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EXPERIMENTAL INVESTIGATION OF CARBON DIOXIDE (CO ;) LASER
PERFORATION AS A POTENTIAL SKIN PRETREATMENT FOR SU GAR
INFUSION PROCESS OF FROZEN BLUEBERRIES

CHAPTER 1

INTRODUCTION

Native to North America, blueberries (family: Ereme, genus/acciniun) have
become one of the most important crops in the drifiates due to their high
economic and nutritional values. Because blueleh#e a short harvest season and
are highly perishable, a large portion of culticabdueberries is subjected to freezing,
drying, and other processes to ensure year-rouaithaility (Kim and Toledo 1987).
Recently, a wide range of processed blueberry mtschas emerged in order to meet
the ever-increasing demands of consumers and fammggsors.

Based on the immersion of high-moisture materiais highly concentrated
solution that gives rise to the simultaneous caenteent flow of water and soluble
solids (Raoult-Wack 1994), osmotic treatment hanheidely utilized to produce
minimally processed blueberry products with redusater content. There are two
main types of osmotic treatment: osmotic dehydraff®D) and infusion. The two
differ fundamentally in terms of process objectia@sl final product properties. OD
has been primarily described as a dewatering tgalenvith a minimal or controlled
amount of solid uptake from the solution, where#isgion is a solute impregnation
process with the objective of maximizing the amaafrgolute incorporated into the
material, hence maximizing the final process ywthe product (Kuntz 1995).
Because osmotic treatment can be carried out aerataltemperatures with no phase
change involved, it has gained increasing atterdean energy-efficient means of
removing moisture from food materials with minimizeutritive and sensory
deterioration compared to conventionally dried picid (Ponting 1973; Bolin and
others 1983; Raoult-Wack 1994; Marani and othe@20



The waxy outer skin structure of blueberries, ordlly intended to provide a
barrier against transpiration, weather inclemenaad attacks from insects and
parasites, serves as a major obstacle to moistareval and solute migration during
osmotic treatment (Grabowski and Marcotte 2002)s Tias been traditionally
overcome by various physical, thermal and chengoatreatment techniques;
however, these methods may not be ideal in theoufood market, where consumers
and food processors both seek minimally processedsfwith minimal or no use of
additives. Furthermore, a typical physical pretresit involves cutting, halving or
abrasion of the fruit (Sunjka and Raghavan 2004pGwski and others 2007), which
alters the fruit’s original shape and structureingdraditional knives and other tools
can also pose a potential source of physical ardoimiological contamination, which
is to be strictly avoided in the food industry.

Lasers (acronym fdight amplification by thestimulatedemission of
radiation) are non-contact processing tools thatiyee single-wavelength light that is
highly coherent and directional (Cantatore and ¢fal€2004; Ferraz and others 2007).
The light beams produced by lasers can be focudedkktremely small, energy-
intensive spots, which induce site-specific matemiadification with minimal thermal
damage to adjacent areas upon absorption (Cantatdr&riegal 2004). Laser
technology has become essential for materials psireg and medical applications
due to its process quality, speed, reliability, aade of integration into existing
systems (Ferraz and others 2007; Chen and oth6e&b20dn the food industry,
however, little attention has been paid to fullppiing the technology; its current
application is virtually limited to the labeling @etching of product information on
the surface of food materials. Although laser pssogg would undoubtedly have
some significant advantages over conventional ming techniques, no other
innovative applications have appeared in the fooldistry.

The general aim of this research project was tonexa the feasibility and
potential use of laser technology as a novel faodgssing tool. Specifically, the use

of laser perforation as a potential skin treatnpeitr to the sugar infusion of



blueberries was explored. It was hypothesizedl#s&tr-induced microholes in
blueberries would serve as open passages foregffisblute incorporation into the
fruit while alleviating the osmotic pressure expaged by the fruit during the sugar
infusion process, thereby promoting higher proggsisl and better final product
quality. IQF (individually quick frozen) blueberdavere chosen as the starting
material over their fresh counterparts due maialgheir availability in large
guantities irrespective of the harvest season. Ajriba various types of lasers that are
commercially available, a carbon dioxide (§@ser was used in this research. This
was because a Glaser is considered to be best suited for procgssiganic
materials that are composed largely of water,salagter beams are heavily absorbed
by water at its operation wavelength (i.e., L4h®).

In this thesis, a literature review on blueberrtbgs, osmotic treatment of
food, and laser technology will be presented ingiér@2. The first study, outlined in
Chapter 3, examined the extent of weight gain amal product quality of blueberries
that were subjected to laser perforation followgdtepwise sugar infusion with a
high fructose corn syrup (HFCS) solution at low @@mtration increments (5
°Brix/day). To span a wide range of laser perforatonditions, combinations of
three different levels of perforation density amgbtth (3 x 3 = 9 treatment
combinations) were tested. To establish a bas@imeomparison, mechanical
treatment (i.e., typical skin pretreatment in theustry) was included in the first
experiment. The second experiment (Chapter 4) waged out to examine whether
laser perforation could be an effective tool unstepwise sugar infusion using higher
concentration increments (10, 20, and’B@ix/day), which creates conditions more
favorable for water removal than solute impregmatae to the increased osmotic
gradient. This research project was funded by ti& Department of Agriculture
(USDA) multi-commodity grant and the AgriculturaéBearch Foundation (ARF).
Both experiments were conducted at the Oregon Staiteersity Food Innovation

Center Agricultural Experiment Station in Portla@iggon.



CHAPTER 2

LITERATURE REVIEW

2.1. BACKGROUND INFORMATION ON BLUEBERRIES

2.1.1. Blueberry varieties, production and harvestig

Blueberries are perennial flowering plants withkdialue fruit that belong to the genus
Vaccinium a group of shrubs or dwarf shrubs in the plamifaEricaceae (Girard
and Sinha 2006). The gendacciniumincludes approximately 400 species of
blueberries (Strik 2007) and numerous other shtabtg that produce edible fruits
such as cranberries, crowberries, bilberries, comdseand huckleberries (U.S.
Highbush Blueberry Council 2002). AmoNgcciniumplants, blueberries are one of
the very few species native to North America, whels long dominated in
commercial blueberry production (U.S. Highbush Blerey Council 2002). In 2003,
nearly 85 % of the world’s blueberry production vgaswn in the United States and
Canada (Girard and Sinha 2006). Michigan is culyehe leading blueberry-
producing state in the United States, followed kainé, New Jersey, Oregon,
Georgia, and Washington (Pollack and Perez 2008)nlis also known as the
largest producer of wild blueberries (Girard andh@i 2006).

The market for fresh blueberries has shown a stgpogth in North America
and other parts of the world over the past few desadue mostly to increasing
consumer awareness and research interests indlia benefits of blueberries (U.S.
Highbush Blueberry Council 2002). In North Ameritiae increase in blueberry
production has become significant since 2000, as¢dtal utilized yield of U.S.-
cultivated blueberries exceeded 488 million poumds) per capita consumption of
fresh blueberries reaching 0.77 pounds in 20084Blobnd Perez 2008). The world
acreage of cultivated blueberries has shown agteatease as well, expanding by 90
% between 1995 and 2005 (Strik 2007). Outside afiNamerica, Poland is the
largest blueberry producer, accounting for about @f the world’s production in

2003 (Girard and Sinha 2006). Also noteworthy &siticreasing interest in blueberry



consumption in Asian countries such as Japan anth@mrecent years. These
countries have been an important blueberry exparket for the United States, and
the acreage in those regions is expected to sygadriease in the future (U.S.
Highbush Blueberry Council 2002).

In the United States, four types of blueberriescammmercially grown:
northern highbush, southern highbush, rabbiteyg |@amnbush (Strik and Finn 2008).
Each is unique in its berry and yield charactersstsuitable climates, and commercial
values. Northern highbush blueberriga¢cinium corymbosungrow well in the
northern parts of the world due to their high talere to severe winter conditions
(Strik 2007; Saftner and others 2008). Northermhigh are the most commonly
harvested blueberries worldwide and in OregonKSind Finn 2008), and comprise
approximately 95 % of the cultivated blueberrieshi@a United States (Girard and
Sinha 2006). Although similar in harvesting chagastics, southern highbush
varieties have a lower tolerance to chill thanrtnerthern counterparts as they were
developed to thrive in warmer climates (Girard &nmtha 2006; Strik and Finn 2008).
Rabbiteye blueberrie¥/( virgatum syn.V. ashe) are less tolerant to winter cold, are
smaller in size, darker in color, and have thicd@éns compared to highbush
blueberries (Silva and others 2005; Strik and R2068). Despite their harder texture,
rabbiteye varieties can be sold for a higher pdige to their late fruiting and
harvesting seasons (Strik 2007). Lowbush bluelzfveangustifoliuny often
marketed as “wild blueberries” or “huckleberrieafe produced worldwide for
commercial and personal use. Lowbush varietiesmadler in shrub and berry size
than highbush or rabbiteye (Girard and Sinha 2@dék 2007).

In general, blueberries are self-ferilants that begin fruit production in their
third season. However, cross-pollination is oftescpgced in commercial settings to
ensure good berry size and yield (Strik and Find820Well-drained soils that are rich
in organic matter with a pH between 4.2 to 5.5em%ential in order for blueberry
plants to thrive (Girard and Sinha 2006; Strik 20@Iueberries are susceptible to

drought injury due to their shallow roots, whiclaalversely affect their fruit size



and flavor. Adequate water supply and moisture teaegnce are therefore imperative
to support the plant’s optimal growth (Strik 200X)typical bush height at maturity
varies depending on the species, ranging from tL(foabush), to 6 to 8 feet
(highbush), to 12 feet (rabbiteye) (Strik 2007)dregon, the fruiting season of
blueberries runs from mid-June through late-Sep&ndepending on the cultivars
(Strik and Finn 2008). The length of fruit develoggmmalso differs considerably
among the species, typically ranging from 42 tal@9s for northern highbush, 55 to
60 days for southern highbush, 70 to 90 days febilsh and 60 to 135 days for
rabbiteye. The harvesting parameters also varyragpe largely on climate, plant
vigor, and cultural management practices (Strik7200

In North America, the majority of blueberries haad been hand-harvested. In
recent years, however, mechanical harvesting leugtly been adopted for the fresh
market to minimize labor costs (Strik 2007). Onéhaf drawbacks of mechanical
harvesting includes a shorter shelf life of thetfrwhich results in limited
marketability of the berries (i.e., they cannottamsported to distant markets) (Silva
and others 2005). In addition, the quality of maeHharvested berries tends to be
inconsistent as a mechanical harvester is nottsedfor immature, decayed, and/or
blemished berries that are unsuitable for conswongiralcott 2007). To overcome
these limitations, new cultivars that yield firmi#ueberries with better keeping
guality are continuously being developed for medatarharvesting (Silva and others
2005).

After harvesting, blueberries that are destinedtierfresh market are cleaned,
sorted for color, defects and damages, and packdadahsportation. Blueberries are
then transported by refrigerated trucks, airplaresships to distant markets (Strik
2007). In the United States, approximately 40 %ufivated blueberries are
consumed fresh and the rest is processed intouspmducts (Girard and Sinha

2006). Details on processed blueberry productprere@ded later in this chapter.



2.1.2. Physicochemical and nutritional quality of bueberries
As shown in Table 2.1, raw blueberries are a gaouce of vitamins A and C,
minerals, fibers, natural sugars, and are veryitofat and sodium. Organoleptically,
blueberries are often characterized as being médiget with a low level of aromatic
note and less tartness compared to other beritg fidinha 2007). Ethyl acetate,
esters, and 3-isopropyl-butyrate are the compothratsare primarily responsible for
the fruity and floral notes of blueberries. Typitatial soluble solid (TSS) content and
titratable acidity (TA) of highbush blueberries afeout 12.0 % and 0.80 % (as citric
acid) respectively. However, those harvested irPthefic Northwest tend to have
higher TSS and TA as high as 17.5 % and 1 % (gs aitid), respectively (Girard and
Sinha 2006). In contrast, wild (i.e., lowbush) lidaaies generally have lower TSS
and TA compared to highbush blueberries (Sinha 2007

Blueberries are known to be rich in various phlgicals such as
anthocyanins, phenolics, tannins, and other bieacddmpounds that are beneficial to
human health. There has recently been a surgebirc@and scientific interests
regarding the blueberry’s high antioxidant capadity to the presence of these
compounds (Lee and others 2002). The rich, eyeadipgedark blue color of
blueberries is due to anthocyanin pigments thataneentrated in the skin. The major
anthocyanins found in highbush blueberries inclonddvidins, petunidins,
delphinidins, and cyanidins (Girard and Sinha 2006 color of blueberries is
affected by the total anthocyanin content and titease wax structure, as well as their
content(Silva and others 2005). Anthocyanins degrade\e®agien heated, but they
remain fairly stable during frozen storage (Nsaral Ramaswamy 1998b).
Blueberries and other fruits such as cranberriegeag and cherry tomatoes are often
collectively called “waxy-skinned fruits”, due tbdir unique waxy outer skin
structure, which provides protection against vasieavironmental factors such as
inclement weather, moisture loss and attacks bggitas and/or insects (Azoubel and
Murr 2002; St. George and others 2004).



In the United States, the marketing quality osfrélueberries is determined
by numerous physical attributes such as color, stzape, and the presence of defects
(i.e., mold, decay, scars, broken skin, and shngglas specified by the U.S.
Department of Agriculture (USDA 1995). Firmnessumther physical attribute
critical to the marketability of fresh blueberries, it directly correlates with the fruit’'s
keeping quality and resistance to shipment, theitmgortant fruit qualities for
expanding domestic and international markets (Sl others 2005; Yang and others
2009). The firmness of blueberries varies conslilgrdepending on the species or
cultivars; for example, rabbiteye blueberries amadr than highbush blueberries. The
difference in firmness has been attributed to igbdr degree of solubilization of
pectic compounds that occurs in highbush bluelsmhich contributes to softening
(Silva and others 2005). Firmness is also affebtedultural management practices
such as fertilization, irrigation, and the use lainb hormones and growth regulators
(Yang and others 2009). Much effort is being madienprove the firmness of
blueberries through breeding (Ehlenfeldt and Ma2002).

2.1.3. Value-added blueberry products

Blueberries are a highly perishable commodity aitbrief harvest season; fresh
blueberries typically cannot be kept for more tserweeks (Yang and Atallah 1985;
Kim and Toledo 1987; Yang and others 1987). In taldli fresh blueberries tend to
succumb to decaying organisms such as molds amyl thereby leading to
diminished marketability. The vast majority of ¢udited blueberries is therefore
commercially processed into a variety of produetsrisure the year-round availability
of good quality fruit. Furthermore, due to growicgnsumer interests in their health
benefits, blueberries are being increasingly incaafed into a number of food
products as a healthy ingredient. The followingisagorovides a brief overview of

several value-added blueberry products.

| QF blueberries



A large portion of cultivated blueberries is sulbgecto an individually quick frozen
(IQF) process. The process typically involves sciinjg sorted, washed, and shake-
dried fresh blueberries to a high-velocity coldldast of - 40°C in a tunnel freezer
for about 12 - 15 minutes until the berries becdraeen solid (Abdalla 1966). IQF
blueberries are then visually inspected and grédsed on the standards for frozen
blueberries specified by the U.S. Department ofi@diure (USDA 1995). The IQF
process ensures the free flowing characteristitb@product and prevents the
agglomeration of berries so that they can easilydssl and incorporated into other
food products (Abdalla 1966). The fast formationndércellular ice with small ice
crystals upon quick freezing also ensures minimcaitidamage and osmotic water
loss (Saurel and others 1994).

Although the introduction of IQF technology has leled the year-round
availability of frozen blueberries with a color asltlape comparable to fresh
blueberries (Abdalla 1966), the storage of frozkemlberries should be limited to six
months or less, beyond which freezing-induced t@kt@and other physiochemical
changes can become problematic (Sullivan and ofl838). Prolonged freezing
causes the loss of original shape and structutkagronounced woodiness or
grittiness in texture (Sullivan and others 1982y&and others 2005). Water serves as
a medium for the diffusion of fruit constituentshieh can cause further
physiochemical deterioration such as off-flavorelepment and color change
(Torreggiani and Bertolo 2001).

I nfused blueberry products

Available both in frozen and dehydrated forms, sefth blueberry products have
become increasingly popular in recent years. Theyyically infused with
sweeteners or fruit juices to 25 - 25rix. The infused blueberries are then subjected
to heat processing and freezing (infused-stabilfrezen blueberries), or to further
dehydration, typically to a moisture content of-1Ib % and a water activity of 0.40 -
0.60 (infused-dried blueberries) for safety andfsttability (Girard and Sinha 2006).
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Infused-stabilized frozen blueberries remain sefirewhen frozen, possess excellent
keeping qualities against microbial deterioratiamg can therefore be used in various
products without further processing. Fresh-likerahteristics and enhanced sweetness
of infused-dried blueberries make them an appeatiggedient or on-the-go snack
(Girard and Sinha 2006; Sinha 2007). Sugar infus@iso beneficial from a product
formulation viewpoint, as the increased sugar aarttelps prevent the infused fruit

from floating when added to other products (Taiwd athers 2003).

Dried blueberries

Dehydrated blueberries containing 16 - 25% wateroften referred to as an
intermediate moisture (IM) product. IM products popular as a convenient snack or
ingredient due to their concentrated nutritionalteat compared to their fresh
counterparts, their ready-to-eat texture, and gebgdration performance (Yang and
Atallah 1985). Despite a higher cost of processimgpared to other drying methods,
freeze-dried blueberries have been increasinglgl irseeady-to-eat cereals in recent
years. They are characterized as having a ligisigtexture, and low bulk density
and water activity (slightly above 0.20). Freezediblueberries also show minimal
shrinking and shriveling of the fruit (Sinha 2007).

Other blueberry products

Blueberries that do not meet quality standardgecifications for premium value-
added products described above are transformedradiional products such as jams,
preserves, fruit purees, syrups and juice condest(&irard and Sinha 2006; Sinha
2007).

2.2. OSMOTIC TREATMENT OF FOODS
2.2.1. Mechanisms and characteristics of osmoticdatment
Drying is one of the most ancient food processimghods and is still being practiced

worldwide as a means of improving shelf life of dep preserving quality, preventing
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moisture-mediated deteriorative reactions, anchgasandling, transportation and
storage of products (Jayaraman and Das Gupta B29&eorge and Cenkowski
2008). Drying can take various forms in terms & &mergy source employed (i.e.,
natural and/or artificial energy) and the moderadrgy transfer into the material to be
dried (i.e., conduction, convection, internal gextien, surface radiation, or a
combination of several modes) (Grabowski and otBe6s).

