ samples
were similar to each other on the basis of physicochemical properties and bioactive
constituents (Chapter 6).

Microbial stability of SJ samples were also monitored in terms of total
mesophilic aerobic count (TMAC) and yeast-mold (YM) count during 42 days of
refrigerated storage at 4 °C. The microbial shelf life of untreated SJ was extended from
2 weeks to at least 6 weeks by thermal pasteurization, US, and HPP while PEF
treatment prolonged the shelf life of SJ up to 5 weeks. Some significant differences
were observed in acidity and pH of the treated samples during storage; however, the
numerical changes were in small range. No significant difference was observed in the
total soluble solid content of the treated juice samples during storage. Multivariate data
analysis tools such as PCA and HCA were able to distinguish the SJ samples
considering treatments types and storage days. Samples stored up to 14 days were
located close to each other while samples from day 21* and forward were close to each
other. In general, HPP and PEF treated SJ showed similar properties while
thermosonicated and thermally pasteurized samples were similar throughout
refrigerated storage (Chapter 7).

E.coli K-12 was used as target microorganism in order to determine the
processing conditions for UV-C treatment and thermal pasteurization of strawberry
juice studied at Izmir Institute of Technology. Thermal inactivation kinetics of E. coli
K-12 in strawberry juice were monitored, and consequently thermal pasteurization
conditions were determined to be applied at 72 °C for 101 s. On the other hand,
different lamp configurations and UV-C intensities were tested on E. coli K-12 cells in
SJ. UV-C irradiation was not sufficiently enough to meet 5 log reduction requirement of
FDA. Thus, UV-C light was combined with mild heating. Accordingly, lethal effect of
the treatment increased and 5.78 + 0.25 log CFU/mL reduction in the population of E.
coli cells were achieved under the operating conditions of four UV-C lamps, 3.80 ml/s
flow rate, 5.8 min treatment time for six cycles, and 1.01 J/mL UV-C dose at 53.9 °C
(Chapter 8).
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Finally, freshly squeezed strawberry juice was subjected to thermal
pasteurization (72 °C for 101 s) and combined UV-C+mild heat treatment under the
processing conditions determined in Chapter 8. Both treatments ensured microbial
safety, thus no microbial growth was detected during 42 days of refrigerated storage in
terms of total mesophilic aerobics and yeast and molds. Neither of the pasteurization
methods caused a significant change in pH, titratable acidity, total soluble content,
turbidity, absorption coefficient of strawberry juice samples right after processing. No
significant change was observed for total phenolic content and antioxidant activities of
strawberry juice among treatments, whereas total anthocyanin content of UV-C+mild
heat treated strawberry juice was significantly decreased compared to untreated sample
(Chapter 9).

Thus, this PhD thesis revealed a fair comparison on quality attributes and
retention of bioactive constituents of strawberry juice moderately pasteurized by HPP,
US, PEF, and UV-C irradiation. HPP and PEF technologies accomplished a better
retention even enhancement of bioactive compounds in SJ immediately after processing.
Thermosonication, on the other hand, resulted in similar properties as thermal
pasteurization. UV-C irradiation did not show any significant change on total phenolic
content and radical scavenging activity; however it significantly reduced total
anthocyanin content of SJ compared to untreated juice. Among all processes, HPP and
PEF can be favorably reasonable treatments to extend the microbial shelf life and to
retain the bioactive compounds of strawberry juice. Enzyme inactivation in strawberry

juice by these technologies can be suggested as a future study.

224



REFERENCES

Aaby, K., Skrede, G., & Wrolstad, R. E. (2005). Phenolic composition and antioxidant
activities in flesh and achenes of strawberries (Fragaria ananassa). Journal of
Agricultural and Food Chemistry, 53(10), 4032-4040.

Aaby, K., Ekeberg, D., & Skrede, G. (2007). Characterization of phenolic compounds in
strawberry (Fragaria x ananassa) fruits by different HPLC detectors and
contribution of individual compounds to total antioxidant capacity. Journal of
Agricultural and Food Chemistry, 55(11), 4395-4406.

Aaby, K., Mazur, S., Nes, A., & Skrede, G. (2012). Phenolic compounds in strawberry
(Fragaria x ananassa Duch.) fruits: Composition in 27 cultivars and changes
during ripening. Food Chemistry, 132(1), 86-97.

Aadil, R. M., Zeng, X. A., Han, Z., & Sun, D. W. (2013). Effects of ultrasound
treatments on quality of grapefruit juice. Food Chemistry, 141(3), 3201-3206.

Aadil, R. M., Zeng, X. A, Ali, A., Zeng, F., Farooq, M. A,, Han, Z., . . . Jabbar, S.
(2015). Influence of different pulsed electric field strengths on the quality of the
grapefruit juice. International Journal of Food Science and Technology, 50(10),
2290-2296.

Aadil, R. M., Zeng, X. A., Zhang, Z. H., Wang, M. S., Han, Z., Jing, H., & Jabbar, S.
(2015b). Thermosonication: a potential technique that influences the quality of
grapefruit juice. International Journal of Food Science and Technology, 50(5),
1275-1282.

Abdi, H.,, & Williams, L. J. (2010). Principal Component Analysis. Wiley
Interdisciplinary Reviews: Computational Statistics, 2(4), 433-459.

Abid, M., Jabbar, S., Wu, T., Hashim, M. M., Hu, B., Lei, S. C., & Zeng, X. X. (2014a).
Sonication enhances polyphenolic compounds, sugars, carotenoids and mineral
elements of apple juice. Ultrasonics Sonochemistry, 21(1), 93-97.

Abid, M., Jabbar, S., Hu, B., Hashim, M. M., Wu, T., Wu, Z. W., . . . Zeng, X. X.
(2014b). Synergistic impact of sonication and high hydrostatic pressure on
microbial and enzymatic inactivation of apple juice. LWT-Food Science and
Technology, 59(1), 70-76.

Abid, M., Jabbar, S., Wu, T., Hashim, M. M., Hu, B., Lei, S. C., ... Zeng, X. X. (2013).
Effect of ultrasound on different quality parameters of apple juice. Ultrasonics
Sonochemistry, 20(5), 1182-1187.

Adams, M. R., & Moss, M. O. (1995). Food Microbiology. UK: The Royal Society of
Chemistry.

225



Adekunte, A., Tiwari, B. K., Scannell, A., Cullen, P. J., & O'Donnell, C. (2010).
Modelling of yeast inactivation in sonicated tomato juice. International Journal
of Food Microbiology, 137(1), 116-120.

Agcam, E., Akyildiz, A., & Evrendilek, G. A. (2016). A comparative assessment of
long-term storage stability and quality attributes of orange juice in response to
pulsed electric fields and heat treatments. Food and Bioproducts Processing, 99,
90-98.

Aguillar-Rosas, S. F., Ballinas-Casarrubias, M. L., Nevarez-Moorillon, G. V., Martin-
Belloso, O., & Ortega-Rivas, E. (2007). Thermal and pulsed electric fields
pasteurization of apple juice: Effects on physicochemical properties and flavour
compounds. Journal of Food Engineering, 83(1), 41-46.

Aguilo-Aguayo, ., Sobrino-Lépez, A., Soliva-Fortuny, R., & Martin-Belloso, O.
(2008). Influence of high-intensity pulsed electric field processing on
lipoxygenase and [-glucosidase activities in strawberry juice. Innovative Food
Science & Emerging Technologies, 9(4), 455-462.

Aguilo-Aguayo, I., Oms-Oliu, G., Soliva-Fortuny, R., & Martin-Belloso, O. (2009).
Changes in quality attributes throughout storage of strawberry juice processed
by high-intensity pulsed electric fields or heat treatments. LWT-Food Science
and Technology, 42(4), 813-818.

Albert, 1., & Mafart, P. (2005). A modified Weibull model for bacterial inactivation.
International Journal of Food Microbiology, 100(1-3), 197-211.

Altuner, E. M., & Tokusoglu, O. (2013). The effect of high hydrostatic pressure
processing on the extraction, retention and stability of anthocyanins and
flavonols contents of berry fruits and berry juices. International Journal of Food
Science and Technology, 48(10), 1991-1997.

Altuntas, J., Evrendilek, G. A., Sangun, M. K., & Zhang, H. Q. (2010). Effects of
pulsed electric field processing on the quality and microbial inactivation of sour
cherry juice. International Journal of Food Science and Technology, 45(5), 899-
905.

Altuntas, J., Evrendilek, G. A., Sangun, M. K., & Zhang, H. Q. (2011). Processing of
peach nectar by pulsed electric fields with respect to physical and chemical
properties and microbial inactivation. Journal of Food Process Engineering,
34(5), 1506-1522.

Angja, K. R., Dhiman, R., Aggarwal, N. K., & Aneja, A. (2014). Emerging preservation
techniques for controlling spoilage and pathogenic microorganisms in fruit
juices. International Journal of Microbiology, 2014, 758942.

Anttonen, M. J., Hoppula, K. I., Nestby, R., Verheul, M. J., & Karjalainen, R. O.

(2006). Influence of fertilization, mulch color, early forcing, fruit order, planting
date, shading, growing environment, and genotype on the contents of selected

226



phenolics in strawberry (Fragaria x ananassa Duch.) fruits. Journal of
Agricultural and Food Chemistry, 54(7), 2614-2620.

Atilgan, M. R. (2013). Design of a Continuous Flow UV Reactor for Opaque Liquid
Foods by using Computational Fluid Dynamics (CFD). (Doctoral dissertation),
Izmir Institute of Technology, Izmir.

Awuah, G. B., Ramaswamy, H. S., & Economides, A. (2007). Thermal processing and
quality: Principles and overview. Chemical Engineering and Processing, 46(6),
584-602.

Ayub, M., Ullah, J., Muhammad, A., & Zeb, A. (2010). Evaluation of strawberry juice
preserved with chemical preservatives at refrigeration temperature. International
Journal of Nutrition and Metabolism, 2(2), 27-32.

Azizova, O. A. (2002). Role of free radical processes in the development of
atherosclerosis. Biologicheskie Membrany, 19(6), 451-471.

Balasubramaniam, V. M., Balasubramaniam, S., & Reddy, N. R. (2001). Effect of pH
and temperature on spore inactivation during high pressure processing. IFT
Annual Meeting Book of Abstracts (Session 59H-5).

Balasubramaniam, V. M., Farkas, D., & Turek, E. J. (2008). Preserving Foods through
High-Pressure Processing. Food Technology, 62(11), 32-38.

Balasubramaniam, V. M., Martiinez-Monteagudo, S. I., & Gupta, R. (2015). Principles
and Application of High Pressure-Based Technologies in the Food Industry.
Annual Review of Food Science and Technology, 6(6), 435-462.

Balny, C., & Masson, P. (1993). Effects of High-Pressure on Proteins. Food Reviews
International, 9(4), 611-628.

Banas, K., Banas, A., Moser, H. O., Bahou, M., Li, W., Yang, P., ... Lim, S. K. (2010).
Multivariate Analysis Techniques in the Forensics Investigation of the Postblast
Residues by Means of Fourier Transform-Infrared Spectroscopy. Analytical
Chemistry, 82(7), 3038-3044.

Barba, F. J., Jager, H., Meneses, N., Esteve, M. J., Frigola, A., & Knorr, D. (2012).
Evaluation of quality changes of blueberry juice during refrigerated storage after
high-pressure and pulsed electric fields processing. Innovative Food Science &
Emerging Technologies, 14, 18-24.

Barba, F. J., Esteve, M. J., & Frigola, A. (2012b). High Pressure Treatment Effect on
Physicochemical and Nutritional Properties of Fluid Foods During Storage: A
Review. Comprehensive Reviews in Food Science and Food Safety, 11(3), 307-
322.

Barba, F. J., Brianceau, S., Turk, M., Boussetta, N., & Vorobiev, E. (2015). Effect of
Alternative Physical Treatments (Ultrasounds, Pulsed Electric Fields, and High-

227



Voltage Electrical Discharges) on Selective Recovery of Bio-compounds from
Fermented Grape Pomace. Food and Bioprocess Technology, 8(5), 1139-1148.

Barba, F. J., Parniakov, O., Pereira, S. A., Wiktor, A., Grimi, N., Boussetta, N., . . .
Vorobiev, E. (2015). Current applications and new opportunities for the use of
pulsed electric fields in food science and industry. Food Research International,
77, 773-798.

Barbosa-Canovas, G. V., Pothakamury, U. R., Palou, E., & Swanson, B. G. (1998).
Nonthermal Preservation of Foods. New York: Marcel Dekker.

Barbosa Canovas, G. V., & Altunakar, B. (2006). Pulsed Electric Fields Processing of
Foods: An Overview. In J. Raso & V. Heinz (Eds.), Pulsed Electric Fields
Technology for the Food Industry: Fundamentals and Applications (pp. 3-26).
New York, US: Springer

Barbosa-Canovas, G. V., & Bermudez-Aguirre, D. (2011). Introduction. In H. Q.
Zhang, G. V. Barbosa-Canovas, V. M. Balasubramaniam, C. P. Dunne, D. F.
Farkas, & J. T. C. Yuan (Eds.), Nonthermal Processing Technologies for Food:
IFT Press & Wiley-Blackwell.

