IOWA STATE UNIVERSITY

Digital Repository

. . Towa State University Capstones, Theses and
Graduate Theses and Dissertations y-ap v )
Dissertations

2009
Novel technologies for soy products, processing,
and applications

Katherine Smith
Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
& Dart of the Nutrition Commons

Recommended Citation

Smith, Katherine, "Novel technologies for soy products, processing, and applications" (2009). Graduate Theses and Dissertations.
1078S.
https://lib.dr.iastate.edu/etd /10785

This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital

Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/95?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd/10785?utm_source=lib.dr.iastate.edu%2Fetd%2F10785&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Novel technologies for soy products, processing, @mpplications

by

Katherine Anne Smith

A thesis submitted to the graduate faculty
in partial fulfilment of the requirements for the degree of

MASTER OF SCIENCE

Program of Study Major:
Food Science and Technology

Program of Study Committee:
Lawrence Johnson, Co-major Professor
Stephanie Jung, Co-major Professor
Aubrey Mendonca
Theodore Bailey

lowa State University
Ames, lowa

2009

www.manharaa.com




TABLE OF CONTENTS

CHAPTER 1. GENERAL INTRODUCTION 1
Introduction 1
Thesis Organization 3

CHAPTER 2. LITERATURE REVIEW 4
Introduction 4
High-pressure Processing 5

Impact of high-pressure processing on microorganisms 7
Microorganism injury recovery 10
Pressure resistance in microorganisms 13
Soymilk Processing 14
Alaskan Pollock Surimi Production 16
Alaskan pollock 18
Surimi gelation 18
Textural characteristics of surimi 21
Functional additives in surimi 23
Nutritional and Functional Properties of Soy Protein 24
New Process for Making Soy Protein Isolate and Fractions 26
References 27
CHAPTER 3. IMPACT OF HIGH-PRESSURE PROCESSING ON 38

MICROBIAL SHELF-LIFE AND PROTEIN STABILITY OF
REFRIGERATED SOYMILK

Abstract 38
Introduction 39
Materials and Methods 41
Results and Discussion 44
Conclusion 54
Acknowledgments 54
References 35

www.manaraa.com



CHAPTER 4. EFFECTS OF SOY PROTEIN INGREDIENTS, MOISTURE 67
CONTENT AND SECOND-STAGE COOKING TEMPERATURE ON
PHYSICAL PROPERTIES OF ALASKAN POLLOCK SURIMI

Abstract 67
Introduction 68
Materials and Methods 71
Results and Discussion 76
Conclusion 84
References 85
CHAPTER 5. GENERAL CONCLUSIONS 103
General Discussion 103
Recommendations for Future Research 104
ACKNOWLEDGMENTS 105

www.manharaa.com




CHAPTER 1. GENERAL INTRODUCTION

Introduction

Soybeans are an important source of protein and oil. On average, over one-third of the
soybean mass is protein and about 20% is oil. One of the most common types of soy product
for food applications sold in the Western marketplace is soymilk. Soymilk gagteurized
extract of soaked ground soybeans, and soy protein isolates are purified fremti@ansing
>90% protein (db). Soy protein isolate is extensively used as a food ingredieartyn m
fabricated foods such as comminuted meat products. The recent increase inesoy prot
products consumption is the result of advances in achieving improved taste andiggtognit
of health benefits. The U.S. Food and Drug Administration approved a health claimythat s
protein positively impacts cardiovascular health in humans.

Novel technologies for producing and processing soy products are oinjeeast to
the food industry. New technologies must assure food safety while maintainingpnalyit
functional, and sensory characteristics that consumers demand. Thermaipgooges
soymilk leads to off-flavors, changes in color and reduced nutritional contghtpressure
processing (HPP) is a potential alternative for processing soymilk wigxposure to
elevated heat. Pressure treatment does not affect color and nutrients, anat@sact
microorganisms. In the first study, our objective was to determine the imgaghef
pressure processing conditions (i.e., pressure level, pressure hold time andttew)pend
storage atmosphere (aerobic and anaerobic) on microbiological reduction and protein
stability during refrigerated storage. We hypothesized that highesypess longer dwell
time, and higher temperature (75°C) would yield greater microbial reductroedrately

and over refrigerated anaerobic storage.
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Commercial production of soy protein isolates traditionally uses defatybd o
meal that had the oil extracted with hexane. A new screw-pressing pusteg<Q as a
displacement fluid and known as gas-supported screw pressing (GSSP) a@Hyfitrs an
environmentally friendly way to produce soybean meal with little heat die@in. Other
traditional screw-pressing processes involve frictional heat thatutesairotein decreasing
protein solubility. High solubility, however, is required to obtain maximum soy protein
isolate yields.

A simplified procedure to fractionate soy protein into glycining-@onglycinin-rich
fractions was developed by Deak and Johnson (2005, 2007). The Deak and Johnson method
yields fractionated soy protein isolates with similar functional progetdieommercial soy
protein products. Surimi, also known as imitation crab meat, requires fillers axidfoders
to meet consumer demand. Soy protein isolate produced from hexane-extraoezoh sogal
is a common functional ingredient used in surimi processing. The objective of the second
study was to determine the effects of fractionated GSSP soy protetessata moisture
content on the physical properties of surimi produced from Alaskan pollock. We
hypothesized that fractionated GSSP soy protein ingredients can be usteffecextend
surimi and the surimi can be further extended by adding water to above the mwehakkd
in industry.

The research reported in this thesis strives to provide groundwork for future
efforts to develop novel processes and techniques for producing and processing soy

products for the food industry.
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Thesis Organization

This thesis is organized into sections with a general introduction that covers the
research problem and thesis organization. The literature review is in the hgjls@gtion
and contains background information on the research problems. Chapters 3 and 4 are journal
manuscripts, which is in press in Food Microbiology and has been submitted to Journal of
Food Science, respectively. The format of the manuscripts follows that of thel ddlaad
Science; including an abstract, introduction, materials and methods, resultscaisdidig
references, and tables and figures following the text. This thesis conclitldeschapter

offering comments on general conclusions and suggestions for future work.
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CHAPTER 2. LITERATURE REVIEW

Introduction

Soybeans host a large population of microflora. Because the microorganisms
found in soybeans get transferred and increase in numbers during the soaking and
grinding process, soymilk must be treated to inactivate spoilage microorgaamsim
extend its shelf-life. Pasteurization is the most common practice usgial soymilk
shelf-life because it inactivates most known vegetative pathogens and spoilage bact
(Kwok et al., 1995). Thermal treatment is also required to decrease contemt of ant
nutritional factors present in soy (Yuan et al., 2008). Thermal processingvdrowe
affects nutritional and quality attributes of soymilk (Achouri et al., 2007).n/gogmilk
is heat-treated it develops brown color and cooked flavor. Consumers are readity abl
assess color and flavor so it is of great importance to the industry to remove any
unacceptable characteristics. High-pressure processing of soysnitieba reported to be
a potential alternative to thermal treatment (Lakshmanan et al., 2006;Hajstaal.,
1995). High-pressure processing affects only non-covalent bonds so proteins, enzymes
and DNA are damaged while color, taste and aroma compounds are not unaffected
(Landau, 1967; Hayashi et al, 1989).

Soy protein is a common functional ingredient used in meat processing to increase
gel strength, yield and lower production costs (Lin et al., 2000). Soy prowiwba
major storage proteins, glycinin afieconglycinin. The two fractions make up about 70%
of soy protein isolate (Dias et al., 2003). Glycinin rzbnglycinin each have their own

unique functional qualities. Glycinin produces stronger, harder and tougher gelg}-while
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conglycinin has higher water solubility, is a better emulsifier an@tsffdasticity of soy

protein gels at high heating temperatures (Molina et al., 2001; Kang et al., 2005).

High-pressure Processing

Traditional methods in food processing rely on thermal treatments to extend the
shelf-life and ensure microbiological safety of a food product. Nutritional and
organoleptic changes to food can occur as side effects of the high tempers¢aras
processing. Most notably, vitamins and color and flavor compounds are adversely
affected as well. The texture of the food can also be altered, for exampiableged
fruit tissues soften and become mushy (Smelt, 1997). To retain firmness, itnmodm
add chemical compounds to the food. Due to all of the changes that occur during
processing, most processed foods are no longer similar to their original fresh for
which consumers prefer.

Consumers today desire products with long shelf-lives that retain sensory
characteristics of the original fresh product. This demand presents a gadtethe
food industry, and justifies the need to develop and implement new processes. New
technologies and processes (i.e. UV radiation, high-pressure processing and ohmi
heating) are currently under extensive research. These technologiesrikeist Isdlance
between improving the product’s shelf-life and increasing food safetye whekerving
the quality attributes of the food (McClements et al., 2001; Ortega-Rivas, 2007). Among
them, high-pressure processing (HPP) has been adopted by the food indwstewfor
products including some condiments, meats, fruit, and vegetable juices (Sand¥laltj

2002). Some of the advantages of the use of HPP for these products include better quality
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and nutritional attributes of the products compared to the thermal-treated ones. For
instance, pressure-treated strawberry jam was preferred overditienea thermal-
treated jam by a sensory panel, and the HPP-treated jam still retained 95%riginal
ascorbic acid (Horie et al., 1991). However the main interest in HPP is dsetiects

on pathogenic microorganisms and spoilage microorganisms and enzyme, therefore
increasing the food safety and shelf-life of pressurized products withpuiegd of
chemical preservatives.

HPP was first attempted by Hite in 1899, who observed that the shelf-lives of
bovine milk could be extended with the use of pressure. The process was largely ignored
for nearly a century until consumer’s demand for safe, additive-free, shiglié-$dbods
with maximum nutritional and sensory qualities drove the development of nontraditional
food processing technologies (Zink, 1997).

An HPP system consists of a pressure vessel, a pressurization system, and a
temperature control system. In batch systems, the foods are packed inte flexibl
packaging and placed in a basket inside the pressure chamber. The foods are in a
confined space containing a fluid that acts as the pressure-transmittingrmeébde
pressure is applied isostatically, spontaneously and uniformly throughout the product
which allows most food products to retain their original shapes (San Matrtin et al., 2002;
Ortega Rivas, 2007). HPP is usually a batch process but the food industry has built sem
continuous lines with three or more vessels in a series. The pressure is held for the
desired amount of time and then released. The level of pressure and holding timd require
are dependent on the food product and the purpose of the use of this technology. For

example, if HPP is used to increase food safety, high pressure (i.e., ~ 600 M&allp

www.manaraa.com



applied. This technology could also be used to shuck oysters, and in this case lower
pressure could be applied. There are two common pressurization methods, direct and
indirect compression, used to generate pressure inside the vessel. Difgetssion,
although not used by the food industry, is the process where the volume of the chamber is
reduced as pressure is applied. Indirect compression is used in the food induségt Indi
compression is the process of pumping a pressurizing medium, such as water, into the
vessel without changing the volume of the chamber to reach the desired pressure.
Initial temperatures of HPP vessels can range from -20 to 100°C. During
compression adiabatic heating occurs in the food system. This can be berwaficial f
maximizing effectiveness of HPP technology because the microorganisms would be
undergoing two stresses (pressure and temperature) instead of just onéslrast al.,

2004).

Impact of High-pressure Processing on Microorganisms

HPP induces changes in cell morphology, affects biochemical reacti@ns, alt
genetic mechanisms, and disrupts cell membranes, which all lead to wdicrobi
inactivation (Hoover et al., 1989; Smelt, 1998; Abee et al., 1999; Patterson et al., 1995).
In the food industry, HPP has great potential for reducing the level of spoilageaacte
and pathogens in food (Lakshmanan et al., 2004; McClements et al., 2001; Ortegas-
Rivas, 2007). Factors affecting HPP inactivation of microorganisms inckeatenent
temperature, pressure level, duration of time that the pressure is held (@ekglany
antimicrobial substances present, the type of food matrix involved and the population of

natural microflora affect the amount of microbes inactivated or killed (€lh&fA95;

www.manaraa.com



Patterson et al., 1995; Smelt, 1998; Wuytack et al., 2002). Pressure, like tempeaaature, c
slow; stop or even accelerate microbial activity (Smelt, 1998).

Singer and Nichols proposed the fluid mosaic model to explain the basic structure
of cellular membranes and pseudo-membranes of most organelles in gacisors
(Singer et al., 1972). In this model, a phospholipid bilayer is formed from the hyldrophi
heads and hydrophobic tails of the lipids. Functional proteins penetrate the bilayer
membrane to form an amphiphilic structure in which polar groups protrude from the
bilayer into an aqueous phase, and nonpolar groups are buried in the hydrophobic interior
of the bilayer. When pressure is increased, membrane fluidity decreaseghasd a
transition occurs. During pressure treatment, the phospholipid bilayer beogitatsda
and the integral and peripheral membrane proteins begin to detach from the plasma
membrane. As pressure increases, greater damaged is inflicted orstHereskures of
~100 MPa can affect the nuclear membrane of yeasts while at highemrese@€0-600
MPa) there are pressure-induced changes in the mitochondria and the cytoplesm of t
cell.

Under pressure, only non-covalent bonds are affected by the treatment. Proteins,
enzymes and DNA could be damaged (Landau, 1967) while color, taste and aroma are
not affected (Hayashi et al., 1989). The capability of HPP to inactivate ngaraems
has been the subject of intensive research (O'Reilly et al., 2000; Smelt, 1998).

There is a considerable body of literature on the effect of HPP parameders
environmental conditions on microorganism inactivation. HPP inactivates masyafype
vegetative cells, while spores are resistant to pressures up to 1,000 MPa (viser e

2004). Due to this resistance, the current trend is to implement the use of hurdle
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technology which is the combination of HPP and some other treatment, such as a thermal
treatment (Ross et al., 2003).

Mechanisms of inactivatingisteria monocytogenes, Salmonella, Staphylococcus
aureus, Escherichia coli O157:H7,Salmonella enteritidis andSalmonella typhimurium
have been extensively studied (Alpas et al., 2000; Bozoglu et al., 2004; Lakshmanan et
al., 2004). There is evidence that pressure-injured cells will leak metalioisdeakage
becomes noticeable at pressures over 300 MPa (Nakatomi et al., 1993). It wasdbserv
that Saccharomyces cerevisiae cells underwent 25% volume reduction that corresponded
to leakage of N3 Li* and C&" ions after pressurization (Perrier-Cornet, 1998). The type
of ions present in the food product, as well as the type of microorganisms present and
temperature, can affect the level of baro-tolerance (Michiels et al., 1996).

DNA is believed to be cleaved during pressure treatment and could be another
cause of inactivation. DNA cleavage is enzymatically controlled and cesvessible.
High pressure interferes with DNA replication.Saccharomyces cerevisiae, pressure
induced tetraploidy (Hamada et al., 1992). DNA and RNA conderisetenia
monocytogenes andSalmonella typhimurium when under pressure (Mackey et al., 1994).
Condensation has been seen in other cases and found to be reversible, since it is
enzymatically controlled. It is hypothesized that under pressure endomscteamse into
contact with DNA, which results in the DNA being cleaved.

Low water activity has a baroprotective effect on microorganisms and ca
increase resistance to pressure (lwahashi et al., 1996). The shape of thal lcattean
also affect sensitivity to pressure, with rods being more sensitive than lcodwiig,

1996). Gram-positive microorganisms are more resistant to pressure thamé&yatme
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(Hoover, 1989). Also, the sensitivity of microorganisms to pressure is dependent on the
strain.