Among various drying technologies available, osmtgatment is an example
of minimal dehydration for foods (Grabowski ande#h2003). Osmosis, the basis of
osmotic treatment, is a physical phenomenon dribyea difference in solute
concentration of two areas separated by a semigayl® membrane, causing a
movement of water from a low-solute concentraticeaao a high-solute
concentration area through the membrane. When ersgantaining cellular tissue is
immersed in a hypertonic solution of low molecidabstances (e.g., salts, sugars), the
concentration difference between the food matamal the solution gives rise to two
simultaneous counter-flows: 1) the outflow of wdtem the material into the
solution, and 2) the migration of solutes from sléution into the material (Raoult-
Wack 1994; Ferrando and Spiess 2001; Shi and Leubtazp03). Because of the non-
selective nature of the cell membrane, the produm#/n soluble constituents (i.e.,
minerals, sugars, organic acids) also migrate btiteoproduct along with the outward
flow of water. Although this flow may be quantitaly insignificant compared to the
two main types of mass transfer, it may be of gimaabrtance to the nutritive value
and sensory properties of the final product (Figufg (Raoult-Wack 1994; Azoubel
and Murr 2002; Sunjka and Raghavan 2004). The tnassfer continues until
osmotic equilibrium is achieved. It is suggesteat the removal of water occurs
mainly via diffusion and capillary flow whereas st@ uptake by the product and
leaching of the product’s soluble components ardiffysion only (Shi and others
2009).

During osmotic treatment, a food material typicakhibits a two-phased

behavior in terms of water and solute transfer. déwatering of the material is
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known to occur at a rapid rate during the firstesal’hours. The rate of water loss
then gradually decreases in subsequent hours (4r8)hend eventually flattens out.
On the other hand, the impregnation of solute iheomaterial is negligible at the
beginning of osmotic treatment, but the rate ofiefgain by the material steadily
increases as the dewatering progressively becomesrs(Raoult-Wack 1994).

Early work on the osmotic treatment of foods wamoreed by Ponting and
others (1966), who described the process as aegewth-thermal means of
dehydration to produce high quality dehydratedt fthile reducing the original
weight of the fruit as much as 50 % and preserewigr and flavor. Since the
publication of their pioneering work, osmotic tne&nt has attracted considerable
research and commercial interests as a practioakpsing method for fruits and
vegetables. Although to a lesser extent, osmaatitnent has also been applied to
products of animal origin such as meat and fisehttuld be stressed, however, that
the osmotic behaviors of animal and plant mateaedsuniquely different due to the
distinctive structures and compositions of the tWas review is therefore based
solely on those addressing osmotic treatment asfaind vegetables. Collignan and
others (2001) provide an in-depth literature reveewosmotic treatment of fish and
meat products.

Osmotic treatment offers several advantages overezdgional methods; some
benefits include its relative mechanical simplicitgxible nature of the process, and
its low energy requirements because water canrhewed without any phase change.
In addition, because it is typically conductedmbé#ent or slightly elevated
temperatures, the thermal degradation of colotutexand nutritive values of the raw
material is minimal. Since the material is kept iersed during the process, oxidative
reactions and loss of volatile compounds can agsminimized (Raoult-Wack 1994;
Marani and others 2007).

2.2.2. Osmotic dehydration vs. infusion
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There are two primary categories of osmotic treatroéfoods: osmotic dehydration
(OD) and infusion. Although the two terms are oftesed interchangeably (Shi and
others 2009) and distinguished ambiguously (Ku®@5) in scientific literature, the
application and end-product characteristics oftwheeare fundamentally different. The
primary objective of OD is to achieve maximum watanoval from the product
while limiting or controlling solute uptake frometsurrounding osmotic solution. On
the other hand, infusion aims at maximizing theratign of external solutes into the
food with moderate water removal, thereby maxingZinal product yield (Raoult-
Wack 1994; Kuntz 1995; Zhao and Xie 2004). Thesidn process may also be
referred to as “candying”, due to the high degresotute impregnation (Raoult-Wack
1994). Another difference lies in the durationloé process; OD is typically
completed within a day, whereas the completiomfafsion or candying can take up to
several weeks (Zhao and Xie 2004). This is beceuaser removal rapidly takes place
at the beginning of the osmotic process and pregrely slows, while the rate of
solute gain gradually increases. Thus, prolongedeansion tends to yield product
with further solute impregnation (Raoult-Wack 199®)e literature review revealed
that the vast majority of research efforts haventsieected towards OD, and little
research has been conducted to explore ways t@amolute gain and infusion
efficiency. In fact, methods to prepare good guatifused or candied fruits are often
protected by patents (e.g., Mochizuki and othei&l1%ahn and Eapen 1982; Tucker
1997). This is presumably because infusion is &tphde process in which fruits can
be impregnated with inexpensive solutes (e.g.,rs)iga achieve a considerable
increase in product weight and yield (MacGregor300

In contrast, the literature provides a vast amadimformation on OD. It is
generally acknowledged that OD alone does not afidewatering effect sufficient to
achieve microbiological stability (Azoubel and M@002). Subsequent drying
procedures are therefore necessary when the ultiabgé¢ctive is to produce a shelf-
stable product. A number of investigations haverega OD coupled with

conventional and newly emerging dehydration teaesgsuch as air drying,
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microwave or convective drying, freeze-drying, migave-sprouted-bed drying,
pulsed-fluidized-bed drying, and infrared radiatfeating (Hawkes and Flink 1978;
Kim and Toledo 1987; Grabowski and others 2007;a®lli others 2008a). In these
reports, using OD as a prestep to subsequent dwasgound useful in lowering
drying time and energy consumption while enhantimgphysical and sensory
characteristics of the final product. In additidarani and others (2007) recently
reported that OD could also be an effective dewagestep to substantially lower the
energy required for freezing fruits. By taking adtage of the solute uptake by the
material that inevitably occurs during OD, benegfidompounds and additives can be
incorporated in order to improve or modify the avg nutritional, functional and
organoleptic properties of the raw material (Radvtick 1994; Torreggiani and
Bertolo 2001). This particular aspect of OD hasgdispecial research attention, and
the term “dewatering impregnation soaking” (DIS} lie@en coined to better describe
the nature of the process (Raoult-Wack 1994; Tgiesg and Bertolo 2001).

A considerable amount of research has also beanaded to investigating the
kinetics of dewatering and solid gain, and develgpnathematical models in order to
characterize and predict osmotic behavior of fagifisBuch models have been
proposed for carrots (Sohdi and Komal 2006), chemyatoes (Azoubel and Murr
2004), pineapple rings (Beristain and others 19§@en peas (Kaymak Ertekin and
Cakaloz 1996a), and blueberries (Nsonzi and Ranmagw&98a). These proposed
models are useful in predicting mass transfer pimema and the influence of various
intrinsic and extrinsic factors of the process. ldwer, their applications are limited to
materials for which the model was originally deyd due to the complexity and
diversity of plant materials, and different struetiresponses of the materials to the
osmotic stress (Chiralt and Talens 2005). In aoldjtdespite its mechanical simplicity
osmotic treatment is rather complex in its natuith wiany variables involved,
making it simply impossible to develop a model ttakies all of the factors into
account [spir and Tgrul 2009). No general theory or equation would ¢fiere be

valid without actual experimentation with a partasumaterial.
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2.2.3.Effects of process parameters on osmotic mass trdes

The rate and quantity of the simultaneous watersatate diffusions during osmotic
treatment and the quality of the final productlargely influenced by numerous
process conditions. Some of such conditions thet baen well documented in the
literature include: types, temperatures and comagans of osmotic solutions;
physical properties and geometry of the materifedreated; mass ratio of osmotic
solution to the material; process duration, anduthes of solution agitation during the
process (Raoult-Wack 1994; Nzonzi and Ramaswam@d;IRastogi and others
2002). The following section provides a literattegiew on the effects of these
factors on osmotic mass transfer and the finalityuad osmotically processed

products.

Types of osmotic solutions

The type of solutions employed for osmotic treatheériood is of prime importance;
not only does it provide an osmotic driving foroe the simultaneous counter-flows
of water and solute, but it also determines the aad extent of water removal and
solute uptake, as well as the physical and serattniputes of the final products.
Careful selection of osmotic solution is therefongerative to achieve the required
rate for the process and the properties desirethéoend products. The stability of
solutes in coexistence with other components il is@nother important selection
criterion (Pan and others 2003). The cost of osmrsmiution may also affect the
selection, especially in commercial settings.

Although virtually any solute that is miscible witvater can be employed,
compounds that are commonly used as active osmgéicts include various sugars
and sodium chloride (NaCl) (Raoult-Wack 1994). Sagae mainly used for the
osmotic treatment of fruits, and NaCl has beenntepaas an excellent osmotic agent
for vegetables (Contreras and Smyrl 1981; AzoubelMurr 2004). However, the use
of NaCl may not be desirable in some applicaticesabse of the salty taste imparted
to the product (Lerici and others 1985; Azoubel Bhdr 2004). Sugars have been
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reported as superior osmotic agents that providedbenefits: they are effective
inhibitors of polyphenoxidase, the enzyme that eawscidative browning in many
fruits and vegetables (Ponting 1973). Sugars alboi a protective effect against the
loss of volatile compounds, which helps to retam $ensory characteristics of the
original material (Ponting 1973). The impregnatadmmaterials with sugars further
contributes to the pigment stability and betteemébn of volatile compounds during
subsequent drying of osmotically treated produéesrando and Spiess 2001).

A combination of different solutes may be usedipriove the process and the
properties of the final products. The addition @ to sugar solutions in small
guantities has been reported to enhance the osdroting force due to its low
molecular weight and high capability of loweringtefactivity, which consequently
facilitates water loss (Lerici and others 1985Mi@and others 2003; Azoubel and
Murr 2004). Kaymak Ertekin and Cakaloz (1996a; 199€ported that the osmotic
treatment of green peas with a sucrose/trisodigrateisolution followed by air
drying (65°C, 10 % RH) enhanced the drying rate and rehydratroperty of the
final product. The authors concluded that the aoldiof trisodium citrate effectively
enhanced the water diffusion. The sucrose/trisodiitrate-treated samples retained a
greener color with a slightly more acceptable textand flavor compared to non-
treatedsamples and those treated with sucrose only (Kayen@kins and Cakaloz
1996Db).

The molecular weight of solutes is another fadtat governs the rate and
characteristics of mass transport: smaller moleauaght solutes (e.qg.,
monosaccharides) penetrate food more readily guget molecular weight solutes.
The use of smaller molecular weight solutes isefwee preferable for the infusion
process, during which the void space created byaim®ved water needs to be filled
by the solutes in order to increase the final pobgield. On the other hand, higher
molecular weight solutes should be selected fort@Bnsure high rates of water
removal with little solute uptake (Saurel and oth#994; Kuntz 1995). Although
solute uptake is generally not a preferred phenoméor OD, it may be beneficial for
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food materials that possess undesirable flavortasté characteristics when consumed
fresh. For example, sugar uptake during OD of ceaids can effectively alter the
acidic taste of the fruit (Grabowski and others 200

Among different types of sugars, sucrose appeaos the most preferred
osmotic agent for OD of fruits. Marani and otheé28(7) recommended the use of
sucrose for OD of kiwifruit cut in disks, which alled a high degree of water
removal with a minimum penetration of solutes. stzdy on the sugar infusion of
blueberries, Shi and others (2009) found sucrosepkarly useful as it increased the
final fruit yield, flavor, and textural properties the infused product. On the other
hand, Sunjka and Raghavan (2004) recommend higtofe corn syrup (HFCS) over
sucrose for OD of cranberries as it produced higleger loss and solid gain
compared to sucrose. In addition to the molecutar difference, the authors
suggested that the viscous nature of HFCS could hewed higher mobility and
easier penetration of the solute into the fruit paned to the solution of sucrose solid
crystals.

The nature of solute employed for osmotic treatna¢sd greatly affects the
osmotic response of the cellular structure. Fewart Spiess (2001), in their
investigation on the effect of three disaccharwletsons (i.e., sucrose, maltose and
trehalose) on cellular shrinkage during OD, obsgistinct cell shrinkage profiles
between onion epidermis and strawberries. For oamdermis, the sucrose solution
contributed to the highest degree of product slagekcompared to the other two
sugars, while the behavior of strawberry tissueggponse to the three disaccharides
were not significantly different. This implies ththe behavior of a given osmotic
agent may depend largely on the nature of the ratemal to be treated, and suggests
the importance of taking the cell morphology ofdaunaterials into consideration

when selecting an osmotic agent for the process.

Temperatures and concentrations of osmotic solution
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Increasing the temperature at which osmotic treatrt@kes place markedly increases
the rate of water loss and solid gain (Ponting @thers 1966; Saurel and others 1994;
Ispir and T@rul 2009). A temperature around %0 has frequently been used in the
literature for the osmotic treatment of fruits aredjetables due to the following
reasons: 1) this moderate temperature limits therideation of flavor, texture, and
thermosensible compounds of the materials, 2) eatigrorowning and flavor
deterioration of fruits begin to take place at temgpure above 120 (49°C)

(Ponting and others 1966), and 3) this temperasuaéso effective in maintaining
adequate viscosity of the solution and sufficiefision time without compromising
the fruit quality. Shi and others (2009) also répdithat an undesirable appearance
and cooked note of infused blueberries becameewtile at temperatures higher than
50 °C.

The literature provides somewhat contradictoryrimfation about the effects
of temperature on solute gain. Rahman and LambOjl'@ported that temperatures
over 50 °C may not have a favorable effect on eayain during OD of pineapple with
a sucrose solution (sample: solution (w/w) = 1.T®jey hypothesized that sucrose
molecules may not be able to diffuse as easilyaemthrough the cell membranes at
higher temperatures. On the other hand, Shi aret®{R009) reported a positive
influence of higher temperatures on solute gaimnduthe infusion of blueberries
(sample: solution (w/w) = 1:1). The authors sugegshat the effect of temperature on
solution viscosity and solute diffusivity may be m@ronounced in a low-ratio
system than in a high-ratio system.

Increasing solution concentrations produces a ipesiffect on the rate of
water loss due to an increase in the osmotic gnadidis has been consistently
reported for various fruits and vegetables, sudbla@sberries infused with different
sugars (Shi and others 2009), apricots osmotickdhydrated with various sugars
(ispir and T@rul 2009), and pears dehydrated osmotically wittrese (Kaymak
Ertekin and Cakaloz 1996a; 1996b). An increas®luats gain associated with higher

solution concentrations has also been repoisgir(and Tgrul 2009). This has been
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attributed to the accumulation of a thick solutgelaaround the product surface, which
slows the water removal and creates a conditiorerfaaorable for solute uptake
(Nsonzi and Ramaswamy 1998a). The use of highatisnlconcentrations, however,
may adversely affect the final physical charactessof materials. Yang and others
(1987) reported that an increase in the sugar craten of osmotic solution caused

more stickiness and textural hardness in osmoyicahydrated blueberries.

Physical properties and geometry of the material
According to Saravacos and Charm (1962), fruits\agktables can be broadly
divided into three groups based on their structciaracteristics: 1) those with a
homogeneous structure (e.g., carrots, potatoef)p2g with a porous structure (e.g.,
apples, peaches, pears), and 3) those with a waey skin (e.g., grapes, cranberries,
cherries). Those belonging to the first and thaitegories are somewhat resistant to
moisture transfer due to the mass of their matandltheir skin structure. For those in
the third category, a special skin treatment isclby employed prior to osmotic
treatment as their unique waxy skins greatly hiradgnotic mass transfer. Various
skin treatment methods used for osmotic treatmentliscussed later in this chapter.
The rate of mass transfer is also substantiallgcadid by the geometry of the
materials. At given solution concentrations anceottrocess conditions, the rate of
the osmotic process increases with decreased #8skand size of the food. This is
due to increased specific surface area (i.e., sotdhce area per unit mass or volume)
available for mass transport and a shorter lenfjtravel for water and solutes. In
their investigation of OD for stick-, slice-, cubend ring-shaped apples, Lerici and
others (1985) found that water loss and solute gaireased in proportion to the ratio
of the surface area to the characteristic length@imaterial. Farkas and Lazer (1969)
reported that thinner rings of apples were mosatiffely dehydrated using a sucrose
solution due to the shorter distance for waterdwel from the center of the material

to its surface.
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Material: solution massratios

The selection of material: solution ratio for osiodteatments is largely determined
by the process objective and the end product ctearstics to be achieved. An
increase in sample: solution mass ratio enhancgatdang, resulting in increased
weight loss of the material. When the objectivesinotic treatment is to achieve a
rapid dehydration of food, it is advisable to udagh material: solution mass ratio
(e.q., 1:20) in order to prevent the osmotic solufrom becoming overly diluted with
the water removed from the material, which can keag@duced osmotic force
(Rastogi and others 2000; Rastogi and others 280&;bel and Murr 2004ispir and
Togrul 2009). In contrast, much lower food: solutiatios are usually preferred for
commercial infusion processes (e.g., 1:1 (w/w))icllavors solute migration into
the food over dewatering (Shi and others 2009¢rinediate sample: solution mass
ratios may be selected in an application where darate water loss and solute gain

are needed.

Process duration

In general, longer contact times between the foatermal and osmotic solution
increases the amount of solutes diffused into doe fThis is because the diffusion of
solutes tends to start slowly and then its rategglly increases, followed by the rapid
water removal at the beginning stage of osmotattnent (Ponting 1973; Raoult-
Wack 1994).

Use of agitation

The purpose of providing agitation to an osmo#atment system is two-fold. Firstly,
agitation ensures uniformity in temperature andceotration of the osmotic solution
surrounding the food material (Nsonzi and Ramaswa@98a). Water extracted from
the material tends to create a localized arealofiain, which weakens the
concentration gradient needed for osmotic massfeagPonting 1973). Secondly,

agitation prevents the formation of a solute laggrounding the food material being
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processed, which serves as a barrier to the sopiéke and water removal (Azoubel
and Murr 2004; Shi and others 2009). Kaymak Ertekid Cakaloz (1996a) reported
that the rate of water loss, solid gain, and radadh water activity was higher in
agitated systems than in static systems in OD @fmgpeas with a sucrose/trisodium
citrate binary solution. An increased rate of selg&in was also observed during the
infusion of blueberries with a constant shakinghef system compared to a non-
agitated system (Shi and others 2009).

Agitation can be provided either by a continuousksing of the system or by
the circulation of solution within the system. Agdibn needs to be sufficiently gentle
so that physical damage to the food material caavbeled. Shi and others (2009)
reported the breaking of fruit in the agitated sgstduring the infusion of blueberries
at above 50 °C. Ponting and others (1966), howenasted that a difference created by

agitation might not be economically significant egh to warrant the use of agitation.