Barsotti, L., Merle, P., & Cheftel, J. C. (1999). Food processing by pulsed electric
fields. I. Physical aspects. Food Reviews International, 15(2), 163-180.

Bartels, P. (2001, 9-11 December). Definitions and Guidelines for Reporting on Pulse
Electric Field Treatment. Paper presented at the Workshop NPD.

Basaran, N., Quintero-Ramos, A., Moake, M. M., Churey, J. J., & Worobo, R. W.
(2004). Influence of apple cultivars on inactivation of different strains of a
Escherichia coli O157:H7 in apple cider by UV irradiation. Applied and
Environmental Microbiology, 70(10), 6061-6065.

Bates, R. P., Morris, J. R., & Crandall, P. G. (2001). General Juice Manufacture
Principles Principles and Practices of Small- and Medium-scale Fruit Juice
Processing (pp. 37-58): FAO Agricultural Services Bulletin 146.

Bates, R. P., Morris, J. R., & Crandall, P. G. (2001). Principles and Practices of Small
and Medium-Scale Fruit Juice Processing, FAO Agricultural Services Bulletin.

Baumann, A. R., Martin, S. E., & Feng, H. (2005). Power ultrasound treatment of
Listeria monocytogenes in apple cider. Journal of Food Protection, 68(11),
2333-2340.

Bermudez-Aguirre, D., Corradini, M. G., Mawson, R., & Barbosa-Canovas, G. V.
(2009). Modeling the inactivation of Listeria innocua in raw whole milk treated
under thermo-sonication. Innovative Food Science & Emerging Technologies,
10(2), 172-178.

Bermudez-Aguirre, D., & Barbosa Cénovas, G. V. (2011). Power Ultrasound Fact Sheet
(Appendix 7). In H. Q. Zhang, G. V. Barbosa Cénovas, V. M.

228



Balasubramaniam, C. P. Dunne, D. F. Farkas, & J. T. C. Yuan (Eds.),
Nonthermal Processing Technologies for Food (pp. 622-625). UK: IFT Press,
Wiley-Blackwell.

Bhat, R., Kamaruddin, N. S. B. C., Min-Tze, L., & Karim, A. A. (2011). Sonication
improves kasturi lime (Citrus microcarpa) juice quality. Ultrasonics
Sonochemistry, 18(6), 1295-1300. doi:10.1016/j.ultsonch.2011.04.002

Bhat, R., & Stamminger, R. (2015). Impact of ultraviolet radiation treatments on the
physicochemical properties, antioxidants, enzyme activity and microbial load in
freshly prepared hand pressed strawberry juice. Food Science and Technology
International, 21(5), 354-363.

Bhat, R., & Goh, K. M. (2017). Sonication treatment convalesce the overall quality of
hand-pressed strawberry juice. Food Chemistry, 215, 470-476.

Bialka, K. L., Demirci, A., & Puri, V. M. (2008). Modeling the inactivation of
Escherichia coli O157:H7 and Salmonella enterica on raspberries and
strawberries resulting from exposure to ozone or pulsed UV-light. Journal of
Food Engineering, 85(3), 444-449.

Bintsis, T., Litopoulou-Tzanetaki, E., & Robinson, R. K. (2000). Existing and potential
applications of ultraviolet light in the food industry - a critical review. Journal of
the Science of Food and Agriculture, 80(6), 637-645.

Black, E. P., Stewart, C. M., & Hoover, D. G. (2011). Microbiological Aspects of High-
Pressure Food Processing. In H. Q. Zhang, G. V. Barbosa-Canovas, V. M.
Balasubramaniam, C. P. Dunne, D. F. Farkas, & J. T. C. Yuan (Eds.),
Nonthermal Processing Technologies for Food (pp. 51-71): IFT Press & Wiley-
Blackwell.

Brereton, R. G. (2003). Pattern Recognition (Chapter 4). In R. G. Brereton (Ed.),
Chemometrics Data Analysis for the Laboratory and Chemical Plant (pp. 183-
269). England: John Wiley & Sons Ltd.

Briones, L. S., Reyes, J. E., Tabilo-Munizaga, G. E., & Perez-Won, M. O. (2010).
Microbial shelf-life extension of chilled Coho salmon (Oncorhynchus kisutch)
and abalone (Haliotis rufescens) by high hydrostatic pressure treatment. Food
Control, 21(11), 1530-1535.

Bro, R., & Smilde, A. K. (2014). Principal component analysis. Analytical Methods,
6(9), 2812-2831.

Bull, M. K., Zerdin, K., Howe, E., Goicoechea, D., Paramanandhan, P., Stockman, R., .
.. C.M., S. (2004). The effect of high pressure processing on the microbial,
physical and chemical properties of Valencia and Navel orange juice. Innovative
Food Science & Emerging Technologies, 5(2), 135-149.

Butz, P., & Tauscher, B. (2002). Emerging technologies: chemical aspects. Food
Research International, 35(2), 279-284.

229



Buzrul, S., & Alpas, H. (2007). Modeling inactivation kinetics of food borne pathogens
at a constant temperature. LWT-Food Science and Technology, 40(4), 632-637.

Caminiti, I. M., Noci, F., Munoz, A., Whyte, P., Morgan, D. J., Cronin, D. A., & Lyng,
J. G. (2011). Impact of selected combinations of non-thermal processing
technologies on the quality of an apple and cranberry juice blend. Food
Chemistry, 124(4), 1387-1392.

Caminiti, I. M., Noci, F., Morgan, D. J., Cronin, D. A., & Lyng, J. G. (2012a). The
effect of pulsed electric fields, ultraviolet light or high intensity light pulses in
combination with manothermosonication on selected physico-chemical and
sensory attributes of an orange and carrot juice blend. Food and Bioproducts
Processing, 90(C3), 442-448.

Caminiti, I. M., Palgan, 1., Munoz, A., Noci, F., Whyte, P., Morgan, D. J., ... Lyng, J.
G. (2012b). The Effect of Ultraviolet Light on Microbial Inactivation and
Quality Attributes of Apple Juice. Food and Bioprocess Technology, 5(2), 680-
686.

Cano, M. P., & De Ancos, B. (2005). Advances in use of high pressure to processing
and preservation of plant foods. In G. V. Barbosa-Canovas, M. S. Tapia, & M.
P. Cano (Eds.), Novel Food Processing Technologies (pp. 453-477). Boca
Raton, FL, USA: CRC Press.

Cao, X. M., Zhang, Y., Zhang, F. S., Wang, Y. T., Yi, J. Y., & Liao, X. J. (2011).
Effects of high hydrostatic pressure on enzymes, phenolic compounds,
anthocyanins, polymeric color and color of strawberry pulps. Journal of the
Science of Food and Agriculture, 91(5), 877-885.

Cao, X. M., Bi, X. F., Huang, W. S., Wu, J. H., Hu, X. S., & Liao, X. J. (2012).
Changes of quality of high hydrostatic pressure processed cloudy and clear
strawberry juices during storage. Innovative Food Science & Emerging
Technologies, 16, 181-190.

Cao, X. M., Liu, F. X., Wu, J. H., Liao, X. J.,, & Hu, X. S. (2014). Effects of High
Hydrostatic Pressure Combined with Blanching on Microorganisms and Quality
Attributes of Cloudy and Clear Strawberry Juices. International Journal of Food
Properties, 17(9), 1900-1920.

Capocasa, F., Scalzo, J., Mezzetti, B., & Battino, M. (2008). Combining quality and
antioxidant attributes in the strawberry: The role of genotype. Food Chemistry,
111(4), 872-878.

Casolari, A. (1988). Microbial Death. In M. J. Bazin & J. |. Prosser (Eds.),
Physiological Models in Microbiology (Vol. 2, pp. 1-44). Boca Raton: CRC
Press.

Castaneda-Ovando, A., Pacheco-Hernandez, M. D., Paez-Hernandez, M. E., Rodriguez,

J. A., & Galan-Vidal, C. A. (2009). Chemical studies of anthocyanins: A review.
Food Chemistry, 113(4), 859-871.

230



CDC. (1996). Centers for Disease Control and Prevention. Outbreak of Escherichia coli
O157:H7 infections associated with drinking unpasteurized commercial apple
juice—British Columbia California Colorado and Washington October 1996.
Morbidity and Mortality Weekly Report (MMWR), 45, 975.

CDC. (1999). Centers for Disease Control and Prevention. Outbreak of Salmonella
serotype Muenchen infections associated with unpasteurized orange juice—
United States and Canada June 1999. Morbidity and Mortality Weekly Report
(MMWR), 48, 582-585.

CDC. (2007). Centers for Disease Control and Prevention. Cryptosporidiosis
Surveillance—United States 2003-2005. MMWR Surveillance Summaries, 56
(SS07), 1-10.

Cemeroglu, B. (2010). Gida Analizlerinde Genel Yontemler Gida Analizleri (pp. 34-
44). Ankara: Bizim Grup Basimevi.

Chandrapala, J., Oliver, C., Kentish, S., & Ashokkumar, M. (2012). Ultrasonics in food
processing. Ultrasonics Sonochemistry, 19(5), 975-983.

Char, C. D., Mitilinaki, E., Guerrero, S. N., & Alzamora, S. M. (2010). Use of High-
Intensity Ultrasound and UV-C Light to Inactivate Some Microorganisms in
Fruit Juices. Food and Bioprocess Technology, 3(6), 797-803.

Chatterjee, S., Chatterjee, S., Chatterjee, B. P., & Guha, A. K. (2004). Clarification of
fruit juice with chitosan. Process Biochemistry, 39(12), 2229-2232.

Chauhan, O. P., Raju, P. S., Ravi, N., Roopa, N., & Bawa, A. S. (2011). Studies on
retention of antioxidant activity, phenolics and flavonoids in high pressure
processed black grape juice and their modelling. International Journal of Food
Science and Technology, 46(12), 2562-2568.

Chemat, F., Zill-e-Huma, & Khan, M. K. (2011). Applications of ultrasound in food
technology: Processing, preservation and extraction. Ultrasonics Sonochemistry,
18(4), 813-835.

Chen, C. S., & Wu, M. C. (1998). Kinetic models for thermal inactivation of multiple
pectinesterases in citrus juices. Journal of Food Science, 63(5), 747-750.

Chen, Y., Yu, L. J., & Rupasinghe, H. P. (2013). Effect of thermal and non-thermal
pasteurisation on the microbial inactivation and phenolic degradation in fruit
juice: a mini-review. Journal of the Science of Food and Agriculture, 93(5),
981-986.

Chen, X. H., Qin, W. D., Ma, L. H., Xu, F., Jin, P., & Zheng, Y. H. (2015). Effect of
high pressure processing and thermal treatment on physicochemical parameters,
antioxidant activity and volatile compounds of green asparagus juice. LWT-Food
Science and Technology, 62(1), 927-933.

Cheynier, V. (2012). Phenolic compounds: from plants to foods. Phytochemistry
Reviews, 11(2-3), 153-177.

231



Chick, H. (1908). An investigation of the laws of disinfection. Journal of Hygiene, 8(1),
92-158.

Christenen, J., & Linden, K. (2001, June). Ultraviolet disinfection of unfiltered drinking
water: particle impacts. In Conference proceedings of first international
congress on UV technologies (Vol. 14, p. 16).

Chung, H. J., Wang, S., & Tang, J. (2007). Influence of heat transfer with tube methods
on measured thermal inactivation parameters for Escherichia coli. Journal of
Food Protection, 70(4), 851-859.

Clifford, M. N. (2000). Anthocyanins - nature, occurrence and dietary burden. Journal
of the Science of Food and Agriculture, 80(7), 1063-1072.

Codex. (2001). Turkish Food Codex - Tiirk Gida Kodeksi, Mikrobiyolojik Kriterler
Tebligi (2001/19). Resmi gazete: 24511.

Codex. (2005). Codex General Standard For Fruit Juices And Nectars.

Cook, K. A., Dobbs, T. E., Hlady, G., Wells, J. G., Barrett, T. J., Puhr, N. D, . . .
Swerdlow, D. L. (1998). Outbreak of Salmonella serotype hartford infections
associated with unpasteurized orange juice. Jama-Journal of the American
Medical Association, 280(17), 1504-15009.

Corrales, M., Toepfl, S., Butz, P., Knorr, D., & Tauscher, B. (2008). Extraction of
anthocyanins from grape by-products assisted by ultrasonics, high hydrostatic
pressure or pulsed electric fields: A comparison. Innovative Food Science &
Emerging Technologies, 9(1), 85-91.

Coster, H. G. L., & Zimmermann, U. (1975). The Mechanism of Electrical Breakdown
in the Membranes of Valonia utricularis The Journal of Membrane Biology,
22(1), 73-90.

Cserhalmi, Z., Sass-Kiss, A., Toth-Markus, M., & Lechner, N. (2006). Study of pulsed
electric field treated citrus juices. Innovative Food Science & Emerging
Technologies, 7(1), 49-54.

da Silva, F. L., Escribano-Bailon, M. T., Alonso, J. J. P., Rivas-Gonzalo, J. C., &
Santos-Buelga, C. (2007). Anthocyanin pigments in strawberry. LWT-Food
Science and Technology, 40(2), 374-382.