Temperature at which HPP occurs has a major effect on microbial inawtivati
the optimum microbial lethality was observed at 50°C and 500 MPa (Gervilla et a
2000). Under the same treatment the response can differ greatly between
microorganisms. The effects of pressure between different speciesliareed to be
dependent on pressure and are not the same for every organism.

Exponentially growing cells are more sensitive to pressure thanrcéfis i
stationary phase (Smelt, 1997; Mackey et al., 199%s}obacillus plantarum, a food
spoilage organism, is more resistant to pressure when in the exponentialrphaisg gt
suboptimal temperature (Smelt et al., 1994).

Enzymes can be denatured under pressure. Enzymes have an optimum
temperature where they are most resistant to pressure (Ludikhuyze et al. 2003}
results have been observed for microorganisms and bacteriophages, there has been some
evidence showing that microbial enzymes could be the main target of presistianice
in mesophilic microorganisms stabilized by pressure (Jaenicke, 1991). Ofber ma
targets of HPP inactivation could be protein denaturation, decrease in intragtula
and denaturation of enzymes associated with the efflux of protons. ATPase ena/mes ar
involved in ion movement and can be denatured by pressure (Thom et al., 1984). When
HPP inactivates the enzyme, the cell is no longer able to multiply. When a cell is
damaged by HPP, it also becomes more sensitive to environmental stresdess whic

similar result with thermal treatment.
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Microorganism Injury Recovery

It is now well established that the inactivation process occurs in two step&d a ra
linear decline in cells, followed by a slower decline, known as a tailiegteff
(Kalchayanand et al., 1998; Alpas et al., 2000). The tailing effect occurs aetisenar
where almost all cells are inactivated and little to no recovery ocaergpaéssurization.

HPP can sub-lethally injure substantial amounts of cells (Wuytack et al., 2002;
2003). Injury can easily be measured by comparing the growth of pressued-treltds
on nonselective media to cells grown in selective media, or media containing sestanc
that add stress to the cells, such as NaCl, sodium dodecyl sulfate or low pHr{idoGle
et al., 2001; Patterson et al., 1995). Pressure-dantaget cells were able to repair
their outer and inner membrane after pressurization at 400 MPa for 2 min at 20°C
(Chilton et al., 1996). The sub-lethally injurEdcoli was unable to repair its inner and
outer membranes in the presence of bile salts, NaCl and different antibiotigsjlifée
cells were unable to repair the inner membrane, suggesting that many petiuksses
are required to repair the inner membrane (Chilton et al., 2001)

The sub-lethally injured bacterium may not be detected because the injlired cel
cannot grow on selective media until it has recovered enough to multiply (Bater.,
1995). Injured cells can fail to grow on selective media immediatelytaed@iment and,
therefore, the food may be mistakenly considered void of microorganisms{@aie
al., 1995; Wu, 2008).

Recovery during storage of cells injured during HPP treatment has beendgporte
and is a major food safety concern (Wu, 2008). Damaging the cell membrane is

considered to be a critical step in the events leading to inactivation of prassiiee
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microorganisms (Smelt 1998; Wouters et al., 1998). With pressure treatment, howeve
some cells may survive after being damaged and repair any pressure-induage ta
their membranes. Pressure-induced injury in cells can be repaired within 1-15 days,
which poses a problem for processors that cannot detect sub-lethally injused cell
(Bozoglu et al., 2004). Injured cells that are unable to multiply and form colomies
nonselective media may survive, but may not be detectable immediately afte
pressurization. This could be misleading and the number of inactivated cells could be
over-estimated because injury recovery is not taken into account. The detectlaf le
the method will also play a role in estimating the efficacy of the pressatentnt.
Inaccurately measuring inactivation may increase the risk of spoilagenrfood
poisoning and is a critical step in assuring the food safety of pressurized focdbdéema
suggested that cells can be sublethally injured with mild pressure and thein goad
then be inhibited if the food is lightly preserved, it would be the same type of inhibition
as injured cells grown on nonselective media with 4% NaCl added (UimerzaG0).
Certain strains of bacteria are able to develop baro-tolerance when slibgecte
cycles of pressurization, with the survivors being regrown after each(téialden et al.,
1996). Injury recovery of pathogenic bacteria has been observed in various food matrices
nutrient broth, milk, phosphate buffer and ground pork after HPP treatment and being
stored between 6 h and 4 wk at various temperatures (Bozoglu et al., 2004; Bull et al.,

2005; Chilton et al., 2001; Ellenberg et al., 1999; Koseki et al., 2006).
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Pressure Resistance in Microorganisms

It has not been discovered if pressure can induce cells to become more resistant to
physical treatments, but it is known that cells subjected to stress otheredkaarprcan
become more resistant to pressure. One possible mechanism is that mésobrahe
enzymes are stabilized during stress and can influence resistancegiSahell 997).

Bacterial spores are notoriously resistant to environmental stress| as wel
thermal treatment and high pressure. It remains unknown what the mode of adron is f
pressure on bacterial spores. Certain pressure levels can induce sponatgarrand
then the germinated spore is more sensitive to pressure and can be inactivated. Spore
germination does not always need to be pressure-induced. Lowering the pH @ heatin
can both induce activation. Activation is reversible, but germination usually quickly
follows activation. The mechanism of how pressure induces activation remains unknown,
it is possible that it could be similar to low pH or heating activation, whiclvessible
or could cause irreversible germination. Viruses vary genetically coablgeand with
that variance come different levels of pressure resistance. Bactersphdgch are
protein-DNA viruses, can be reduced significantly at pressures of 300-400 NratiB
et al., 1990). The Sindbis virus, which has a lipid coating, can retain full virulence at

pressures from 300 to 700 MPa at temperatures as low as -20°C (Butz et al., 1992).

Soymilk Processing

Soybeans are greatly valued by the food industry for its high oil and protein

contents. Among all soy foods, soymilk is consumed in highest quantities (Sawitry e
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2004). Soymilk is a liquid extract from soaked soybeans that have been ground and
strained to remove all water-insoluble components (Guo et al., 1997; Munoz et al., 1998).
The food industry has gone to great lengths to reduce and remove off-flavors and beany
flavor that are considered unacceptable by most Western consumers. The resulting
soymilk has mild flavor, which has led to wide acceptance of soymilk in the \Wester
market (Wang et al., 1994; Huang et al., 2004).

Soymilk sales have rapidly increased in North America and even interai§tio
Soymilk sales have increased over 300% in the past decade. Sales in the Utaised Sta
alone went from $500 million in 2001 to $622 million in 2003. Annual growth in soymilk
consumption has been 25% (Savitry et al., 2004). In addition to the improvement in taste,
the increase in soy product consumption can be attributed to the U.S. Food and Drug
Administration authorizing in 1999 the claim that soy proteins can help control heart
disease in humans (Kennedy, 1995; Huang et al., 2004).

Soymilk can be sold in aseptic packaging to achieve a non-refrigeratedifshafifat
least a year (Yuan et al., 2008). Usually, soymilk is sold in the refregksaiction after ultra-
high-temperature pasteurization that gives up to 12 wk of shelf-life (Kwok a0ab).
Regardless whether the soymilk is refrigerated or shelf-stable, both {wachdergo heating
processes, which alter the color, decreases the nutritive value, and can creatdlaooise
(Guerra-Hernandez et al., 1999; Fernandez-Artigas et al., 1999). Thermalsprgce
therefore, affects nutritional and sensory attributes of soymilk. Produdtstrong off
flavors is a challenge to developing soy foods that are appealing to @rssan
negatively impacts the use of heat-treated soymilk as an ingredient (Kabk2€00;

Achouri et al., 2007). More deterioration of color and flavor of soymilk during thermal
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processing is associated with increased heating time (Kwok et al;, 283%H. Chemical

changes in soymilk can continue during storage, but few studies have been cotoucted
evaluate the changes occurring in soymilk after treatment and duriages{@chroder et al.,
1985; Erickson, 1997; Rysstad et al., 1998; Skibsted, 2000). Fresh soymilk, therefore, has a
very short shelf-life, which limits consumption to the areas close to the prodsde.

HPP of soymilk has been reported in few studies to be a potential alterpative t
thermal treatment (Lakshmanan et al., 2006; Kajiyama et al., 1995); however, no
investigations have focused on optimizing processing parameters on soymilifshelf
extension.

Alaskan Pollock Surimi Production

Surimi is the Japanese term for mechanically deboned fish flesh that igimince
and mixed with cryoprotectants to extend the frozen shelf-life, and cookedi @tad.,
2007). Ideal surimi is white in color, firm in texture, and moist. Surimi is commesdy
as a base ingredient in the production of Kamaboko, a Japanese fish loaf, antl shellfis
substitutes commonly known in the United States as imitation crab meat (Park, 2005).

Surimi paste production begins immediately upon catching the fish, generally
Alaskan pollock. The fish flesh is mechanically deboned and then minced into a paste.
The paste is then washed several times. Depending on the species ofdisiyext
washing can be necessary to remove fat and undesirable materialsytladtetia
functionality or color of the surimi. The resulting surimi should be translucent and have a
mild odor (Park, 1995).

After washing, cryoprotectants are added to prevent denaturation of actomyosin

during frozen storage. It was discovered in the 1960’s that low-moleculamweig
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carbohydrates when added to surimi paste can stabilize the proteins aséact
cryoprotectant (Scott et al., 1988). Without a cryoprotectant the proteins in surimi
undergo changes during frozen storage. The muscle proteins can become denatured and
dehydrated which causes conformational changes to occur. Ice crystatiéornpH and
ionic strength can also affect protein functionality (Park, 1994). Other ebaluging
frozen storage include decreased in water-holding capacity andrgehdoability of the
surimi gels (lwata et al., 1971). The decreased in functionality is due in part to the
disintegration of myofibrillar proteins. The three-dimensional gel netwarkatadevelop
if the myofibrillar proteins are no longer structurally intact (Morrissegl., 1993). After
cryoprotectants are added, the commercial surimi paste is kept frozen for stmtage
shipping to processing plants.

During processing the surimi paste is thawed and chopped, and the protein
content is adjusted to 78-85% moisture content by the adding of water. Salt is always
added to surimi flesh to thicken the paste and extract the myofibrillaimsot
Solubilization of myofibrillar proteins is a prerequisite for the gel fdroma(Sano et al.,
1988; Choi et al., 2000).

Protein gelation is fundamental to surimi production. One major concern in the
production of surimi is the formation of modori. Modori is the weakening of a gel due to
myosin degradation, and is a result of endogenous heat-activated proteases, which
become active in the 50-70°C range (Jiang, 2000). The industry usually adds functional
ingredients that contain protease inhibitors such as beef plasma protein, eggahite a

whey proteins to overcome this problem (Benjakul et al., 2004).
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The seafood analogs are prepared by adding ingredients such as starch,eegg whit
proteins, salt and vegetable oils to the surimi paste (Campo et al., 2008). Ths treste
heated to form an elastic gel (Numakura et al., 1990). The heating prodeas is two
steps to form a stronger gel than could be achieved by a single heating (fPackss
2005). The initial heating step is conducted at moderate temperature, around 40°C, which
“sets” the gel. Setting is commonly used in the production of surimi (Lanier, 1986). A
softer and more deformable gel is formed with the addition of sodium chloride when the
surimi paste is held at low temperature without a second heating step but, a second
heating step at higher temperatures yields a much stronger geleHiegt is not always
necessary; surimi paste can be set at refrigerator temperaturesaf/bahight prior to
further heating (Lanier et al., 1982). Industry prefers a short settingdireeuce cost
and production time. The second heating step is conducted at high temperatures (>80°C)

to form a rigid and irreversible gel (Montejano et al., 1984).

Alaskan Pollock

The ideal fish for surimi production is white fleshed and low in fat. Alaskan
pollock is widely used in surimi production due to its white flesh, low fat, uniform size
ability to form strong gels and a large harvest size (Yoon et al., 2004). After the
discovery that cryoprotectants prevent protein denaturation during frozen gsterage
Japanese could fish at sea for extended periods of time and could harvest, process and
store the frozen surimi on the vessels. This increased surimi production and sales i
Japan, and later globally. World-wide the harvest quantity and quality haw#\ste

decreased over the last decade due to over-fishing and poor management praetices. Th
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Russian Alaskan pollock industry collapsed and Japan’s industry has stealililgdjexs

has America’s industry. This trend has leveled off in recent years duedp bett
technology and processing techniques that recover more meat and have lessegdste (R
et al., 2008). Even with these advancements in processing only 50% of U.S. pollock

captured is used for surimi production while the rest is utilized in fillet production.

Surimi Gelation

Alaskan pollock muscle is composed of striated muscle fibers that are in turn
composed of myofibrils. Myofibrils are formed from contractile units calledmsneres.
The sarcomeres contain three types of filaments: thick, thin and connectirgsdbidy
of the sarcomere is necessary to form a strong heat-induced gel. Myosinup&i&es
60% of the myofibrillar proteins. Myosin has both a globular domain, which is round in
shape, and a fibrous domain, which is long and thin in shape. The globular domain is
formed from two heavy amino acid chains, which are large polypeptides, and two pairs of
light chains, which are small polypeptides. The N-terminal ends of the heawg ¢bld
into themselves to form an elongated pear shape to form the globular heads. The globular
heads have ATPase activity, but postmortem, in the absence of ATP, the globular heads
will bind to actin. The fibrous or “rod” domain has a C-terminal region and an N-
terminal. The N-terminal of the rod domain connects the globular head to the C-termina
of the myosin (Park, 2005).

Actin constitutes 15-30% of the myofibrillar protein. Actin is the predominant
protein found in the thin flaments of the sarcomere, and in the surimi itself. Actin is

globular in shape, and will polymerize to form the actin filament which isresféo as
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“fibrous actin”. The fibrous actin is bound with myosin to form actomyosin. The heat-
induced gel properties of actin are dependent on the concentration and properties of the
actomyosin in the surimi.

There are other fractions of proteins associated with myosin or actinghat ar
necessary for the structural integrity of the sarcomere. The fractartsecremoved by
solubilization or degradation. Disassembly of the sarcomere during processing i
important for even distribution of protein in the heat-induced gel structure. The process of
forming a gel involves denaturation, dissociation-association and aggregatioreoigprot
(Hermansson, 1986).

Surimi gel is a three-dimensional network formed from hydrogen bonds, ionic
linkages, hydrophobic interactions, and covalent bonds. Prior to heating, hydrogen bonds
maintain the protein structures, during heating the hydrogen bonds are broken and the
protein unfolds. The unfolded protein’s peptide backbone becomes hydrated and the
water in contact with the protein becomes structured or clustered. Thisitwydsat
important for water-holding capacity of the heat-induced gels formed fromrprote
protein aggregation (Park, 2005).

Salt bridges also known as ionic linkages, are abundant along the myosin rod
domain. On the rod domain at neutral pH glutamic acid and aspartic acid are iggative
charged, while lysine and arginine are positively charged. The aitrdsiween charges
forms salt bridges and the proteins form an aggregate which is insoluble in \a#ter. S
bridges are considered to be the most important force in the assembly of rhigbsin t
filaments (Miroshinichemnko et al., 2000). The addition of salt disrupts the attraction

between charges and lead to disassembly of the thick filaments. This is wikyagalked
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to surimi paste; it breaks the salt bridges and disperses the proteins. Even dispersion of
proteins is necessary for the development a flexible and elastic structhesheat-
induced gels (Niwa, 1992).