2.2.4.Skin pretreatment methods for osmotic treatment

As mentioned previously, the outer structure of yvakinned fruits provides a major
impediment to mass transport during osmotic treatméarious skin pretreatments
are therefore generally performed to facilitatertievement of water and soluble
solids when osmotically treating these fruits. Ehare three broad types of
pretreatment that have been investigated in temtiire: chemical, thermal, and
physical treatment.

A typical chemical pretreatment involves the digpaf a product into a
chemical solution, such as alkaline or acidic sohs of oleate esters (Ponting and
McBean 1970; Sunjka and Raghavan 2004). The apipiicaf chemicals alters the
skin structure of fruits due to the developmentirné cracks on the surface of plant
tissues (alkaline solutions) and dissociation efwax platelets on the skin (acidic
solutions) (St. George and Cenkowski 2008). Altlloalgemical pretreatment has
been proven useful, Sunjka and Raghavan (2004gsged concerns about the use of

chemicals as consumers may hesitate to purchadefoducts that have been
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chemically treated. Additionally, the use of cheahsccan result in objectionable off-
flavor development unless used at appropriate carateons (Ponting and McBean
1970).

A typical physical pretreatment involves cuttinglading, puncturing, or
peeling products to increase the area availablenss transport, or to create sites at
which mass transport can actively take place (Suajid Raghavan 2004). Grabowski
and others (2007) reported halving as the bestigdlysretreatment for OD of
cranberries, which effectively brought the coréhaf fruit in contact with the osmotic
solution, resulting in the highest water loss dr&most acceptable taste by untrained
panels.

Two types of thermal pretreatment are frequentgnga the literature: 1)
submitting the food materials to steam or hot watad 2) freezing the materials. The
former is effective in altering skin permeabili§dnting 1973; Grabowski and others
2007) and the latter has been reported to dishgpintegrity of the cellular tissue
structure, which favors a higher uptake of soligsnaterials (Ponting 1973; Biswal
and LeMaguer 1989; Saurel and others 1994). Grakamsl others (2007) noted that
because the wax layer of blueberries is thinner that of cranberries, blueberries are
more susceptible to cracks upon freezing and thgwvirereby inducing more
pronounced effects on blueberries than cranbewiasg and others (1987) also
reported that considerably less time was neededrtwtically dehydrate IQF
blueberries than their fresh counterparts (24 hesir$0 hours) to 2%Brix in 3:1
(w/w) blueberry/sugar ratio system, concluding iz blueberries would be a
preferable starting material for osmotic treatmé&nbzen materials are often used as a
starting material in osmotic treatment studies ianactual commercial settings, due
largely to the fact that fresh materials are oftarder to acquire (Saurel and others
1994).
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2.2.5.Effects of osmotic treatment on plant materials

During osmotic treatment, plant tissues undergers of synergistic chemical,
physical, and structural transformations. Thesagls are not independent, but
complexly interrelated. The next part of this cleaps dedicated to providing a review
on various physical and quality changes that td&eepin fruits and vegetables during
osmotic treatment. The methods of measuremenatkatften used in the literature to

guantify such changes are also briefly discussed.

Weight change

The evolution of osmotic treatment is often exardimeterms of the two primary
osmotic flows, namely, water loss (WL) and solithg&G). WL and SG represent the
total amount of solid absorbed by and water lagthfthe material after being
osmotically treated for a certain time. They carchleulated using the following
equations (Pan and others 2003) to provide a ga#iné description of component

transfer under osmotic treatment.

SG (wet basis) = [IMx (1-MGC) — Mo x (1-MCg))/Mo

WL (wet basis) = [M x MCy— M; x MC{}/M

where M and MC are the average wet weight (g orakg) average moisture content
of the material (g/g material or kg/kg materiaBspectively. Subscripts t and 0
respectively indicate the value at time t and thiail value. Subtraction of WL from
SG (SG-WL) at the same time t gives an overall Weatpange (g/g material or kg/kg
material). When calculating WL and SG, it is typigassumed that the two transfers

are independent and no leaching of solids out@hthaterials occurs.

Texture properties and product shrinkage
Inevitable changes in textural characteristicsooidf occur during osmotic treatment,

which is largely attributed to product shrinkagbeTiterature provides several
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osmosis-induced physical transformations as caslpfitextural changes and product
shrinkage. Rastogi and others (2000) reported @eased osmotic pressure at the
surface of food as a major cause of product shgakhie to progressive diffusion of
water. Osmotic pressure eventually reaches aaritelue, causing rupture and
shrinkage of the cell membrane. Another cause adywt shrinkage is the greater
degree of dewatering accompanied by lesser degfessdute uptake. If the space
previously occupied by the water does not getlegfivith solutes, the deformation of
the material occurs due to the contraction of #lkilar matrix into the void space
(Yao and Le Maguer 1996; Viberg and others 1998)ilkkga 2003). Furthermore,
water loss during osmotic treatment causes theketant of the cell walls from the
cell membranes, resulting in the structural digiraon and subsequent reduction in
size, as well as the appearance of wrinkles optbeuct (Rastogi and others 2002).

Since product shrinkage affects various physioaperties of materials such as
size, weight, volume, density, texture and visymgiemrance, the literature presents a
number of ways to determine the degree of produttlsage. The extent of product
shrinkage can be quantified by a direct measurewfehe material size (e.g.,
diameter determination by a caliper or micromebe)y measuring changes in related
parameters such as product volume, porosity, anditygMoreira and Sereno 2003;
Fernandez and others 2005; Yadollahinia and Jah&@§i9). Changes in moisture
content, water activity, and solute gain by theenat often correlate to product
shrinkage (Moreira and Sereno 2003; Yadollahinh Zahangiri 2009). Since changes
in physical properties associated with productrdtage subsequently alter product
texture (Yadollahinia and Jahangiri 200@xtural properties of osmotically treated
material are often characterized instrumentallipyohuman sensory panels. Visual
examination of product appearance is also emplagelway to monitor product
shrinkage. More recently, computer-based imageisitigen and analysis technology
has come into use to observe the evolution of nat&irinkage and other important
morphological changes in a more precise and obgatianner than those performed
by human eyes (Fernandez and others 2005). Scaeleicigon microscopy (SEM)
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analysis is also frequently utilized to evaluatedurct shrinkage and associated
physical changes, as well as to characterize fieetedf osmotic treatment on plant

tissues at the microstructural level.

Flavor, color, and other sensory properties

Unavoidable losses of flavors and colors that f@lkee during osmotic treatment
significantly alter organoleptic and nutritive peypes of food. In the literature this
has largely been attributed to the leaching ofldelgonstituents of the material into
the osmotic solution. For example, Stojanovic aia32007) observed that
approximately 60 % of anthocyanins and phenolics Mst during a 12-hour osmotic
treatment of prefrozen rabbiteye blueberries wifb &Brix sucrose solution. The
extent of such solute leakage may be quantitatinegligible when considering a
material balance, but it may significantly affdoe torganoleptic and nutritive values
of the product (Ponting 1973; Azoubel and Murr 2004easurements on total
phenolic and anthocyanin contents, color, and aitkamt activity are some of the
analytical methods used in the literature to deiieerany appreciable changes during
osmotic treatment of food.

At the end of the commercial-scale osmotic treatireetarge amount of spent
osmotic solutions imparted with flavor and colof@bdstuffs is left behind (Bolin
and others 1983; Raoult-Wack 1994; Kuntz 1995). §pent solution cannot be
discharged as wastewater unless properly treaislibe of its high biochemical
oxygen demands (BODs) (Dalla Rosa and Giroux 2d8dyvever, it can be
successfully reused in future operations, eithéliltering or reconcentrating, or by
adding fresh solutes to compensate for the loHsemprevious operation (Ponting
1973). Bolin and others (1983) found that the ostraxlutions of high fructose corn
syrup (HFCS) or sucrose could be reconstitutedransled up to five times with no
objectionable visual or flavor deterioration of t@motically treated fruit, although
some changes in physicochemical properties ofisolsi{e.g., darkening of solution)

were noted.
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The use of recycled syrup may also prevent pigneakiage in subsequent
operations. Grabowski and others (2007) reportatlittte amount of anthocyanin,
which migrated from blueberries into sucrose sytupng OD (70 °Brix, 50 °C, fruit:
solution = 1:5 (w/w)), became increasingly smaligh the repeated use of the syrup
and eventually became negligible after being remsere than four cycles.
Appropriate control should be taken to ensure tieahiological safety of the
recycled syrup (Raoult-Wack 1994; Grabowski anet2007).

Furthermore, the spent osmotic syrup, which is imchigments and fruit
flavor, may be processed into various marketalelyets, such as syrups for fruit
fillings or base for beverages (Yang and others718&8intz 1995; Dalla Rosa and
Giroux 2001). In their attempt to formulate a bexggr utilizing the spent solution
from OD of lowbush blueberries (i.e., blueberryragt (BE)), Camire and Flint
(1993) demonstrated that BE could be successfetlyaled into a beverage with
moderately good consumer acceptability when ap@atgplevels of BE and citric acid
were added to balance the flavor of the beverageroldiological stability was also
achieved by pasteurizing the formulated beveragenf® and Flint 1993).

2.2.6.Recent advances to enhance osmotic treatment of ptamaterials

Osmotic treatment of food is a simple operatiowimch various processing
parameters can be flexibly modified to producenalfproduct with desired properties.
As regards to the speed of the operation, howévierinherently slow and can only
be accelerated to a certain extent by manipuldtiagprocess variables (Rastogi and
others 2002)To overcome this fundamental drawback of osmo#iattnent, much
interest has recently been focused to develop neehhiques to enhance the mass
transfer rate during the process. Such newly emgngiethods include the use of high
frequency ultrasound (Simal and others 1998; Sty@nand Silva 2007), ultra-high
hydrostatic pressure (Rasgoti and Nirangan 19@8irifugal force (Azuara and
others 1996), and high intensity electrical fieldses (Rasgoti and others 1999).
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High frequency ultrasound

The use of ultrasound creates a two-fold effectrwdggplied in osmotic treatment: 1)
the waves of highly intense ultrasound energy pcediavitation, the phenomenon
characterized by the formation of vapor bubblelsguid. This facilitates osmotic
diffusions, and 2) the ultrasound waves also caasiel, continuous compressions and
rarefactions of the solid material, promoting deswiaig (Simal and others 1998).
Simal and others (1998) observed that the rateatémioss and solute gain during the
ultrasound-assisted OD of apple cubes at 40 °C pmrgarable to those obtained at
70 °C with mechanical agitation. This suggests tlteasound may allow higher rates
of osmotic transport at lower temperatures, whisb &elps preserve heat-sensitive
constituents. However, Stojanovic and Silva (20@pprted a negative influence of
high frequency ultrasound on anthocyanins and giesnduring OD of rabbiteye
blueberries followed by air dehydration. The aushooted the cavitation effect of
ultrasound might have promoted additional ruptdréhe fruit and subsequent leakage

of cell components.

High pressure treatment

The treatment of pineapple with high pressure goddD was studied by Rastogi and
Niranjan (1998). Pineapple pieces subjected toingrgegrees of high pressure
pretreatment (100 - 700 MPa) were osmotically dedigdl with commercial sucrose
solution at 50 °Brix and 40 °C. The rate of moistimss and solid gain progressively
increased with increasing pretreatment pressultbeugh there was no significant
effect of pressure over 400 MPa. This was attritetéo the enhanced cell
permeability due to the damaged cell walls by tlesgure treatment, which

substantially increased the diffusivity rate of eraénd solute.

Centrifugal force
Azuara and others (1996) surveyed the effectiveokssntrifugal force during OD of

potatoes and apples with varying concentratiorsiofose and NaCl solutions. In
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comparison to a static system, centrifugal forcekendly decreased the solute uptake
while affording the same degree of dehydrationathdood materials. The authors
concluded that centrifugal force could be an effecteans of achieving a high
degree of dewatering when only minimal solute pextiein is allowed.

High intensity electric field pulse (HELP) treatment

The application of high intensity electric fieldlpe (HELP) has been reported as an
effective non-thermal pretreatment for OD. Rastgl others (1999) reported that the
rate of water removal and solute gain of HELP-&datarrot pieces increased with
increasing electrical field strength applied dur®D with sucrose. An increase in the
field strength also markedly contributed to theeihg of carrot tissues. The authors
attributed these effects to the HELP-induced insan cell permeability, which also

facilitated osmotic transport of water and solute.

2.3.LASER TECHNOLOGY IN MATERIALS PROCESSING
2.3.1. Laser technology basics
Laser, an acronym fdight amplification by thestimulatedemission ofradiation, is a
tool that generates highly intense, single-waveletight. According to Tanzi and
others (2003), the origin of laser technology détsk to 1917, when Albert Einstein
first introduced the concept of stimulated laserssion. The first optic laser prototype
was produced by Theodore Maiman in 1959 using g coystal through which red
light was produced at 696 nm wavelength. The ralsgil was quickly expanded to the
treatment of various cutaneous pathologies in 8§&9’5. This further promoted the
utilization of lasers with other substrates, faating revolutionary advances in the
surgical field and a wide range of materials pregegsover the next several decades
(Tanzi and others 2003).

One of the chief advantages of laser technology aditional processing
tools is its ability to allow precise alterationfsneaterials in a flexible manner.

Because laser processing parameters (i.e., beamr pp@netration depth, speed) are
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easily controllable, the area of interest can leeigely targeted, and various types of
materials and processing needs can be accommaiditteiman 1987; Ferraz and
others 2007). In addition, because laser is a safe.contact processing tool with no
equipment wear and tear, material modificatiorhtargeted area can be attained
without direct contact of the material with the guoent. This reduces the change of
equipment-derived physical and microbiological mdgdo virtually zero (Witteman
1987; Ferraz and others 2007).

Laser medium, optical cavity and power sourcetlaeghree key components
of laser beam generation. Laser energy is produtesh the molecules of the laser
medium are excited by the energy source, whichexgpently excites other molecules
in a chain reaction within the optical cavity. Adme of light is generated by a photon
of energy, which is released upon the return oetiergized molecules into their
stable state (Cantatore and Kriegel 2004). A lggrierated by lasers possesses some
distinctive properties (Figure 2.2). It is spatfatbherent and collimated (Ferraz and
others 2007), and it can be propagated over lostgmites with little divergence of the
beam. The light emitted by laser is monochroméiighly parallel, and can be
focused to an extremely small, energy-dense sp@sd unique characteristics of laser
lights allow a precise, site-specific treatmentwiit causing damage outside of the
focus range (Powell 1998). In order for laser béights to exert an effect, it has to be
absorbed and converted into energy. Transmittélécted, or scattered lights are not
capable of producing effects (Shalhav and othe®6;19%anzi and others 2003;
Cantatone and Kriegal 2004; Sweeney 2008). Iteseflore imperative to select a laser
that produces a beam of light that can effectisayabsorbed by the material of
interest.

There are two distinct forms of laser processirag tan be achieved upon the
absorption of laser energy: photochemical and thérim a photochemical process,
elevated photon energy brings about the breakirpemical bonds upon absorption
of laser light, which subsequently causes varidwsrical reactions in the material
(Ozdemir and Sadikoglu 1998). In contrast, a thépnacess is induced by a rapid
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temperature increase due to absorption of lasenbé&g the material. Rapid heating
of materials then causes the evaporation of waikowed by thermal decomposition,
carbonization and vaporization of the area surrmgthe laser-treated region. Upon
completion of the above reaction, a crater at greepration depth is formed due to
ablation of the cellular material (Ferraz and asH&p07).

Table 2.2 presents several examples of lasersatbatommercially available.
Lasers can be broadly classified into three categdrased on the types of active laser
medium employed. The laser medium can either lmié (®.g., neodymium: yttrium-
aluminum-garnet [Nd:YAG]), a liquid (e.g., dye), @agas (e.g., argon, carbon
dioxide). The laser medium is contained in an opdiity and acts as a resonator for
laser beams. The type of active medium also detersrithe wavelength at which
lasers operate (Cantatore and Kriegel 2004). T$er laperational wavelength is of
primary importance for laser processing becauaksd determines the mode of
material modification (i.e., photochemical or thatjrand the type of materials that
can be treated. Other selection criteria includegydevel, efficiency, lifetime of the
laser medium, and initial investment and operationats (Ozdemir and Sadikoglu
1998). Despite the relatively large number of lagetems that are currently being
commercially used, carbon dioxide (g@nd Nd:YAG lasers are the two types that
modify materials by thermal means. These two lagpesate at longer wavelengths
(i.e., 10.6 pm and 1.6 pm, respectively) than otyyges of lasers, which don’t
generate the photon energy sufficient enough fotgathemical reactions (Ozdemir
and Sadikoglu 1998).

2.3.2. Carbon dioxide (CQ) lasers

Figure 2.3 depicts a schematic of a typicab@®er system. A C{aser utilizes

carbon dioxide gas as its laser medium. Helium @) nitrogen (B are the two

other gases employed by glasers in order to efficiently convert the energy
generated by the chain reaction of flecules into kinetic energy (Powell 1998). A

CO; laser is considered an ideal processing toolifmpgical materials that are
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mainly composed of water, as water heavily abstirbdight generated at the
wavelength of operation of a G@ser (i.e., 10.6 um) (Dixon 1988; Bilanski and
Ferraz 1991). Colasers first came into use as a surgical instrammeb967 (Dixon
1988) and was first utilized for cutting plywoodedlyoards for the packaging industry
in 1971 (Powell 1998). CQasers are now being utilized in a wide range afenals
processing for cutting, welding, and perforatinghngreat process reliability and
superior finish. In surgical fields, G@asers have become an indispensable tool that
enables precise, site-specific destruction of guissues with minimal thermal
damage (Dixon 1988; Powell 1998).

In addition to its compatibility with biological neerials, CQ lasers are
relatively affordable and easy to maintain. Thetirhe of CQ gas is longer compared
to other laser mediums, making it more suitablectonmercial applications. GO
lasers with 5, 6 and 7 kW of power coupled withimas automations are commonly
used in industrial settings for increasing procgs=ed and efficiency (Bell 2006). A
10 kW CQ laser provides sufficient power and energy tolgasit steel plates of
several centimeters thickness. In contrast, lowgrd®Q laser systems (i.e., below
100 W) are often used to perform special surgiparations, or micromachining and
microsoldering tasks, in which precise processimdymaterial modification without
excessive thermal side effects are required (Wited987).