Dai, J., & Mumper, R. J. (2010). Plant Phenolics: Extraction, Analysis and Their
Antioxidant and Anticancer Properties. Molecules, 15(10), 7313-7352,

Danyluk, M. D., Goodrich-Schneider, R. M., Schneider, K. R., Harris, L. J., & Worobo,
R. W. (2012). Outbreaks of Foodborne Disease Associated with Fruit and
Vegetable Juices, 1922-2010. FSHN12-04, Food Science and Human Nutrition
Department, Florida Cooperative Extension Service, Institute of Food and
Agricultural Sciences, University of Florida.

232



Dede, S., Alpas, H., & Bayindirli, A. (2007). High hydrostatic pressure treatment and
storage of carrot and tomato juices: Antioxidant activity and microbial safety.
Journal of the Science of Food and Agriculture, 87(5), 773-782.

Deeth, H. C., Datta, N., Ross, A. I. V., & Dam, X. T. (2007). Pulsed Electric Field
Technology: Effect on milk and fruit juices. In G. Tewari & V. K. Juneja (Eds.),
Advances in Termal and Non-Thermal Food Preservation (pp. 241): Blackwell
Publishing.

Dincer, C., & Topuz, A. (2015). Inactivation of Escherichia coli and Quality Changes in
Black Mulberry Juice under Pulsed Sonication and Continuous
Thermosonication Treatments. Journal of Food Processing and Preservation,
39(6), 1744-1753.

Dixon, R. A., & Paiva, N. L. (1995). Stress-Induced Phenylpropanoid Metabolism.
Plant Cell, 7(7), 1085-1097.

Duan, J., & Zhao, Y. (2009). Antimicrobial Efficiency of Essential Oil and Freeze-
Thaw Treatments against Escherichia coli O157:H7 and Salmonella enterica
Ser. Enteritidis in Strawberry Juice. Journal of Food Science, 74(3), M131-
M137.

Dubrovic, 1., Herceg, Z., Jambrak, A. R., Badanjak, M., & Dragovic-Uzelac, V. (2011).
Effect of High Intensity Ultrasound and Pasteurization on Anthocyanin Content
in Strawberry Juice. Food Technology and Biotechnology, 49(2), 196-204.

Eagerman, B. A., & Rouse, A. H. (1976). Heat Inactivation Temperature-Time
Relationships for Pectinesterase Inactivation in Citrus Juices. Journal of Food
Science, 41(6), 1396-1397.

Elez-Martinez, P., Soliva-Fortuny, R. C., & Martin-Belloso, O. (2006). Comparative
study on shelf life of orange juice processed by high intensity pulsed electric
fields or heat treatment. European Food Research and Technology, 222(3-4),
321-329.

Erkmen, O., & Barazi, A. O. (2012). Kinetics of microbial inactivation. In D.-W. Sun
(Ed.), Handbook of Food Safety Engineering (pp. 92-107). Oxford, UK: Wiley-
Blackwell.

Escobedo-Avellaneda, Z., Gutierrez-Uribe, J., Valdez-Fragoso, A., Torres, J. A., &
Welti-Chanes, J. (2015). High Hydrostatic Pressure Combined with Mild
Temperature for the Preservation of Comminuted Orange: Effects on Functional
Compounds and Antioxidant Activity. Food and Bioprocess Technology, 8(5),
1032-1044.

Espina, L., Somolinos, M., Ouazzou, A. A., Condon, S., Garcia-Gonzalo, D., & Pagan,
R. (2012). Inactivation of Escherichia coli O157:H7 in fruit juices by combined
treatments of citrus fruit essential oils and heat. International Journal of Food
Microbiology, 159(1), 9-16.

233



Evrendilek, G. A., Jin, Z. T., Ruhlman, K. T., Qiu, X., Zhang, Q. H., & Richter, E. R.
(2000). Microbial safety and shelf-life of apple juice and cider processed by
bench and pilot scale PEF systems. Innovative Food Science & Emerging
Technologies, 1(1), 77-86.

Falguera, V., Pagan, J., Garza, S., Garvin, A., & lbarz, A. (2011a). Ultraviolet
processing of liquid food: A review. Part 1: Fundamental engineering aspects.
Food Research International, 44(6), 1571-1579.

Falguera, V., Pagan, J., & lbarz, A. (2011b). Effect of UV irradiation on enzymatic
activities and physicochemical properties of apple juices from different varieties.
LWT-Food Science and Technology, 44(1), 115-119.

FAOSTAT. (2016, August 3). Food and Agriculture Organization of the United
Nations, access on October 29, 2016.
Retrieved from http://faostat.fao.org/beta/en/#data/QC

Farkas, D. F., & Hoover, D. G. (2000). High pressure processing. J Food Sci, 65(8), 47-
64.

FDA. (2001). Hazard analysis and critical control point (HACCP); procedures for the
safe and sanitary processing and importing of juices; final rule. Fed. Regist.,
vol. 66, pp. 6137-6202, US Food and Drug Administration, Washington, D.C.

FDA. (2004). Guidance for Industry: Juice HACCP Hazards and Controls Guidance
First Edition; Final Guidance (Access date: February 10, 2017).
Retrieved from
http://www.fda.gov/Food/GuidanceRegulation/GuidanceDocumentsRegulatoryl
nformation/Juice/ucm072557.htm.

FDA. (2014, 12/18/2014). Kinetics of Microbial Inactivation for Alternative Food
Processing Technologies -- High Pressure Processing. Safe Practices for Food
Processes.

Retrieved from
http://www.fda.gov/Food/FoodScienceResearch/SafePracticesforFoodProcesses/
ucm101456.htm

Fellows, P. J. (2009). Pasteurization Food Processing Technology — Principles and
Practice (3 ed., pp. 381-394): CRC Press.

Fellows. (2009). Minimal processing methods under development (Part Il: Ambient-
temperature processing). In P. Fellows (Ed.), Food processing technology:
principles and practice (3rd ed., pp. 329-335). Boca Raton: CRC Press.

Fennema, O. R. (1996). Food Chemistry (3 ed.): Marcel Dekker.

Ferrari, G., Maresca, P., & Ciccarone, R. (2010). The application of high hydrostatic

pressure for the stabilization of functional foods: Pomegranate juice. Journal of
Food Engineering, 100(2), 245-253.

234


http://faostat.fao.org/beta/en/#data/QC
http://www.fda.gov/Food/GuidanceRegulation/GuidanceDocumentsRegulatoryInformation/Juice/ucm072557.htm
http://www.fda.gov/Food/GuidanceRegulation/GuidanceDocumentsRegulatoryInformation/Juice/ucm072557.htm
http://www.fda.gov/Food/FoodScienceResearch/SafePracticesforFoodProcesses/ucm101456.htm
http://www.fda.gov/Food/FoodScienceResearch/SafePracticesforFoodProcesses/ucm101456.htm

Ferrario, M., Alzamora, S. M., & Guerrero, S. (2015). Study of pulsed light inactivation
and growth dynamics during storage of Escherichia coli ATCC 35218, Listeria
innocua ATCC 33090, Salmonella Enteritidis MA44 and Saccharomyces
cerevisiae KE162 and native flora in apple, orange and strawberry juices.
International Journal of Food Science and Technology, 50(11), 2498-2507.

Ferrario, M., Alzamora, S. M., & Guerrero, S. (2015). Study of the inactivation of
spoilage microorganisms in apple juice by pulsed light and ultrasound. Food
Microbiology, 46, 635-642.

Flynn, L. L. (2015, 10.09.2015). Chemistry nobel DNA research lays foundation for
new ways to fight cancer. Retrieved from http://medicalxpress.com/news/2015-
10-chemistry-nobel-dna-foundation-ways.html

Fonberg-Broczek, M., Windyga, B., Szczawinski, J., Szczawinska, M., Pietrzak, D., &
Prestamo, G. (2005). High pressure processing for food safety. Acta Biochimica
Polonica, 52(3), 721-724.

Francis, F. J. (1992). A new group of food colorants. Trends in Food Science &
Technology, 3, 27-30.

Fredericks, 1. N., du Toit, M., & Krugel, M. (2011). Efficacy of ultraviolet radiation as
an alternative technology to inactivate microorganisms in grape juices and
wines. Food Microbiology, 28(3), 510-517.

Gabriel, A. A. (2012a). Microbial inactivation in cloudy apple juice by multi-frequency
Dynashock power ultrasound. Ultrasonics sonochemistry, 19(2), 346-351.

Gani, A., Baba, W. N., Ahmad, M., Shah, U., Khan, A. A., Wani, |. A., . .. Gani, A.
(2016). Effect of ultrasound treatment on physico-chemical, nutraceutical and
microbial quality of strawberry. LWT-Food Science and Technology, 66, 496-
502.

Gao, G., Zhao, L., Ma, Y., Wang, Y. T., Sun, Z. J.,, & Liao, X. J. (2015).
Microorganisms and Some Quality of Red Grapefruit Juice Affected by High
Pressure Processing and High Temperature Short Time. Food and Bioprocess
Technology, 8(10), 2096-2108.

Gao, G., Ren, P. Y., Cao, X. M., Yan, B., Liao, X. J., Sun, Z. J.,, & Wang, Y. T. (2016).
Comparing quality changes of cupped strawberry treated by high hydrostatic
pressure and thermal processing during storage. Food and Bioproducts
Processing, 100, 221-229.

Garcia-Graells, C., Hauben, E. J. A., & Michiels, C. W. (1998). High-pressure
inactivation and sublethal injury of pressure-resistant Escherichia coli mutants
in fruit juices. Applied and Environmental Microbiology, 64(4), 1566-1568.

Garzon, G. A., & Wrolstad, R. E. (2002). Comparison of the stability of pelargonidin-

based Anthocyanins in strawberry juice and concentrate. Journal of Food
Science, 67(4), 1288-1299.

235


http://medicalxpress.com/news/2015-10-chemistry-nobel-dna-foundation-ways.html
http://medicalxpress.com/news/2015-10-chemistry-nobel-dna-foundation-ways.html

Gayan, E., Serrano, M. J., Monfort, S., Alvarez, 1., & Condon, S. (2012). Combining
ultraviolet light and mild temperatures for the inactivation of Escherichia coli in
orange juice. Journal of Food Engineering, 113(4), 598-605.

Gayan, E., Serrano, M. J., Monfort, S., Alvarez, I., & Condon, S. (2013). Pasteurization
of Apple Juice Contaminated with Escherichia coli by a Combined UV-Mild
Temperature Treatment. Food and Bioprocess Technology, 6(11), 3006-3016.

Gayén, E., Condén, S., & Alvarez, 1. (2014). Biological Aspects in Food Preservation
by Ultraviolet Light: a Review. Food and Bioprocess Technology, 7(1), 1-20.

Geeraerd, A. H., Valdramidis, V., & Van Impe, J. F. (2005). GInaFiT, a freeware tool to
assess non-log-linear microbial survivor curves. International Journal of Food
Microbiology, 102(1), 95-105.

Gerlach, D., Alleborn, N., Baars, A., Delgado, A., Moritz, J., & Knorr, D. (2008).
Numerical simulations of pulsed electric fields for food preservation: A review.
Innovative Food Science & Emerging Technologies, 9(4), 408-417.

Giampieri, F., Tulipani, S., Alvarez-Suarez, J. M., Quiles, J. L., Mezzetti, B., & Battino,
M. (2012). The strawberry: Composition, nutritional quality, and impact on
human health. Nutrition, 28(1), 9-19.

Giampieri, F., Forbes-Hernandez, T. Y., Gasparrini, M., Alvarez-Suarez, J. M., Afrin,
S., Bompadre, S., . . . Battino, M. (2015). Strawberry as a health promoter: an
evidence based review. Food & Function, 6(5), 1386-1398.

Gil, M. 1., Tomas-Barberan, F. A., Hess-Pierce, B., Holcroft, D. M., & Kader, A. A.
(2000). Antioxidant activity of pomegranate juice and its relationship with
phenolic composition and processing. Journal of Agricultural and Food
Chemistry, 48(10), 4581-4589.

Golmohamadi, A., Moller, G., Powers, J., & Nindo, C. (2013). Effect of ultrasound
frequency on antioxidant activity, total phenolic and anthocyanin content of red
raspberry puree. Ultrasonics sonochemistry, 20(5), 1316-1323.

Gomez, N., Garcia, D., Alvarez, I, Condon, S., & Raso, J. (2005). Modelling
inactivation of Listeria monocytogenes by pulsed electric fields in media of
different pH. International Journal of Food Microbiology, 103(2), 199-206.

Gossinger, M., Mayer, F., Radocha, N., Hofler, M., Boner, A., Groll, E., . . . Berghofer,
E. (2009). Consumer's Color Acceptance of Strawberry Nectars from Puree.
Journal of Sensory Studies, 24(1), 78-92.

Gouma, M., Gayan, E., Raso, J., Condon, S., & Alvarez, 1. (2015). Inactivation of

spoilage yeasts in apple juice by UV-C light and in combination with mild heat.
Innovative Food Science & Emerging Technologies, 32, 146-155.

236



Guerrero-Beltran, J. A., & Barbosa-Canovas, G. V. (2004). Review: Advantages and
limitations on processing foods by UV light. Food Science and Technology
International, 10(3), 137-147.