Hydrophobic interactions result from the unfolding of the proteins during heating.
The interior of folded proteins is composed of hydrophobic amino acids, while the
exterior of the proteins is composed of hydrophilic amino acids. The unfolded protein
exposes its hydrophobic groups which promotes the formation of hydrophobic clusters,
and protein-protein interactions (Park, 2005). Hydrophobic areas of a protein closely
associate with other hydrophobic areas of proteins. This association resultgiim prot
aggregates formed from the binding of the proteins. Under certain conditions,
hydrophobic interactions lead to a gel network. Disulfide bonds are formed by the
oxidation of two cysteine residues on neighboring proteins. These covalent bonds are

formed during heating surimi above 40°C, which occurs during the second heating step.

Texture and Color of Surimi

Texture and color are major quality characteristics of surimi. A surihshgeaild
be cohesive and elastic while being light in color. Assessing the texturerof afier
gelation is the primary method for determining its quality (Lanier, 1992).

High-grade surimi has a distinctive rubbery mouth feel that relates to\alaes
of the stiffness/cohesiveness ratio (Lanier, 1986). The rubbery mouth feel is due to the
elastic behavior of the surimi gel (Niwa, 1992). Shear strain (gel cohessjas@lso an
indicator of protein quality, but is not affected by moisture content until the mmistur

level reaches or exceeds 81% (Hamann et al., 1992).
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The hardness and strength of surimi gels can be affected by protein coragntrat
heating temperature, and heating time, as well as moisture contentr(eteatpe1978;
Camou et al., 1989). At high moisture contents (>75%) surimi gels have rubber-like
elastic characteristics with covalent bonding and hydrophobic interadioma, (1992;

Lee et al., 1997; Benjakul et al., 2001). The mineral content of the water is also
important. Calcium and magnesium can cause texture changes in surimi (Lee, 1990).

Water is added to maintain consumer accepted texture while decreasing the cost
of production. The water molecules act as a protein stabilizer due to the proteins
hydrophobic residues. In water, the protein structure can remain stable attighvehen
the hydrophobic sites are exposed. The addition of water disperses the proteins while
allowing an expanded gel network to form during heating. The correct amounteoftava
add is important as too much water can decrease gel hardness (Lanier et al., 1985)

Whiteness of the surimi is also an important quality attribute (Choi et al., 2000).
The whiteness value is calculated from the Lab values. The L* value medmures t
lightness of the surimi gel, the a* value is a measure of how red or green theagel i
the b* value is a measure of how yellow or blue the gel is.

Whiteness = 100 — [(100-L®)+ a** + b*] Y2
Water quality affects the color of surimi. Iron and manganese present incaatalter
the color of the surimi gel. Increasing the moisture content of surimi getexiehghter
and less yellow gel, which increases the whiteness values (Park, 1995). Coiocentra
and properties of added ingredients also affect the color of the surimi getaMegal
creates a whiter gel. Increasing the oil concentration in the gel irsrdaslightness and

yellowness of the gel. Concentration and type of starch added can altergahaior.
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The addition of incompletely swollen starch granules creates a more opaquedland y
gel as the concentration is increased while the addition of fully swollexhgganules
create a more translucent and less yellow gel (Park, 1995).

Color and texture are affected by heating time and method (Bertak et al., 1995).
The temperature in the second step of the heating process is important, exceggivel
heating temperature causes separation and reduced water-holding dafseitg gels
due to the formation of large aggregates and pores. The large pores that ade form
increase syneresis because the water is not held as firmly (Staalgy1892). The

greater the syneresis, the weaker and less stable the gel becomes.

Functional Additives in Surimi

The addition of filler ingredients has been used to extend surimi to meet the
demand of the market. There are five proposed models for the spatial partitioning of a
gelling protein and an additive (Ziegler et al., 1990). In single-phase lyeladditive
remains soluble in the fluid of the gel matrix. In second-phase gels, separatiosn occ
between the additive and the gel; this is commonly found when starch is added to the
surimi paste and the paste is cooked with the final result having a distinct |ayarcbf
separate from the surimi gel. The third model involves “complex” gels, theisurdrihe
additives form interactions which lead to a gel. Two or more proteins co-paymgeio
form a network; this is considered a fourth model. The fifth model is an interpamgtrati
network where there is an increase in shear stress without an increase strafrear

(Yongsawatdigul et al., 1996).
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Ingredients used to extend surimi are usually considered to be natural ahg, healt
to suit consumer preferences. These ingredients also improve the textureuointihe s
The texture of surimi can be modified with the addition of starch, hydrocolloids and
protein additives, which act as filler or extenders (Lee et al., 1992)hSthired egg
white and soy protein isolate (SPI) are major functional ingredients in tinei sulustry
because of their abilities to form gels and retain water, while beingtigiolor (Choi et
al., 2000). Starch is mainly used to maintain gel strength while extending ithe sur
Starch is commonly used as an extender because of its ability to swell, haldawdte
maintain gel strength during refrigerated and frozen storage, while usghgugmi
(Park, 2000). Dried egg white has better gelling properties than liquid eggantite
when added to surimi can inhibit gel softening, increase whiteness and act as a
cryoprotectant. Heating temperature, water uptake, and the size of the swollea granul
affect starch gelatinization in protein gel (Wu et al., 1985).

The functional advantages of protein additives are their abilities to improve gel
firmness, elasticity, inhibition of heat-stable proteases, and anti+ratiaigon of starch
during refrigerated and frozen storage (Park, 2005). Replacing fish protei§¥ith
leaves less myofibrillar protein in the surimi and therefore less myiyprotein is
available to be degraded. SPI is a common functional ingredient in meat processing
added to enhance texture, yield and flavor and reduce production costs (LI2@D@).,
Sugar, sorbitol and salt are commonly added in varying concentrations aotagtants
to stabilize myofibrillar protein, and maintain functionality of the fish pnste

(Matsumoto, 1979; Park, 1988; Lanier, 1990).
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Nutritional and Functional Properties of Soy Protein

Soybeans are a versatile commodity because of their unique functionalipspert
high protein content, nutritional value, and perceived health benefits (Deak et al., 2006).
Soybean seeds contain between 35-46% protein content at maturity (Nagano et al., 1992).
Soy protein is considered one of the most important ingredients used in the food industry
for the production of gels (Salleh et al., 2004).

SPI is derived from defatted soy flakes by extracting with alkali andpptaang
at pH 4.5. SPI contains >90% protein (dry basis) and is comprised mostly of glycinin and
B-conglycinin which are the major storage proteins found in soy beans.. Glycinin
(primarily 11S) andg-conglycinin (primarily 7S) make up about 70% of the protein in
SPI (Dias et al., 2003). Glycinin is formed from acidic and basic polypepiidkes! Iby
disulfide bridges (Utsumi et al., 198B}Conglycinin is a trimeric glycoprotein
consisting of three types of subuni§,o, andp, in seven different combinations (Thanh
et al., 1976). At certain protein concentrations,fto®nglycinin subunits aggregate and
become insoluble during heating (Utsumi et al., 1984).

Nutritional benefits and functionality are important properties to be considered
when choosing a protein additive. Soy protein is a major source of vegetable protein due
to its availability and low cost. In 1999, the U.S. Food and Drug Administration
authorized the health claim that soy protein can help control heart disease in hupans. So
protein has the physiological function to lower cholesterol and triglyceridels e
human serum (Kito et al., 1993; Aoyama et al., 2001). It has been suggesfed that
conglycinin fraction has greater health benefits than glycinin (Manzoni et al., 2003;

Duranti et al., 2004).
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Soy protein is largely utilized in the food industry because of its functional
properties (Deak et al., 2006). The functional properties of soy proteidsi@te their
structure’s surface hydrophobicity and sulfhydryl cross-linking. Glycinthpa
conglycinin each have their own unique functional qualities. Glycinin produces)ett
harder and tougher gels whjieconglycinin has higher solubility, is a better emulsifier
and affects elasticity of soy protein gels at high heating temperdhModiga et al., 2001,
Kang et al., 2005). Processing, intrinsic and environmental factors affédantit®nal
properties of protein ingredients (Kinsella, 1979). Commercial SPI can haseediff
functional properties due to processing conditions that can cause differencesim prot
denaturation and aggregation (Hermansson, 1986). In meat applications, comymercial
produced SPIs are partially or fully denatured to enhance their functional pEsperti

(Hermansson, 1986; Chronakis et al., 1995).

New Processes for Making Soy Protein Isolate and Fractions

SP1l is conventionally produced using hexane as the solvent to extract oil. Crown
Iron Works (St. Paul, MN, U.S.A.) and Safe Soy Technologies (Ellsworth, IAAY.S
have developed a new process using @©a displacement fluid to displace the oil from
dehulled and flaked soybeans; the process has been termed gas-supporteckssiegv p
(GSSP) or HYPLEX. SPI and glycinin-rich anfl-conglycinin-rich fractions were
produced via the Deak and Johnson method at pilot-plant scale from GSSP saydrean fl
for this project (Deak and Johnson, 2005, 2007; Deak et al., 2006). Nazareth et al. (2009)

reported similar functionality for SPI produced from GSSP meal as produced from
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commercial white flakes (hexane extraction of dehulled, flaked soybedriasim or
downdraft-desolventized to minimize protein denaturation).

To produce an enriched glycinin fraction, a reducing agent should be added
before precipitating glycinin. The reducing agent is usuallyi8@e form of sodium
sulfite. Adding a reducing agent prevents co-precipitation of glycinirBasahglycinin
(Thiering et al., 2001). Glycinin preferentially binds calcium ions, whicuiace
charge dependent (Rao et al., 1976). The Deak and Johnson method was able to produce
glycinin andB-conglycinin enriched fractions from GSSP defatted soybean meal using
calcium chloride and sodium sulfite. The fractions had high yields of solids, pratein a
isoflavones, and similar protein purities compared to fractions produced byotratliti
methods. The GSSP fractions produced in the pilot plant had the same level of
enrichment as soy protein fractions produced from white flakes in the labolatoag
yet to be determined if GSSP soy protein ingredients can be used to extemdsdnf
the functionality of these proteins would favor incorporation of additional water i

surimi.
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Abstract

The effects of pressure (400, 500 and 600 MPa), dwell time (1 and 5 min) and
temperature (25 and 75°C) on microbial quality and protein stability of soymilk during 28
days of storage (4°C) were evaluated under aerobic and anaerobic conditiens. Af
processing and during storage, there were significant differences in titdliddacount

(TBC), numbers of psychrotrophs (PSY) and Enterobacteriaceae (ENT), and protei
stability between untreated (control) and pressurized samples (P < 0.05)r®splied

at an initial temperature of 75°C resulted in a greater suppression in grod@&Y of
compared to TBC. No ENT was detected in pressurized samples throughout the storage
period tested. Dwell time had no significant effect on log reduction of TBC at 25 or 75°C

(P > 0.05). Pressure at 400 MPa (5 min), 500 and 600 MPa (1 and 5 min) produced 100%
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sub-lethal injury in surviving bacterial populations irrespective of temperaidter 28
days of refrigerated storage, both aerobic and anaerobic pressurizedsdaaaple
better or similar stability as the control on day one of storage. Soymilk ceatrglles
were spoiled after 7 days whereas pressurization increased soymikfstisffat least 2
weeks. Pressure (600 MPa) at 75°C for 1 min not only significantly reduced initial
microbial populations and increased the microbial shelf-life but also extendpbtaim

stability of soymilk (P < 0.05).

Introduction

Consumer’s demand for safe, additive-free, shelf-stable foods with optimum
nutritional and sensory qualities has driven the development of non-traditional food
processing technology (Zink, 1997). One must balance the improving product shelf-life
and increasing food safety while preserving sensory and nutritional catibutes
(McClements et al., 2001; Ortega-Rivas, 2007). Among them, high-pressure pmpcessin
(HPP) has been adopted by the food industry for treating many foods including
condiments, meats, and fruits and vegetable (San Martin et al., 2002).

There is a considerable body of literature on the effects of HPP parsuaeder
environmental conditions on inactivating microorganisms. Treatment temperataie, |
and duration of treatment, and amount of initial microflora affect the amount aflvegr
inactivated (Cheftel, 1995). Recovery of sub-lethally injured cells during HPP &as be
reported and is a major food safety concern (Wu, 2008). For example, pressure-injure

Escherichia
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coli cells were able to repair their outer and inner membranes after prassar(400
MPa) for 2 min at 20°C (Chilton et al., 2001). Injured cells may not grow on selective
media immediately after treatment and there is the risk of mistakensydering

a food to be void of microorganisms (Patterson et al., 1995; Wu, 2008). The extent of
recovery of sub-lethally injured cells depends on many parameters inclugangftiood
product, processing conditions, and storage conditions, which justify the need to
determine sub-lethal recovery for a specific food product.

Soybean foods have become increasingly popular since the Food and Drug
Administration approved the soy protein health claim in 1999 (FDA (1999)). According
to that claim, 25 g of soy protein per day may reduce the risk of heart diseasdk $0y
a liquid extract from soaked and ground soybeans, which contains most of the soybean
components including protein, lipid and saccharides (Guo et al., 1997). Consequently,
fresh soymilk has a very short shelf-life, which limits consumption to aless © the
production site. Thermal processing is the most common practice used to improve the
microbial safety and extend the shelf-life of soymilk because it inagtiwetgetative
pathogens and many spoilage bacteria (Kwok and Niranjan, 1995). The use of ultra high-
temperature (UHT) is relatively new for soymilk production and the tradltiona
processing involving temperature of 90-100°C, applied up to 30 min (Yuan et al., 2008).
In some conditions, thermal processing, however, detrimentally affecitsomadrand
guality attributes of soymilk, and produces strong off flavors (Lozano et al., 2007). It
limits the development of soy foods that are appealing to consumers and negatively
impacts the use of heat-treated soymilk as an ingredient (Kwok et al., 2000; A¢houri e

al., 2007). Because of these detrimental effects of thermal treatment otksoymi
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properties, other processing methods such as high-pressure homogenization, high-
pressure throttling, and pulsed electric field have been applied to soymiltdyset al.,
2007; Sivanandan et al., 2008; Li et al., 2008).

HPP of soymilk would be considered as a potential alternative to thermal
treatment only if it could improve its microbial, sensorial, nutritional and quality
attributes. Its effect on lipoxygenase activity, trypsin inhibitors, aatkjr properties
and functionality, which are parameters that will affect soymillbaites, has been
previously reported (Tangwongchai et al., 2000; Van der Ven et al., 2005; Lakshmanan et
al., 2006; Kajiyama et al., 1995). The benefits of applying high pressure to provide
microbial safety and extend shelf-life have been reported for dairy and hutkabuni
not yet on soymilk (Viazis et al., 2008; Hayman et al., 2007; Garcia-Risco et al., 1998;
Huppertz et al., 2006; McClements et al., 2001). The present study aims to evaluate the
impact of HPP conditions (pressure, temperature and dwell time) on changesrialbacte
populations and protein stability of refrigerated soymilk. Additionally, thergxaf sub-
lethal injury to populations of bacterial survivors in soymilk following HPP was
determined. In the present study, processing conditions were chosen based on industry

practices with dwell times of less than 5 min and maximum pressure of 600 MPa.