Although CQ lasers are generally recognized as safe processiigy laser-
associated hazards are often overlooked (Sweer@8).20f four laser classifications
specified in the guideline of the American NatioS#&ndards Institute (ANSI), most
industrial and medical lasers including £@sers fall into Class 1V, which can cause
severe, permanent damage to eyes or skin if tee kesam accidentally strikes a
reflective surface (e.g., a mirror). Therefore, Q&3ers must be operated only by
trained personnel and appropriate safety precautimust be followed. A warning sign
indicating wavelength and maximum energy outputtrbesplaced in the area where
the laser is in use (Sweeney 2008).
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2.3.3. Laser technology in the food industry
Despite rapid advances in the surgical and masepiacessing fields in the last
several decades, there has been little expansiaseaftechnology in food processing.
The investigation of lasers as a potential proogstiol for agricultural materials
began in the late 1970’s, soon after laser teclygyob@ame into commercial use. The
use of laser for sheep shearing, scarificationeofgnating seeds, and cutting of vines
were explored and documented in the late 1970’seang 1980’s (Bilanski and
Ferraz 1991). Bilanski and Ferraz (1991) were iits¢ o experimentally assess the
application of laser energy to foodstuffs, investigg the ablation rates of potato
tissues subjected to a glaser beam. However, such early attempts did rsofitrén
the expansion of research interests on the apiglicaf lasers for food and other
organic materials in the next decades, as evidelmgéde fact that virtually no
literature on laser-induced food processing wadighid during this period. In the
meantime, laser technology began to be extensussd in the food packaging
industry. Lasers have enabled the modificationasfous packaging materials (i.e.,
metals, plastics, paper, cardboards, and glasspnetise forms and sizes. Lasers
have also been utilized for drilling small holesahreathable packaging for fresh
produces (Ozdemir and Sadikoglu 1998).

Recently, the technology has begun to reappeaoith processing. Choi and
Li (2006) studied the feasibility of a pulsed Nd:®Alltraviolet laser as a low-
temperature cutting tool for natural cheddar che¢$ke wavelength of 335 nm and
266 nm. Coupled with CAD (computer-aided desigriiveare, a laser beam of 266
nm precisely sliced cheese into various complepatavith minimal material burns,
whereas a laser beam of 355 nm caused signifieanade. Chen and others (2009a;
2009b) investigated the laser marking of eggshmila CQ pulsed-laser system as a
potential replacement for traditional ink markimgy, which chemical disposal, its non-
permanent nature, and time for ink to dry can oltershortcomings. Surface and
cross-sectional examination of the laser-treatglagls by a scanning electron

microscope (SEM) revealed that an effective engigpoif Arabic numerals and



33

graphics was attained at 10.6 pum wavelength aravarage power of 30 W. Laser-
induced damage was limited to the area surrounti@gnark, and no damage to the
external or internal structures of the egg was nlesk

The low-energy C@laser etching of tomatoes and avocados was igeatst
by Etxeberria and others (2006). Markings were ssgftilly created in dot matrix
letters and numbers with each dot (~200 um in diarpé&rmed by pinhole
depressions. Microscopic analysis of anatomicalrantphological characteristics of
the etched marks revealed that considerable stalaiianges, which the authors
called “healing responses” to the laser-induced damage (i.e., darkening and
thickening of the cell wall, increase in phenolidignin deposits in the cell wall)
occurred directly underneath the depressed areadaflays of storage for both fruits.
Using the same principles, Sood and others (2088ppned CQ laser etching on
grapefruit in order to assess the impact of varj@sgr exposure times and pinhole
sizes on water loss, decay, and quality determmdtiom the laser etching site over a
5-week storage period. The authors found no evielef€acilitated water loss or
increased susceptibility of decaying microorgani$mos laser etching. Although the
etched areas slowly deteriorated due to the wassrfrom the prolonged storage,
waxing the etched surface effectively reduced ttierg of water loss and enhanced
the appearance of the laser-induced label. Alsewarthy is a recent announcement
by the Kellogg Company in Britain on their planstart lasing their signature Corn
Flakes. Trial batches of the breakfast cereal@tetproduced with their famous
Kellogg’s logo burned onto individual flakes in erdo strengthen their brand image
(Alexander 2009). Although the use of £€@sers for food etching has already been
approved in some countries (Sood and others 2@09still under review in the
United States by the Food and Drug AdministratieR4) for commercial use
(Stones 2009; FDA 2010).

Although the potential of the GQaser as a viable processing tool has been
highlighted in recent literature, its utilizatioorfedible food materials is currently

limited to the etching or coding of information. addition, in the above studies laser
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beams were applied only to the surface of foodlagao research has investigated
the effect of laser beams on the internal strucintegrity, and quality of edible
materials of plant or animal origins. Nevertheldhs,literature review shows that the
application of laser technology for food processimauld undoubtedly offer several
important advantages over conventional methodst Bfrall, the beam of light
generated by lasers can be applied with no di@utact between the equipment and
food materials, which minimizes the potential ofiggnent-derived biological or
physical contamination of food (Bilanski and Feri&81). Secondly, lasers offer
speedy, safe, and quiet processing with flexiblgrod and adjustment of various
process parameters (Powell 1998). The versatifitgser technology would allow
processing of food materials that would otherwisdlifficult to process with
conventional methods (e.g., flimsy materials, matemwith irregular shape). One
potential drawback of the technology can be thestgurtial start-up costs associated
with equipment installation and personnel trainidgwever, given that process
efficiency can be improved significantly, the ialtcost could successfully be
recovered within a relatively short time, as otimelustries have witnessed (Powell
1998).

2.4. CONCLUSIONS AND SUMMARY

Blueberries have become an important crop to theedisStates and the rest of the
world due to their excellent nutritional, organdle@nd economic values. Since
blueberries are highly perishable and seasonalavitiort shelf life, a wide range of
value-added blueberry products have emerged ay afyaeservation while meeting
the ever-increasing demands of consumers and famm@gsors.

Osmotic treatment of food has gained increasitention as a valuable partial
dehydration method that brings about dewaterintp@fproduct and incorporation of
valuable soluble solids into the product. Basedhenmmersion of food materials in a
hypertonic solution that gives rise to two counterent mass fluxes of water and

solutes, osmotic treatment allows simultaneous diettiipn and compositional
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modification of food via iteration of various pr@separameters. The non-thermal
nature of the process also enables energy effideimgdration with minimal
deterioration of the nutritive values and sensappprties of the product. Osmotic
dehydration (OD) and infusion are the two main gat&es of osmotic treatment of
foods, with each having a distinct objective and product characteristics. The
literature review indicated that much researchrefias been focused on OD, which
primary objective is to achieve maximized water ogal from food with little to
moderate solute uptake. On the other hand, thatd@eanvestigation of infusion,
which aims to achieve maximum solute migration iio@d to increase the final yield,
has been relatively scarce and methods to produme guality infused products are
often protected by patents.

Despite the extraordinary success in industridgenels processing and
surgical applications over the past few decadesptiential utilization of laser
technology for food processing has not been agtiselight out. Among various types
of lasers that are commercially available, d&3ers are most compatible with organic
materials that are composed mostly of water. Tieedliure on the properties, physics,
instrumentation, and safety of laser processingguadhat the versatile and non-
contact nature of the technology would be highlyddeial for the food industry,
where materials tend to be highly varied in comppasiand physical structure, and the
avoidance of physical and microbiological contarhores is crucial. In recent years,
several studies investigating the use oh,&ers as simple cutting or etching tools for
various food products have emerged in the scieniiérature. However, no other
innovative applications have been pursued andtieeaction mechanism of laser
beams with food materials is still largely unknovdm experimental investigation that
provides the basics of the technology and prachieakfits of lasers as a novel food
processing tool would be highly valuable to deveddpetter understanding of the
technology among food science professionals, afacibtate further research on its
potential utilization in the food industry.



36

Table 2.1.Nutrient values of blueberries and blueberry posluReprinted from
Girard and Sinha (2007) with permission from Blaekwublishing/John Wiley &

Sons.
Infused-
dried
Canned Infused-dried Infused- organic
blueberries cultivated dried wild wild Dehydrated
Nutrients/100g Raw? in syrup @ blueberries®  blueberries® blueberries®  blueberries®
Calories (kcal) 57.0 88.0 290.0 305.0 280.0 353.0
Calories from fat (Kcal) 3.0 3.0 20.0 19.0 11.0 215
Total fat (g)  0.33 0.33 2.19 2.06 1.17 2.39
Saturated fat (g) 0.028 0.027 0.3 0.3 0.1 NA
Polyunsaturated fat (g 0.146 0.144 0.4 0.8 0.8 NA
Monounsaturated fat (g 0.047 0.047 1.4 1.0 0.3 NA
Cholesterol (mg) 0.0 0.0 0.0 0.0 0.0 0.00
Sodium (mg) 1.0 3.0 18.0 15.0 22.0 38.0
Potassium (mg) 77.0 40.0 252.0 166.0 144.0 561.0
Total carbohydrate (g 14.49 22.06 77.9 80.3 78.6 89.0
Total fiber (g) 2.4 1.6 16.6 154 15.1 8.19
Total sugar (g) 9.96 20.46 61.2 64.9 60.5 80.80
Sucrose (g) 0.11 NA NA NA NA NA
Glucose (g) 4.88 NA NA NA NA NA
Fructose (g) 4.97 NA NA NA NA NA
Protein (g) 0.74 0.65 2.03 2.43 0.84 4.22
Calcium (mg) 6.0 5.0 255.0 380.0 49.0 38.00
Vitamin C (mg) 9.7 1.1 <0.10 76.0 <0.10 81.90
Vitamin A (IU) 54.0 36.0 14.0 33.0 4.0 630.0
Water (g) 84.21 76.78 16.8 13.8 NA 3.00

NA: Not Available

& Data from USDA: http://www.nal.usda.gov/fnic/foadnposition/cig-bin/list_nut_edit.pl
® Data from Graceland Fruit Inc, Frankfort, MI (wvgsacelandfruit.com)
¢ Data from Esha Nutritional Database
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Figure 2.1.Schematic of mass transfer during osmotic treatni&gprinted from
Raoult-Wack (1994) with permission from Elsevier.
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Figure 2.2.Comparison of laser light and lights from otherrses.a. If white light is
focused, a range of focal positions is establisigedach color focuses at a different
distance from the lenb. If non-parallel light is focused, a range of fopakitions is
established depending on the angles of incidentieeofarious components of the
original beamc. Laser light is monochrormatic (single wavelengtttolor) and
parallel, and it can therefore be focused to a v@gnse small diameter spot.
Reprinted from Powell (1998) with permission froriBger Science and Business
Media.
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Table 2.2.Examples of commercially available lasers. Repdrftom Hitz and others
(2001) with permission from IEEE Press.

Laser Wavelength Average power range
Carbon dioxide 10.6pum Milliwatts to tens of kilowatts
Nd:YAG 1.06um Milliwatts to hundreds of watts
Nd:glass 1.0um Pulsed only
Cr:ruby 694.3 nm (vis) Pulsed only
Helium-neon 632.8 nm (vis) Microwatts to tens oflmvatts
Argon-ion 515.5 nm (vis) Milliwatts to tens of watts

Krypton-fluoride

488.0 nm (vis)
248.0 nm

Milliwatts to watts
Milliwatts to a hundredhtis
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Figure 2.3.Schematic of typical commercial G@@ser. Reprinted from Whitehouse
(1997) with permission from Laser Kinetics Inc.
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3.1. Abstract

The feasibility of carbon dioxide (Claser perforation as a novel skin pretreatment
for the stepwise sugar infusion of IQF (individyadjuick frozen) blueberries was
investigated. The laser perforation parameteratefest were 1) perforation density
(i.e., relative number of perforations per berand 2) perforation depth. The effects
of the two parameters on infusion process charattsr were evaluated against a
traditional mechanical pretreatment and controtreated blueberries). IQF
blueberries were subjected to varying degreessef |perforation, followed by
stepwise sugar infusion in a high fructose corgy{HFCS) solution to the final
soluble solid contenfBrix) of 70. The two laser perforation parametdrevged a
significant effectf < 0.001) on the rate of sample weight gain anditta fruit

weight. The final fruit weight increased systemalticwith increasing perforation
density and depth. The process duration (i.e., tomreach the targéBrix level) for

the laser-treated samples was slightly shorter emetpto the controp(< 0.05). An
improvement on the physical attributes of the ietlitaser-treated blueberries was
also noted; with increasing perforation density dagdth, the size and volume of the
infused fruit become substantially larger and theure became less hardened. Laser
perforation also greatly reduced shrinkage andkiinig of the infused fruit, whereas
the rupturing of the fruit was common among thosemanically treated. The effect
of perforation depth was more prominent on thelfomacess yield, solute gain, and
physical characteristics of the infused bluebertties that of perforation density. The
present results suggest that perforation with a I@s€er can be a viable pretreatment
for the sugar infusion process of IQF blueberméfgring marked advantages over
traditional mechanical treatment by improving figadld and final product

characteristics.
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3.2. Introduction

Lasers (acronym dfght amplification bystimulatedemission ofradiation)generate
monochromatic, coherent and highly directionaltlighams that can be accurately
collimated into small spots through focusing lensdlswing site-specific, non-contact
destruction without causing excessive damage tcad} areas (Tanzi and others
2003; Ferraz and others 2007). Among the diffetgmes of lasers that are
commercially available, carbon dioxide (gJ@asers are considered to be most suited
for treating various biological materials for whislater is the primary constituent, as
the laser beams emitted at the operational waviiesfdCQ, lasers (i.e., 10.6 um) are
strongly absorbed by water (Bilanski and Ferrazl198brris 1991; Etxeberria and
others 2006; Ferraz and others 2007). The indussgof CQ lasers, first introduced
in 1971 for the cutting of plywood dye boards (P$4898), has revolutionized
existing material processing practices (e.qg., egitdrilling, perforating, scoring) and
has shown great commercial success in a wide rafnigelustrial applications.

Although lasers offer superior process accuraaiglility, environmental
cleanliness, and safety, the food industry hagyebembraced this technology. An
experimental application of GQasers to foodstuff was first reported by Bilanakd
Ferraz (1991), who investigated the ablation rafdegh moisture potato tissues
subjected to Cglaser beams. In addition, a €@ser etching of product identification
on the surface of avocado, grapefruits (Sood aherst2009), and eggshells (Chen
and others 2009a; Chen and others 2009b) was heagrgstigated. Although these
studies showed promising results and highlightedefificacy of CQ lasers for food
processing, no other innovative applications ok GSers for food materials have
appeared.

Osmotic treatment of food is based on immersing4mpisture materials in a
hypertonic solution of soluble solids (e.g., sugasdt). The difference in solute
concentrations between the osmotic solution asdididluids initiates two
simultaneous osmotic flows: 1) the influx of sokifeom the external solution into the

material, and 2) the outflow of water and otheuratsolutes present in the material
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into the solution (Raoult-Wack 1994; Ferrando apaSs 2001; Shi and Le Maguer
2003). The rate of the two-way osmotic mass trarisfdependent on many intrinsic
and extrinsic factors (e.g., solute types, solot&entrations, immersion duration,
process temperature, solution/food ratio, geonadtdoaracteristics of food, the use of
pressure and/or agitation in the system, etc.)aawttle range of compositional
modifications of foodstuff can be achieved throtigh iteration of these factors
(Raoult-Wack 1994). Osmotic dehydration (OD) arfdsion are two types of

osmotic treatment that have widely been used totsfrAlthough they are similar in
mechanism and are often interchangeably used (hothers 2009), the process goal
and end product characteristics of the two aredumghtally different. Infusion
focuses on the two counter-flows of water and ssluvith a primary objective of
maximizing the impregnation of external solute® itite food and the final process
yield. On the other hand, OD aims at maximizingwlaer removal from a product
with minimal solute uptake (Kuntz 1995; Zhao ané 2D04). Although infusion is a
profitable process where expensive fruits can hesed with inexpensive solutes
(e.g., sugar) to increase the fruit weight andlfpracess yield (MacGregor 2005), the
literature review indicated that there has beeatiradly little research on the infusion
process. Nonetheless, methods to prepare goodyquiilised or candied fruits are
often patented (e.g., Mochizuki and others 197 hrkand Eapen 1982; Phillips
2001).

The waxy outer skin structure of fruits such asreas, blueberries, grapes,
and tomatoes serves as the predominant physicsiarese to osmotic treatment or
other dehydration operations (Ponting and McBeat01Ponting 1973; Sunjka and
Raghavan 2004). Various thermal (e.g., freezingsdedm or hot water blanching)
(Ponting and McBean 1970; Ponting 1973), chemigg.( dipping with ethyl esters
of fatty acids) (Ponting and McBean 1970), phys(ead., peeling, cutting of fruits
into halves or quarters) (Sunjka and Raghavan 2p@tjeatment techniques have
been utilized to facilitate the movement of wated solutes by altering the surface

properties of the waxy skins. However, some oféhasthods may not be suitable for
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infusion applications, especially when the presioweof original shape and
appearance of fruits are needed for the final prbdu

Marking of microholes in fruits using a G@ser can be a viable,
advantageous skin pretreatment for infusion overatiove traditional methods.
Firstly, laser-induced spots are extremely smallya as open passages for efficient
mass transport, and can be created with minimaitaledamage and disruption to
adjacent tissues and fruit structure. Secondlyabge laser processing parameters can
be flexibly controlled, materials with various skea@nd compositions can be
accommodated. Thirdly, and perhaps most importdatiyhe food industry, lasers
offer non-contact processing with no equipment vesal tear, thereby reducing the
chance of physical and microbiological contaminatd materials that are typically
associated with traditional cutting devices (Bilarend Ferraz 1991, Ferraz and
others 2007). One major shortcoming of the techmotmuld be the substantial
investment cost, but given that process efficierany be significantly improved, the
start-up costs could be successfully recoveredinvdlshort time (Powell 1998).