Guerrero-Beltran, J. A., & Barbosa Canovas, G. V. (2011). Ultraviolet-C light
processing of liquid food products. In H. Q. Zhang, G. V. Barbosa-Canovas, V.
M. Balasubramaniam, C. P. Dunne, D. F. Farkas, & J. T. C. Yuan (Eds.),
Nonthermal Processing Technologies for Food (pp. 262): John Wiley & Sons
Ltd.

Guerrero-Beltran, J. A., Barbosa-Canovas, G. V., & Welti-Chanes, J. (2011). High
Hydrostatic Pressure Effect on Natural Microflora, Saccharomyces cerevisiae,
Escherichia coli, and Listeria Innocua in Navel Orange Juice. International
Journal of Food Engineering, 7(1).

Guerrouj, K., Sanchez-Rubio, M., Taboada-Rodriguez, A., Cava-Rolla, R. M., & Marin-
Iniesta, F. (2016). Sonication at mild temperatures enhances bioactive
compounds and microbiological quality of orange juice. Food and Bioproducts
Processing, 99, 20-28.

Guo, M. M., Jin, T. Z., Geveke, D. J.,, Fan, X. T, Sites, J. E., & Wang, L. X. (2014).
Evaluation of Microbial Stability, Bioactive Compounds, Physicochemical
Properties, and Consumer Acceptance of Pomegranate Juice Processed in a
Commercial Scale Pulsed Electric Field System. Food and Bioprocess
Technology, 7(7), 2112-2120.

Hakguder Taze, B., Unluturk, S., Buzrul, S., & Alpas, H. (2015). The impact of UV-C
irradiation on spoilage microorganisms and colour of orange juice. Journal of
Food Science and Technology, 52(2), 1000-1007.

Hékkinen, S. H., & Torronen, A. R. (2000). Content of flavonols and selected phenolic
acids in strawberries and Vaccinium species: influence of cultivar, cultivation
site and technique. Food Research International, 33(6), 517-524.

Hamann, S. D. (1957). Physico-chemical effects of pressure. London, UK.: Butterworth
and Company Publications.

Han, Y., & Linton, R. H. (2004). Fate of Escherichia coli O157 : H7 and Listeria
monocytogenes in strawberry juice and acidified media at different pH values
and temperatures. Journal of Food Protection, 67(11), 2443-2449.

Hannum, S. M. (2004). Potential impact of strawberries on human health: A review of
the science. Critical Reviews in Food Science and Nutrition, 44(1), 1-17.

Hart, E. J., & Henglein, A. (1985). Free-Radical and Free Atom Reactions in the
Sonolysis of Aqueous lodide and Formate Solutions. Journal of Physical
Chemistry, 89(20), 4342-4347.

Hartyani, P., Dalmadi, I., Cserhalmi, Z., Kantor, D. B., Toth-Markus, M., & Sass-Kiss,
A. (2011). Physical-chemical and sensory properties of pulsed electric field and

237



high hydrostatic pressure treated citrus juices. Innovative Food Science &
Emerging Technologies, 12(3), 255-260.

Hayashi, R. (1990). Application of high pressure to processing and preservation:
philosophy and development. In W. E. L. Spiess & H. Schubert (Eds.),
Engineering and Food (pp. 815-826). London, UK: Elsevier Applied Science.

Hazard analysis and critical control point (HACCP); procedures for the safe and
sanitary processing and importing of juice, Federal Register Proposed Rules, 79
C.F.R. (1998).

Heinz, V., Alvarez, 1., Angersbach, A., & Knorr, D. (2001). Preservation of liquid foods
by high intensity pulsed electric fields - basic concepts for process design.
Trends in Food Science & Technology, 12(3-4), 103-111.

Herceg, Z., Lelas, V., Jambrak, A. R., Vukusi¢, T., & Levaj, B. (2013). Influence of
thermo-sonication on microbiological safety, color and anthocyanins content of
strawberry juice. Journal of Hygienic Engineering and Design, 4(1), 26-37.

Hodgins, A. M., Mittal, G. S., & Griffiths, M. W. (2002). Pasteurization of fresh orange
juice using low-energy pulsed electrical field. J Food Sci, 67(6), 2294-2299.

Huang, J. Y., Guo, X. P., Qiu, Y. B., & Chen, Z. Y. (2007). Cluster and discriminant
analysis of electrochemical noise data. Electrochimica Acta, 53(2), 680-687.

Huang, W. S., Bi, X. F., Zhang, X., Liao, X. J.,, Hu, X. S., & Wu, J. H. (2013).
Comparative study of enzymes, phenolics, carotenoids and color of apricot
nectars treated by high hydrostatic pressure and high temperature short time.
Innovative Food Science & Emerging Technologies, 18, 74-82.

IFST. (1999). Development and use of microbiological criteria for foods, Institute of
Food Science and Technology, London.

Islam, M. S., Patras, A., Pokharel, B., Wu, Y., Vergne, M. J., Shade, L., . .. Sasges, M.
(2016). UV-C irradiation as an alternative disinfection technique: Study of its
effect on polyphenols and antioxidant activity of apple juice. Innovative Food
Science & Emerging Technologies, 34, 344-351.

lu, J., Mittal, G. S., & Griffiths, M. W. (2001). Reduction in levels of Escherichia coli
0157 : H7 in apple cider by pulsed electric fields. Journal of Food Protection,
64(7), 964-969.

Jaeger, H., Meneses, N., Moritz, J., & Knorr, D. (2010). Model for the differentiation of
temperature and electric field effects during thermal assisted PEF processing.
Journal of Food Engineering, 100(1), 109-118.

Jayaram, S., Castle, G. S. P., & Margaritis, A. (1993). The Effects of High-Field Dc

Pulse and Liquid-Medium Conductivity on Survivability of Lactobacillus-
Brevis. Applied Microbiology and Biotechnology, 40(1), 117-122.

238



Jayathunge, K. G. L. R, Grant, I. R., Linton, M., Patterson, M. F., & Koidis, A. (2015).
Impact of long-term storage at ambient temperatures on the total quality and
stability of high-pressure processed tomato juice. Innovative Food Science &
Emerging Technologies, 32, 1-8.

Jordan, S. L., Pascual, C., Bracey, E., & Mackey, B. M. (2001). Inactivation and injury
of pressure-resistant strains of Escherichia coli 0157 and Listeria
monocytogenes in fruit juices. Journal of Applied Microbiology, 91(3), 463-469.

Kahkonen, M. P., Hopia, A. I., & Heinonen, M. (2001). Berry phenolics and their
antioxidant activity. Journal of Agricultural and Food Chemistry, 49(8), 4076-
4082. doi:10.1021/jf010152t

Kaushik, N., Nadella, T., & Rao, P. S. (2015). Impact of pH and Total Soluble Solids on
Enzyme Inactivation Kinetics during High Pressure Processing of Mango
(Mangifera indica) Pulp. J Food Sci, 80(11), E2459-E2470.

Kaya, Z., & Unluturk, S. (2016). Processing of clear and turbid grape juice by a
continuous flow UV system. Innovative Food Science & Emerging
Technologies, 33, 282-288.

Kaya, Z., Yildiz, S., & Unluturk, S. (2015). Effect of UV-C irradiation and heat
treatment on the shelf life stability of a lemon-melon juice blend: multivariate
statistical approach. Innovative Food Science & Emerging Technologies, 29,
230-239.

Keenan, D. F., Rossle, C., Gormley, R., Butler, F., & Brunton, N. P. (2012). Effect of
high hydrostatic pressure and thermal processing on the nutritional quality and
enzyme activity of fruit smoothies. LWT-Food Science and Technology, 45(1),
50-57.

Kentish, S., & Ashokkumar, M. (2011). The Physical and Chemical Effects of
Ultrasound. In H. Feng, G. Barbosa-Canovas, & J. Weiss (Eds.), Ultrasound
Technologies for Food and Bioprocessing (pp. 1-12). New York, US: Springer

Keyser, M., Muller, 1. A., Cilliers, F. P., Nel, W., & Gouws, P. A. (2008). Ultraviolet
radiation as a non-thermal treatment for the inactivation of microorganisms in
fruit juice. Innovative Food Science & Emerging Technologies, 9(3), 348-354.

Khandpur, P., & Gogate, P. R. (2015). Effect of novel ultrasound based processing on
the nutrition quality of different fruit and vegetable juices. Ultrasonics
sonochemistry, 27, 125-136.

Klopotek, Y., Otto, K., & Bohm, V. (2005). Processing strawberries to different
products alters contents of vitamin C, total phenolics, total anthocyanins, and
antioxidant capacity. Journal of Agricultural and Food Chemistry, 53(14), 5640-
5646.

239



Knorr, D., Angersbach, A., Eshtiaghi, M. N., Heinz, V., & Lee, D. U. (2001).
Processing concepts based on high intensity electric field pulses. Trends in Food
Science & Technology, 12(3-4), 129-135.

Knorr, D., Zenker, M., Heinz, V., & Lee, D. U. (2004). Applications and potential of
ultrasonics in food processing. Trends in Food Science & Technology, 15(5),
261-266.

Koutchma, T., Keller, S., Chirtel, S., & Parisi, B. (2004). Ultraviolet disinfection of
juice products in laminar and turbulent flow reactors. Innovative Food Science
& Emerging Technologies, 5(2), 179-189.

Koutchma, T., Paris, B., & Patazca, E. (2007). Validation of UV coiled tube reactor for
fresh juices. Journal of Environmental Engineering and Science, 6(3), 319-328.

Koutchma, T. (2009a). Ultraviolet light in food technology: principles and applications.
Boca Raton CRC Press.

Koutchma, T. (2009b). Advances in Ultraviolet Light Technology for Non-thermal
Processing of Liquid Foods. Food and Bioprocess Technology, 2(2), 138-155.

Koutchma, T., Popovic, V., Ros-Polski, V., & Popielarz, A. (2016). Effects of
Ultraviolet Light and High-Pressure Processing on Quality and Health-Related
Constituents of Fresh Juice Products. Comprehensive Reviews in Food Science
and Food Safety, 15(5), 844-867.

Kozak, M., & Scaman, C. H. (2008). Unsupervised classification methods in food
sciences: discussion and outlook. Journal of the Science of Food and
Agriculture, 88(7), 1115-1127.

Krebbers, B., Matser, A. M., Hoogerwerf, S. W., Morzelaar, R., Momassen, M. M. M.,
& Van den berg, R. W. (2003). Combined high pressure and thermal treatments
for processing of tomato puree; evaluation of microbial inactivation and quality
parameters. Innovative Food Science and Emerging Technologies, 4, 377-385.

La Cava, E. L. M., & Sgroppo, S. C. (2015). Evolution during refrigerated storage of
bioactive compounds and quality characteristics of grapefruit [Citrus paradisi
(Macf.)] juice treated with UV-C light. LWT - Food Science and Technology,
63(2), 1325-1333.

Lawless, H. T., & Heymann, H. (2010). Color and Appearance Sensory Evaluation of
Food: Principles and Practices (Second ed., pp. 283-299). London, UK:
Springer Science & Business Media.

Lee, H. S., & Coates, G. A. (1999). Thermal pasteurization effects on color of red
grapefruit juices. Journal of Food Science, 64(4), 663-666.

Lee, J., Durst, R. W., & Wrolstad, R. E. (2005). Determination of total monomeric
anthocyanin pigment content of fruit juices, beverages, natural colorants, and

240



wines by the pH differential method: Collaborative study. Journal of Aoac
International, 88(5), 1269-1278.

Lee, W. C., Yusof, S., Hamid, N. S. A., & Baharin, B. S. (2007). Effects of fining
treatment and storage temperature on the quality of clarified banana juice. LWT-
Food Science and Technology, 40(10), 1755-1764.

Lee, H. I., Zhou, B., Liang, W., Feng, H., & Martin, S. E. (2009). Inactivation of
Escherichia coli cells with sonication, manosonication, thermosonication, and
manothermosonication: Microbial responses and kinetics modeling. Journal of
Food Engineering, 93(3), 354-364.

Leifert, W. R., & Abeywardena, M. Y. (2008). Cardioprotective actions of grape
polyphenols. Nutrition Research, 28(11), 729-737.

Leighton. (1995). Bubble Population Phenomena in Acoustic Cavitation. Ultrasonics
sonochemistry, 2(2), S123-S136.

Leighton. (1998). The principles of cavitation. In M. J. W. Povey & T. J. Mason (Eds.),
Ultrasound in food processing (pp. 151-178). London: Blackie Academic &
Professional.

Leistner, L. (1978). Hurdle effect and energy saving. In W. K. Downey (Ed.), Food
Quality and Nutrition (pp. 553-557). London: Applied Science Publishers Ltd.

Leistner, L. (2000). Basic aspects of food preservation by hurdle technology.
International Journal of Food Microbiology, 55(1-3), 181-186.

Leong, S. Y., Burritt, D. J., & Oey, I. (2016). Evaluation of the anthocyanin release and
health-promoting properties of Pinot Noir grape juices after pulsed electric
fields. Food Chemistry, 196, 833-841.

Leong, T., Ashokkumar, M., & Kentish, S. (2011). The Fundamentals of Power
Ultrasound - a Review. Acoustics Australia, 39(2), 54-63.