Materials and Methods
Soymilk production
Lipoxygenase-free cultivar soybeans (IA 1008) were washed with deionized
water to remove dirt and soaked for 12 h at room temperature. After soaking, the beans

were ground in a 4-L Waring heavy-duty laboratory blender (Waring, NeiorHBICT,
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U.S.A.) at low speed for 1 min at a 1:8 soybean-to-water ratio. After blendenglurry
was pressed in a 100-mesh nylon filter sack and water was added to reachi:4@inal

soybean-to-water ratio. The pH of the soymilk was adjusted to pH 7.0 using 2 N NaOH.

High-pressure processing

Five- and 10-ml aliquots of soymilk were sealed with a tabletop vacuum chamber
machine (Multivac Inc., Kansas City, MO, USA) in polyester bags @erter 404,

KAPAK Corporation, Minneapolis, MN, USA) so that the headspace in the pouches was
kept to a minimum. The pouches were 0.063 cm in thickness, an oxygen permeability of
118.65 cc/miday (ASTM D-3985) and a carbon dioxide permeability of 845 tdény,

at 23C. Samples were pressurized in a FOOD-LAB 900 Plunger Press system (Stanste
Fluid Power Ltd, Stansted, UK). A T-thermocouple was placed directly insidgespen

bag to record temperature of soymilk during HPP treatments. Soymiflesamere
pressurized at 400, 500 and 600 MPa at initial temperatures of 25 dhdor slwell

times of 1 and 5 min. For treatment atZ5soymilk was preheated for 5 min aPZ5

prior to pressurization in a water bath, and were transferred into the HPP wessel a
pressurized within 30 s after heat treatment. The initial temperature fetbsurization

fluid inside the vessel was 25 or 75°C, and propylene glycol was circulatedeat thes
temperatures through the external jacket of the vessel. The averagedipiaaiia
temperature increases upon compression were 1 and 2°C/100 MPa at 25 and 75°C,
respectively. The average rate of pressurization was 350 MPa/min and déepagesur

occurred within 5 sec.
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Storage of soymilk

Both pressurized and non-treated (control) samples were stored at 4 + 0.4°C for
up to 28 days. Designated samples were aseptically opened using a $¢soks sicen
closed, using metal paper clips, for aerobic storage conditions. This procedureesimulat
consumer use and storage of store-bought soymilk. The other treated and contra sample

remained sealed (anaerobic storage) to simulate unopened packages & soymil

Microbial analysis

Immediately after treatment, and every 4 days thereafter, duplicateesaohpl
soymilk were analyzed for each treatment. One-ml aliquots of each sasrglsevially
diluted (10-fold) in 0.1% peptone (Difco, Becton Dickinson, Sparks, MD). Aliquots (0.1-
ml) of appropriate dilutions were plated onto tryptic soy agar (TSA; Difoahstances
when bacterial survivors were beyond detection in 0.1-ml samples, 1.0-ml aliquots of
soymilk were surface-plated over five agar plates (0.2 ml per plate). &teddSA
plates were incubated at 30°C for 48 h and at 4°C for 7 — 10 days to determine total
bacterial count (TBC) and numbers of psychrotrophs (PSY), respectively. The gteur pl
technique with TSA and violet red bile Agar (VRBA) overlay were used to entamera
Enterobacteriaceae. The inoculated TSA/VRBA plates were incubated at 35°C and
bacterial colonies were counted at 24 h. TSA and TSA with 5% NaCl (TSAN) wele use
as non-selective agar and selective agar, respectively, for detegrthieipercent injury
among bacterial survivors just after HPP treatment. Percentagewgsrgalculated

using the following equation:
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Percent Injury = [(CFU/mI on TSA — CFU/ml on TSAN) + CFU/ml on TSA] x

100

Stability and pH

Aliquots (1.5-ml) of soymilk were subjected to centrifugation (1,58225°C,
30 min). The supernatant was decanted and the percentage of precipitate wasdalculat
as the ratio of precipitate weight divided by the initial soymilk weight,iplidtl by 100.

On each day of analysis, soymilk pH was measured.

Statistical analysis

To eliminate the effect of time variations, the experiment was run in 2
replications, with each treatment combination represented in each liepliddtese
balanced data were from a randomized complete block design. For each eptreses,
the data were analyzed with a 5-way ANOVA blocking by replicaflére procedure
proc GLM in SAS 9.1 was used in the analysis. Fisher's LSD was calculated for the
comparison between treatment combination means after the ANOVA null hypathesis

egual means was rejected using the ANOVA F-test.

Results and Discussion
Initial total bacterial count (TBC) and numbers of psychrotrophs (PSY) and
Enterobacteriaceae (ENT) in untreated soymilk were 4.6, 3.7, and 3.7 log CFY ml

respectively.
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Effects of processing and storage on total microbial count

Log reductions in TBC of soymilk following HPP at 400, 500 or 600 MPa for 1
and 5 min are shown in Figure 1. Increasing pressure level (400 to 600 MPa) and dwell
time duration (1-5 min) had no significant effect on log reductions in TBC at 25 or 75°C
(P>0.05). For all pressures, increasing the initial treatment temperaime& to 75°C
significantly improved the TBC log reductions from an average of 2.5 to 4.5. Based on
the TBC, treating at 75°C and 400 MPa (5 min) resulted in reducing initial bacterial
numbers by 4.5 log cycles indicating that numbers of viable cell were inadtteate
levels less than our detection limit (1.0 CFUYnlAs expected, further increases in
pressure to 500 and 600 MPa (1 and 5 min) gave similar results. In fact, the initial
populations of natural microflora in soymilk were not sufficiently large touatalthe
extent of log reductions that resulted from pressures applied at 500 or 600 MPa at 75°C.
This observation might explain the result that pressure did not seem to sighifaféect
TBC reduction at 75°C. At 25°C, HPP treatment from 400 to 600 MPa resulted in
variable reductions in TBC that were not significantly differ&xQ.05). This variability
may be attributed to differences in the numbers and types of natural orarofl
soymilk. Microbial sensitivity to pressure has been reported as beiatygiependent
on species (Gervilla et al., 2000; Lopez-Pedemonte et al., 2007; Shao et al., 2007).

Overall, TBC reductions of soymilk under pressure were similar to thosevetiser
for raw bovine’s milk. Nabhan et al. (2004) reported a 4.5 log reduction in TBC of raw
bovine milk after pressurization (600 MPa) at 55°C for 5 min. Our results wereteansis

with observations of Huppertz et al. (2006). Those investigators concluded that a
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significant reduction (>4.0 log units) in bacterial numbers by HPP treathéovine
milk would require pressurization at 600 MPa.

In the present study, adiabatic heating during pressurization at 25°C @ttreas
soymilk temperature to 40, 45 and 48°C for 400, 500 and 600 MPa, respectively. For
treatments at 75°C, the temperatures increased to 77, 84 and 85.5°C for 400, 500 and 600
MPa, respectively. The high level of reduction in TBC observed in soymilkypizss at
75°C compared to 25°C is not surprising because the temperature combination reached
after adiabatic heating and applied pressure is likely to exert mbat éétect on
bacterial vegetative cells. Pressure-induced death of bacteria esxetdsgher
temperatures and this effect is proportionately greater as tempesanoeased above
35°C (Kalchayanand et al., 1998).

Refrigerated control soymilk reached the spoilage detection level (7.0 log CFU
ml™) between 4 and 7 days (aerobic storage) and 7 and 11 days of anaerobic storage (data
not shown). Soymilk pressurized at 400 MPa (25°C for 1 min) and stored aerobically
reached 7.0 log CFU fibetween 14 and 18 days (Table 1). Extended shelf-lives of 18
and 21 days were observed after treating at 500 MPa (1 or 5 min) or 600 MPa for 1 min.
For 600 MPa-treated samples (25°C), increasing the dwell time to 5 min extended the
time to 25 days for soymilk to reach the spoilage detection level under aerobic
conditions. All pressurized samples stored anaerobically were below thegsdevel
for up to 21 days when pressures of 400-600 MPa were applied to soymilk at 25°C. TBC
in those samples reached 7.0 log CFU ot greater at 25 or 28 days.

Applying pressure (400—-600 MPa) to soymilk at 75°C markedly extended shelf-

life irrespective of the aerobic or anaerobic storage or level of pressusanyles had
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viable counts of <7.0 log CFU thiat 28 days; the TBC of 75°C-treated samples
pressurized at 400, 500 and 600 MPa ranged from 6.14 to 6.81 log CHorrakrobic
storage and 5.29 to 6.07 log CFUnfibr anaerobic storage (Table 1).

The rationale for evaluating the TBC in food products is based on the inverse
relationship between the level of initial microbial counts and shelf-livesaaf products.
The ability of a food processing method to substantially reduce numbers of food-borne
microorganisms is important for extending the microbial shelf-lives of fdodke
present study, increased pressure (500 or 600 MPa) drastically reduced TB&h¢btles
microbial shelf-life of refrigerated soymilk. Although increased dwelet(5 min) did
not significantly further reduce TBC, it caused much slower increase irribhcte
populations during storage. This result is likely due to a greater severitp-tdthal
injury among bacterial survivors when pressure treating for 5 min. Depending on the
severity of sub-lethal injury, bacterial cells may take a long timep@réheir lesions
before they can start growing to form visible colonies (Ray and Foegd®3).

Compared to the shelf-life of aerobically stored non-treated soymilk (4-s§ day
the refrigerated shelf-life of soymilk that was pressurized at 500 or 600 ME%° @&t
increased by about 14 days. Similarly, as a consequence of microbial inactiv&ion, H
(500 MPa, >55°C) of raw bovine milk increased the shelf-life to 21 days (Nabhan et al
2004). The extended shelf-life of the anaerobically stored soymilk is not surprising
considering that growth of the typical aerobic spoilage bacteria in snitthibited by
reduced oxygen conditions (Jay et al., 2005). The largest extension in shelf-lifeedbser
for 75°C-treated pressurized soymilk reflects the drastic decireasgal TBC due to

the lethal combined effect of pasteurization temperature (75°C) and high pré&3sair
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use of relatively high temperatures in combination with high pressure has been shown to
increase microbial inactivation, which is proportionately greater as tatopeincreases
above 35°C (Kalchayanand et al., 1998). Although there are intrinsic compositional
differences between soymilk and bovine milk, the results of the present stuchtendi

that very similar extensions in shelf-life may be achieved by HPP.

Effects of processing and storage on psychrotrophic count

Viable counts of PSY in pressurized soymilk during aerobic storage at 4°C are
shown in Table 2. HPP treatment at 25°C and 400 MPa for 1 and 5 min reduced initial
numbers of PSY by approximately 3.4 and 3.7 log CFU, nelspectively. When
pressures were increased to 500 or 600 MPa, survivors were undetected (<1.0%FU ml
Similarly, no survivors were detected on the day of treatment when HPP \i@asneer
at 75C, regardless of pressure and dwell time. PSY in 500- or 600 MPa-treated samples
(25°C) were not detected until day 4 (Table 2). Viable counts steadily increased and
reached greater than 6.0 log CFU frdt day 14 (400 MPa, 26) and day 18 (500 MPa,
25°C).

At 25°C soymilk pressurized at 600 MPa had the lowest psychrotrophic counts
throughout storage. By day 28, viable counts reached 5.03 log CE(66@ MPa, 1
min) and 3.32 log CFU ril(600 MPa, 5 min). Numbers of PSY were beyond the
detection limit up to days 4 and 7 in samples treated (400 MP@) & 1 and 5 min,
respectively. Also for the entire storage period, PSY were also not datestedples

treated with 500 or 600 MPa at°fband stored aerobically. A similar observation was
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made for samples treated with 400, 500 or 600 MPa°& @hd stored under anaerobic
conditions. In contrast, numbers of PSY in untreated soymilk reached very high level
(9.0 log CFU mif) after 11 days of anaerobic storage (data not shown).

Psychrotrophic bacteria are the main spoilage organisms of refrigerated food
products. When numbers of PSY in milk reach 7 log CFU, imhcterial production of
proteases and lipases cause detectable off-odors and off-flavors that mendék t
spoiled (Stepaniak, 1991). For commercial soymilks, growth of PSY was repdeed af
14 days of refrigerated aerobic storage (Bai et al., 1998). For 20 h of rategjstorage,
no PSY were detected in aerobically packaged raw bovine milk treated at ppes¥i0e
MPa at 25°C for 10—-60 min. The long dwell time and short refrigerated storage period
may explain the lack of cell enumeration in that study (Lopez-Fandino et al., 1996). Our
observation that no PSY could be detected in pressurized soymilk (400—-600 MPa, 75°C)
during refrigerated storage for 28 days indicated that the PSY population was highly
sensitive to HPP with thermal treatment. While obtained with high-pressure
homogenization, similar observations were reported by Smiddy et al. (2007) and
Thiebaud et al. (2003) for raw bovine milk pressurized at 100-300 MPa at 25-55°C.
Garcia-Risco et al. (1998) also demonstrated significant extension in miciodlilife
of raw bovine milk following HPP (400 MPa, 30 min, 25°C). The pressure-treated milk
had a PSY count of <7 log CFU Tréfter storage (7°C) for 45 days. In contrast, the non-
treated milk had a PSY count of >7 log CFU'rafter 15 days (Garcia-Risco et al.,

1998).
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Effects of processing and storage olanterobacteriaceae