The aim of the present research was to investiatefficacy of CQlaser
perforation as a novel skin pretreatment for thgasunfusion process of blueberries.
The influence of two laser perforation parametees, (relative number of perforations
per berry and perforation depth) on infusion chianastics was evaluated in terms of
weight change, solid gain, water loss, and seydrgdical and quality attributes of the
finished product. A stepwise infusion process, Whiosolves multiple baths
containing an infusion solution of gradually incse® solute concentrations, was
utilized in the present study. This practice allamsincremental solute uptake and
minimizes the osmotic stress suffered by plant@gsswhich can otherwise cause
cellular structure collapse and subsequent reduatithe volume of finished products
(Kahn and Eapen 1982).
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3.3. Materials and Methods

3.3.1. Raw materials

Blueberries

US fancy (grade A) IQF blueberries of unspecifiadety (Norpac Foods Inc., Lake
Oswego, OR) were acquired in 20 Ib (9.07 kg) césas a local wholesale store.
Because of the brief harvest season and shelffiifieesh blueberries, IQF blueberries
were selected to ensure the availability of qudfiiyt in bulk regardless of the season.
Frozen fruits have also been reported as favosthl&ing materials for osmotic
treatment as alterations to their cellular strueinduced by freezing and thawing
enhances mass transfer (Yang and others 1987; @siband others 2007) and favor
solute impregnation (Saurel and others 1994). Theberries were of the same
production lot to ensure uniformity in terms of i@l characteristics and fruit quality.
Because the structural integrity of small bluelesrmay be greatly disrupted by laser
perforation, small berries were removed using anmesd sieve with ¥2” x 2" (1.27
cm x 1.27 cm) openings. The berries were furthedhsorted to remove those with
physical defects (i.e., crushed, decayed, scamrediokled berries) and mixed to
eliminate potential case-to-case variations. Thieddruit was stored in cardboard

boxes with polyethylene liners in a walk-in freegdi8 °C) until use.

Osmotic solution

Commercial high fructose corn syrup (HFCS 42, €2Brix, ADM, Decatur, IL) was
selected as an active infusion agent due to itsclost, availability, and ease of use.
HFCS contains low molecular weight carbohydrates plenetrate more easily into
materials due to their small molecular size (Kut@85), thereby favoring solute
impregnation rather than dewatering (Zhao and Xi@42. The syrup was stored in
airtight containers at an elevated temperature4@&C) until use to avoid evaporation

and crystallization. Tap water was used to dilbeegyrup to desired °Brix levels.
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3.3.2. Carbon dioxide (CQ) laser system

A 100 W CQ laser processing system (Firestar t100, Synrad Mukilteo, WA)
located at Oregon State University Food Innova@emter (OSU-FIC, Portland, OR)
was used in the present study. As depicted in Ei§ut, the system consisted of a
laser engine, a laser marking head equipped wa2b0amm focusing lens (FH series
Flyer, Synrad Inc., Mukilteo, WA), an adjustablengde stand, and a computer
interface with laser marking software (WinMark P&ynrad Inc., Mukilteo, WA).
The CQ laser system was operated in a continuous wave rfveavelength: 10.6 pum,
frequency: 10 kHz). The properties, physics, imsgntation and safety of lasers are
described elsewhere (e.g., Ozdemir and Sadikod@8;1Powell 1998; Ferraz and
others 2007) and are thus beyond the scope ofdhast.

3.3.3. Raw material characterization

Initial soluble solid content (°Brix), initial mdisre content, and average initial berry
diameter and height were determined before dagg@iperforation day). Prior to
°Brix and moisture content determination, a repntste/e sample of IQF blueberries
were first thawed overnight at refrigeration tengpere (ca. 4 °C) and then
equilibrated to room temperature (ca. 20 — 22 &€}fhours in an airtight container.
The moisture content of the thawed sample was mated gravimetrically by
measuring the mass of a sample before and aftergdoyernight in a vacuum oven
maintained at 70 °C. The °Brix of the thawed bluebs was determined using a
refractometer (model RX-5000, Atago Co., Tokyo,algpThe moisture content and
°Brix were determined in triplicate. Average initigerry diameter and height were
determined by measuring the longest chord and heigtD0 randomly selected IQF
blueberries (in mm with 0.01 mm sensitivity) usargelectronic digital caliper
(ProMax, Fred V. Fowler Co. Inc., Newton, MA). Taeerage initial moisture
content, °Brix, and initial fruit diameter and hieigvere 86.71 = 0.06 % (wet basis),
11.89 £0.12,17.10 £ 1.26 mm and 11.32 £+ 0.62 mespectively.
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3.3.4. Skin pretreatment of IQF blueberries

Laser perforation of blueberries

In order to span a wide range of laser treatmenditions, combinations of three
levels of perforation density (i.e., relative numbé&perforations per berry) and three
levels of perforation depth were used. As showhigure 3.2, IQF blueberries were
perforated in a grid pattern. Three grid sizes (&Q@:mm x 5.0 mm, G2: 3.8 mm x 3.8
mm, G3: 2.5 mm x 2.5 mm) were selected based orethdts of the preliminary
study in order to yield a relatively different nuentof perforations per berry; the
smaller the grid size was, the greater number dbpdions were on the frozen
blueberries. The three levels of depth investigatere D1: penetrating the surface of
the berries, D2: penetrating through the middle¢ise®f the berries, and D3:
penetrating through the berries. Perforation dethk controlled as a function of the
firing duration of the laser beams, which direactyrelates with the amount of energy
consumed; the longer the firing duration, the maser energy is applied to materials,
resulting in deeper penetration. In order to findagpropriate firing duration to
achieve three different perforation depths, thisliged, halved, and whole blueberries
of average diameter and height were perforatedtutevpaper at varying firing
durations until a slight burnt mark correspondiaghte center of the fruit appeared on
the paper (Figure 3.3). Using this method, thraedidurations (i.e., 3 ms, 15 ms, and
42 ms) were established. Due to the spherical sbipkeieberries, the thickest part of
the blueberries was used to validate the threemidn depths. IQF blueberries
perforated at these three firing duration were thgriatitudinally and observed under
a microscope to visually verify each perforatiopttie(see Figure 3.2).

All laser marking parameters were controlled ushreglaser marking software.
IQF blueberries (~100 g) were first loaded onto lam&um tray (15 cm x 10.5 cm)
in a single layer. The tray was then placed orstimaple stand directly under the laser
head and stabilized at 190 mm from the laser’swuffhis working distance between
the sample surface and the laser head was bagbd specified focal length for the

200 mm focusing lens used in the study, which pcedia fixed beam size of 290 um
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(0.29 mm). Thisapproximately corresponded to the size of the iddia perforations
on the blueberries. The laser beam travel velaity power level were 381 mm
(15.00 inch)/s and 100 % (100 W), respectively. Sehavere found to be the highest
speed and power level to perforate the frozen leueds without causing excessive
burns or detrimental damage to the material. Apipnakely 100 g of IQF blueberries
were perforated at all once, and the processing pier tray ranged from 3 sto 112 s
depending on the perforation density and perfonadiepth (Table 3.1). The sample
was transferred into a sugar infusion solution irdiaeely after laser perforation.
Great care was taken to minimize the air expostitieeofrozen blueberries during the

process.

Mechanical treatment

In order to simulate a typical mechanical treatntbat is practiced in the industry, a
latitudinal slit (~ 3mm deep) was made on individi@F blueberries with a 3 mm
blade (Figure 3.4). This was carried out in a walkeezer (-18 °C) and the scored

blueberries were immediately transferred into aasugfusion solution.

3.3.5. Sugar infusion of blueberries

A sample of 1000 g of pretreated (i.e., mechanyaallby laser) and untreated (i.e.,
control) IQF blueberries were placed into a 1-gall8.79 L) plastic bucket containing
1500 g of HFCS solution (fruit: solution = 1: 1\8/{v)). This fruit: solution ratio was
selected as it was found to be the lowest at wihietblueberries could stay adequately
immersed in the bucket. The °Brix of the solutioasvadjusted to be 5 degrees higher
than the original °Brix of the IQF blueberries bjuting the HFCS syrup (ca. 70

°Brix) with tap water. The buckets were then codesgth tight fitting lids to prevent
evaporative losses, and the immersion was maimdore24 + 2 hours with no
agitation at 50 °C in a temperature humidity chanfbedel T21RS, TPS Inc., White
Deer, PA) equipped withn environmental chamber controller (Tidal Engimeger

Corporation, Randolph, NJ). This fixed immersiandiwas relatively long in order to
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ensure that the mass transfer equilibrium betwkerirtiit and infusion solution was
reached.

The blueberries were then carefully removed fromt&ct with the spent
solution by draining over a stainless steel straioe8 minutes. This practice was
found to be sufficient to achieve the optimal sapian of the fruit and the syrup in the
preliminary testing. The strainer containing thedtlerries was then placed on a tarred
electronic balancgviodel HF-3000, A&E Weighing Inc., Sun Jose, CA)etermine
the weight of the blueberries with an accuracy 6@l g. Approximately 15 g of
blueberries was sampled for °Brix and moisture eontletermination. After being
blotted with a paper towel to remove adhering syang free water, the sampled
blueberries were mashed in a disposable plastiaintiphomogenized. A portion of
the mashed sample was used for °Brix determinatitima refractometer. The
remaining sample was vacuum-dried at 70 °C ovetnigh non-corrosive aluminum
dish for moisture content determination.

The blueberries separated from the spent solutene wlaced into a new
solution, which °Brix was adjusted to be 5 degrheigber than that of the berries. The
immersion was again maintained in the new soluior24 + 2 hours in the chamber.
This procedure was repeated every day until thex“@rthe blueberries reached #0
0.5. The finished products were kept in airtighttainers at ambient temperature for
further analyses. The stepwise infusion experimexs repeated three times and all

instrumental measurements were performed in duplica

3.3.6. Characterization of infusion process and fia product

Change in fruit weight, solid gain and water loss

The weight change of blueberries was monitoredfagetion of time (days)
throughout the infusion process. As the weight gaireduction of the sample during
osmotic treatment is derived from the removal ofevand the uptake of solute(s), the
evolution of weight change was also evaluatedrims$eof these two countercurrent

flows. Solid gain (SG, g/g initial material) andtealoss (WL, g/g initial material),
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representing the total amount of solid absorbedrd/water lost from the blueberries
after being infused for a certain time, were calted using the following equations
(Pan and others 2003):

SG (wet basis) = [IMx (1-MGC) — Mo x (1-MCp))/Mo

WL (wet basis) = [M x MCy— M; x MC{}/M

where M and MC are the average wet weight of bluredse(g) and average moisture
content of blueberries (g/g material), respectiv8lybscripts t and 0 respectively
denote the value at time t (day) and the initidigaSubtraction of WL from SG (SG-
WL) at the same t gives the overall weight chamge ihitial material). The two mass
transfers were assumed to be independent. Bectlse mon-selective nature of cell
membrane, leaching of various soluble constituehtee material also takes place
along with the outflow of water. This third massximay be significantly important
for the final product composition, but is considkgriantitatively negligible (Raoult-
Wack 1994; Sunjka and Raghavan 2004). It was tberefisregarded for the SG and
WL calculations.

Physical characteristics of final product

Because product shrinkage inevitably occurs dutiegosmotic treatment of food, it
was of interest to assess whether laser perforafitme fruit would affect the extent
of product shrinkage of the infused material. Prddilnrinkage also greatly influences
physical and organoleptic attributes of the fin@duct such as its texture and
appearance, thereby potentially affecting consuaneeptability of the product. The
following measurements were performed in orderai@nine the effects of varying
laser perforation conditions on several key physatdaibutes of the infused
blueberries. Prior to analyses, the infused blugsewere rinsed with tap water for a

few seconds to remove the adhering syrup and diaditg with paper towels.
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Final average diameter: The diameter of the final product was determingd b
measuring the longest chord of 100 randomly sedeicteised blueberries (in mm,
with 0.01 mm sensitivity) using an electronic daditaliper (ProMax, Fred V. Fowler
Co. Inc., Newton, MA). The mean value was then regub

Average berry count: Approximately 100 g of the finished product wasdamly
sampled and the number of the individual infusegtbérries was counted. This was
repeated three times. The average berry countipemn gnit mass (i.e., 100 g) was

reported.

Degree of product shrinkage: The percent volume change of the blueberries after
sugar infusion was quantified using the followirggation (Singh and others 2007):

% Shrinkage = [1 — (V/¥)] x 100

where V is the final volume of 100 g of the infus#deberries and ys the volume

of 100 g of IQF blueberries that had been thawde. iolumes of blueberries were
determined by placing a weighed mass of bluebeimiesgraduated cylinder (250 ml)
containing a known volume of water at room temperatThe displaced volume (i.e.,
new volume minus the original volume of water) egponded to the volume of the
blueberries. Although the graduations on the c@imalere 2 ml apart, the level of the
meniscus was estimated to the nearest 0.5 ml. Wisasuring the volume of
uninfused blueberries, a weight was used to ertkereomplete submersion of the
fruit in water. Volume measurements were perfortheee times and the mean %

shrinkage value was calculated.

Textural evaluation of infused blueberries: To assess the impact of varying degrees
of CO; laser perforation on the textual characteristighe final product, the firmness
of the infused blueberries was determined by ts&dn Universal Testing Machine

(model 5581, Instron Corp., Canton, MA) equippethwihe Kramer Shear cell with
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10 blades with the maximum cell load of 500 N. Ftendard stainless steel shear-
compression square sample box with a base of gugadiced bars was filled with 50
+ 1 g of the infused blueberries in a single laged force was applied at a constant
crosshead speed of 500 mm/min to fully compressaneple. The peak force (N)
required for the blade to pass entirely throughstimaple was obtained and used as a
measure of the fruit firmness. The test was repeiiee times at room temperature,

and the mean peak force value was reported.

3.3.7. Experiment design and statistical analysis

A 3 x 3 factorial design was used in this experitrfenthe laser-perforated
blueberries, with two independent factors (i.erfgration density and depth) with
each having three levels. A two-way analysis ofarare (ANOVA) was conducted in
order to examine the simple effect of the two lgsaforation parameters and any
notable grid size/perforation depth interactiona aitgnificance level gb < 0.05. A
one-way ANOVA followed by Tukey’s HSD (honestly sificant difference) test was
then utilized for post hoc examination of spedifiteractions and contrasts between
the laser-perforated, mechanically treated, andrabsamples at a significance level
of p < 0.05. All statistical analyses were conductea@dilBCO Spotfire S+ (TIBCO
Software Inc., Palo Alto, CA).

3.4. Results and Discussion

3.4.1. Infusion characteristics of laser-treated hieberries

Figure 3.5 compares the evolution of fruit weigharge for the laser-perforated
blueberries against the mechanically treated saamglecontrol as a function of
infusion time (days). The data illustrate distihehaviors of the samples subjected to
varying degrees of laser perforation. A substamtgight loss occurred during the
initial 24-hour period (from Day 0 to Day 1) foll ahmples. This is chiefly
attributable to the rapid dewatering of materiakst is known to take place during the
initial stage of osmotic treatment (Raoult-Wack 4P8oupled with the loss of cellular

exudate upon thawing of the fruit (Saurel and &l€94). The results of the two-way
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ANOVA showed a significant effect of perforationpdle (p < 0.001) and perforation
density p < 0.001) on the extent of initial weight loss, icaling that the greater the
perforation depth and density, the greater the amaiuweight lost by the fruit (Table
3.1). The results of the one-way ANOVA indicatedttthe weight loss for the
mechanically treated sample was statistically coatgle to the laser-perforated
samples except for those with higher degrees dbrion (i.e., G2D3, G3D2, and
G3D3). On the other hand, the smallest weight Wess observed for the control
sample, followed by those with surface perforationn, G1D1, G2D1, and G3D1).
The weight difference between the sample with ¢ast weight loss (control) and the
sample with the greatest weight loss (G3D3) on Dawas nearly 40 g.

From Day 2 on, all laser-perforated and mecharnjid¢edlated samples began
to show a weight increase, reaching the tatBek level of 70 within 18 to 21 days
(Figure 3.5). As previously seen for Day 1weighg two laser perforation parameters
showed a significant effegb & 0.001, for both parameters) on the weight gain
patterns of blueberry samples. For each perforatensity, the rate of weight gain and
the final weight were always the highest for theagke perforated at the greatest depth
(D3), followed by the intermediate depth (D2) ahd shallowest depth (D1) (Figure
3.5). Similarly, for each perforation depth, thghest perforation density (G3)
showed the highest rate of weight gain and thedsgfinal weight, followed by the
middle (G2) and the lowest density (G1). A visuedmination of the data implies,
however, that the impact of perforation densitytlom final fruit weight was not as
prominent as that of perforation depth (see Fi@useand Table 3.1). In contrast, no
weight gain was observed for the untreated (contiakberries during the course of
sugar infusion; the sample continued to show augtgeight loss even after the
initial weight loss period. The mean final weigbt the untreated blueberries was
895.83 g, the lowest among all treatments, followgdhe sample with the lowest
dose of laser perforation (D1G1).

On the contrary, the final weight of those withteg degrees of laser

perforation (i.e., greater number of perforationd deeper depth) reached over 1000
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g, with G3D3 showing the highest mean final weight112.18 g, followed by G2D3
(1080.89 g) and G3D2 (1065.33 g). The % yield iaseeof the laser-perforated
samples compared to the final weight of the uné@&tuit ranged from 3.9 % (G1D1)
to 24.2 % (G3D3), with only two laser-treated saesglG1D1 and G2D1) showing %
yield increases less than those mechanically ulgdi@ble 3.1). In fact, the weight
curve for the samples with surface perforation (i2hded to flatten out as opposed to
those perforated at D2 and D3, which exhibited iomoius weight gain until the end
of the infusion process. This implies that for th@erforated at D2 and D3, sample
concentration was achieved through promoted sglaite, whereas for the control and
D1 samples product concentration took place mdiglgellular water transport with
less solute gain. These results suggest thatpastaration above D2 and D3 can be
an effective pretreatment to promote solute gaierdby increasing the final process
yield of infused blueberries. This is of practigaportance from an industrial point of
view, as the increase in the process yield dirdcdyslates into increased profits.

The curves for water loss (WL) and solid gain ($&g¢ure 3.6) revealed that
the extent of SG increased with an increase iropatibn density and depth, whereas
the extent of WL, irrespective of the treatmentetyp the degree of laser perforation,
was virtually identical (see Figure 3.6b). Thistha&r confirms the ability of laser
perforation to promote solute gain, and that tigaificant increase in the final yield of
the laser-treated samples was solely a resultledrezed solute gain by the fruit.

Perforation depth and density had a significaréafbn the length of the
infusion processp(< 0.001 ang < 0.05, respectively), indicating that the time
required to reach the targ@rix level became slightly shorter as the two pagters
were increased. However, statistical significanes wnly found between the sample
with the highest degree of laser perforation (G3E833 days) and the control (20.67
days) (see Table 3.1).
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3.4.2. Physical properties of laser-treated infuseldlueberries

Because shrinkage of fruits and vegetables assdorgth dehydration may not be
non-isotropic (Yang and others 2001; Yadollahimd dahangiri 2009), the degree of
product shrinkage was quantified using severakdbffit indices. The two-way
ANOVA performed on the data of the final berry deter and final berry count per
100 g of blueberries showed that there was a stgnif effect of perforation deptp (

< 0.001) and perforation densify € 0.001); the final diameter of the infused
blueberries tended to become greater with incrggsenforation depth and perforation
density (Figure 3.7a). This implies that latitudipeoduct shrinkage was alleviated by
the use of deeper perforations and higher pertoratensities. The mean final
diameter of the samples perforated at the lowgshd@®1) was statistically
comparable to that of the control sample, indigatinrface perforation of the fruit
was not effective in preventing shrinkage in diaeneDespite the statistical
significance indicated by the results of the twop®#dNOVA, it appears that the
impact of perforation density on the final diamet&s not as prominent as that of
perforation depth (see Figure 3.7a). This agred#s the patterns that were observed
earlier for the final product weight of the lasezdted samples.