Liu, F. X., Zhang, X. X., Zhao, L., Wang, Y. T., & Liao, X. J. (2016). Potential of high-
pressure processing and high-temperature/short-time thermal processing on
microbial, physicochemical and sensory assurance of clear cucumber juice.
Innovative Food Science & Emerging Technologies, 34, 51-58.

Liu, X., Yousef, A. E., & Chism, G. W. (1997). Inactivation of Escherichia coli
0157:H7 by the combination of organic acids and pulsed electric field. Journal
of Food Safety, 16(4), 287-299.

Lopez-Malo, A., & Palou, E. (2005). Ultraviolet light and food preservation. In G.V.
Barbosa-Canovas, M. Soledad Tapia, & M. Pilar Cano (Eds.), Novel Food
Processing Technologies. New York: Marcel Dekker.

Lu, G, Li, C. L., Liu, P, Cui, H. B, Xia, Y., & Wang, J. F. (2010). Inactivation of

microorganisms in apple juice using an ultraviolet silica-fiber optical device.
Journal of Photochemistry and Photobiology B-Biology, 100(3), 167-172.

241



MacDougall, D. B. (2002). Colour Measurement of Food: principles and practice. In D.
B. MacDougall (Ed.), Colour in Food - Improving Quality (pp. 33-63).
Cambridge, UK: Woodhead Publishing.

Mafart, P., Couvert, O., Gaillard, S., & Leguérinel, 1. (2002). On calculating sterility in
thermal preservation methods: application of the Weibull frequency distribution
model. International Journal of Food Microbiology, 72(1), 107-113.

Marugan, J., van Grieken, R., Sordo, C., & Cruz, C. (2008). Kinetics of the
photocatalytic disinfection of Escherichia coli suspensions. Applied Catalysis B-
Environmental, 82(1-2), 27-36.

Marselles-Fontanet, A. R., Puig, A., Olmos, P., Minguez-Sanz, S., & Martin-Belloso, O.
(2009). Optimising the inactivation of grape juice spoilage organisms by pulse
electric fields. International Journal of Food Microbiology, 130(3), 159-165.

Martin-Belloso, O., & Elez-Martinez, P. (2005a). Enzymatic inactivation by pulsed
electric fields. In D. W. Sun (Ed.), Emerging Technologies for Food Processing
(pp. 155-181). London, UK: Elsevier Academic Press.

Martin-Belloso, O., & Elez-Martinez, P. (2005b). Food safety aspects of pulsed electric
fields. In D. W. Sun (Ed.), Emerging Technologies for Food Processing (pp.
183-217). London, UK: Elsevier Academic Press.

Martin-Belloso, O., & Sobrino-Lopez, A. (2011). Combination of Pulsed Electric Fields
with Other Preservation Techniques. Food and Bioprocess Technology, 4(6),
954-968.

Martinez-Flores, H. E., Garnica-Romo, M. G., Bermudez-Aguirre, D., Pokhrel, P. R., &
Barbosa-Canovas, G. V. (2015). Physico-chemical parameters, bioactive
compounds and microbial quality of thermo-sonicated carrot juice during
storage. Food Chemistry, 172, 650-656.

Martinez-Monteagudo, S. I., & Balasubramaniam, V. M. (2016). Fundamentals and
applications of High-Pressure Processing Technology. In V. M.
Balasubramaniam, G. V. Barbosa-Canovas, & H. L. M. Lelieveld (Eds.), High
Pressure Processing of Food: Springer

Mason, T. J. (1998). Power ultrasound in food processing - the way forward. In M. J.
W. Povey & T. J. Mason (Eds.), Ultrasound in food processing (pp. 105-126).
London: Blackie Academic and Professional.

Mason, T. J., & Peters, D. (2002). An introduction to the uses of power ultrasound in
chemistry. In T.J. Mason & D. Peters (Eds.), Practical sonochemistry: Power
ultrasound wuses and applications (pp. 1-49). Philadelphia: Woodhead
Publishing.

Mason, T. J., Riera, E., Vercet, A., & Lopez-Buesa, P. (2005). Application of

ultrasound. In D.-W. Sun (Ed.), Emerging technologies for food processing (pp.
323-351): Elsevier

242



Masschelein, W. J. (2002). Ultraviolet light in water and wastewater sanitation. Boca
Raton: CRC.

Mazzotta, A. S. (2001). Thermal inactivation of stationary-phase and acid-adapted
Escherichia coli 0157 : H7, Salmonella, and Listeria monocytogenes in fruit
juices. Journal of Food Protection, 64(3), 315-320.

McDonald, C. J., Lloyd, S. W., Vitale, M. A., Petersson, K., & Innings, F. (2000).
Effects of pulsed electric fields on microorganisms in orange juice using electric
field strengths of 30 and 50 kV/cm. J Food Sci, 65(6), 984-989.

McNamee, C., Noci, F., Cronin, D. A., Lyng, J. G., Morgan, D. J., & Scannell, A. G. M.
(2010). PEF based hurdle strategy to control Pichia fermentans, Listeria innocua
and Escherichia coli K12 in orange juice. International Journal of Food
Microbiology, 138(1-2), 13-18.

MEYED. (2017). Turkey Fruit Juice Industry - Statistical Evaluation 2000-2008.
(Tiirkiye Meyve Suyu Endiistrisi - Istatistiksel Degerlendirme). January 24,
2017
Retrieved from
http://www.meyed.org.tr/files/bilgi_merkezi/sektorel veriler/tmse _istatistiki_de
gerlendirme 2000 08.pdf

Meyer, R. S., Cooper, K. L., Knorr, D., & Lelieveld, H. L. M. (2000). High pressure
sterilization of foods. Food Technology, 54(11), 67-72.

Meyers, K. J., Watkins, C. B., Pritts, M. P., & Liu, R. H. (2003). Antioxidant and
antiproliferative activities of strawberries. Journal of Agricultural and Food
Chemistry, 51(23), 6887-6892.

Meyers, K. J., Watkins, C. B., Pritts, M. P., & Liu, R. H. (2003). Antioxidant and
antiproliferative activities of strawberries. Journal of Agricultural and Food
Chemistry, 51(23), 6887-6892.

Miguel Santos, H., Lodeiro, C., & Capelo-Martinez, J. L. (2009). The Power of
Ultrasound. In J. L. Capelo-Martinez (Ed.), Ultrasound in Chemistry: Analytical
Applications (pp. 1-16): John Wiley & Sons.

Miller, N. J., & RiceEvans, C. A. (1997). The relative contributions of ascorbic acid and
phenolic antioxidants to the total antioxidant activity of orange and apple fruit
juices and blackcurrant drink. Food Chemistry, 60(3), 331-337. doi:Doi
10.1016/S0308-8146(96)00339-1

Miller, R. V., Jeffrey, W., Mitchell, D., & Elasri, M. (1999). Bacterial responses to
ultraviolet light. ASM News-American Society for Microbiology, 65, 535-541.

Min, S., Jin, Z. T., Min, S. K., Yeom, H., & Zhang, Q. H. (2003). Commercial-scale

pulsed electric field processing of orange juice. Journal of Food Science, 68(4),
1265-1271.

243


http://www.meyed.org.tr/files/bilgi_merkezi/sektorel_veriler/tmse_istatistiki_degerlendirme_2000_08.pdf
http://www.meyed.org.tr/files/bilgi_merkezi/sektorel_veriler/tmse_istatistiki_degerlendirme_2000_08.pdf

Mosqueda-Melgar, J., Elez-Martinez, P., Raybaudi-Massilia, R. M., & Martin-Belloso,
O. (2008). Effects of pulsed electric fields on pathogenic microorganisms of
major concern in fluid foods: A review. Critical Reviews in Food Science and
Nutrition, 48(8), 747-759.

Mosqueda-Melgar, J., Raybaudi-Massilia, R. M., & Martin-Belloso, O. (2008).
Combination of high-intensity pulsed electric fields with natural antimicrobials
to inactivate pathogenic microorganisms and extend the shelf-life of melon and
watermelon juices. Food Microbiology, 25(3), 479-491.

Mosqueda-Melgar, J., Raybaudi-Massilia, R. M., & Martin-Belloso, O. (2012).
Microbiological shelf life and sensory evaluation of fruit juices treated by high-
intensity pulsed electric fields and antimicrobials. Food and Bioproducts
Processing, 90(C2), 205-214.

Munoz, A., Palgan, 1., Noci, F., Cronin, D. A., Morgan, D. J., Whyte, P., & Lyng, J. G.
(2012). Combinations of selected non-thermal technologies and antimicrobials
for microbial inactivation in a buffer system. Food Research International,
47(1), 100-105.

Miiller, A., Noack, L., Greiner, R., Stahl, M. R., & Posten, C. (2014). Effect of UV-C
and UV-B treatment on polyphenol oxidase activity and shelf life of apple and
grape juices. Innovative Food Science & Emerging Technologies, 26, 498-504.

NACMCEF. (2004). Requisite Scientific Parameters For Establishing The Equivalence
Of Alternative Methods Of Pasteurization. National Advisory Committee on
Microbiological Criteria for Foods, Washington, DC.

Nagy, S., Chen, C. S., & Shaw, P. E. (1993). Fruit juice processing technology.
Agscience Inc., Auburndale, F.L.

Nagy, S., Rouseff, R., & Lee, H. (1989). Thermally degraded flavors in citrus juice
products. ACS Symp Series, 409, 331-345.

Namiki, M. (1990). Antioxidants Antimutagens in Food. Critical Reviews in Food
Science and Nutrition, 29(4), 273-300.

Neilsen, S. S., Marcy, J. E., & Sadler, G. D. (1993). Chemistry of aseptically processed
foods. In J. V. Chambers & P. E. Nelson (Eds.), Principles of Aseptic
Processing and Packaging (pp. 87-114). Washington, DC: The Food Processors
Institute.

Ngadi, M. O., Bazhal, M. I., & Raghavan, G. V. (2003). Engineering Aspects of Pulsed
Electroplasmolysis of Vegetable Tissues. Agricultural  Engineering
International: CIGR Journal. ISSN: 1682-1130.

Nguyen, L. T., & Balasubramaniam, V. M. (2011). Fundamentals of Food Processing
Using High Pressure In H. Q. Zhang, G. V. Barbosa-Canovas, V.M.
Balasubramaniam, C. P. Dunne, D. F. Farkas, & J. T. C. Yuan (Eds.),
Nonthermal Processing Technologies for Food. Oxford, UK.: Wiley-Blackwell.

244



Nguyen, P., & Mittal, G. S. (2007). Inactivation of naturally occurring microorganisms
in tomato juice using pulsed electric field (PEF) with and without
antimicrobials. Chemical Engineering and Processing, 46(4), 360-365.

Nip, W. K. (2007). Fundamentals of food manufacturing. In Y. H. Hui (Ed.), Handbook
of Food Products Manufacturing (pp. 5-44). New Jersey: John Wiley & Sons,
Inc.

Nordberg, J., & Arner, E. S. J. (2001). Reactive oxygen species, antioxidants, and the
mammalian thioredoxin system. Free Radical Biology and Medicine, 31(11),
1287-1312.

Odriozola-Serrano, I., Soliva-Fortuny, R., & Martin-Belloso, O. (2008). Phenolic acids,
flavonoids, vitamin C and antioxidant capacity of strawberry juices processed by
high-intensity pulsed electric fields or heat treatments. European Food Research
and Technology, 228(2), 239-248.

Odriozola-Serrano, I., Soliva-Fortuny, R., & Martin-Belloso, O. (2009). Impact of high-
intensity pulsed electric fields variables on vitamin C, anthocyanins and
antioxidant capacity of strawberry juice. LWT-Food Science and Technology,
42(1), 93-100.

Odriozola-Serrano, ., Aguilo-Aguayo, I., Soliva-Fortuny, R., & Martin-Belloso, O.
(2013). Pulsed electric fields processing effects on quality and health-related
constituents of plant-based foods. Trends in Food Science & Technology, 29(2),
98-107.

Pagan, R., & Manas, P. (2006). Fundamental Aspects of Microbial Membrane
Electroporation. In J. Raso & V. Heinz (Eds.), Pulsed Electric Fields
Technology for the Food Industry (pp. 73-94): Springer.

Pagan, R., Condon, S., & Raso, J. (2005). Microbial Inactivation by Pulsed Electric
Fields. In G. V. Barbosa-Canovas, M. S. Tapia, & M. P. Cano (Eds.), Novel
Food Processing Technologies. New York CRC Press.

Pala, C. U., & Toklucu, A. K. (2011). Effect of UV-C light on anthocyanin content and
other quality parameters of pomegranate juice. Journal of Food Composition
and Analysis, 24(6), 790-795.

Pala, C. U.,, & Toklucu, A. K. (2013a). Microbial, physicochemical and sensory
properties of UV-C processed orange juice and its microbial stability during
refrigerated storage. LWT-Food Science and Technology, 50(2), 426-431.

Pala, C. U., & Toklucu, A. K. (2013b). Effects of UV-C Light Processing on Some
Quiality Characteristics of Grape Juices. Food and Bioprocess Technology, 6(3),
719-725. doi:10.1007/s11947-012-0808-7

Palaniappan, S., & Sastry, S. K. (1991). Electrical conductivity of selected juices:

influences of temperature, solids content, applied voltage, and particle size.
Journal of Food Process Engineering, 14(4), 247-260.