After 7 days of refrigerated anaerobic storage numbédestefobacteriaceae
(ENT) in control soymilk reached approximately 8.0 log CFUJ.rlo ENT was detected
in pressurized samples stored &€ 4or 28 days irrespective of pressure levels and
temperature used in the present study (results not shown). Certain human enteric
foodborne pathogens, suchEasoli, Salmonella andYersinia enterocolitica, are
members of th&nterobacteriaceae and are found in the intestinal tract of warm-blooded
animals (Jay et al., 2005). The HPP effects on viabiligniérobacteriaceae in soymilk
were evaluated in the present study because salmonellosis and yersirosisns have
been traced to soybeans and soy products (ICMSF, 1998). In a previous study involving
HPP of bovine milkE. coli was more pressure-sensitive than the indigenous microflora
(Pandey et al., 2003). That finding supports our results indicating pressure-induced
inactivation ofEnterobacteriaceae and no growth of this family of bacteria in treated
samples during 28 days of storage. Although initial viable numbers of ENT and PSY
were similar in the present study, the survival of some PSY but no ENT suggests that a
mixture of Gram-positive and Gram-negative bacteria were likely presém PSY
group. The elimination dEnterobacteriaceae by HPP conditions used in the present

study indicates the potential of HPP for improving the microbial safety ofikoym

Sub-lethally injured microorganisms
Populations of sub-lethally injured cells can be quantified by plate counts using a
non-selective growth medium with and without added NaCl (Wu et al., 2008). Sub-

lethally injured cells are sensitive to salt concentrations due to the mendamage
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sustained during pressure treatment (Chilton et al., 2001). As expected, tha liacteri
untreated soymilk exhibited no injury; approximately the same numbers ofidlacte
colonies were enumerated on both TSA and TSAN. On the day of treatment, soymilk
pressurized at 400 MPa, 25°C for 1 min resulted in 62% sub-lethally injured survivors
(Fig. 2). At that same temperature, application of 400 MPa (5 min) and 500 or 600 MPa
(1 or 5 min) resulted in 100% injury to the surviving bacterial population. Treatment at
75°C resulted in 100% injury regardless of pressure level and dwell time. These resul
are supported by studies indicating that with higher temperatures and prgssates
amounts of injury are induced (Lopez-Pedemonte et al., 2007; Bayindirli et al., 2006).
In most instances, no bacterial colonies were detected on TSA or TSAN when
samples of soymilk were plated following pressurization (400-600 MPa) at 75°C. These
results precluded calculation of percentage of sub-lethal injury. On day 4 or 7 during
refrigerated storage of HPP-treated soymilk, emergence of iahct@onies indicated
that viable bacteria were present in samples that were subjected to presgarents at
75°C (Table 1). It is likely that survivors were merely present in numbers <1.0nCEU
Alternatively, survivors might have endured severe sub-lethal injury and wepéeun
grow even on the non-selective TSA. Bozoglu et al. (2004) demonstrated two types of
sub-lethal injury (I1 and 12) in bacteria after pressurization of UHT 1% lownif&.
Type-I12 sub-lethal injury is a severe injury and only after repair (12 tor&ldhe cells
able to grow on non-selective but not on selective agar. Formation of colonies on both
non-selective and selective agars occurs only when sub-lethally injurtedid&ally
repair their injury and convert from I1 to active cells. The present studyatedithat

although bacterial survivors might not be detected in pressurized soymilk on the day of
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treatment, cells with 12 type injury could potentially be present in this food prdduc
this regard, it is important to conduct microbial analyses over a period of tinmg duri
which repair of type-12 injury could permit detection of type-11 injured cells tiveac

cells to better predict the microbial shelf-life of soymilk.

pH and particle stability
The natural pH of soymilk is approximately 6.7 and was adjusted to 7.0 before
HPP treatments. A pH of 7.0 is recommended to maintain the viscosity of pragsurize
soymilk similar to the untreated soymilk (Lakshmanan et al., 2006). None of the
treatment conditions changed the soymilk pH value on the day of treatment. During
storage, the pH of the untreated soymilk decreased steadily to reach a vaRiaftdr
28 days (Table 3). Characteristics of untreated soymilk are difficulidariithe
literature as thermal treatment is traditionally applied during sé&ypndduction.
Decreases in pH of only 0.6-0.7 units were reported during storage of soymilk prepared
using a thermal treatment of 116°C (Achouri et al., 2007). Regardless of the paggsure
atmospheric storage conditions, a similar pH decrease was observed durigg stora
pressurized soymilks; the pH of pressurized soymilk after 28 days of storagéwa
Spoilage of foods is usually accompanied by chemical and physical changes in the
matrix due to compounds produced during bacterial growth and acidification of the media
is one of the consequences of this spoilage. The extent of acidification id telatany
parameters including the matrix composition such as presence of feirentgars and
proteins, and type and growth phase of microorganisms. Pascall et al. (2006)

demonstrated that the pH of soymilk artificially inoculated v@#laillus subtilis
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decreased by <1.0 unit in 60 days while the pH of soymilk Battillus

stearothermophilus decreased from 6.2 to 4.4 after 24 h &&5 he presence of

indigenous acid producing bacteria might explain the previously stated pH drop occurring
in the control soymilk, while growth of bacterial survivors in the pressurized sdragl

a minor impact on the soymilk acidification. Liu and Chang (2008) attributed dedrease
soymilk pH prepared from soybeans stored under different conditions to tludyisiglof
neutral lipid to fatty acids and the oxidation of fatty acids. Factors influetivasg

changes might also have occurred in the samples analyzed in the present study.

The physical stability of the soymilk was assessed by measuringrifenfage of
total sedimentable particles after low-speed centrifugation. On the daatrhént, the
untreated sample had a stability index of 5.7%, which was comparable to the value
obtained for soymilk homogenized with 80°C water (Cruz et al., 2007). The stability
index of the untreated soymilk increased to 24.2% after 28 days of storage andexbnfirm
the visual observation of the increased precipitation of particles throughogjestora
Solubility of soy proteins is pH-dependent and acidification of soymilk probably
contributed to the changes in the protein stability of untreated soymilk. Soynprotei
solubility exhibits a U-shape pattern, with a lowest solubility at the isoel@oint of
pH 4-5 (Jung et al., 2005). Overall, the pressurized soymilk showed an improved
stability factor of at least 3.0 after 28 days of storage.

Soymilk is a colloidal suspension containing approximately 5% protein and 10%
solids (Lakshmanan et al., 2006), and suspended particle stability depends on many
parameters including its composition and processing methods applied (Cruz et al., 2007;

Nik et al., 2008; Ono et al., 1991). Large aggregates containing lipid, cell wall debris and
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proteins were identified in unheated soymilk (Bodenstab et al., 2003; Nik et al., 2008)
and increased soymilk stabilities of heated and heated/homogenized soymitklaterc
to rupture of these large aggregates. On the other hand, Cruz et al. (2007) explained
increased stability of homogenized soymilk by formation of protein and fat globule

aggregates.

Conclusions

Under the test conditions used in the present study, the shelf-life of re&jera
pressurized soymilk can be extended for at least 2 wk longer than that ofathtrea
soymilk based on the spoilage level of iy CFU mi*. In addition, the stability of
pressurized soymilk can be maintained for 28 days at 4°C. HPP treatment ig cdpabl
improving shelf-life without negatively impacting the stability of theraly. Results of
the present study indicate that HPP has the potential of being an alterpativercial
process to traditional thermal treatments for extending the shelf-liefraferated

soymilk.
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Table 1.
Total bacterial count (log CFU/mI) in pressurized soymilk during stora4fCa

Dwell

Storage  Temperature Pressure Time Time (days)
(°C) (MPa)  (min) 4 7 11 14 18 21 25 28
1 3.71 4.31 6.88 6.68 7.23 7.73 8.66 8.80
400 5 3.89 3.94 6.33 6.79 6.91 8.12 8.49 8.93
o5 1 3.35 4.71 6.51 6.09 6.62 8.03 8.15 8.16
500 5 2.34 4.69 6.03 5.35 6.90 7.93 7.91 8.00
1 2.14 417 5.67 5.56 6.15 7.51 7.47 7.70
Aerobic 600 5 2.21 4.67 5.69 4.87 5.59 6.80 7.37 7.59
1 1.57 2.96 4.50 5.01 5.71 6.52 6.59 6.81
400 5 0.58 1.91 4.06 4.62 5.15 6.02 6.20 6.40
75 1 0.42 2.58 4.28 413 5.66 6.24 6.33 6.50
500 5 0.38 2.30 3.42 4.47 5.46 6.05 6.15 6.41
1 0.00 0.56 3.08 3.88 5.34 6.01 6.14 6.37
600 5 0.00 0.46 3.09 3.56 5.21 5.70 5.82 6.14
1 3.74 3.55 5.69 6.66 6.35 6.74 8.06 8.76
400 5 2.95 3.39 4.19 4.85 5.58 6.50 7.31 8.02
o5 1 2.79 3.68 5.72 6.29 5.84 6.94 6.67 7.82
500 5 2.61 3.18 4.35 5.48 5.61 6.49 6.70 7.46
1 2.41 3.91 4.89 7.38 6.52 6.94 7.39 8.11
A bi 600 5 2.30 3.07 4.60 6.92 5.90 6.21 7.22 7.95
naeropic 1 0.86  3.18 463 529 565 589 596  6.07
400 5 0.53 3.05 2.66 4.68 5.25 5.44 5.61 5.69
75 1 0.74 2.86 4.20 4.40 5.36 5.39 5.55 5.59
500 5 0.50 2.83 4.06 4.71 5.43 5.54 5.60 5.59
1 0.00 2.02 3.03 455 5.23 5.25 5.31 5.40
600 5 0.00 1.78 2.60 4.16 5.03 5.13 5.21 5.29

Overall aerobic LSD was 1.62; aerobic LSD values for treatment at 25 a@dvébe 1.48 and 1.13, respectively. Overall
anaerobic LSD was 2.58; anaerobic LSD values for treatment at 25 dhavéke 2.14 and 1.74, respectively.
®The experiments were repeated twice and the data are expressed agyradadiol.

www.manaraa.com

T9



Table 2
Psychrotroph count (log CFU/mI) in pressurized soymilk during aerobic stata®C®.

Dwell
Temperature Pressure Time Time (days)
(C) (MPa) (min) 0 4 7 11 14 18 21 25 28

1 0.26 2.70 5.54 5.82 6.23 6.43 6.48 6.6 6.66

400 5 026 210 203 527 627 632 635 64  6.38
25 1 — 139 210 481 557 621 621 622 579
500 5 — 144 150 466 535 611 611 612  6.12
1 - 068 092 361 261 479 500 503 503
600 5 — 061 104 211 2582 299 322 340 3.32
1 - - 0.74 1.75 239 283 283 295 3.22
400 5 — — — 087 173 1.92 233 253 285
75 1 - - - - - - - - -
500 5 — — — — — — — — —
600 1 - - - - - - - - -

5 _ — — _ _ — — — _

The sign €) indicates that the values were below the detection limit of 1 CFU/ml. Overablia LSD was 2.36; aerobic LSD

value for treatment at 25°C was 2.16.

®The experiments were repeated twice, and the data are expressed as rG&anag

www.manaraa.com

29



Table 3.

pH of pressurized soymilk during storage at 4°C under aerobic and anaerobic cdhditions

Storage Temperature Pressure Time (days)
Condition (°C) (MPa) 0 4 7 11 14 18 21 25 28
Control 0.1 6.7 6.5 6.0 6.4 5.8 55 5.3 5.1 4.8
400 7.0 7.1 7.0 7.1 7.1 6.6 6.7 7.0 7.1
25 500 6.9 7.0 7.1 6.9 7.0 6.5 6.8 6.6 6.4
Aerobic 600 6.8 7.0 6.9 6.8 6.7 6.4 6.7 6.9 6.9
400 7.0 7.0 7.1 7.1 7.1 6.9 6.6 7.2 6.7
75 500 6.9 7.0 7.0 7.2 7.1 7.1 6.8 7.1 6.8
600 6.8 6.5 6.8 7.0 7.0 6.9 7.1 6.6 7.1
400 — 7.1 7.0 6.6 7.1 7.0 6.7 6.9 6.5
25 500 - 7.1 7.1 6.5 7.1 7.0 6.8 6.8 6.5
Anaerobic 600 - 7.0 6.9 6.4 6.6 6.6 6.5 6.8 7.0
400 — 7.0 7.0 7.0 7.1 6.8 7.2 7.1 7.0
75 500 - 7.0 6.9 7.1 7.0 7.1 7.3 7.0 7.0
600 - 6.9 6.7 7.0 6.8 7.0 7.0 7.0 6.6

Untreated soymilk was stored anaerobically. The sign () indicates that tivas not determined as the day of treatment; there
were no difference between anaerobic and aerobic samples. Overall aeldbhi@s $.4; aerobic LSD value was 0.4 for treatment
at 25 and 78C. Overall anaerobic LSD was 0.44; anaerobic LSD values for treatment at 25@ndefd 0.5 and 0.4,

respectively.

®The experiments were repeated twice, and the data are expressed as rG&anug
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Table 4.

Stability of pressurized soymilk during storage at 4°C under aerobic and anazmotitions,

Storage  Temperature Pressure Time (days)
(°C) (MPa) 0 4 7 11 14 18 21 25 28
Control 0.1 571 8.89 1256 1472 1654 1871 20.40 21.46 24.20
400 073 257 294 264 475 481 503 663 7.17
25 500 154 230 374 267 404 426 710 7.00 7.06
Aerobic 600 429 356 382 437 547 537 747 594 6.74
400 295 155 227 324 271 297 389 496 461
75 500 1.93 197 210 267 251 531 493 545 470
600 316 164 200 3.69 392 721 473 322 3.74
400 - 159 252 197 278 447 571 333 249
25 500 - 146 275 364 278 299 298 362 273
Anaerobic 600 - 282 300 309 290 379 363 503 394
400 — 249 340 386 364 442 394 438 563
75 500 - 413 246 193 411 459 423 506 5.32
600 - 281 414 412 415 556 548 562 552

The sign (-) indicated that the stability was not determined as the daytofem¢athere was no difference between anaerobic and
aerobic samples. Overall aerobic LSD was 1.45;aerobic LSD values tongrgat 25 and P& were 1.63 and 1.26, respectively.
Overall anaerobic LSD was1.38; anaerobic LSD values for treatment atl Z5& were 1.34 and 1.46, respectively.

®The experiments were repeated twice and the data are expressed agyradadiol.
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Fig. 1. Log reduction in initial total bacterial count of soymilk following preszation.
The data are expressed as mean log CFU/ml. LSD value between 25 and 75°C was 2.83.
LSD value between 400, 500 and 600 MPa was 2.56. The bars represent the standard

deviation.

www.manaraa.com



66

100

30
VY
o
S
p— o
2 60
o
,T.‘-: B 1min
TTY .
= 40 O5min
=
=

20

400 MPa 500 MPa 600 MPa

Fig. 2Percentage of sub-lethally injured bacteria in soymilk following high-press
treatment at 2%C. The bar represents one standard deviation.
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CHAPTER 4. EFFECTS OF SOY PROTEIN INGREDIENTS,
MOISTURE CONTENT AND SECOND-STAGE COOKING
TEMPERATURE ON PHYSICAL PROPERTIES OF ALASKAN

POLLOCK SURIMI

A paper to be submitted to the Journal of Food Science

Katherine Smith, Lawrence Johnson*

Department of Food Science and Human Nutrition, lowa State University, Aones,
50011-1061, U.S.A.

*Corresponding author. Tel: 515-294-4365 Email address: ljohnson@iastate.edu

ABSTRACT: The effects of added soy protein ingredients, methods of protein ptEserva
added moisture content, and second-stage cooking temperature on the texture and color of
surimi gels made from Alaskan pollock were determined. Surimi samplesestzd &t

various protein replacement levels (1, 3 and 5%), means of preservatioafidl jet

cooking), moisture contents (80, 81, 83 and 85%), and second-stage cooking temperatures
(90 and 95°C). The type of soy protein used to extend surimi did not significantlygefect
texture and color. Preservation method of the soy protein ingredients sighifedéetted

gel hardness at 95°C with jet-cooked soy protein producing harder gels. The lenabof
replacement did not significantly affect surimi gel textural propgrfish protein could be

replaced up to 5% with soy protein without adversely affecting texture. Gel haidags
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significantly increased by using 95°C second-stage heating temperatiséurgl level had
no effect on surimi gel hardness or deformation but increased expressiblancater

decreased whiteness.

Introduction

Surimi is the Japanese term for mechanically deboned fish flesh that has beed amd
mixed with cryoprotectants to extend frozen shelf-life (Nagai and others 2007 &uri
commonly used as the base ingredient in the production of crab-flavored seafood (crab
sticks). Seafood analogs are gelled protein products prepared by addihgesigrwhite
proteins, salt and vegetable oils to washed, minced fish muscle (Campo and others 2008).
Surimi gel is a three-dimensional network and the texture of surimi aftgroge
primarily determines surimi gel quality (Lanier 1992). The hardness amdyttref
surimi gels are affected by added soy protein concentration and secondestkigg
temperature and duration as well as moisture content (Harper and others 1978, Camou
and others 1989). Whiteness of surimi is also an important quality attribute (Choi and
others 2000) with whiter gels being preferred.