Similarly, the effect of perforation depth was mewident than that of the
perforation density for the final berry count (FigB8.7b). The final berry count tended
to become smaller with an increase in perforatigptid at each perforation density,
indicating that the blueberries were larger andrieeaHowever, perforation density
often did not produce a significant effect at aegiyerforation depth.

The determination of percent volume shrinkage (le@i7c) indicated that the
fruit experienced shrinkage ranging from 11 % t&d By volume after infusion. The
two-way ANOVA showed a significant effect of perédion depth§ < 0.001) but no
effect of perforation density (> 0.05), indicating that the use of deeper petiona,
but not higher perforation densities, significardlieviated the volume shrinkage of
the fruit. This result was also confirmed by a wilsimspection of the finished product

(Figure 3.8), which showed a substantial differeinca@ppearance among those
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perforated at varying perforation depths. The fpeitforated at D2 and D3 remained
fairly intact in shape and showed minimal shrinkagrinkling, which closely
resembled the appearance of the IQF blueberrieseider, those with surface
perforations (D1) and the control sample were weadkand the proportion of
ruptured and shrunken fruit was considerably higloenpared to those perforated at
D2 and D3. Product shrinkage caused by osmotitniesa is mainly attributable to
three reasons: 1) significant osmotic stress cdeatithin the material as the
dehydration progresses, 2) subsequent formatianpofous structure due to the
removal of water from the cellular structure, acpamed by less solute uptake (Yao
and Le Maguer 1996; Viberg and others 1998), arttie8yvater loss during osmotic
treatment also causes the separation of cell ralis cell membranes, which induces
the flux of fruit liquid through cell walls and emial structural collapse (Rastogi and
others 2000). It is therefore assumed that the goatiquality of the laser-treated
blueberries was achieved by the increased solyieegnation provoked by moderate
and high doses (D2 and D3) of laser perforatioh® Void area created as a result of
water loss was then effectively refilled with tlige, thereby contributing to the
increased final weight and reduced volume loséefftuit.

Extremely small-sized perforations on the fruitisture may further explain
the good quality of the laser-perforated infused@as. Ruptured berries were
common among the mechanically treated blueberfFigaie 3.9). This may be
attributable to the invasive nature of mechanietment, which could have caused a
detrimental effect on the fruit’s integrity, leadito the disruption of cellular structure
after the prolonged infusion period.

Skin treatment prior to the infusion also impadieel textural characteristics of
the finished product as previously reported (Taamd others 2003). The peak force
(N) required to compress the infused blueberries significantly higher for the
control sample than that required for all the mated samples, indicating that the use
of pretreatment yielded infused products with gai&tures. The samples with greater

degrees of perforation tended to be easier to cesspand therefore had softer
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textures. The effects of perforation density anptld@n the textural characteristics
were statistically significanp(<0.001 for both parameters), although the impathef
perforation density appeared to be less promifénms pattern reasonably correlates
with those previously seen for the final diameted @aroduct shrinkage results, as the
shrinkage of osmotically treated plant tissueswsel-known contributor to product
hardening. This result, however, differs from thosgorted in a study by Taiwo and
others (2003), in which the highest firmness waseaiated with the highest SG in
osmotically dehydrated strawberries. This discreganay be explained by the
hygroscopic property of fructose, which acts agxarellent humectant (Davis 1995;
MacGregor 2005). In the present study, the finaistooe content of the infused
blueberries that showed a high SG tended to beshigtmpared to those with low SG
levels (data not shown). This implies the potergfaHFCS exhibiting its high water-

retaining capability in the infused blueberries.

3.5. Conclusions

The results of the present study demonstrate tBat&er perforation could be a
viable skin pretreatment for the sugar infusiomQ@¥ blueberries. The final process
yield of the laser-perforated blueberries was s$icgmtly higher than the untreated
samples (up to 24 %). The increase in perforatemsdy and depth showed a
significant positive effect on the final produceld of the infused blueberries. The two
laser perforation parameters also showed a signifiecnpact on product shrinkage
and final product quality. Increasing perforatiandity and depth contributed to
producing infused blueberries with significantlydar diameters, a softer texture, and
reduced surface wrinkling and volume loss (17 %unw shrinkage for the control
sample vs. 11-14 % volume shrinkage for the lasefopated samples). Of the two
perforation parameters investigated, perforatigutldeonsistently showed more
pronounced effects on the measured attributesgbdoration density. Compared to
intermediate (D2) and full penetration (D3) of that, surface perforation (D1) was
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found to be somewhat ineffective in producing agigant improvement on weight

gain and physical attributes of the final product.
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Figure 3.1.A 100 W carbon dioxide (C£laser processing systgffirestar t100,
Synrad Inc., Mukilteo, WA).



61

Grid 1 (G1): 5.0 mm x 5.0 mm Grid 2 (G2): 3.8 mm x 3.8 mm Grid 3 (G3): 2.5 mm x 2.5 mm

Depth 1 (D1): Surface penetration Depth 2 (D2): Half penetration Depth 3 (D3): Full penetration
(1.5 - 2.0 mm) (5.5 6.0 mm) (11.5 - 12.0 mm)

Figure 3.2.1QF (Individual quick frozen) blueberries afterdaperforation.
Combinations of three different levels grid siz€4.( G2, G3) and three levels of
perforation depths (D1, D2, D3) were used in tluelgt Arrows and lines were added
for visualization of the laser marks. Images wexptared using a digital camera
mounted on a microscope (x 10 magnification, ACCUAPE Inc., Commack, NY)
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Slight burnt mark

Figure 3.3.Validation of perforation depth. The fruit was cwlesed perforated at
desired depths when a perforation correspondinigedhickest part of the fruit
produced a slight burned mark on white paper at éang duration (see text).



Figure 3.4.Device used for mechanical treatment of IQF blueé® (left) and
mechanically treated blueberry (right).
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Figure 3.5.Weight change of laser-perforated blueberry sasnpbenpared to
mechanically treated and untreated samples at giggoration density. (a) G1 (5.0
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were subjected to the stepwise infusioriBBix increments/day) to the final °Brix of
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Table 3.1.Summary of laser processing time, mean Day 1 imwadiWeight, and
infusion duration of laser-perforated, mechanictaiyated and control samples.

Laser perforation _ Weight change )
Processing Infusion
Grid  Perforati time per % Final duration

ri erforation trav(s : 0 Fina da
cize depth y'(S) | Day1(g) Final (g) yield? (day)
921.8f°  930.63° .. 2067
D1 3 (2.14) 732) 389% (033

c d

o or om0 ggy 200
903.75%  1042.7¢' o, 19.67°
D3 28 (1.96) 6.99) 10:40% (33
917.4£*  955.58° o. 20.67
D1 4 (1.48) 351) 067% (033
901.3f%  1018.98° .. 20.00

G2 D2 18 (3.85) (a57) 1B874% "o
894.38"  1080.8% ., 19.33°
D3 48 3.36) (1145 20-89% g a3
913.99°  984.06° .. 20.00

b1 d (1.48) 6.19) I8 (g
894.7f"  1065.33 o, 19.33°
G3 D2 41 2.14) @189 2002% ‘(o33
890.43  1112.18 o, 18.33
D3 112 (1.43)  (10.96) 4% (033
d b
Mechanical treatment 9(11032? 9(767'82925 9.08 % 1(82:,;
927.7% 895.83 20.67
Untreated (control) (0.91) (8.18) - (0.33)

I Each tray contained approximately 100g of IQFebkrries”: Compared to the final
weight of the untreated sample. Numbers in paraigltege standard errors (n=3).
Common superscript letters within the same columaicate no significant difference
by Tukey’s HSD test followed by the one-way ANOVA< 0.05).
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Figure 3.7.Physical characterization of infused blueberriesahfinal diameter (n=100, upper left) final becount per unit
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Figure 3.8.Appearance of infused blueberries perforated afhi@hest perforation density). (a)D1, (b) D2, aoiD@, and (d)
untreated (control) samples.



Figure 3.9.Mechanically treated blueberries at the end ofsitin process. Arrows indicate ruptured berries.
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4.1. Abstract

The performance of carbon dioxide (g @aser-assisted skin pretreatment in the
stepwise sugar infusion of IQF (individually quitkzen) blueberries with varying
osmotic solution concentrations was investigatdds iovel approach was previously
found to bring about significant improvement on fimal yield while alleviating
texture hardening, shrinkage, and rupture of fnfiised at low concentration
increments (5 °Brix/day). In the present study, Igdkeberries were first perforated
with a CQ laser at varying degrees of perforation density @epth, and then infused
to a final °Brix of 70 with a high fructose cornrap (HFCS) solution using three
different concentration increments (10, 20, andB@x/day). For each concentration
studied, the final process yield of the fruit irmsed systematically with increases in
perforation density and depth, with the highestqration depth showing the highest
weight gain. An evaluation of the physical propestof the infused fruit indicated that
those perforated at higher perforation densitiesdepths were less prone to product
wrinkling and breakage due to enhanced solute ignaton. Taken together, the
previous findings and the present results highlighttwo main benefits of CQaser-
assisted skin pretreatment: 1) the promotion aftedmpregnation during sugar
infusion and subsequent increases in the finalgg®gield, and 2) the preservation of
the fruit’s original appearance and structure mitifused product. Moderate to high
doses of laser perforation allowed the use of higb&ition concentrations, which
markedly shortened the process time without adiyxeestecting the final process

yield and final product quality.
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4.2. Introduction

Based on immersing a high-moisture material inr&ceatrated solution of substances
that exhibit an osmotic pressure (e.g., sugarssahg), osmotic treatment is a non-
thermal dehydration method that has been utilibeddod materials of both plant and
animal origins (Raoult-Wack 1994; Ferrando and &p#001). The concentration
gradient between the osmotic solution and thegetkdar fluid causes two
countercurrent flows: 1) the outflow of water frahe material into the solution, and
2) the influx of solute from the solution into theaterial (Kaymak Ertekin and
Cakaloz 1996a; Ferrando and Spiess 2001; Shi andalgeier 2003; Marani and
others 2007). As a result, dewatering and compmusitimodification of the product
can be attained simultaneously (Raoult-Wack 1994).

There are two primary categories of osmotic treainof food: osmotic
dehydration (OD) and infusion. The fundamentaledghce of the two lies in their
applications and final product characteristics. phmary focus of OD is to achieve
rapid dewatering of the material while limiting teelute uptake. It is generally used
to prepare intermediate moisture (IM) foods, oagse-dewatering step to reduce
energy consumption and damage to heat-sensitivaaudes during subsequent
drying operations (Ponting 1973; Jayaraman and®sgsa 1992; Grabowski and
others 2007). In contrast, infusion, often refert@ds “candying”, aims at
maximizing the incorporation of external solute®ithe food with moderate water
removal, thereby maximizing the final product yi@Rhoult-Wack 1994; Kuntz 1995;
Shi and others 2009). The rate of osmotic treatrardtthe final product quality are
largely influenced by many process parameters, (@e of osmotic solutions, solute
concentration and other physical properties oftgmhg, process temperature,
immersion duration, solution/food ratio, geometfyamd materials, the use of
agitation or pressure). While the influence of th&sctors on OD have been
extensively studied, the literature addressing waysiprove the process efficiency
and the final yield for infusion are relatively spa, and methods to prepare good-
quality infused fruits are often protected by p&dde.g., Mochizuki and others 1971,
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Kahn and Eapen 1982; Phillips, 2001). This is presaly because infusion is an
attractive process from an economic viewpointrags can be impregnated with
inexpensive solutes (e.g., sugars) to achieve derale increase in product weight
and final yield (MacGregor 2005).

Because the unique skin structure of fruits sicbheerries, blueberries, grapes,
and tomatoes greatly hinder osmotic mass trangporiting 1973; Azoubel and Murr
2002), various physical, chemical, and thermal stlgatments have traditionally been
applied prior to osmotic treatment in order to litatie the movement of water and
soluble solids. However, some of these methodsmoape ideal in the current market
due to potential consumer aversions to using chedmio food products (Sunjka and
Raghavan 2004). In addition, in some applicatiohen the retention of the original
product’s character (i.e., size and shape) is eeésautting or punctuating of the
material is unacceptable.

In recognition of these potential disadvantagesxadting pretreatment
methods, the previous experiment (Chapter 3) inya&d the possible utilization of
carbon dioxide (Cg) lasers as a novel skin pretreatment for the sufiasion of IQF
(individually quick frozen) blueberries. IQF bluehes were laser-perforated in a grid
pattern using three predetermined levels of petifaradensity and depth, followed by
the sugar infusion with a high fructose corn syfidpCS) solution using a steady
concentration increase of 5 °Brix/day incrementse Tesults showed that moderate
and high doses of laser perforation offered a figamt improvement on the final
product yield, producing infused blueberries wgduced fruit shrinkage, texture
hardening, and rupture. However, because of thdl ssraotic gradient employed in
the previous experiment, the process duration wag (i.e., 18 - 21 days). In
principle, the use of higher solution concentratishortens the time for the fruit to
reach the targéBrix level, but it also creates a condition morediable for
dewatering rather than solute incorporation. Tkelilhood of product rupture and
shrinkage can also increase due to the increasedtimsgradient. Furthermore,

increasing solution viscosity could result in desed solute diffusivity into the
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material (Pan and others 2003). Based on the prsVinding, it was hypothesized

that laser perforation could potentially allevit#tese drawbacks associated with using
higher solution concentrations without adversefgaifng the final fruit yield and

final product quality.

The aim of this study was to investigate the afficof CQ laser perforation
under the stepwise sugar infusion of IQF bluebsmitdizing higher solution
concentrations (i.e., 10, 20, 30 °Brix/day). Thiéuence of laser perforation and depth
was evaluated in terms of weight change, solid gathwater loss, as well as the
quality and physical properties of the finisheddarct.

4.3. Materials and methods

4.3.1. Raw materials

Blueberries

US fancy (grade A) IQF blueberries of unspecifiadety (Norpac Foods Inc., Lake
Oswego, OR) were acquired in 20 Ib (9.07 kg) céses a local wholesale store. The
berries were of the same production lot in ordegrisure uniformity in terms of
varietal characteristics and fruit quality. As iasvof concern that the structural
integrity of small blueberries might be greatlyrdigted by laser perforation, small
berries were eliminated using a mesh hand sieue/itx ¥2” (1.27 cm x 1.27 cm)
openings. The berries were further hand sortedirtoreate those with physical defects
(i.e., crushed decayed, scarred or wrinkled béerraasd thoroughly mixed to eliminate
potential case-to-case variations. The sorted leluids were then stored in cardboard

boxes with polyethylene liners in a walk-in freegd8 °C) until use.

Osmotic solution
Commercial HFCS (HFCS 42, ca. 70 °Brix, ADM, Decatl) was used as an active

infusion agent for the present study. The syrup staed in airtight containers at an

elevated temperature (ca. 40 °C) until use to ageaporation and crystallization. Tap
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water was used to dilute the syrup to desired °Rniels (i.e., 10, 20, and 30 above

the °Brix of blueberries).

4.3.2. Carbon dioxide (CQ) laser system

A 100 W CQ laser processing system (Firestar t100, Synrad Mukilteo, WA)
located at the Oregon State University Food InrnowaCenter Experiment Station
(OSU-FIC, Portland, OR) was employed in the presamdy. The system consists of a
laser engine, a laser marking head equipped wab0amm focusing lens (FH series
Flyer, Synrad Inc., Mukilteo, WA), an adjustablengde stand, and a computer
interface. The computer interface was equipped lagbr marking software

(WinMark Pro, Synrad Inc., Mukilteo, WA), which wased to control the laser
perforation parameters. A schematic of the lasstesy and the features of laser
processing were presented in the previous chalpigure 3.1). The C@laser system

was operated in a continuous wave mode (waveled@th: um, frequency: 100 kHz).

4.3.3. Raw material characterization

Initial soluble solid content (°Brix), initial mdigre content, and average initial berry
diameter and height were determined prior to dédg<er-perforation day). Prior to
°Brix and moisture content determination, a repntste/e sample of IQF blueberries
was first thawed overnight at refrigeration tempame (ca. 4 °C) and then equilibrated
to room temperature (ca. 20 - 22 °C) for 4 hour@nrairtight container. The moisture
content of the thawed berries was determined gretvioally by measuring the mass
of a sample before and after drying overnight vaeuum oven maintained at 70 °C.
The °Brix of the thawed sample was determined ugingfractometer (model RX-
5000, Atago Co., Tokyo, Japan). The moisture cdrged °Brix were determined in
triplicate. Average initial berry diameter and Heigvere determined by measuring the
longest chord and the height of 100 randomly setetF blueberries (in mm with
0.01 mm sensitivity) using an electronic digitaligar (ProMax, Fred V. Fowler Co.,

Inc., Newton, MA). The average initial moisture tamt, °Brix, and initial fruit
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diameter and height were 85.20 + 0.27 % (wet bas&h2 + 0.2, 15.81 £ 1.09 mm,
and 11.21 + 0.76 mm, respectively.

4.3.4. Laser perforation of IQF blueberries

In the previous study (Chapter 3), a total of 9 borations of varying perforation
density (i.e., grid size, G1: 5.0 mm x 5.0 mm, @8 mm x 3.8 mm, D3: 2.5 mm X

2.5 mm) and perforation depth (D1: penetratingfthi¢ surface, D2: penetrating
through the middle section of the fruit, and D3n@keating through the fruit) was used
to span a wide range of laser perforation condstidrine present study utilized 5 out of
the 9 possible perforation density/depth combimegtito assess the impact of the two
laser perforation parameters (see Table 4.1). Becthe IQF blueberries used in the
present study were smaller than those employeaeiptevious experiment (average
diameter: 15.81 + 1.09 mm vs. 17.10 + 1.26 mm) fitiey duration of the laser

beam, which governs the depth of perforation, vajssted to 12 ms for D2 (as
opposed to 15 ms in the previous study) to ensiw@dequate penetration of the laser
beam to the middle section of the fruit. The sane¢hwd used to validate the
penetration depth in the previous experiment wasnagsed: thinly-sliced, half-
pieced, and whole average-sized blueberries orevpaiper were perforated at the
three established firing durations (see text ingi#a3 and Figure 3.3). It was
assumed that adequate, but not excessive, peogetvedis achieved when the laser
perforations at the thickest part of the bluebéefiya faint burnt mark on the paper.
The depth of perforations was further verified bggecting a latitudinal slice of the
perforated blueberries under a microscope (sead¢-32).