245



Palou, E., Lopez-Malo, A., Barbosa-Canovas, G. V., Welti-Chanes, J., & Swanson, B.
G. (1999). Polyphenoloxidase activity and color of blanched and high
hydrostatic pressure treated banana puree. Journal of Food Science, 64(1), 42-
45.

Paredes-Lopez, O., Cervantes-Ceja, M. L., Vigna-Perez, M., & Hernandez-Perez, T.
(2010). Berries: Improving Human Health and Healthy Aging, and Promoting
Quality Life-A Review. Plant Foods for Human Nutrition, 65(3), 299-308.

Patil, S., Bourke, P., Kelly, B., Frias, J. M., & Cullen, P. J. (2009). The effects of acid
adaptation on Escherichia coli inactivation using power ultrasound. Innovative
Food Science & Emerging Technologies, 10(4), 486-490.

Patras, A., Brunton, N. P., Da Pieve, S., & Butler, F. (2009). Impact of high pressure
processing on total antioxidant activity, phenolic, ascorbic acid, anthocyanin
content and colour of strawberry and blackberry purees. Innovative Food
Science & Emerging Technologies, 10(3), 308-313.

Patras, A., Brunton, N. P., O'Donnell, C., & Tiwari, B. K. (2010). Effect of thermal
processing on anthocyanin stability in foods; mechanisms and Kkinetics of
degradation. Trends in Food Science & Technology, 21(1), 3-11.

Patterson, M. F., Mckay, A. M., Connolly, M., & Linton, M. (2012). The effect of high
hydrostatic pressure on the microbiological quality and safety of carrot juice
during refrigerated storage. Food Microbiology, 30(1), 205-212.

Peleg, M. (2006). Isothermal Microbial Heat Inactivation Advanced quantitative
microbiology for foods and biosystems: models for predicting growth and
inactivation (pp. 1-48): CRC Press.

Pereira, R. N., & Vicente, A. A. (2010). Environmental impact of novel thermal and
non-thermal technologies in food processing. Food Research International,
43(7), 1936-1943.

Petin, V. G., Kim, J. K., Rassokhina, A. V., & Zhurakovskaya, G. P. (2001). Mitotic
recombination and inactivation in Saccharomyces cerevisiae induced by UV-
radiation (254 nm) and hyperthermia depend on UV fluence rate. Mutation
Research/Fundamental and Molecular Mechanisms of Mutagenesis, 478(1), 169-
176.

Pineli, L. D. D., Moretti, C. L., dos Santos, M. S., Campos, A. B., Brasileiro, A. V.,
Cordova, A. C., & Chiarello, M. D. (2011). Antioxidants and other chemical and
physical characteristics of two strawberry cultivars at different ripeness stages.
Journal of Food Composition and Analysis, 24(1), 11-16.

Piyasena, P., Mohareb, E., & McKellar, R. C. (2003). Inactivation of microbes using

ultrasound: a review. International Journal of Food Microbiology, 87(3), 207-
216.

246



Plaza, L., Sanchez-Moreno, C., Elez-Martinez, P., de Ancos, B., Martin-Belloso, O., &
Cano, M. P. (2006). Effect of refrigerated storage on vitamin C and antioxidant
activity of orange juice processed by high-pressure or pulsed electric fields with
regard to low pasteurization. European Food Research and Technology, 223(4),
487-493.

Plaza, L., Sanchez-Moreno, C., De Ancos, B., Elez-Martinez, P., Martin-Belloso, O., &
Cano, M. P. (2011). Carotenoid and flavanone content during refrigerated
storage of orange juice processed by high-pressure, pulsed electric fields and
low pasteurization. LWT-Food Science and Technology, 44(4), 834-839.

Polydera, A. C., Stoforos, N. G., & Taoukis, P. S. (2005). Quality degradation kinetics
of pasteurised and high pressure processed fresh Navel orange juice: Nutritional
parameters and shelf life. Innovative Food Science & Emerging Technologies,
6(1), 1-9.

Portenlanger, G., & Heusinger, H. (1992). Chemical-Reactions Induced by Ultrasound
and Gamma-Rays in Agqueous-Solutions of L-Ascorbic-Acid. Carbohydrate
Research, 232(2), 291-301.

Puertolas, E., Luengo, E., Alvarez, I., & Raso, J. (2012). Improving Mass Transfer to
Soften Tissues by Pulsed Electric Fields: Fundamentals and Applications.
Annual Review of Food Science and Technology, Vol 3, 3, 263-282.

Queiroz, C., Moreira, C. F. F., Lavinas, F. C., Lopes, M. L. M., Fialho, E., & Valente-
Mesquita, V. L. (2010). Effect of high hydrostatic pressure on phenolic
compounds, ascorbic acid and antioxidant activity in cashew apple juice. High
Pressure Research, 30(4), 507-513.

Rahman, K. (2007). Studies on free radicals, antioxidants, and co-factors. Clinical
Interventions in Aging, 2(2), 219-236.

Rahn, R. O. (1997). Potassium iodide as a chemical actinometer for 254 nm radiation:
Use of iodate as an electron scavenger. Photochemistry and Photobiology, 66(4),
450-455.

Ramaswamy, H. S., Riahi, E., & ldziak, E. (2003). High-pressure destruction kinetics of
E.coli (29055) in apple juice. Journal of Food Science, 68(5), 1750-1756.

Ramaswamy, R., Balasubramaniam, V. M., & Kaletung, G. (2011). High Pressure
Processing Fact Sheet for Food Processors (Appendix 1). In H. Q. Zhang, G. V.
Barbosa Canovas, V. M. Balasubramaniam, C. P. Dunne, D. F. Farkas, & J. T.
C. Yuan (Eds.), Nonthermal Processing Technologies for Food (pp. 595-598).
UK: IFT Press, Wiley-Blackwell.

Ramaswamy, R., Jin, T., Balasubramaniam, V. M., & Zhang, H. (2011). Pulsed Electric
Field Processing Fact Sheet for Food Processors (Appendix 2). In H. Q. Zhang,
G. V. Barbosa Canovas, V. M. Balasubramaniam, C. P. Dunne, D. F. Farkas, &
J. T. C. Yuan (Eds.), Nonthermal Processing Technologies for Food (pp. 599-
602). UK: IFT Press, Wiley-Blackwell.

247



Rasanayagam, V., Balasubramaniam, V. M., Ting, E., Sizer, C. E., Bush, C., &
Anderson, C. (2003). Compression heating of selected fatty food materials
during high-pressure processing. Journal of Food Science, 68(1), 254-259.

Raso, J., Condén, S., & Alvarez, 1. (2014). Pulsed electric field. In C. A. Batt (Ed.),
Encyclopedia of Food Microbiology (Second ed.): Elsevier Ltd.

Raso, J., Pagan, R., Condon, S., & Sala, F. J. (1998). Influence of temperature and
pressure on the lethality of ultrasound. Applied and Environmental
Microbiology, 64(2), 465-471.

Rastogi, N. K., Angersbach, A., & Knorr, D. (2003). Transport Phenomena in Food
Processing. New York: CRC Press.

Rastogi, N. K., Raghavarao, K. S. M. S., Balasubramaniam, V. M., Niranjan, K., &
Knorr, D. (2007). Opportunities and challenges in high pressure processing of
foods. Critical Reviews in Food Science and Nutrition, 47(1), 69-112.

Rastogi, N. K. (2011). Opportunities and Challenges in Application of Ultrasound in
Food Processing. Critical Reviews in Food Science and Nutrition, 51(8), 705-
722.

Rawson, A., Patras, A., Tiwari, B. K., Noci, F., Koutchma, T., & Brunton, N. (2011a).
Effect of thermal and non thermal processing technologies on the bioactive
content of exotic fruits and their products: Review of recent advances. Food
Research International, 44(7), 1875-1887.

Rawson, A., Tiwari, B. K., Patras, A., Brunton, N., Brennan, C., Cullen, P. J., &
O'Donnell, C. (2011b). Effect of thermosonication on bioactive compounds in
watermelon juice. Food Research International, 44(5), 1168-1173.

Ray, B. (2004). Fundemantal food microbiology Baco Raton, Florida: CRC Press.

Raybaudi-Massilia, R. M., Mosqueda-Melgar, J., Soliva-Fortuny, R., & Martin-Belloso,
0. (2009). Control of Pathogenic and Spoilage Microorganisms in Fresh-cut
Fruits and Fruit Juices by Traditional and Alternative Natural Antimicrobials.
Comprehensive Reviews in Food Science and Food Safety, 8(3), 157-180.

Rein, M. J., Ollilainen, V., Vahermo, M., Yli-Kauhaluoma, J., & Heinonen, M. (2005).
Identification of novel pyranoanthocyanins in berry juices. European Food
Research and Technology, 220(3-4), 239-244.

Renard, A., di Marco, P. G., Egea-Cortines, M., & Weiss, J. (2008). Application of
whole genome amplification and quantitative PCR for detection and
quantification of spoilage yeasts in orange juice. International Journal of Food
Microbiology, 126(1-2), 195-201.

Richard, J. S. (1992). High pressure phase behaviour of multi component fluid mixtures.
Amsterdam: Elsevier.

248



Riley, P. A. (1994). Free-Radicals in Biology - Oxidative Stress and the Effects of
lonizing-Radiation. International Journal of Radiation Biology, 65(1), 27-33.

Ringblom, U. (2004). The orange book. Lund, Sweden: Tetra Pak Processing Systems.

Rodrigo, D., van Loey, A., & Hendrickx, M. (2007). Combined thermal and high
pressure colour degradation of tomato puree and strawberry juice. Journal of
Food Engineering, 79(2), 553-560.

Rodriguez-Roque, M. J., Rojas-Grau, M. A., Elez-Martinez, P., & Martin-Belloso, O.
(2013). Changes in Vitamin C, Phenolic, and Carotenoid Profiles Throughout in
Vitro Gastrointestinal Digestion of a Blended Fruit Juice (vol 61, pg 1859,
2013). Journal of Agricultural and Food Chemistry, 61(13), 3350-3350.

Ross, A. L., Griffiths, M. W., Mittal, G. S., & Deeth, H. C. (2003). Combining
nonthermal technologies to control foodborne microorganisms. International
Journal of Food Microbiology, 89(2), 125-138.

Ryley, J., & Kajda, P. (1994). Vitamins in Thermal-Processing. Food Chemistry, 49(2),
119-129.

Salleh-Mack, S. Z., & Roberts, J. S. (2007). Ultrasound pasteurization: the effects of
temperature, soluble solids, organic acids and pH on the inactivation of
Escherichia coli ATCC 25922. Ultrasonics Sonochemistry, 14(3), 323-329.

Sampedro, F., Geveke, D. J., Fan, X., Rodrigo, D., & Zhang, Q. H. (2009). Shelf-Life
Study of an Orange Juice-Milk Based Beverage after PEF and Thermal
Processing. Journal of Food Science, 74(2), S107-S112.

Sampedro, F., McAloon, A., Yee, W., Fan, X., Zhang, H. Q., & Geveke, D. J. (2013).
Cost analysis of commercial pasteurization of orange juice by pulsed electric
fields. Innovative Food Science & Emerging Technologies, 17, 72-78.

Sanchez-Moreno, C., Plaza, L., Elez-Martinez, P., De Ancos, B., Martin-Belloso, O., &
Cano, M. P. (2005). Impact of high pressure and pulsed electric fields on
bioactive compounds and antioxidant activity of orange juice in comparison
with traditional thermal processing. Journal of Agricultural and Food
Chemistry, 53(11), 4403-4409.

Sanchez-Moreno, C., De Ancos, B., Plaza, L., Elez-Martinez, P., & Cano, M. P. (2009).
Nutritional Approaches and Health-Related Properties of Plant Foods Processed
by High Pressure and Pulsed Electric Fields. Critical Reviews in Food Science
and Nutrition, 49(6), 552-576.

Sandhu, K. S., & Minhas, K. S. (2006). Oranges and citrus juices. In Y. H. Hui, J. Barta,

M. P. Cano, J. S. Gusek, J. S. Sidhu, & N. K. Sinha (Eds.), Handbook of Fruits
and Fruit Processing (pp. 309-358). Ames, USA: Blackwell Publishing.

249



Santhirasegaram, V., Razali, Z., & Somasundram, C. (2014). Effects of sonication and
Ultraviolet-C treatment as a hurdle concept on quality attributes of Chokanan
mango (Mangifera indica L.) juice. Food Science and Technology International,
21(3), 232-241.

Santhirasegaram, V., Razali, Z., George, D. S., & Somasundram, C. (2015).
Comparison of UV-C treatment and thermal pasteurization on quality of
Chokanan mango (Mangifera indica L.) juice. Food and Bioproducts
Processing, 94, 313-321.

Santhirasegaram, V., Razali, Z., George, D. S., & Somasundram, C. (2015b). Effects of
Thermal and Non-thermal Processing on Phenolic Compounds, Antioxidant
Activity and Sensory Attributes of Chokanan Mango (Mangifera indica L.)
Juice. Food and Bioprocess Technology, 8(11), 2256-2267.

Sastry, S. K., Datta, A. K., & Worobo, R. W. (2000). Ultraviolet light. Journal Food
Science, Supplement, 65(12), 90-92.