Alaskan pollock is one of the most widely used fish species to produce surimi
(Yoon and others 2004). In the United States, the demand for Alaskan pollock has
increased while the harvest has decreased (Reed and others 2008). Filler irsgnesient
been used to extend surimi to meet market demand. The ingredients added to extend
surimi should be considered to be healthy to suit consumer preferences, while improving
the texture of the surimi (Lee and others 1992). Protein additives are widelypused t

increase gel strength in surimi. Sugar, sorbitol and salt are commonly aslde
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cryoprotectants to stabilize myofibrillar protein and maintain the functigralithe fish
proteins (Matsumoto 1979, Park 1988, Lanier 1990). Starch, dried egg white and soy
protein isolate (SPI) are preferred functional ingredients used by ihe swdustry
because of their abilities to form gels and retain water while being tigitmior (Choi

and others 2000). SPI decreases proteolysis because it replaces fish proteaiso the
less myofibrillar protein to be degraded. The disintegration of myofibrilateprs
decreases gel-forming properties of surimi (An and others 1996) becaushiis itite
development of a three-dimensional gel network (Morrissey and others 1993).

The major soy storage proteins, glycinin (Gly) #rcbnglycinin (Bcon), have
unique functional properties. Gly produces hard and tough gels while Bcon increases
elasticity of soy protein gels at high heating temperatures (Kang and a80@5). Soy
protein lowers cholesterol and triglycerides levels in human blood serum (iitotlaers
1993, Aoyama and others 2001). Bcon has been associated more with these health
benefits.

SP1l is conventionally produced by using hexane as the solvent to extract the lipid and
flash desolventizing the meal to prevent heat denaturation of soy proteins dwarg sol
removal. Crown Iron Works (St. Paul, MN, U.S.A.) and SafeSoy Technologies (Ehswor
IA, U.S.A.) have developed a new oil-extraction process usingaS@ displacement fluid to
displace the oil from dehulled flaked soybeans when subjected to the high pressares of
pressing. The process has been termed gas-supported screw pressing (BISPREX®.
GSSP is not supercritical but rather liquid £isplaces the oil enhancing oil removal and
the flashing of C@cools the press to substantially reduce protein denaturation that is

common to alternative screw-pressing methods. Nazareth and others (2008} riad ttee
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functionality of the SPI prepared from GSSP meal (GSSP SPI) is stmilae functionality
of SPI produced from commercial hexane-extracted, flash-desolventizedf\akés (WF
SPI).

The most effective method of fractionating soy protein into Gly-rich and Bcbn-ri
fractions (SPF, soy protein fractions) is the method of Deak and Johnson (2005, 2007) and
Deak and others (2006). Another process has been developed (Fig. 1) that removes the Bcon
fraction while leaving the fiber and the glycinin in one fraction (Gly+FisT} (Deak and
Johnson 2005).

The manufacture of soy protein ingredients involves producing aqueous solutions of
protein, which are prone to microbial growth. Industry typically jet cooks $Rirbct steam
injection and holding at 100-110 for 10-20 sec before spray drying. The high temperatures
used in jet cooking denature the protein but the high-shear tends to preserve mmany nat
functional properties by producing very small protein aggregates. Alteriyatis©, can be
used as an antimicrobial agent and reduce protein denaturation (Deak and others 2007).

It is unknown whether GSSP soy protein ingredients (SPI or fractionated sap)prote
can be advantageously used to extend surimi and whether these soy protein ingredients
enable increasing the water content above the normal industry level. Thevebpéthie
present study was to determine the effects of GSSP SPI and fractionapedteoy
ingredients, method of preservation, second-stage cooking temperature andensoistiemt

on the physical properties of surimi produced from Alaskan pollock.
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Materials and Methods
Chemicals
Sucrose, sodium chloride and sorbitol were obtained from Fisher Scientific
(Pittsburgh, PA, U.S.A.). Spray-dried egg white was purchased from MP Biomedicals
(Solon, OH, U.S.A.). Sodium tripolyphosphate was supplied by Acros Organics (Morris

Plains, NJ, U.S.A.).Cornstarch was obtained from Cerestar (Hammond, IN, U.S.A.).

Soy protein preparation

SPI and soy protein fractions (SPF) glycinin-rich (Gly-righgonglycinin-rich
(Bcon-rich) and the glycinin- and fiber-rich (Gly+Fiber-rich) wereduced by using the
procedures of Deak and Johnson (2007) (Fig. 1) using GSSP soy flour. SPI was produced
by alkali extraction and precipitation to remove the insoluble fiber and theiadjtist
pH to 4.5 to precipitate the SPI. The Gly-rich and Bcon-rich fractions were prbyce
using a three-step process. The fiber was removed as in preparing SPI evedrand
then adding NaHS£and CaGl. The pH was adjusted to 6.4 to precipitate a Gly-rich
fraction. The supernatant was adjusted to pH 4.8 to precipitate a Bcon-riabrfracti
Preparation of the Gly+Fiber-rich fraction involved extracting a Badm{raction at pH
6.8 leaving behind a Gly-rich and fiber-rich fraction. All fractions were nez¢cind
either jet cooked at 106 for 17 sec or treated with 0.1% hydrogen peroxid€®gHto
reduce microbial load and assure food safety. All samples were sprdyaddestored in

airtight containers at 4°C until used.
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Protein content and profile analysis

Nitrogen contents were measured using the macro-Kjeldahl method (AOAC
1980). Protein content was calculated at N x 6.25.

Urea-sodium-dodecylsulfate polyacrylamide gel electrophoresis (ID8a-S
PAGE) was performed by using the methods of Rickert and others (2004) to determine
the protein composition profiles of all fractions. Electrophoretic bands wertfiele by
using a pre-stained SDS-PAGE low-range molecular-weight standard églio-R
Laboratories, Hercules, CA, U.S.A.). Gly and Bcon subunit bands were configmed b
using purified standards produced according to methods of O’Keefe and others (1991).
Densitometry was carried out by using the Kodak 1D Image Analysione&d$
(Kodak, Rochester, NY, U.S.A.) on images scanned with a Biotech image scanner
(Amersham Pharmacia, Piscataway, NJ, U.S.A.). SDS-PAGE resuéicaleulated as
% composition: total storage protein in a given fraction = [(sum of storagerprotei
subunit bands)/(sum of all bands)] x 100, fraction purity/composition = [(sum of subunit
bands)/(sum of storage protein bands)] and subunit composition of a specific protein =
[(subunit band)/(sum of subunits for the specific protein)]. All measuremengs wer

replicated at least four times and means reported.

Gelling properties of soy protein ingredients

To determine gelling properties of the soy proteins alone, the soy protein
ingredients were brought to room temperature and then mixed with deionizectvater
room temperature at a 1.5 protein-to-water ratio. The mixture wagigtinté the protein

was completely dissolved (~1 h). The mixture was poured into stainless-sitegdisy
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(25.4 mm inner diameter x 25.4 mm length) and sealed with lids on both ends and
secured with a clamp (Fig. 2). The gels were set by heating them in alnoihbath at
40°C for 30 min. The gels underwent irreversible gelling during second-stage
cooking(gel-setting) at 95°C for 20 min. The heating curve of the control surinsi gel
shown in Fig. 3. The gels were cooled in an ice water bath for 3 min and stored in the

refrigerator for 16 h.

Surimi preparation

Frozen Alaska pollock fillets were obtained from a local supermarketisRiliere
partially thawed and minced to uniformity in a KitchenAid mixer with a food grinde
attachment (St. Joseph, MI, U.S.A.). Surimi was prepared according to the method of
Benjakul and others (2004) with modifications. The minced fish was washed with cold
water (5°C) at 1:3 (w/w) minced fish-to-water ratio. The mixture veatlg stirred for 3
min and centrifuged (Sorvall RC 5B Plus, Thermo Scientific, Ashville, NC, U.StA.) a
8000xg and 4°C for 30 min. Washing and centrifuging were repeated twice (once with
deionized water and then with 0.2% NaCl in deionized water to aid dewatering).h&fter t
second centrifugation, the minced fish was squeezed between two layers etlidtiees
to remove excess water. The washed and dewatered mince was mixed with 4% sucros

4% sorbitol and 0.3% sodium tripolyphosphate, and kept frozen until used.

Surimi gel with added soy protein

The surimi prepared as above was thawed overnight in the refrigerator. Then, 1%

egg white, 4% starch and 2% NaCl based on surimi weight were mixed with the SPI or
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SPF (0, 1, 3 or 5% w/w minced fish). The mixture was added to the surimi (75, 73, 71 or
68% w/w) and mixed to a thick paste. The moisture level was adjusted to 80% with cold
deionized water and 1% vegetable oil was mixed into the paste. The pastes vezt@pla
the stainless-steel cylinders and cooked in a mineral oil bath for 20 min at 90 or 95°C
after setting for 30 min at 40°C. After the two-step cooking procedure, the gies w

cooled in an ice water bath for 3 min. The cooled gels were placed in airtight plast

containers and stored in the refrigerator for 16 h.

Surimi gels with increased moisture contents

The surimi prepared as above was thawed overnight in a refrigerator. Then, 1%
egg white, 4% starch and 2% sodium chloride were mixed together with the SPI or SPFs
(5% w/w). The mixture was added to the surimi (68% w/w) and mixed to a thick paste.
The moisture level was adjusted to 80, 81, 83 or 85% with cold deionized water and 1%
vegetable oil was mixed into the paste. The paste was placed in the stagdess-st
cylinders. The pastes were cooked in a mineral oil bath for 20 min at 95°C after setting
for 30 min at 40°C. The gels were cooled in an ice water bath for 3 min. The cooled gels

were placed in airtight plastic containers and stored in the refrigeocatb h.

Texture profile analysis
Texture profile analysis (TPA) of the gels was performed with a TA-XT2i
Texture Analyzer (Stable Micro Systems, Surrey, UK) and a 5-kg leladrbe gels

were equilibrated and analyzed at room temperature. Breaking feldea¢gness) and
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deformation (elasticity/deformability) were measured by usingiadiytal plunger (25.4

mm diameter) with a two-bite compression speed of 1.2 mm/min and 75% compression.

Color analysis

Color analysis was conducted by using a HunterLab Scan XE (Reston, VA,
U.S.A.) and analyzed with Universal Software V4.10. Samples from each treatarent
subjected to Lab and whiteness measurements. White and black standard pé&ates we
used for calibration. Whiteness was calculated by using the following equR#ida (
1995).

Whiteness = 100-[(100) 2 + a° + b?]*?

Expressible water

Expressible water was measured according to the method of Ng (1987).
Cylindrical gel samples were sliced to 5.0 mm thickness, weighed and placeeihe
five pieces of Whatman No. 1 filter paper; three pieces on the bottom and two pieces on
the top. The standard weight (5 kg) was placed on the top of the sample for 2.0 min. The
weight was removed and the sample weighed again (Y). The expressibievaste
reported as the percentage of lost water weight relative to the origimallesaeight (X).

Expressible moisture (%) = [(X-Y)/X] x100

Statistical analysis

In the first experiment to evaluate the gelling properties for soy proteins, ahe
treatments were replicated three times. In the second experiment, thenerped design

was a 5 x 3 x 2 x 2 factorial design with 5 soy protein ingredients, 3 levels, 2 protein
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preservation methods, and 2 setting temperatures. Three replicatesaslerorreach
treatment. In the third experiment, all analyses were run in duplicatepliarate surimi
preparations (n = 2 x 3). Results are reported as mean values of six determinations
standard deviation (SD). Data were analyzed by Analysis of Varianiferddices
among the treatment means were determined by using the least signifiesende

(LSD) test with significance defined B&0.05.

Results and Discussion

Compositional properties of soy protein ingredients

Protein contents and profiles of the GSSP soy protein ingredients are shown in
Table 1. The SPI prepared from GSSP meal contained only 85% protein (db), which is
less than the minimum industry protein level of 90% for SPI. GSSP meal typealla
protein dispersibility index of about 70 compared to 80 for WF. The slightly less
extractable protein of GSSP meal resulted in lower protein contents in SPfrorade
GSSP meal. The SPI prepared from GSSP meal had 1:1 Bcon-to-Gly ratiy@sal of
SPI prepared from WF. The Bcon-rich fraction contained 80% protein and 67% Bcon,
and was enriched to 2.4:1 Bcon-to-Gly ratio, where as the Gly-richdnaotintained
92% protein and 78% Gly, and was enriched to 0.1:1Bcon-to-Glyratio. The Gly+Fiber
rich fraction contained 65.4% protein and 54% Gly, and had 0.4:1 Bcon-to-Gly ratio; the
fiber greatly reduced the protein content making it more like a protein patse(min
65% protein) than an isolate. Therefore, the three fractionated protein ingreeats

substantially enriched in the targeted proteins.
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Gelling properties of fractionated soy protein ingredients

Each soy protein fraction had substantially different textures as tedibg gel
hardness values (Fig. 4). The gels prepared from the Bcon-rich fra&rersignificantly
softer than the gels prepared from SPI or the Gly-rich fractigD,-Hteated and jet-
cooked proteins produced gels that were not significantly different from dzah Bhe
gels prepared from jet-cooked SPI and jet-cooked Gly-rich fraction wsarenat
significantly different from each other. Gels prepared from tgHreated Gly-rich
fraction were significantly harder than all other gels. Gels prepesed0O,-treated
Gly-rich fraction were>100%harder than its jet-cooked counterpart anblitexhine look
and feel of a hardboiled egg (Fig. 5). This observation suggests that native Gly, but not

denatured Gly, gives harder gels.

Effects of type of soy protein ingredient on surimi quality

In general, surimi gels with added soy protein were as hard or harder than the
control (without added soy protein); adding soy protein made the surimi geldimgre
except for the Gly+Fiber-rich fraction(Tables 2 and 3). Probably the fibefarad with
protein strands coming together to form a gel. In general, the type of soy @dded to
the surimi gels did not have a significant impact on the gel hardness (Table 4x(zhe H
treated Gly-rich fraction did not produce harder surimi gels than the Bdoffractions
as the gelling properties of the 20% soy protein gels suggested. Therefoia)dtag
soy protein did not produce fractions with superior hardness in surimi.

Deformation is the distance in compression that is needed to break a gel.

Increased distance indicates more flexibility and more flexible gelsansidered by the
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surimi industry to be a good quality attribute. Protein type did not significam¢lgtdhe
deformation of soy added surimi gels. All protein types were statigtsatilar (Table
5) to each other as well as the controls at 90 (Table 2) and 95°C (Table 3).Therefore,
fractionating soy protein did not produce fractions with superior deformation misuri
Low expressible water is a desirable attribute in surimi becausedtiegphas
better water-holding capacity and does not easily loose water. Soy prpigidynot
significantly affect expressible water: all soy protein products gaviasirasults (Tables
2 and 3). With the addition of soy protein, expressible water was not significantly
different from the control (Table 6). At 95°C, the®3-treated Bcon-rich fraction
significantly improved the expressible water compared to controls at 90 anc95véll
as all other protein types.
Consumers expect white-colored seafood analogs and, therefore, a highsghitene
value is desirable in surimi gels. Type of protein did not significantly asteomi gel
whiteness compared to the control (Fig. 5). Therefore, fractionated soy proteins do not

offer any advantages to surimi color.