Prior to laser treatment, IQF blueberries wers foaded onto an aluminum
tray (15 cm x 10.5 cm). The tray was placed orstmaple stand located directly
under the laser head and stabilized at 190 mm fhenfaser’s output. This working
distance between the sample surface and the laadniras based on the focal length
specified for the 200 mm focusing lens used instinely, which was to produce a

fixed beam size of 290 um (0.29 mm). This approxatyacorresponds to the size of
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individual perforations on the blueberries. Theetdseam travel velocity and the
power level were 381 mm (15 inch)/s and 100 % (&QQrespectively.

Approximately 100g of IQF blueberries were loadaedadray and perforated all at
once, and the processing time for the 5 perforademsity/depth combinations per tray
ranged from 4 s to 112 s as reported previouslplelra.1). The sample was then
transferred into a sugar infusion solution immealiatafter laser perforation to

minimize the air exposure of the frozen blueberiesughout the process.

4.3.5. Sugar infusion of blueberries

A sample of 1000 g of laser pretreated and untde@ie., control) IQF blueberries
were placed into a 1-gallon (3.79 L) plastic buak@ttaining 1500 g HFCS solution.
The solution was prepared by diluting the stralgRCS with tap water to be 10, 20
and 30 °Brix higher than the original °Brix of th@F blueberries. The fruit: solution
ratio of 1:1.5 (w/w) was used as it was found tdheelowest ratio in order for the
fruit to remain adequately immersed over the coafsigar infusion. The buckets
were then covered with tight fitting lids to pret@wvaporative losses, and placed in a
temperature humidity chamber (model T21RS, TPS Wite Deer, PA) equipped
with an environmental chamber controller (Tidal Exegring Corporation, Randolph,
NJ) at 50 °C for 24 £ 2 hours. No agitation of fystem was provided during the
experiment.

The blueberries were then separated from the solloly draining over a
stainless steel strainer for 8 minutes. The strainataining the fruit was then placed
on a tarre@lectronic balancgvodel HF-3000, A&E Weighing Inc., San Jose, CA) to
determine the weight of the blueberries with aruaacy of £ 0.01 g. Approximately
15 g of blueberries was sampled for °Brix and nuestontent determination. After
being blotted with a paper towel to remove adhesyrgip and free water, the sampled
blueberries were mashed in a disposable plastiaintiphomogenized. A portion of
the mashed sample was used for °Brix determinatitima refractometer. The
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remaining sample was vacuum-dried at 70 °C ovetnigh non-corrosive aluminum
dish for moisture content determination.

The blueberries were placed into a new solutiah WBrix adjusted to be 10,
20 and 30 °Brix higher than that of the berrieaninsion was again maintained at 50
°C for 24 £ 2 hours in the chamber. This procedvae repeated until a final °Brix of
70 £ 0.5 was reached. The finished products wepe ikeairtight containers at
ambient temperature overnight for further analy3ée. infusion experiments were

repeated three times, and all instrumental measmtewvere performed in duplicate.

4.3.6. Characterization of infusion process and fia product

Change in fruit weight, solid gain and water loss

The weight change of blueberries was monitoredfagetion of time (days)
throughout the infusion process. Because the weiggmge of the material during
osmotic treatment is a result of the additive dftéddhe water loss and solute pickup
by the material, the evolution of weight change aig® assessed in terms of these
two component transfers. Solid gain (SG, g/g ihmaterial) and water loss (WL, g/g
initial material), representing the total amounsofid absorbed by and water lost
from the blueberries after being infused for aaiartime respectively, were calculated

using the following equations (Pan and others 2003)

SG (wet basis) = [Mx (1-MC) — Mg x (1-MCp)]/ Mo

WL (wet basis) = [Mx MCy— M x MC{}/Mq

where M and MC are the average wet weight of bluetse(g) and average moisture
content of blueberries (g/g initial material) ontweasis. Subscripts t and 0 indicate the
value at time t (day) and the initial value, regpety. Subtraction of WL from SG
(SG-WL) at the same t gives the overall weight deafg/g initial material). The
osmotic solute and water transfers were assumbd iodependent. The third osmotic
flow, the leaching of the fruit’s original solubdenstituents due to the partially

selective nature of cellular membrane, is consiigreantitatively insignificant (Lerici
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and others 1985; Raoult-Wack 1994), and thus nasidered for the WL and SG

calculations.

Physical characteristics of final product

The following measurements were taken in ordevtuate the influence of varying
laser perforation conditions and solution conceiung on the physical properties of
the infused product. Prior to analyses, the sampére rinsed with tap water for a few
seconds to remove the syrup adhering to the sudbite berries and blotted dry with

paper towels.

Final average diameter: The diameter of the final product was determingd b
measuring the longest chord of 100 randomly sedeicteised blueberries (in mm,
with 0.01 mm sensitivity) using an electronic digitaliper (ProMax, Fred V. Fowler

Co. Inc., Newton, MA). The mean value was then riub

Berry count: Approximately 100 g of the finished product wasdamly sampled and
the number of individual infused blueberries wasrted. This was repeated three

times. The average berry count per given unit nfiass 100 g) was reported.

Bulk density: Bulk density is an important indicator of bulk Istge size of the

product. The weight of a 400-ml volumetric flaskefil with infused blueberries was
taken and the weight of the blueberries per urlime (i.e., 100 ml) was expressed as
bulk density. Care was taken to pack the flask withsample in a consistent manner,
since the way of filling can affect the measureneamsiderably (Sahin and Sumnu
2006). Bulk density measurement was performedpilidate and the average value

was reported.



80

4.3.7. Statistical analysis

A one-way ANOVA followed by Tukey’s HSD (honestligaificant difference) test
was utilized for post hoc examination of specifiteractions and contrasts between
the laser-perforated and control samples at afgignce level ap < 0.05. All
statistical analyses were conducted using TIBCQfsp&+ (TIBCO Software Inc.,
Palo Alto, CA).

4.4. Results and discussion
4.4.1. Infusion characteristics of laser-treated hieberries
Figure 4.1 depicts the variations in fruit weightinge of the laser-perforated and
untreated (i.e., control) samples infused with HROkItions at 10, 20 and 30 °Brix
increments/day. The previous result (infusion &BB&x/day increments, Chapter 3) is
also presented in the same figure for comparisspitiethe size difference in the raw
material. As observed previously, a considerabteedese in fruit weight was again
noted for all treatments during the first 24 hoflrstween Day 0 and 1). This is
attributable to the rapid dewatering of materihkst takes place during the initial stage
of osmotic treatment (Raoult-Wack 1994), combinetth whe loss of cellular exudate
upon thawing of the fruit (Saurel and others 1934he increase in solution
concentrations resulted in a higher osmotic gradietween the external solution and
the internal cellular fluid, and hence, lower Dawdights for each treatment condition
(Table 4.2). However, no systematic effects of geation density and depth on Day 1
weights were found as opposed to the previous siliig can be explained by the
fact that the use of higher solution concentrat@celerated the initial dewatering,
which could have caused solute impregnation to pdd&ee before the end of the first
24-hour period.

The evolution of fruit weight change at 10 °Brixydacrements (Figure 4.1b)
was fairly identical to that observed at 5 °Brix/dacrements (Figure 4.1). For all
laser-treated samples, the magnitude of weightiganeased with increasing

perforation density and depth at these two solutmmcentrations. As expected, the
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control sample at 1tBrix/day increments showed a significantly moregiiloss
than the control at ®rix/day increments due to the higher osmotic gradiln the
previous study, perforation depth was found to haeee impact on fruit weight gain
than perforation density. This was also true atBi@x/day increments (Figure 4.1a
and b, see G2D1: G2D2: G2D3 vs. G1D3: G2D3: G3B8)opposed to D2 and D3
samples, the weight change curve for those witfasarpenetration (i.e., G2D1) at 10
°Brix/day increments flattened after Day 1, yielglen average final weight of 924.62
g, which was only 10 g more than Day 1 weight (€ahR). G2D1 sample showed
quite similar behaviors when infused at 5 °Brix/dlagrements (Figure 4.1a). This
result confirms the ineffectiveness of surface gation (D1) in producing enhanced
solute impregnation, thereby producing no signiftoaeight gain after the initial
dewatering period.

As a result of using a higher solution concentrgttbe length of infusion was
significantly shortened by approximately 7 dayg(ffe 4.1a and 4.1b) compared to
the infusion with 5 °Brix/day increments. Surprigiyy the final fruit yield was
slightly higher for those infused at 1Brix/day increments except for those with
surface perforations (G2D1) and the control. Thas wot initially expected, since less
solute gain was supposed to occur due to the isede@asmotic force, which typically
favors sample dewatering over solute impregnatiore potential explanation for the
discrepancy is the difference in berry size, anssfide differences in variety or
maturity of the raw materials used in the two expents. This may have caused the
fruit to respond differently to the laser perfooatiand/or the osmotic solution.

The geometry of materials is indeed one of thd-meelognized factors that
impact the rate of mass transfer, and the liteeaias often reported the effect of berry
size on drying characteristics of blueberries urabeventional dehydration
conditions. For example, MacGregor (2005) obsettiatithe air drying time for
larger IQF wild blueberries was much longer com@dcethe time required for
smaller berries, and the larger berries exhibitagjher mass-losing rate than the
smaller ones. Shi and others (2008b) reporteditieadirying rate decreased with a
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decrease in blueberry diameter from 13 mm to 11lunder infrared radiation
heating, although the drying rate remained sinfdaberries with diameter between
13 mm and 16 mm. Since it was not possible to nbtdormation regarding the
identity of the raw materials used in the presént\g this anomalous behavior of the
blueberries can only be verified by repeating tkgeeiment using the identical
material.

A comparison of the fruit weight change at°Bjiix/day and 30°Brix/day
increments (Figure 4.1c and 4.1d) versus that 4B1i@/day increments presents a
somewhat different picture. Although the orderhad taser perforation density/depth
combinations in relation to the final process yiefdhe infused blueberries remained
the same as the 28rix-samples, the infusion duration (i.e., the n@mbf days
required to reach the targdrix) was further shortened and the final fruitlglie
decreased. This follows the general principle ohaisc infusion or candying process:
increasing solution concentrations promotes sagmieentration by water transport
with lesser solute gain, leading to reduced progiedd (Barat and others 2002). It
may also be noted that the length of the infusioration did not differ considerably
between 20Brix- and 30 °Brix-samples (9 days vs. 8 days) cared to 10Brix-
samples vs. 20Brix-samples (13 days vs. 9 days). This is becthsastraight HFCS
syrup (ca. 70 °Brix) was continuously used after 1#Brix of blueberries reached
certain levels (i.e., over 40 °Brix for 30-Brix splas and 50 °Brix for 20-Brix
samples, respectively) until the target °Brix le@#&) + 0.5) was attained. This practice
gradually diminished the concentration gradienteein the fruit and the solution,
which considerably slowed infusion towards the ehthe process.

It is also noteworthy that G2D2, which producee final process yield that is
statistically comparable to that of G1D3 &@Bsix/day and 10°Brix/day increments,
didn’t exhibit weight gain from Day 1 weight at 2Brix/day and 30 Brix/day
increments (Table 4.2). On the contrary, all D3 glas (G1D3, G2D3, and G3D3)
still showed a considerable weight gain after Dagtd shown by % final yield

increase (in comparison with the control, see T4kl¢, the effect of laser perforation,
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especially at D3, in promoting fruit weight gaireafDay 1 became more apparent
with increasing solution concentrations. Theseltesuggest that laser perforation
can be a powerful tool to accelerate the sugasiafuprocess, which tends to be
much longer than osmotic dehydration (Zhao and2Xi@4), by allowing the use of
higher solution concentrations with moderate fwagight gain.

An evaluation of the sample weight gain in term¥\af and SG (Figure 4.2)
further revealed characteristic mass transfer hehaprovoked by each laser
perforation/density combination. In the previoup@&xment, weight gain for the laser-
treated samples was derived solely from the enltb8& as the degree of WL was
virtually identical across the treatments, irrespecof the difference in perforation
depth and density (Figure 3.6). In the presentystndwever, slight variations in WL
were observed among different levels of perforatlensity and depth at each solution
concentration. In general, the control and G2D1@asmshowed smaller SG (Figure
2a, b and c) and greater WL (Figure 4.2 d,e, andefsulting in greater weight loss of
the fruit. On the contrary, those that exhibitedchhgreater SG (e.g., G2D3, D3D3)
showed smaller WL, yielding much greater overalighegain. This clearly implies
the ability of laser perforation, especially at @3l penetration), to encourage greater
solute impregnation with less water loss. Greatét weight recovery was therefore

attained after the initial dewatering period.

4.4.2. Physical properties of laser-treated bluebees
Physical properties of osmotically treated matsraak largely influenced by product
volume change, as well as the extent of waterdasissolid gain (Shi and Le Maguer
2003). As previously seen in the stepwise infusibh °Brix/day increments, notable
effects of the two laser perforation parameterghephysical characteristics of the
final product were again observed at each condsmranvestigated in the present
study.

Although statistical significance was not alwayaaleed, the average final

berry counts showed a consistent decrease witkasorg perforation depth and



84

density (Figure 4.3a), indicating that the deepergenetration and the larger the
number of perforations per berry, the larger tize sif the infused blueberries. At each
solution concentration, untreated blueberries f@nshowed the highest berry count
(thus smaller and lighter berries), indicating aipee effect of laser perforation in
increasing the size of the infused product. Inéngasolution concentrations
contributed to an increase in the average finalybasunt, indicating a negative effect
of using higher solution concentrations on the sizihe berries (Figure 4.3a). These
trends were generally true for the final berry deden (Figure 4.3b), thereby
confirming the influence of the two laser perfopatparameters and solution
concentrations on the size of finished product.

Higher values in bulk density are attributable fowser degree of product
shrinkage and higher solid gain by osmoticallytedamaterials (Kim and Toledo
1987; Kaymak Ertekin and Cakaloz 1996b). As seetthi® final berry count and final
berry diameter, a clear tendency of lowering budkgity values was seen with
increasing solution concentrations (Figure 4.3¢)edch solution concentration,
average bulk density values tended to increaseingtieasing perforation density and
depth, with the control sample having the lowesrage bulk density value. This
result is in line with the final product yield vals, as low sample shrinkage would be
expected for those exhibiting a high final yieldeaesult of the promoted solute
impregnation by laser perforation. The reducedlage in the laser-perforated
infused berries was also evident from their ladjameter.

A visual examination of the final product (Figurd}further confirmed the
above results. It was apparent that the absenles@f perforation (control, Figure
4.4a) resulted in considerable berry shrinkagevamukling. A large proportion of the
untreated blueberries infused at 30 °Brix/day imaets was found ruptured and
collapsed (picture not shown). This is clearly sufeof the increased concentration
gradients. Product shrinkage was also prevalerthfise with surface perforations
(G2D1, Figure 4.4Db), but notably reduced for G2B®@(re 4.4c). The berries with the
largest penetration depth (D3, Figure 4.4d, e, d)mained intact fruit shape and
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appearance with minimal shrinkage even when infusétg the highest concentration
increment investigated (i.e., 30 °Brix). It shoaldo be pointed out that the effect of
laser perforation depth appeared to be more prarhthan that of perforation density
for the results of the physical characterizatiamd @sual examination of the final
product. This is in agreement with the previouseobations at 5 °Brix/day increments
(Chapter 3).

4.5. Conclusions
In addition to the previous findings, the resultsh@ present investigation highlight
two important properties of the laser-assisted pkatreatment for the sugar infusion
of blueberries. First of all, perforations with &aser, especially when the fruit is
fully penetrated (D3), produced a marked increadte final fruit weight at higher
solution concentrations. This implies that lasefqration considerably accelerates
the infusion process without sacrificing the fipabcess yield. Secondly, as a result of
the enhanced solute impregnation provoked by lasdorations, the laser-treated
samples were considerably larger and showed reduoelict shrinkage. Compared
to the untreated sample or those with surface patinat (D1), complete penetration of
the fruit by laser produced a final product withdtriginal round fruit shape, minimal
wrinkling, and no disruption of fruit integrity. Bhmagnitude of fruit weight gain and
the size of the infused fruit became significamsthyaller with increasing solution
concentrations, but laser perforation evidentlg\alited negative impacts that could
have been caused by the increasing osmotic gradémhe two laser perforation
parameters investigated, perforation depth wasdgand to have more significant
impacts on fruit weight gain and measured phystiaibbutes. Surface perforation was
ineffective in producing a significant final yieldcrease and preventing fruit
shrinkage.

Based on the previous and present findings, itteaconcluded that the laser-
induced microholes in the fruit serve a dual-puepdsring the course of stepwise

sugar infusion. They serve as spots where the ésmprassure induced by an
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increased concentration gradient can be activalsiplited, thereby preventing fruit
shrinkage and collapse. The laser-induced pertoratalso provide open pathways
through which effective solute impregnation caratiained. As a result, solute gain
by the fruit is enhanced and the degree of fruih&lage and breakage is remarkably
reduced. Full penetration of the fruit was espéckgiifective in the previous and
present experiments, presumably because it efflgibrought the core of the berry in

contact with the osmotic solution.



Table 4.1Combinations of perforation grid size (i.e., peafiton density) and

perforation depth used in the present and prestugy (Chapter 3). The shaded

combinations are those examined in the presentiexget.

GridSize | Grig 1 Grid 2 Grid 3
Depth (5.0 mm x 5.0 mm)| (3.8 mm x 3.8 mm)| (2.5 mm x 2.5 mm)
Depthl  G1ps G2D1 G3D1
(surface penetration
Depth 2| G1p2 G2D2 G3D2
(penetration through middle section
Depth 3] G1p3 G2D3 G3D3

(penetration through the fruit height




Table 4.2 Effects of perforation density and depth on fiugtight change and infusion duration at various tsmhu

concentration increments/day.