Saulis, G. (2010). Electroporation of Cell Membranes: The Fundamental Effects of
Pulsed Electric Fields in Food Processing. Food Engineering Reviews, 2(2), 52-
73.

Schols, H. A., Intveld, P. H., Vandeelen, W., & Voragen, A. G. J. (1991). The Effect of
the Manufacturing Method on the Characteristics of Apple Juice. Zeitschrift Fur
Lebensmittel-Untersuchung Und-Forschung, 192(2), 142-148.

Shahidi, F., & Naczk, M. (2004). Phenolic compounds in fruits and vegetables
Phenolics in food and nutraceutical (pp. 131-156): CRC, LLC.

Silva, F. V. M., & Gibbs, P. (2004). Target selection in designing pasteurization
processes for shelf-stable high-acid fruit products. Critical Reviews in Food
Science and Nutrition, 44(5), 353-360.

Singhal, R. S., Kulkarni, P. R., & Rege, D. V. (1997). Fruit and Vegetable Products
(Chapter 3) Handbook of Indices of Food Quality and Authenticity (pp. 77-130).
Cambridge, England: Woodhead Publishing Limited.

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. American Journal of Enology
and Viticulture, 16(3), 144-158.

Sivasankar, T., Paunikar, A. W., & Moholkar, V. S. (2007). Mechanistic approach to
enhancement of the yield of a sonochemical reaction. Aiche Journal, 53(5),
1132-1143.

Soehnge, H., Ouhtit, A., & Ananthaswamy, O. N. (1997). Mechanisms of Induction of
Skin Cancer by UV Radiation. Frontiers in Bioscience, 2, D538-D551.

250



Soliva-Fortuny, R., Balasa, A., Knorr, D., & Martin-Belloso, O. (2009). Effects of
pulsed electric fields on bioactive compounds in foods: a review. Trends in Food
Science & Technology, 20(11-12), 544-556.

Soria, A. C., & Villamiel, M. (2010). Effect of ultrasound on the technological
properties and bioactivity of food: a review. Trends in Food Science &
Technology, 21(7), 323-331.

Spanos, G. A., & Wrolstad, R. E. (1992). Phenolics of apple, pear, and white grape
juices and their changes with processing and storage. A review. Journal of
Agricultural and Food Chemistry, 40(9), 1478-1487.

Splittstoesser, D. F., McLellan, M. R., & Churey, J. J. (1996). Heat resistance of
Escherichia coli O157: H7 in apple juice. Journal of Food Protection, 59(3),
226-229.

Stanley, D. W. (1991). Biological Membrane Deterioration and Associated Quality
Losses in Food Tissues. Critical Reviews in Food Science and Nutrition, 30(5),
487-553.

Stone, G., Chapman, B., & Lovell, D. (2009). Development of a Log-Quadratic Model
To Describe Microbial Inactivation, Illustrated by Thermal Inactivation of
Clostridium botulinum. Applied and Environmental Microbiology, 75(22), 6998-
7005.

Stumbo, C. R. (1973). Thermobacteriology in food processing. New York: Academic
Press.

Swaisgood, H. E. (1985). Characteristics of edible fluids of animal origin: milk. In O. R.
Fennema (Ed.), Food Chemistry (pp. 791-827). NY: Marcel Dekker, Inc.

Szajdek, A., & Borowska, E. J. (2008). Bioactive Compounds and Health-Promoting
Properties of Berry Fruits: A Review. Plant Foods for Human Nutrition, 63(4),
147-156.

Tadapaneni, R. K., Banaszewski, K., Patazca, E., Edirisinghe, I., Cappozzo, J., Jackson,
L., & Burton-Freeman, B. (2012). Effect of High-Pressure Processing and Milk
on the Anthocyanin Composition and Antioxidant Capacity of Strawberry-Based
Beverages. Journal of Agricultural and Food Chemistry, 60(23), 5795-5802.

Tahiri, 1., Makhlouf, J., Paquin, P., & Fliss, 1. (2006). Inactivation of food spoilage
bacteria and Escherichia coli O157 : H7 in phosphate buffer and orange juice
using dynamic high pressure. Food Research International, 39(1), 98-105.

Tandon, K., Worobo, R. W., Churey, J. J., & Padilla-Zakour, O. I. (2003). Storage

quality of pasteurized and UV treated apple cider. Journal of food processing
and preservation, 27(1), 21-35.

251



Teleszko, M., Nowicka, P., & Wojdylo, A. (2016). Effect of cultivar and storage
temperature on identification and stability of polyphenols in strawberry cloudy
juices. Journal of Food Composition and Analysis, 54, 10-19.

Teo, A. Y. L., Ravishankar, S., & Sizer, C. E. (2001). Effect of low-temperature, high-
pressure treatment on the survival of Escherichia coli O157 : H7 and Salmonella
in unpasteurized fruit juices. Journal of Food Protection, 64(8), 1122-1127.

Terefe, N. S., Kleintschek, T., Gamage, T., Fanning, K. J., Netzel, G., Versteeg, C., &
Netzel, M. (2013). Comparative effects of thermal and high pressure processing
on phenolic phytochemicals in different strawberry cultivars. Innovative Food
Science & Emerging Technologies, 19, 57-65.

Tezcan, F., Gultekin-Ozguven, M., Diken, T., Ozcelik, B., & Erim, F. B. (2009).
Antioxidant activity and total phenolic, organic acid and sugar content in
commercial pomegranate juices. Food Chemistry, 115(3), 873-877.

Timmermans, R. A. H., Mastwijk, H. C., Knol, J. J., Quataert, M. C. J., Vervoort, L.,
Van der Plancken, I., . .. Matser, A. M. (2011). Comparing equivalent thermal,
high pressure and pulsed electric field processes for mild pasteurization of
orange juice. Part I: Impact on overall quality attributes. Innovative Food
Science & Emerging Technologies, 12(3), 235-243.

Ting, E., & Balasubramaniam, V. M. (2002). Determining thermal effects in high-
pressure processing. Food Technology, 56(2), 31-35.

Tiwari, B. K., O'Donnell, C. P., Patras, A., & Cullen, P. J. (2008). Anthocyanin and
Ascorbic Acid Degradation in Sonicated Strawberry Juice. Journal of
Agricultural and Food Chemistry, 56(21), 10071-10077.

Tiwari, B. K., O'Donnell, C. P., Patras, A., Brunton, N., & Cullen, P. J. (2009a).
Stability of anthocyanins and ascorbic acid in sonicated strawberry juice during
storage. European Food Research and Technology, 228(5), 717-724.

Tiwari, B. K., O'Donnell, C. P., Patras, A., Brunton, N., & Cullen, P. J. (2009b). Effect
of ozone processing on anthocyanins and ascorbic acid degradation of
strawberry juice. Food Chemistry, 113(4), 1119-1126.

Tiwari, B. K., Donnell, C. P., Muthukumarappan, K., & Cullen, P. J. (2009c). Effect of
sonication on orange juice quality parameters during storage. International
Journal of Food Science and Technology, 44(3), 586-595.

Toepfl, S., Heinz, V., & Knorr, D. (2005). Overview of pulsed electric field processing
for food (Chapter 4). In D.-W. Sun (Ed.), Emerging technologies for food
processing (pp. 69-97). San Diego: Elsevier Academic Press.

Tokusoglu, O. (2016). Effect of High Hydrostatic Pressure Processing Strategies on

Retention of Antioxidant Phenolic Bioactives in Foods and Beverages - a
Review. Polish Journal of Food and Nutrition Sciences, 66(4), 243-251.

252



Tokusoglu, O., Swanson, B. G., & Barbosa-Canovas, G. V. (2014). Phytochemical
Quality, Microbial Stability, and Bioactive Profiles of Berry-Type Fruits, Grape,
and Grape By-Products with High-Pressure Processing. In O. Tokusoglu, B. G.
Swanson, & G. V. Barbosa-Canovas (Eds.), Improving Food Quality with Novel
Food Processing Technologies (pp. 215-250): CRC Press.

Tonello, C. (2011). Case studies in high pressure processing of foods. In H. Q. Zjang,
G. V. Barbosa-Canovas, V. M. Balasubramaniam, C. P. Dunne, Farkas, D.F., &
J. T. C. Yuan (Eds.), Nonthermal Processing Technologies for Food (pp. 36-50).
USA: Wiley-Blackwell and IFT Press.

Topfl, S. (2006). Pulsed Electric Fields (PEF) for Permeabilization of Cell Membranes
in Food- and Bioprocessing — Applications, Process and Equipment Design and
Cost Analysis. (PhD thesis), Technischen Universitdt Berlin, Berlin.

Torres, B., Tiwari, B. K., Patras, A., Cullen, P. J., Brunton, N., & O'Donnell, C. P.
(2011). Stability of anthocyanins and ascorbic acid of high pressure processed
blood orange juice during storage. Innovative Food Science & Emerging
Technologies, 12(2), 93-97.

Tournas, V. H., Heeres, J., & Burgess, L. (2006). Moulds and yeasts in fruit salads and
fruit juices. Food Microbiology, 23(7), 684-688.

Tran, M. T. T., & Farid, M. (2004). Ultraviolet treatment of orange juice. Innovative
Food Science & Emerging Technologies, 5(4), 495-502.

Tremarin, A., Brandao, T. R. S., & Silva, C. L. M. (2017). Inactivation Kinetics of
Alicyclobacillus acidoterrestris in apple juice submitted to ultraviolet radiation.
Food Control, 73, 18-23.

Tribst, A. A. L., SantAna, A. D., & de Massaguer, P. R. (2009). Review:
Microbiological quality and safety of fruit juices-past, present and future
perspectives. Critical Reviews in Microbiology, 35(4), 310-339.

TSI. (2016). Turkish Statistical Institute, Statistical tables and dynamic search on fruits,
beverages, and spices crops.
Retrieved from http://www.tuik.gov.tr/PreTablo.do?alt_id=1001

Tsong, T. Y. (1991). Electroporation of Cell-Membranes. Biophysical Journal, 60(2),
297-306.

Tulipani, S., Mezzetti, B., Capocasa, F., Bompadre, S., Beekwilder, J., De Vos, C. H.
R., . . . Battino, M. (2008). Antioxidants, phenolic compounds, and nutritional
quality of different strawberry genotypes. Journal of Agricultural and Food
Chemistry, 56(3), 696-704.

Unluturk, S., & Atilgan, M. R. (2014). Uv-C Irradiation of Freshly Squeezed Grape

Juice and Modeling Inactivation Kinetics. Journal of Food Process Engineering,
37(4), 438-449.

253


http://www.tuik.gov.tr/PreTablo.do?alt_id=1001

Unluturk, S., & Atilgan, M. R. (2015). Microbial Safety and Shelf Life of UV-C
Treated Freshly Squeezed White Grape Juice. Journal of Food Science, 80(8),
M1831-M1841.

van Boekel, M. A. J. S. (2002). On the use of the Weibull model to describe thermal
inactivation of microbial vegetative cells. International Journal of Food
Microbiology, 74(1-2), 139-159.

Van Opstal, 1., Vanmuysen, S. C. M., Wuytack, E. Y., Masschalck, B., & Michiels, C.
W. (2005). Inactivation of Escherichia coli by high hydrostatic pressure at
different temperatures in buffer and carrot juice. International Journal of Food
Microbiology, 98(2), 179-191.

Varela-Santos, E., Ochoa-Martinez, A., Tabilo-Munizaga, G., Reyes, J. E., Perez-Won,
M., Briones-Labarca, V., & Morales-Castro, J. (2012). Effect of high hydrostatic
pressure (HHP) processing on physicochemical properties, bioactive compounds
and shelf-life of pomegranate juice. Innovative Food Science & Emerging
Technologies, 13, 13-22.

Varmuza, K., & Filzmoser, P. (2016). Cluster Analysis (Chapter 6) Introduction to
Multivariate Statistical Analysis in Chemometrics (pp. 251-282). Boca Raton,
USA: CRC Press.

Vasco, C. (2009). Phenolic Compounds in Ecuadorian Fruits. (PhD Thesis), Swedish
University, Uppsala.

Vegara, S., Marti, N., Mena, P., Saura, D., & Valero, M. (2013). Effect of pasteurization
process and storage on color and shelf-life of pomegranate juices. LWT-Food
Science and Technology, 54(2), 592-596.

Vervoort, L., Van der Plancken, I., Grauwet, T., Timmermans, R. A. H., Mastwijk, H.
C., Matser, A. M., . .. Van Loey, A. (2011). Comparing equivalent thermal, high
pressure and pulsed electric field processes for mild pasteurization of orange
juice Part 1I: Impact on specific chemical and biochemical quality parameters.
Innovative Food Science & Emerging Technologies, 12(4), 466-477.

von Sonntag, C., Mark, G., Tauber, A., & Schuchmann, H. P. (1999). Advances in
Sonochemistry (Vol. 5). London: JAI Press.

Walkling-Ribeiro, M., Noci, F., Cronin, D. A., Riener, J., Lyng, J. G., & Morgan, D. J.
(2008). Reduction of Staphylococcus aureus and quality changes in apple juice
processed by ultraviolet irradiation, pre-heating and pulsed electric fields.
Journal of Food Engineering, 89(3), 267-273.