Effects of soy protein level on surimi quality

The level of protein replacement did not significantly affect hardness (#able
and no consistent trends for level of soy protein addition on hardness were observed
(Tables 2 and 3). Higher replacement of fish protein with soy protein did notsahaag
the same effects on surimi gel hardness. Our hypothesis ABatidated Gly-rich
fraction would increase hardness as more fish was replaced proved incodidabas

hypothesis that increased level of Bcon-rich fraction would decrease hardhegels
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prepared with 5% pD,-treated Gly-rich fraction were softer than the controls without
added soy protein. Our results, however, are consistent with those of Chang-Lee and
others (1990) who reported that adding1% SPI had no significant effect on the gel
strength of whiting surimi. Yang and others (1992) reported that replacinglaskaf
pollock protein with SPI produced a stronger gel than surimi alone after seth&gCat
for 30 min.
Protein level had a significant impact on surimi gel deformation (Tables 2, 3 and
5). The effect of replacement level was temperature dependent. Gels of gay prot
extended surimi cooked at 90°C did not have significantly different deformation values
compared to the control. Jet-cooked Gly an@4treated Bcon at 5% protein
replacement and cooked at 95°C were the only gels significantly more fléhall¢he
control gels. HO,-treated SPI at 1% replacement and cooked at 95°C produced gels that
were significantly more rigid than the control gel; but, higher replacemegisieere not
significantly different from the control. These findings are consistahttwvose of Luo et
al. (2004) who reported that the breaking force and distance were significangigsed
at 10% protein replacement with SPI1 prepared from WFs in Alaskan pollock surimi.
Protein level did significantly affect expressible water of soy protdeneed
surimi gels (Table 6). $D,-Bcon at 1, 3 and 5% replacement, however, significantly
reduced expressible water compared to the control and all other surimi gels.
Level of soy protein replacing fish protein significantly affected eress of
surimi gels (Table 7). The effect of protein level was dependent on the téumpexia
which the gels were cooked. Replacing fish protein with 3 and 5% soy protein

significantly affected the whiteness of the surimi gels when cooked at 95°@ @)abl
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These gels were significantly less white than gels cooked at 90°C (TaBlar2)i

extended with 3 and 5% jet-cooked Gly+Fiber-rich fraction and cooked at 90°C were
significantly whiter than surimi gels with 5% jet-cooked SPI and cooké8°&. Colors

were significantly whiter at lower replacement levels (0 and 1%). As fisbr@rotein

was replaced with soy protein, whiteness decreased. Surimi gels with 8é6ked

Bcon-rich fraction and cooked at 90°C at 3% were significantly whiter thamigyels

with 5% HO,-treated Bcon and jet-cooked SPI when the gels were cooked at 95°C. Our
observations are consistent with those of Luo et al. (2004) who observed that Alaskan
pollock surimi at 10% replacement with SPI prepared from WFs were sagtlfic

darker than the control (without added SPI).

Effects of soy protein preservation method on surimi quality

The method used to preserve soy protein significantly affected surimi hardness
when the gels were cooked at 95°C (Table 4) but not at 90°C (Table 2). At 95°C second-
stage cooking temperature, jet-cooked soy proteins produced gels thaignwéicaatly
harder than those produced with®J-treated protein ingredients (Table 3). The jet-
cooked soy protein ingredients were fully denatured but tke-Heated soy proteins
were not (Nazareth 2009).

Preservation method did not significantly affect expressible water (Gaboliethe
surimi gels cooked at 90°C (Table 2) and 95°C (Table 3). Protein denaturing that
occurred with jet cooking did not affect expressible water of the soy pradeied surimi

gels.
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The method used to preserve soy protein did not significantly affect the whiteness
of the surimi (Tables 2, 3 and 7, Figure 5). These results were surprising @hetrejer
hypothesizes that jet cooking would have caused Maillard reaction browningaghere

hydrogen peroxide would have bleaching of Maillard reaction products.

Effects of second-stage cooking temperature on surimi quality

Second-stage cooking temperature significantly affected hardndde @l)a
Cooking at 95°C (Table 3) produced harder gels than cooking at 90°C (Table 2).Higher
second-stage cooking temperatures denature more protein and, therebgeincrea
hardness. We hypothesized that higher second-stage cooking temperatuddsewoul
required when using Gly in surimi because Gly denatures at 93°C whereas Bcon
denatures at 75°C, but this hypothesis was rejected. Surimi gels prepared yath 3%
cooked and bD,-treated Gly and cooked at 95°C were significantly harder than the
control and the Gly+Fiber-rich fraction cooked at 90°C. Surimi gels prepared with 1%
jet-cooked SPI and 5% jet-cooked angDkitreated Bcon and cooked at 95°C were
significantly harder than the control cooked at 90°C.

Second-stage cooking temperature did not significantly affect deforn{aade
5). At 90°C second-stage cooking, all surimi gels were as flexible as thielddiable 2)
while most of the surimi gels cooked at 95°C were as flexible as the contrat @)abl

Second-stage cooking temperature significantly affected expregsitde (Table
6). Cooking surimi at 90°C produced more expressible water than surimi cooked at 95°C.
Higher second-stage cooking temperatures may cause more extensire prot

denaturation; denatured soy protein may bind more water than undenatured soy protein.
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Whiteness was significantly affected by second-stage cooking tenmeef@able
7 and Figure 5). The surimi gels cooked at 90°C (Table 2) were significantly Wiaiter
the gels cooked at 95°C (Table 3). Surimi gels made with 5% soy protein and cooked at
95°C were significantly less white than all other treatments. Park (1995)ae ploat
increasing second-stage cooking temperature increased whiteness. AalDSaG\ples
were as white as or whiter than the control. Adding more soy protein reducedessit

especially when cooking at 90°C.

Effects of water level on surimi quality.

Esturk et al. (2006) and Reppond et al. (1997) reported that increasing moisture
content decreased the strain and shear stress of surimi gels. The hardmess®ral
Alaskan pollock surimi gels with different moisture levels are shown in Table 8.
Increased moisture content did not significantly affect surimi gel hardhabte 9)
compared to the control (81% moisture). All surimi gels extended with soy protein
products were not statistically different from the control. Therefore, swgipr
(including fractionated soy protein) can be added to surimi without advertedyirad
texture. The hardness of gels prepared with SPI prepared from GSSP mealtand whi
flakes, however, were significantly different from each other (Table 4). Bgelswith
83% moisture content were less hard than the control with no added soy protein at 81%
moisture content. At 85% moisture content the surimi gels were less hard than tble cont
at 81% moisture content.

Increasing the moisture contents of all soy protein-extended gels did not

significantly affect surimi gel deformation. These findings are contaatlye report of
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Hsu et al. (2002) that increasing moisture content in surimi gels decreasadat&n. It
is possible that the partial protein denaturation caused by GSSP was resdonsitd
soy proteins maintaining flexibility in surimi gels with increasmoisture content.

Moisture content significantly affected expressible water of suritai(@ables 8
and 9). Increasing the moisture content significantly increased eXjpeessiter in
almost all gels. The control at 80% moisture and soy protein-extended §&% at
moisture was not significantly different. Surimi gels with 83 and 85% moisturerdont
had significantly more expressible water compared to the control but werefactrdif
from gels with 81% moisture content. The surimi gels prepared with Gly-rich, iBdon-
and SPI prepared from white flakes had significantly less expressiblethatethe
control. Replacing fish protein with up to 5% GSSP SPI did not cause significant changes
to the expressible water of surimi gels. Our observations do not agree with the
observations of others that expressible water is highly dependent on cooking teraperat
but not on moisture content of surimi gels (Park et al., 2008).

Moisture content significantly affected the whiteness of surimi gelBl€T9). The
effect of moisture level was dependent on the protein type added to the surinihgels
control gels were significantly whiter than all surimi gels extended wittpsotein,
regardless of moisture content, and became whiter as moisture content thoksase
moisture content increased from 80 to 85%, the whiteness of surimi gels extended with
soy protein significantly decreased (Table 8). SPI prepared from wditesfand GSSP
meal were the least white of all surimi gels extended with soy proteineffbeoked
Gly-rich fraction was the whitest of all surimi gels extended with soy iprd@air

findings differ from those of others (Reppond and others 1997, Park 1995, Yoon and
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others 1997) who reported that increasing the moisture content increased the wbitenes

surimi.

Conclusions

Adding soy protein increases surimi gel hardness and can extend surimi up to 5%
replacement without adversely affecting gel hardness, deformation, elleresster or
whiteness. The type of protein added did not affect texture or color; thereforasthere
advantage of fractionated soy protein over SPI. The Gly+Fiber-rictidnaproduced

gels as hard as or less hard than the control and, therefore, it would not be advantageous
to use this fraction to extend surimi. When cooked at 95°C higher replacement levels
produced greater flexibility in the surimi gels, which is advantageous. Whiterasss
decreased with the addition of soy protein ingredients. At 95°C second-stage cooking
temperature, jet-cooked soy protein produced significantly harder gelsii@a-treated

soy protein. Second-stage cooking temperature of 95°C produced harder gels with less
expressible water and less white color compared to gels cooked at 90°C. Moisture leve
did not affect hardness or deformation; therefore, added water can be used to extend
surimi without adversely affecting texture. At 5% replacement, soy prextended

surimi gels had similar expressible water properties to the control at 808tursoi

content. The optimum texture and color of surimi gels were obtained by replabing fis
protein with 5% GSSP soy protein, except for the Gly+Fiber-rich fracti8b%

moisture content.

www.manaraa.com



85

REFERENCES

1980. Official Methods of Analysis of the Association of Official AnalytiChlemists
Association of Official Analytical Chemists, Washington, DC.

An H. 1996.Roles of endogenous enzymes in surimi gelation. Trends Food Sci Tech
7:321-7.

Aoyama T, Kohno M, Saito T, Fukui K, Takamatsu K, Yamamoto T, Hashimoto Y,
Hirotsuka M, Kito M. 2001.Reduction by phytate-reduced soybean beta-conglycinin of
plasma triglyceride level of young and adult rats. Biosci Biotechrimc65:1071-5.

Benjakul S, Visessanguan W, Chantarasuwan C. 2004. Effect of high-tempestitnge s
on gelling characteristic of surimi from some tropical fish. Int J Food &ch 39:671-
80.

Camou JP, Sebranek JG, Olson DG. 1989. Effect of heating rate and protein-
concentration on gel strength and water-loss of muscle protein gels. J Food Sci 54:850-4.

Campo L, Tovar C. 2008. Influence of the starch content in the viscoelastic properties of
surimi gels. J Food Eng 84:140-7.

Changlee MV, Lampila LE, Crawford DL. 1990. Yield and composition of surimi from
pacific whiting (merluccius-productus) and the effect of various proteirtiaelslion gel
strength. J Food Sci 55:83-6.

Choi YJ, Cho MS, Park JW. 2000. Effect of hydration time and salt addition on gelation
properties of major protein additives. J Food Sci 65:1338-42.

Deak NA, Murphy PA, Johnson LA. 2007. Characterization of fractionated soy proteins
produced by a new simplified procedure. J Am Oil Chem Soc 84:137-49.

Esturk O, Park JW, Baik MY, Kim BY. 2006. Effects of moisture content on non-fracture
dynamic properties and fracture quality of Pacific whiting surimi. Fad@Btech
15:856-9.

Harper JP, Suter DA, Dill CW, Jones ER. 1978. Effects of heat-treatment and protei
concentration of bovine plasma-protein suspensionson Kamaboko. J Food Sci 43:1204-9

Hsu CK, Chiang BH. 2002. Effects of water, oil, starch, calcium carbonate amd it
dioxide on the color and texture of threadfin and hairtail surimi gels. Int J Food&ci Te
37:387-93.

Kang 13, Lee YS. 2005. Effects of beta-conglycinin and glycinin on thermatigelnd
gel properties of soy protein. Food Sci Biotech 14:11-5.

www.manaraa.com



86

Kito M, Moriyama T, Kimura Y, Kambara H. 1993. Changes in plasma-lipid levels in
young healthy-volunteers by adding an extruder-cooked soy protein to conventional
meals. Biosci Biotech Biochem 57:354-5.

Lanier T. 1992. Surimi Technology. New York: Marcel Dekker.

Lee CM. 1992. Ingredient and formulation technology for surimi-based products. In:
Lanier T C, editor. Surimi Technologiew York: Marcel Dekker. p 273-302.

Luo YK, Kuwahara R, Kaneniwa M, Murata Y. 2004. Effect of soy protein isolate on gel
properties of Alaska pollock and common carp surimi at different setting condiiSics.
Food Agr 84:663-71.

Matsumoto JJ. 1979. Chemical deterioration of muscle proteins during frozen storage. |
Whitaker J R, editor. Chemical Deterioration of Proteiashington, DC: American
Chemical Society. p 95-124.

Morrissey MT, Wu JW, Lin D, An H. 1993. Protease inhibitor effects on torsion
measurements and autolysis of pacific whiting surimi. J Food Sci 58:1050-4.

Nagai T, Suzuki N, Tanoue Y, Kai N, Nagashima T. 2007. Physical properties of
Kamaboko derived from walleye pollack (Theragra chalcogramma) surimuaantianal
properties of its enzymatic hydrolysates. J Food Agr Environ 5:76-81.

Nazareth Z, Deak N, Johnson L. 2009. Functional properties of soy protein isolate made
from gas supported screw pressed soybean meal. Accepted to J Am Oil Chem Soc.

Ng CS. 1987. Measurement of free and expressible drips. In: Hasegawa H, editor.
Laboratory Manual on Analytical Methods and Procedures for Fish and Fish Products
Singapore: Marine Fisheries Research Department, Southeast AsiareBishe
Development Center.

Park JW. 1995. Surimi gel colors as affected by moisture-content and physical
conditions. J Food Sci 60:15-18.

Park JW, Lanier TC, Green DP. 1988. Cryoprotective effects of sugar, polyols, and or
phosphates on Alaska pollack surimi. J Food Sci 53:1-3.

Park YD, Yoon KS, Lee CM. 2008. Thermal syneresis affected by heating selaedul
moisture level in surimi gels. J Food Sci 73:E103-7.

Parris N, editor. 1990. Interaction of muscle and non-muscle proteins affecirgehe

gel Kamaboko. In: Macromolecular Interactions and Food Colloid Stalhléw York:
ACS Symposium Series. p 268-84.

www.manaraa.com



87

Reed ZH, Park JW. 2008. Qualification and quantification of fish protein in prepared
surimi crabstick. J Food Sci 73:C329-34.

Reppond KD, Babbitt JK. 1997. Gel properties of surimi from various fish species as
affected by moisture content. J Food Sci 62:33-6.

Yang TS, Froning GW. 1992. Selected washing processes affect theratalrgel
properties and microstructure of mechanically deboned chicken meat. J Food Sci 57:325-
9.

Yoon WB, Gunasekaran S, Park JW. 2004. Characterization of thermorheological
behaviour of Alaska pollock and Pacific whiting surimi. J Food Sci 69:E338-43.

Yoon WB, Park JW, Kim BY. 1997. Linear programming in blending various
components of surimi seafood. J Food Sci 62:561-565.

www.manaraa.com



88

Table 1 — Compositional properties of soy protein ingredients prepared frolSSP

meal.
. Protein ~ B-Conglycinin Glycinin Others _

S"?yreP(;?;ﬁltn Content (% total (% total (% total Bc&%fly

9 (% db) protein) protein) protein)
SPI 85.0 a7 43 10 1.1:1
Bcon-rich 80.3 67 28 5 2.4:1
Gly-rich 91.9 9 78 13 0.1:1
GlytFiber- g5 4 21 54 25 0.4:1

rich
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Table 2 — Textures and colors of surimi gels as affected by extending wigbhy protein ingredients when cooked at 90
SPI Glycinin-rich Glycinin + Fiber B-Conglycinin-rich

Property Control Jet-cooked H.O., -treated Jet-cooked H,O, eated H,O, -treated Jet-cooked H,O, -treated LSD

0% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5%
Hardnebs"s 338 590 612 799 631 532 513 754 399 434 377 635 554 Ut 3B3 693 632 415 647 494 636 138
Deform 65 69 63 62 59 57 66 68 71 68 68 54 56 68 72 60 72 65 59 59 62 09
ExWatef 43.5 305 30.9 27.8 366 27.4 30.6 309 39.4 39.05 3.9 3198 36.8 36.2 420 26.1 292 33.0 299 370 293 34
Whiteness 38.4 412 402 388 421 419 39.1 386 305 40.9 4.2 384 447 419 420 410 422 40.3 395 404 353 2.8

3Force (g) required to break gel’Distance (mm) travelled when gel breakSWater (%) pressed from gels,
YWhiteness=100-[(100:) % + a* + b2
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Table 3 — Textures and colors of surimi gels as affected by extending wibhy protein ingredients when cooked9%

SPI Glycinin Glycinin + Fiber B-Conglycinin
Property Control Jet-cooked H,O, -treated Jet-cooked H,0O, treated H,0, -treated Jet-cooked H,O, -treated LSD
0% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5% 1% 3% 5%
Hardness 728 945 816 869

1% 3% 5% 1% 3% 5%
873 702 696 742 977 966 748 667 561 711 762 1026 902 674 1076 138
Defor® 6.7 6C 6.€ 6¢ 5t 59 68 61 74 7E 5¢ 65 9C 7C 68 71 72 7E 81 6.EF
Ex watef 27.6

6.2 6.8 0.
24.8 257 243 26.2 23.2 26.2 255 24.1 2498 2.6 28.0 289 24.1 275 256 265 23.6 224 231 20.2 34
Whitenes§ 41.0 36.7 36.9 30.9 357 36.3 32.3 39.8 37.8 35.65 48B.7 36.3 40.7 39.7 38.4 405 355 34.0 39.7 347 315 28

3Force (g) required to break gel’Distance (mm) travelled when gel breakSWater (%) pressed from gels,
YWhiteness=100-[(100:) % + a° + b2

662 %9
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Table 4 — ANOVA of the hardness of surimi gels as affected by extending tisoy

protein ingredients

Source DF  Type lll SS Mean F Pr>F
Square Value
reg 2 18428.304 9214.152 0.22 0.8010
temp 1 1051826.178 1051826.17825.42 <.0001
prt° 2 110208.904 55104.452 1.33 0.2707
temp*prt 2 225584.761  112792.381 273 0.0725
preservatiofy 1 124766.413  124766.413 3.01 0.0869
temp*preservation 1 167371.320 167371.320 4.04 0.0482
prt*preservation 2 133788.175 66894.088 1.62 0.2059
temp*prt*preservatio 2 133587.420 66793.710 1.61 0.2064
levef 2 76675.058 38337.529 0.93 0.4008
temp*level 2 78948.661 39474.331 0.95 0.3902
prt*level 4 122258.693 30564.673 0.74 0.5688
temp*prt*level 4 259652.438 64913.109 1.57 0.1923
preservation*level 2 8680.643 4340.321 0.10 0.9006
temp*preservat*level 2 165005.481 82502.740 1.99 0.1439
prt*preservati*level 4 197237.756 49309.439 1.19 0.3222
temp*prt*prese*level 4 363184.275 90796.069 219 0.0785

Replicate’Cooking temperature Protein type “Preservation method®Level of

protein replacement
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Table 5 — ANOVA of the deformation of surimi gels as affected by extendingith

soy protein ingredients

Source DF  Type lll SS Mean F Pr>F
Square Value

reg 2 0.92249725 0.46124863 0.42 0.6580

temp 1 5.96782552 5.96782552 545 0.0225

prt° 2 5.93932889  2.96966445 271 0.0735
temp*prt 2 2.24712293  1.12356147 1.03 0.3639

preservatiofy 1 6.71280139 6.71280139 6.13  0.0157
temp*preservation 1 0.28198002  0.28198002 0.26  0.6135
prt*preservation 2 1.78739000 0.89369500 0.82 0.4464
temp*prt*preservatio 2 1.66739754  0.83369877 0.76  0.4710

levef 2 7.64398446  3.82199223 3.49 0.0359
temp*level 2 10.51182339 5.25591169 480 0.0111
prt*level 4 0.86263315 0.21565829 0.20 0.9392
temp*prt*level 4 6.97660214  1.74415053 1.59 0.1860
preservation*level 2 2.75353580 1.37676790 1.26  0.2909
temp*preservat*level 2 0.70682939  0.35341469 0.32 0.7253
prt*preservati*level 4 1.42459079  0.35614770 0.33 0.8602
temp*prt*prese*level 4 3.97044728 0.99261182 0.91 0.4652

Replicate’Cooking temperature Protein type “Preservation method®Level of

protein replacement

www.manaraa.com



93

Table 6 — ANOVA of the expressible water of surimi gels as affected by emténg

with soy protein ingredients

Source DF  Type lll SS Mean F Pr>F
Square Value
reg 2 653.859346  326.929673 5.63 0.0054
temp 1 1198.521959 1198.52195920.64 <.0001
prt° 2 220.651907  110.325953 190 0.1572
temp*prt 2 293.128222  146.564111 252 0.0874
preservatiofy 1 0.372653 0.372653 0.01 0.9364
temp*preservation 1 10.302053 10.302053 0.18 0.6749
prt*preservation 2 23.407663 11.703831 0.20 0.8179
temp*prt*preservatio 2 132.298341 66.149170 1.14  0.3259
levef 2 12.814134 6.407067 0.11  0.8957
temp*level 2 28.369802 14.184901 0.24 0.7839
prt*level 4 106.388358 26.597089 0.46 0.7662
temp*prt*level 4 15.932700 3.983175 0.07 0.9912
preservation*level 2 69.679785 34.839893 0.60 0.5516
temp*preservat*level 2 31.787201 15.893601 0.27 0.7613
prt*preservati*level 4 141.123320 35.280830 0.61 0.6585
temp*prt*prese*level 4 157.190081 39.297520 0.68 0.6103

Replicate’Cooking temperature Protein type “Preservation method®Level of

protein replacement
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Table 7 — ANOVA of the whiteness of surimi gels as affected by extendingthvsoy
protein ingredients

Source DF  Type lll SS Mean F Pr>F
Square Value
reg 2 78.4208574  39.2104287 3.72  0.0292
temp 1 351.8486502 351.848650233.35 <.0001
prt° 2 41.7883366  20.8941683 1.98 0.1456
2
1

temp*prt 15.3651977 7.6825988 0.73 0.4864
preservatiofy 1.0237521 1.0237521 0.10 0.7563
temp*preservation 1 0.9756502 0.9756502 0.09 0.7619
prt*preservation 2 48.8865181  24.4432590 2.32 0.1061
temp*prt*preservatio 2 18.2805421 9.1402711 0.87 0.4249
levef 2 278.7836310 139.391815513.21 <.0001
temp*level 2 85.4613310 42.7306655 405 0.0216
prt*level 4 35.4630093 8.8657523 0.84 0.5042
temp*prt*level 4 39.9787565 9.9946891 0.95 0.4419
preservation*level 2 23.2856264  11.6428132 1.10 0.3374
temp*preservat*level 2 8.4177227 4.2088613 0.40 0.6725
prt*preservati*level 4 36.6159389 9.1539847 0.87 0.4878
temp*prt*prese*level 4 43.6306287  10.9076572 1.03 0.3959

Replicate’Cooking temperature Protein type “Preservation method®Level of
protein replacement

www.manaraa.com



Table 8 — Texture and color properties of surimi gels as affected by moistusentent when cooked at 95°C

Control 5% Jet-cooked WF SPI 5% Jet-cooked GSSP SP1  5%et-cooked Gly-rich 5% Jet-cookedp-Con-rich
Property 80% 81% 83% 85% 80% 81% 83% 85% 80% 81% 83% 85% 80% 81% 83% 85% 80% 81% 83% 85% LSD
Hardness 762 731 546 485 695 720 683 680 636 562 555 512 599 638 599 578 &WB 628 535 89
Defoo’ 67 73 68 65 75 78 77 71 69 73 65 64 75 75 71 62 817 74 66 07
ExWate” 239 241 264 27.0 207 215 242 231 217 232 23.6 2499 2032 236 243 209 226 236 249 1.3
Whitenes$ 42.0 39.0 41.1 459 344 261 269 255 309 262 281 26713362 337 351 340 30.8 293 306 17

3Force (g) required to break gel’Distance (mm) travelled when gel breakSWater (%) pressed from gels,
YWhiteness=100-[(100:) ? + a* + b?] 2
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Table 9 — ANOVA of the texture and color properties of surimi gels as affeetl by

moisture content

Property Source DF  Typelll SS Mean FValue Pr>F
Square
reg 2 45484.3423  22742.1712 2.45 0.0995
Hardness prt’ 4 113990.3311 28497.5828 3.07 0.0274
levef 3 180024.0463 60008.0154 6.47 0.0012
level*prt 12 137525.8966 11460.4914 1.24 0.2953
rep 2 6.57757000  3.28878500 4.45 0.0184
Deformation prt 4 4.24661667  1.06165417 1.44 0.2409
level 3 477151167  1.59050389 2.15 0.1098
level*prt 12 8.11526333 0.67627194 0.91 0.5418
rep 2 73.46512333 36.73256167 9.44 0.0005
Expressible Water prt 4 61.94281000 15.48570250 3.98 0.0086
level 3 93.50743167 31.16914389 8.01 0.0003
level*prt 12 8.28691000 0.69057583 0.18 0.9987
rep 2 36.119443 18.059722 4.61 0.0161
Whiteness prt 4 1638.166693 409.541673 104.52 <.0001
level 3 119.748965 39.916322 10.19 <.0001
level*prt 12 204.512293 17.042691 4.35 0.0002

Replicate"Protein type ‘Level of protein replacement

www.manaraa.com



97

Defatted GSSP
soybeanflour

Water 10:1 |
Alkalior acid —

. Red_ucml%%ent —
Divalent cationic sa TA ——»

Acid —
Extracting
(pH 6.4)
Centrifuging Supemnatant
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Figure 1 — Preparation of a Glycinin+Fiber-rich fraction from GSSP soyban flour.
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Figure 2 — Gel-forming device with clamp
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Figure 3 — Heating curve of surimi gel prepared without soy protein ingréients.
The gel was cooked at 40 and 95°C.
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H,0,-treated Bcon
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Figure 4 — Hardness of gels prepared with different soy protein ingredigs. Gels
were made at 20% protein and cooked at 95°C. Soy protein isolate (SPI) and
glycinin-rich (Gly) and p-conglycinin-rich (Bcon) fractions were either jet cooked or
hydrogen peroxide treated (HO5).
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H,0,Gly JC Bcon H,0, SPI
Figure 5 — Visual properties of 20% soy protein gels. Soy protein isolate (SPI)&n
Glycinin-rich (Gly) and B-conglycinin-rich (Bcon) fractions were either jet cooked
(JC) or hydrogen peroxide treated (HO,).
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Control JC Gly H,0,Gly Gly+Fiber JC Bcon H,0,Bcon JC SPI H20.SPI
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Control JC Gly H,0,Gly Gly+Fiber JC Bcon H,0O,Bcon JC SPI H.0,SPI

Figure 6 — Visual properties of surimi gels cooked at 90 and 95°C at 5% replacenméavel. Soy protein isolate (SPI) and

Glycin-rich (Gly) and B-conglycinin-rich (Bcon) fractions were either jet cooked (JC) or hydogen peroxide treated (HO5).

Gly+Fiber-rich fraction was treated with hydrogen peroxide only.
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CHAPTER 5. GENERAL CONCLUSIONS

Chapter 2 of this dissertation is a study of the effects of high-pressuesgirag
and storage conditions on the natural microflora of fresh unprocessed soymitko$he
effective treatment was the combination of HPP at 75°C followed by anaerobigestor
which reduced the microbial population the greatest while extending the protelitystabi
of the soymilk. Pressures >400 MPa significantly reduced microbial countsotéhe t
microbial load of soymilk was significantly affected by temperatiweell times of 1
and 5 min were not significantly different and, therefore, a dwell time of 1 min would
shorten processing time and reduce processing &mgésobacteriaceae did not grow
during storage, while only 400 MPa at 25°C aerobic storage allowed any psyghrot
growth. All HPP treatments induced injury. The shelf-life of treatganslk was
extended by at least 2 wk longer than untreated soymilk based on the spoilagé level
10° log CFU mL™.

The soymilk stability and pH were maintained throughout the storage study. HPP
treatment enhanced shelf-life and shortened production time withoufragféot quality
characteristics of the soymilk. The present work shows that HPP has the ptidmial
an alternative commercial process to traditional thermal treatmergsténding the
shelf-life of refrigerated soymilk.

Chapter 3 involved studying the use of GSSP soy protein ingredients as an
extender in Alaskan pollock surimi. The GSSP soy protein ingredients werevprese
with two methods (jet cooking and treating withQ4, the surimi gels were cooked at
two different temperatures with different moisture contents. The type oPG&S

protein did not affect gel texture or color, except for the Gly+Fiber-richidracht 95°C
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second-stage cooking temperature, jet-cooked soy protein produced siggiheadér

gels compared to iD.-treated soy protein. Second-stage cooking temperature
significantly affected gel hardness and deformation of surimi gelgjelsevere harder

and more flexible when cooked at 95 than at 90°C. Deformation was not affected by
protein type, level, preservation method, cooking temperature or moisture content.
Moisture content had no significant impact on gel hardness, or deformation. Whiteness
significantly decreased with increased second-stage cooking temparadureisture
content. Our study shows that surimi can be extended by replacing fish prakein wi
GSSP soy protein ingredients up to 5% and further extending the surimi by ingresi
moisture content of the surimi gels to 85% without affecting gel hardness, deéorma

or expressible water.

Recommendations for Future Research

Additional work is needed to analyze color, viscosity, flavor profile changes in
pressure-treated soymilk during storage. Sensory attributes are importansumers,
so research is needed to analyze if HPP impacts color, texture and flavor-treeiieg
samples during storage.

Future work involving food applications with soy protein isolate is needed. Work
is needed to formulate and produce a soymilk from GSSP soy protein isolate and
fractions. A sensory analysis needs to be done as well to show that these prodoets w

accepted by consumers.
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