Walkling-Ribeiro, M., Noci, F., Cronin, D. A., Lyng, J. G., & Morgan, D. J. (2009).
Shelf life and sensory evaluation of orange juice after exposure to
thermosonication and pulsed electric fields. Food and Bioproducts Processing,
87(C2), 102-107.

254



Walkling-Ribeiro, M., Noci, F., Cronin, D. A., Lyng, J. G., & Morgan, D. J. (2010).
Shelf life and sensory attributes of a fruit smoothie-type beverage processed
with moderate heat and pulsed electric fields. LWT-Food Science and
Technology, 43(7), 1067-1073.

Wang, H., Cao, G. H., & Prior, R. L. (1996). Total antioxidant capacity of fruits.
Journal of Agricultural and Food Chemistry, 44(3), 701-705.

Wang, R. R., Wang, T. T., Zheng, Q., Hu, X. S., Zhang, Y., & Liao, X. J. (2012).
Effects of high hydrostatic pressure on color of spinach puree and related
properties. Journal of the Science of Food and Agriculture, 92(7), 1417-1423.

Wang, S. Y., & Millner, P. (2009). Effect of Different Cultural Systems on Antioxidant
Capacity, Phenolic Content, and Fruit Quality of Strawberries (Fragaria X
aranassa Duch.). Journal of Agricultural and Food Chemistry, 57(20), 9651-
9657.

Watson, H. E. (1908). A note on the variation of the rate of disinfection with change in
the concentration of the disinfectant. Journal of Hygiene, 8(4), 536-542.

Weiss, J., Gulseren, I., & Kjartansson, G. (2011). Physicochemical effect of high-
intensity ultrasonication on food proteins and carbohydrates. In H. Q. Zhang, G.
V. Barbosa-Canovas, V. M. Balasubramaniam, C. P. Dunne, D. F. Farkas, & J.
T. C. Yuan (Eds.), Nonthermal Processing Technologies for Food (pp. 109-
134): IFT Press & Wiley-Blackwell.

Welti-Chanes, J., Barbosa-Canovas, G., & Aguilera, J. M. (2002). Engineering and
Food for the 21th Century: CRC Press.

Whistler, R. L., & Daniel, J. R. (1985). Carbohydrates. In O. R. Fennema (Ed.), Food
Chemistry (pp. 69-137). NY: Marcel Dekker, Inc.

Winniczuk, P. P., & Parish, M. E. (1997). Minimum inhibitory concentrations of
antimicrobials against micro-organisms related to citrus juice. Food
Microbiology, 14(4), 373-381.

Worobo, R. W., & Splittstoesser, D. F. (2005). Microbiology of fruit products (Chapter
12). In D. M. Barrets, L. P. Somogyi, & H. S. Ramaswamy (Eds.), Processing
Fruits Science and Technology. Boca Raton: CRC Press

Wouters, P. C., Alvarez, I., & Raso, J. (2001). Critical factors determining inactivation
kinetics by pulsed electric field food processing. Trends in Food Science &
Technology, 12(3-4), 112-121.

Wu, Y., Mittal, G. S., & Griffiths, M. W. (2005). Effect of pulsed electric field on the

inactivation of microorganisms in grape juices with and without antimicrobials.
Biosystems Engineering, 90(1), 1-7.

255



Xi, J., Shen, D. J., Zhao, S., Lu, B. B., Li, Y., & Zhang, R. (2009). Characterization of
polyphenols from green tea leaves using a high hydrostatic pressure extraction.
International Journal of Pharmaceutics, 382(1-2), 139-143.

X-rite. (2007). A Guide to Understanding Color Communication. Retrieved from
https://webserver2.tecgraf.puc-rio.br/~mgattass/fcg/material/x-
rite. Understand Color en.pdf

Yi, J. J., Kebede, B. T., Dang, D. N. H., Buve, C., Grauwet, T., Van Loey, A., . ..
Hendrickx, M. (2017). Quality change during high pressure processing and
thermal processing of cloudy apple juice. LWT-Food Science and Technology,
75, 85-92.

Zainal, B. S., Rahman, R. A., Ariff, A. B., Saari, B. N., & Asbi, B. A. (2000). Effects of
temperature on the physical properties of pink guava juice at two different
concentrations. Journal of Food Engineering, 43(1), 55-59.

Zhang, Q. H., Barbosa-Canovas, G. V., & Swanson, B. G. (1995). Engineering Aspects
of Pulsed Electric-Field Pasteurization. Journal of Food Engineering, 25(2),
261-281.

Zhao, T., Doyle, M. P., & Besser, R. E. (1993). Fate of Enterohemorrhagic Escherichia-
coli O157-H7 in Apple Cider with and without Preservatives. Applied and
Environmental Microbiology, 59(8), 2526-2530.

Zheng, Y. H., Wang, S. Y., Wang, C. Y., & Zheng, W. (2007). Changes in strawberry
phenolics, anthocyanins, and antioxidant capacity in response to high oxygen
treatments. LWT-Food Science and Technology, 40(1), 49-57.

Zimmermann, U., Pilwat, G., & Riemann, F. (1974). Dielectric Breakdown of Cell
Membranes Membrane Transport in Plants (pp. 146-153). Berlin Springer

Zimmermann, U. (1986). Electrical breakdown, electropermeabilization and
electrofusion Reviews of Physiology, Biochemistry and Pharmacology (Vol.
105, pp. 175-256). Berlin Heidelberg: Springer

Zinoviadou, K. G., Galanakis, C. M., Brncic, M., Grimi, N., Boussetta, N., Mota, M. J.,
... Barba, F. J. (2015). Fruit juice sonication: Implications on food safety and
physicochemical and nutritional properties. Food Research International, 77,
743-752.

Zulueta, A., Barba, F. J., Esteve, M. J., & Frigola, A. (2013). Changes in Quality and
Nutritional Parameters During Refrigerated Storage of an Orange Juice-Milk
Beverage Treated by Equivalent Thermal and Non-thermal Processes for Mild
Pasteurization. Food and Bioprocess Technology, 6(8), 2018-2030.

256


https://webserver2.tecgraf.puc-rio.br/~mgattass/fcg/material/x-rite_Understand_Color_en.pdf
https://webserver2.tecgraf.puc-rio.br/~mgattass/fcg/material/x-rite_Understand_Color_en.pdf

APPENDIX A

NUTRITIONAL CHARACTERISTICS OF STRAWBERRY

Table A.1. Nutrient profile of strawberry fruit (Source: Giampieri et al. (2012))

Type Nutrient Per 100 g
Proximates Water (g) 90.95
Energy (kcal) 32
Protein (g) 0.67
Ash (g) 0.40
Total lipid (g) 0.30
Carbohydrate (g) 7.68
Dietary fiber () 2.0
Sugars (g) 4.89
Sucrose (g) 0.47
Glucose (g) 1.99
Fructose (g) 244
Minerals Calcium (mg) 16
Iron (mg) 0.41
Magnesium (mg) 13
Phosphorus (mg) 24
Potassium (mg) 153
Sodium (mg) 1
Zinc (mg) 0.14
Copper (mg) 0.048
Manganese (mg) 0.386
Selenium (mg) 04
Vitamins Vitamin C (mg) 58.8
Thiamin (mg) 0.024
Riboflavin (mg) 0.022
Niacin (mg) 0.386
Pantothenic acid (mg) 0.125
Vitamin B6 (mg) 0.047
Folate (mg) 24
Choline (mg) 5.7
Betaine (mg) 0.2
Vitamin B12 (mg) 0
Vitamin A, RAE (mg) 1
Lutein + zeaxanthin (mg) 26
Vitamin E, a-tocopherol (mg) 0.29
B-tocopherol (mg) 0.01
y-tocopherol (mg) 0.08
d-tocopherol (mg) 0.01
Vitamin K, phylloquinone (mg) 2.2
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Table A.2. Flavonoids in strawberry (Source: Giampieri, et al. 2012)

Group

Compound

References

Anthocyanins

Flavonols

Flavanols

Cyanidin-3-glucoside
Cyanidin-3-rutinoside
Cyanidin-3-malonylglucoside
Cyanidin-3-malonylglucosyl-5-glucoside
Pelargonidin-3-galactoside
Pelargonidin-3-glucoside
Pelargonidin-3-rutinoside
Pelargonidin-3-arabinoside
Pelargonidin-3,5-diglucoside
Pelargonidin-3-malylglucoside
Pelargonidin-3-malonylglucoside
Pelargonidin-3-acetylglucoside
5-pyranopelargonidin-3-glucoside
Quercetin-3-glucuronide
Quercetin-3-malonyglucoside
Quercetin-rutinoside
Quercetin-glucoside
Quercetin-glucuronide
Kaempferol-3-glucoside
Kaempferol-3-malonyglucoside
Kaempferol-coumaroyl-glucoside
Kaempferol-glucunoride
Proanthocyanidin B1 (EC-4,8-C)
Proanthocyanidin trimer (EC-4,8-EC-4,8-C)
Proanthocyanidin B3 (C-4,8-C)
(B)-catechin

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007

da Silva et al., 2007
Aaby et al., (2007)
Aaby et al., (2007), Wang & Miller, (2009)
Aaby et al., (2007)
Aaby et al., (2007)
Wang & Miller, (2009)
Aaby et al., (2007)
Aaby et al., (2007), Wang & Miller, (2009)
Aaby et al., (2007)
Aaby et al., (2007)
Wang & Miller, (2009)
Aaby et al., (2007)
Aaby et al., (2007)
Aaby et al., (2007)
Aaby et al., (2007)
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APPENDIX B

CALIBRATION CURVES FOR TOTAL PHENOLIC
CONTENT ANALYSIS
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Figure B.1. Calibration curve for total phenolic content analysis conducted at WSU
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Figure B.2. Calibration curve for total phenolic content analysis conducted at IZTECH
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APPENDIX C

MATERIALS USED FOR THIS PHD THESIS

The details of the materials used for the chemical and microbiological analyses of this

PhD thesis were listed below.

For Chapter 5-7 (Studies conducted at WSU):

Citric acid

Citric acid monohydrate
D-(-)-Fructose
D-(+)-Glucose

DPPH (2,2-Diphenyl-1-picrylhydrazyl)

Folin-Ciocalteu’s phenol reagent
Gallic acid

Hydrochloric acid (HCI)
Methanol

Phosphoric acid (HzPOy,)

Potassium chloride (KCI)

Sodium acetate trihydrate, crystal
Sodium carbonate (Na,COs)

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodium phosphate dibasic anhydrous

Trolox

EMB Agar

Enterococcosel Agar
MacConkey

Nutrient Broth

Oxford Agar

Pepton

Plate Count Agar (PCA)
Potato Dextrose Agar (PDA)

J.T. Baker 0110-01, 500 g

Sigma C-7129, 500 g, CAS=5949-29-1

Sigma F3510, 5 KG, CAS=57-48-7

Sigma G7021, 5kg, CAS=50-99-7

Sigma D9132, 1 g, CAS=1898-66-4

Sigma F9252, 500 mL, 2 N.

Acros Organics 410862500, 98 %, CAS=149-91-7
J.T. Baker 9535-01, ACS 36.5-38 %, CAS=7647-01-0
Fisher Scientific A412-4, 4 L, Certificate ACS reagent
grade, CAS=67-56-1

J.T. Baker 0260-05, ACS, CAS=7664-38-2

J.T. Baker 3040-01, CAS= 7447-40-7

J.T. Baker 3460-01

Sigma S2127, 500 g, CAS=497-19-8

Fisher Scientific S271-3, 3 KG, CAS=7647-14-5

J.T. Baker 3722-5, CAS=1310-73-2

J.T. Baker 3828-01, ACS reagent, CAS=7558-79-4
Sigma 238813, 1 g, CAS=53188-07-1
((£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid)
Fisher Scientific R453402

BD, BBL, 212205

BD, Difco 212123

BD, Difco 234000

Sigma 75805, 500 g

BD, Bacto 211677

BD, Difco 247940

BD, Difco 213400
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Tryptic Soy Agar (TSA)
Tryptic Soy Broth (TSB)

Violet Red Bile Agar (VRBA)

Yeast Extract

BD, Difco, Soybean-Casein Digest Agar Medium 236950
BD, Bacto 211825
BD, Difco 211695
BD, Bacto 212750

For Chapter 8 & Chapter 9 (Studies conducted at IZTECH):

Antibiotic

Borax (disodium tetraborate decahydrate)

DPPH

Folin-Ciocalteu Reagent
Gallic acid

Methanol

Nutrient Broth

Pepton water buffered
Plate Count Agar
Potassium chloride (KCI)
Potassium iodate
Potassium iodide

Potato dextrose Agar

Sodium acetate

Sodium carbonate

Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
Tartaric acid

Trolox

Tryptic Soy Agar

Tryptic Soy Broth

Violet Red Bile Agar

Merck 106303, 1 kg

Merck 109001, 100 mL
Merck 842649, 25 g

Merck 105443, 500 g
Merck 107228, 500 g
Merck 105463, 500 g
Merck 104936, 1 kg
Merck 105051, 100 g
Merck 105043, 250 g

BD DIFCO 213400, 500 g

Merck 106392, 1 kg
Merck 106404, 1kg
Merck 106498, 1 kg

Merck 105458, 500 g
Merck 105459, 500 g
Merck 101406, 500 g
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