Parameter 10 °Brix 20 °Brix 30 °Brix
Weight change # of days Weight change # of days Weight change d: tho
Density Depth f | to reach f | to reach f | re);Ch
1 % kk O/ na i 1 % kk 0/ na i *kk 1 | %kk O/ na .
Day I Final ;i ell d Bfer)f}“IS Day I  Final ;)/i él b Bflr?f’“ls Day 1 Final ;i ell d B?ir:(il*
914.73  924.62 ,. 1333 | 889.95  771.66 .. 967 | 857.7F  702.66 .. 8.00°
D1 | Go7) (531) 1299% (033 | 343 (956) 2% (033) | (5.11) (489 3%2% (o
d b
G2 916.18  1040.06 ,. 1300 | 88109  868.90 .. 967 | 869.3%¢ 837.78 o, T1.67
D2 | 002y ‘(a7.74) 2709% o 282)  (6.81) 2898% (033 | (287 (119) 393 (n33
D3 | 917:33 1110.34 oo 1300 | 88658 98862 ... 933 | 874.74° 97278 .. 7.67°
(5.67) (9.89) I (0) (6.24)  (12.07) 0 0.33) | (5.00)  (12.33) =97 (0.33)
916.35 1056.34 o, 1300 | 899.50  955.9¢ . 9.33 | 894.12 932.78 .. 8.00°
Gl D3| 1130 (893 2998% " | (188 (215 3870% (033 | (372 (@134 °079% "o
904.13  1123.00 .. 13.00 | 888.09 1053.68 ., 867 | 879.69° 102341 o, 7.00
G3 D3| o3 eea 3B T | a3zs) (600) °289% e | (58 (402 9934 (g
Control 918.17  818.30 13.33 | 885.23  689.19 9.67 | 848.14  618.96 - 8.67
(2.28) (6.38) (0.33) | (0.28)  (11.01) (0.33) | (3.01) (0.21) (0.33)

Numbers in parenthesis are standard errors (n=8hn@n superscript letters within the same colundicate no

significant difference by Tukey's HSD test (NS: statistical difference,¥ < 0.05, *p < 0.01, ***p < 0.001).
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Figure 4.2.Extent of water loss (WL, top row), solid gain (SGiddle row) and total weight change (WL-SG, bottmw) of

laser perforated blueberries during the stepwiesion with varying solution concentration increrteéday. Each column

shows the effect of HFCS solution concentratioft:(lE0° Brix, middle: 20 °Brix, right: 30 °Brix).
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92

Figure 4.4.Appearance of the final product after the stepwifigsion with a HFCS
solution at 30°Brix increments/day. a) Control, b) G2D1, c¢) G20pG1D3, e)
G2D3, and f) G3Ds3.
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CHAPTER 5
GENERAL CONCLUSIONS AND FUTURE STUDIES

Although restricted to one commodity, the findingshe present research show that
CO; laser perforation can be a viable skin pretreatrf@rthe sugar infusion of
blueberries. The first experiment (Chapter 3), stggated the effect of various
perforation density/depth combinations on the stepwugar infusion using low
concentration increments (5 °Brix/day). A notablemotion of solute gain was
observed for the laser-treated blueberries, edpetoathose that received moderate
to high doses of laser perforation. As a resuigaificant improvement on the
process yield (ranging from 3% to 24% comparedhéountreated fruit) was achieved,
and product shrinkage and volume loss were markediyced. Although a moderate
process yield was attained, a considerable podidhe mechanically treated fruit was
ruptured at the end of the infusion process dubdanvasive nature of the treatment.
In contrast, the fruit with moderate and high dasidaser perforation maintained its
original shape and appearance without excessiviinrg and texture hardening. The
second experiment (Chapter 4), evaluated [a€er-assisted skin pretreatment under
the stepwise infusion utilizing higher solution centration increments (10, 20 and 30
°Brix/day). The results further highlighted theiedicy of this novel pretreatment
method. Although the effect of surface penetrafldh) and intermediate penetration
(D2) on promoting solute gain diminished with inesed solution concentrations, a
full penetration of the fruit (D3) effectively proked solute gain. Consequently,
considerable fruit weight recovery after the iniiawatering period was attained, and
reduced shrinkage and maintenance of original &pjtearance were observed in the
final product. The use of higher solution conceittres markedly shortened the time
required for the fruit to reach the target solwéd content (70 °Brix), but only those
subjected to full laser penetration showed interatedveight gain when infused with
higher solution concentrations. It is assumed lder treatment allowed the
formation of microholes that were minimally invasito the cellular structure of the

fruit, serving a dual purpose during the infusioagess; the laser-induced
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perforations served as pathways for solute incatpmy from the osmotic solution,
while alleviating the buildup of pressure withiretmaterial due to increased osmotic
gradient, a major culprit of cellular rupture aradl@pse during osmotic treatment.
Laser perforation’s ability to enhance processdyaeid final product quality with
shortened process time would make this novel agpraa appealing alternative to
traditional skin pretreatment techniques.

In the present research, IQF blueberries wereerhas a raw material, as the
use of fresh blueberries was restricted by theartdtmarvest season and shelf life.
Some advantages and drawbacks of using prefrozeeriaia for osmotic treatment
have been noted in the literature; it is reported prefrozen materials offer enhanced
rates of water removal and solute uptake, but sieeofi prefrozen materials may cause
a considerable leaching of cell constituents dutiregprocess and subsequent
alteration in color and texture (Taiwo and otheéd®3. However, Saurel and others
(1994) observed no significant difference in thbdaor of fresh and frozen apple
tissues with respect to solute uptake. No litemaddressing the difference of fresh
and frozen blueberries in terms of their responsesmotic treatment was found. It
may therefore be of interest to conduct a studygusiesh and prefrozen materials to
compare the responses of the two to laser perforaind subsequent osmotic
treatment. In addition, because infusion operatairiewer temperatures would lead
to considerable energy savings, it may be of prakinterest to examine the effect of
laser perforation on infusion process charactegsit ambient temperatures rather
than slightly elevated temperatures (ca. 50 °C)clvtvere used in the present work
as they were the temperatures frequently usedbhghed studies of osmotic
treatment of fruits.

In the present research, the perforation of IQelbérries was achieved as a
result of instantaneous thermal ablation by enémtgnrsive laser beams penetrating
the internal structure of the fruit. Previous reskanvestigating the utility of laser
processing for various food products (e.g., Chadi Bi2006; Etxeberria and others
2006; Chen and others 2009a; Chen and others 20@9B)accompanied by
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morphological studies that provided preliminaryomhation on laser-induced
structural changes. However, because the applicafitaser beams was limited to
food surfaces in these studies, there is presandlgk of scientific knowledge
regarding the effect of laser beams on the intestratture of food materials. The
microscopic analysis of laser-perforated fruitdmappropriate instrumentation (e.g.,
scanning electric microscopy (SEM)) will providdwable information regarding
laser beam-food material interactions, laser-indwsteuctural and compositional
changes, and the degree of cellular damages atrastructural level.

This research was conducted in a laboratory getteng a small-scale 100 W
CO:laser processing system to study the efficacy atenpial use of this novel
approach. In actual industrial settings, &sers above 1 kW of power coupled with
various automations are commonly used in the naterocessing industry, which
allow increased processing speed and efficiencis Wbuld cause the initial
investment costs to be substantially higher (Bel&). The advantages of improved
final yield and quality of the infused product mtistrefore be critically weighed in
view of high investment costs and the increasedatipg expenses associated with
the implementation of laser technology. In ordeiniplement this technology in real
commercial settings, one of the next research siepsld be dedicated to a
conceptual study assuming a commercial productmnaperation in order to
undertake an economic evaluation of the compleiegss. This will be crucial in
addressing the advantages of the technology meeely!

Furthermore, questions may be raised as to tleetasf laser perforation on
sensory properties of infused products. Becausgsfige damage induced by lasers is
thermal in nature, a notable burnt smell was detefirom the IQF blueberry samples
immediately after they were subjected to lasergration. Informal taste tests
suggested the burnt note of the fruit slowly vaedshs the infusion process continued,
and at the end of the process it was virtually egistent. This is presumably because
of the high degree of solute impregnation attaioeer the course of a relatively long

infusion period. Unfortunately, we were unable tém@uct a formal sensory
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evaluation, as the application of laser beams ifol@fbod materials has not been
approved in the United States. To date, no scietitiérature is available regarding
substances formed through the interaction of laeams and foodstuffs that are
potentially harmful to human consumption. Becatrgeviolume of the laser-perforated
portion accounts for only a small percentage ofttha fruit volume in the specific
application investigated in this research, it maydéasonable to assume that the
amount of substance that could potentially be geadrby lasers would be minimal.
Nevertheless, the safety aspect is of crucial ingpa@e for the commercial adoption of
any technology, and future investigation is therefeeeded to address this critical
issue.

In conclusion, the results of this thesis resedeanonstrates the promising
efficacy of the CQlaser-aided perforation process as a novel slatrgatment for the
sugar infusion of frozen blueberries. From a broaaéespective, the results may be
encouraging to food processors, scientists, antheags to pursue other potential

applications of laser technology for food procegsin



97

BIBLIOGRAPHY

Abdalla DA. 1966. The IQF Industry. In Proceedinfshe North American
Blueberry Workers Conference; 1966 Apr 6-7; Ordvi&,

Aguilera JM. 2003. Drying and dried product undecnescope. Int J Food Sci
Technol 9:137-43.

Alexander R. 2009. Kellogg's laser-brands its dtekes. BrandChannel.com.
Available from http://www.brandchannel.com. Accat2610 Jul 21.

Azoubel PM, Murr FEX. 2002. Effect of pretreatmentthe drying kinetics of cherry
tomatoesl(ycopersicon esculentum var. cerasifojme: Welti-Chanes J,
Velez-Ruiz JF, edSransport Phenomena in Food Processing. 1st e Boc
Raton: CRC Press. p.131-51.

Azoubel PM, Murr FEX. 2004. Mass transfer kinebé®smotic dehydration of
cherry tomatoes. J Food Eng 61:291-5.

Azuara E, Garcia HS, Beristain Cl. 1996. Effectrad centrifugal force on osmotic
dehydration of potatoes and apples. Food Res 119529.

Barat JM, Talens P, Barrera C, Chiralt A, Fito 802 Pineapple candying at mild
temperature by applying vacuum impregnation. J Fdad7: 3046-52.

Bell D. 2006. Determining cost-effective @@ser cutting. Industrial Laser Solution.
Available from http://www.optoigq.com/index.html. Aessed 2010 Jul 21.

Beristain Cl, Azuara E, Cortés R, Garcia HS. 1988ss transfer during osmotic
dehydration of pineapple rings. Int J Food Sci Tet25:576-82.

Bilanski WK, Ferraz ACO. 1991. Processing agriaatunaterials with a C@aser: a
liner model [presentation]. In: International Wintdeeting; 1991 Dec 17-20,
Chicago, IL. American Society of Agricultural Engering.

Biswal RN, Le Maguer M. 1989. Mass transfer in pleaterials in contact with
aqueous solutions of ethanol and sodium chlorigetlierium data. J Food
Process Eng: 159-76.

Bolin HR, Huxsoll CC, Jackson R, Ng KC. 1983. Effetosmotic agents and
concentration on fruit quality. J Food Sci 48:202-5

Camire ME, Flint SI. 1993. Formulation of beverageataining byproducts of
osmotic dehydration of lowbush blueberriefodd Quall6:35-43.

Cantatore JL, Kriegal DA. 2004. Laser surgery: ppraach to the pediatric patiedt.
Am Acad Dermatob0:165-82.

Chen MI, Hsiao WT, Huang WL, Hu CW, Chen YP. 2009%aser coding on the
eggshell using pulsed-laser marking system. J M&iecess Technol 209:737-
44.

Chen MF, Wang YH, Hsiao WT. 2009b. Finite elemerdlgsis and verification of
laser marking on eggshell. J Mater Process Tecb@ik470-6.

Chiralt A, Talens P. 2005. Physical and chemicaingfe induced by osmotic
dehydration in plant tissues. J Food Eng 67:167-77.

Choi H, Li X. 2006. Experimental study of laser-eke interaction for making of thin
cheese slices with complex shapes. J Food/Brig)-5



98

Collignan A, Bohuon P, Deumier F, Poligné I. 200Emotic treatment of fish and
meat products. J Food Eng 49:153-62.

Contreras JE, Smryl TG. 1981. An evaluation of ast@ncentration of apple rings
using corn syrup solids solutions. Can Inst FoodTlgchnol 14:310-4.

Davis EA. 1995. Functionality of sugars: physicauieEl interactions in foods. Am J
Clin Nutr 62:170S-7S.

Della Rosa M, Giroux F. 2001. Osmotic treatment$)(@nd problems related to the
solution management. J Food Eng 49:223-36.

Dixon JA. 1988. Current laser applications in gahsurgery. Ann Surg 207:355-72.

Ehlenfeldt MK, Martin RB. 2002. A survey of fruirness in highbush blueberry
andspeciegantrogressed blueberry cultivatdortscience 37:386-9

Etxeberria E, Miller WM, Achor D. 2006. Anatomicahd morphological
characteristics of laser etching depressions tot fabeling. Horttechnology
16:527-32.

Farkas DF, Lazar ME. 1969. Osmotic dehydrationppii@ pieces: effect of
temperature and syrup concentration rates. Fooldnbe@3:688-90.

[FDA] U.S. Food and Drug Administration. 2007. FeddRegister Notices for
CFSAN, April 2007. Silver Spring, MD: Food and Dragministration.
Available from http://www.fda.gov. Accessed 2010 Q1.

Fernandez L, Castillero C, Aguilera JM. 2005. Aplagation of image analysis to
dehydration of apple discs. J Food E71g185-93.

Ferrando M, Spiess WEL. 2001. Cellular respongdanit tissue during the osmotic
treatment with sucrose, maltose and trehaloseisn&it) Food Eng 49:115-27.

Ferraz ACO, Mittal GS, Bilanski WK, Abdullah HA 200Mathematical modeling of
laser based potato cutting and peeling. Biosy€i(®013.

Girard KK, Sinha N. 2006. Cranberry, blueberry,rant and gooseberry. In: Hui YH,
ed. Handbook of Fruits and Fruit Processing. 1sieakes: Blackwell
Publishing. p.369-386.

Grabowski S, Marcotte M. 2002. Pretreatment efficiein osmotic dehydration of
cranberries. In: Welti-Chanes J, Velez-Ruiz JF, &dansport Phenomena in
Food Processing. 1st ed. Boca Raton: CRC Press9d.8

Grabowski S, Marcotte M, Ramaswamy HS. 2003. Drghgruits, Vegetables and
Spices. In: Chakraverty A. ed. Handbook of Postbstrechnology. p.653-
695.

Grabowski S, Marcotte M, Quan D, Taherian R, ZareifMR, Poirier M, Kudra T.
2007. Kinetics and quality aspects of Canadianb#uges and cranberries
dried by osmo-convective method. Dry Technol 25:387

Hawkes J, Flink JM. 1978. Osmotic concentratiofrwit slices prior to freeze-
dehydration. J Food Process P26265-284.

Hitz B, Ewing JJ, Hecht J. 2001. Introduction tedatechnology. 3rd ed. Piscataway:
IEEE Press. 285 p.

Ispir A, Tagrul IT. 2009. Osmotic dehydration of apricot: kineticsl dhe effect of
process parameters. Chem Eng Res&7e$66-80.



99

Jayaraman KS, Das Gupta DK. 1992. Dehydrationuif &ind vegetables — recent
developments in principles and techniques. Dry heth0:1-50.

Kahn ML, Eapen KE, inventors; Rich Products Cosjgisee. 1982 Sep 21. Methods
of infusing fruits. U.S. patent 4,350,711.

Kaymak Ertekin F, Cakaloz T. 1996a. Osmotic dehtyoineof peas: I. Influence of
process variables on mass transfer. J Food PrBtessn20:87-104.

Kaymak Ertekin F, Cakaloz T. 1996b. Osmotic dehtydreof peas: Il. Influence of
osmosis on drying behavior and product qualityodd-Process Preserv
20:105-19.

Kim MH, Toledo RT. 1987. Effects of osmotic dehytilva and high temperature
fluidized bed drying on properties of dehydrateohbiteye blueberries. J Food
Sci 52:980-9.

Kuntz LA. 1995. Investigating Infusion. Food ProtdDesign. Available from:
http://www.foodproductdesign.com. Accessed 2010 Alg

Lee J, Durst RW, Wrolstad RE. 2002. Impact of jipcecessing on blueberry
anthocyanins and polyphenolics: comparison of tvatrpatments. J Food Sci
67:1660-7.

Lerici CR, Pinnavaia G, Dalla Rosa M, Bartoluccill985. Osmotic dehydration of
fruit: influence of osmotic agents on drying belmanand product quality. J
Food Sci 50:1217-9.

MacGregor W. 2005. Effects of air velocity, air fg@nature, and berry diameter on
wild blueberry drying. Dry Technol 23:387-96.

Marani CM, Agnelli ME, Mascheroni RH. 2007. Osmo#en fruits: mass transfer
and quality evaluation. J Food Eng 79:1122-30.

Mochizuki K, Isobe K, Sawada Y, inventors; Takedee@ical Industries Ltd.,
assignee. 1971 Oct 26. Method for producing canfiliets. U.S. patent
3,615,687.

Moreira R, Sereno AM. 2003. Evaluation of massdfancoefficients and volumetric
shrinkage during osmotic dehydration of apple usingrose solutions in static
and non-static conditions. J Food Eng 57:25-31.

Norris JEC. 1991. The effect of carbon dioxide tasegery on the recurrence of
keloids. Plast Reconstr Surg 87:44-49.

Nsonzi F, Ramaswamy HS. 1998a. Osmotic dehydré&iimetics of blueberries. Dry
Technol 16:725-41.

Nsonzi F, Ramaswamy HS. 1998b. Quality evaluatiomsmo-convective dried
blueberries. Dry Technol 16:705-23.

Ozdemir M, Sadikoglu H. 1998. A new and emergirgpt®logy: laser-induced
surface modification of polymers. Trends Food Satfnol 9:159-67.

Pan YK, Zhao LJ, Zhang Y, Chen G, Mujumdar AS. 2008motic dehydration
pretreatment in drying of fruits and vegetablesy Dechnol 21:1101-14.

Phillips RM, inventor; Maine Wild Blueberry Comparassignee. 2001 Jul 03.
Preparation of shelf stable blueberries and mbisif stable blueberry
products. U.S. patent 6,254,919.



100

Pollack S, Perez A. 2008. Fruit and tree nuts sdoand outlook yearbook 2008.
Washington D.C.: U.S. Department of Agriculture BEomic Research
Service. Available from: www.ers.usda.gov. Acces2@tio Jul 05.

Ponting JD. 1973. Osmotic dehydration of fruiteeant modifications and
applications. Process Biochem 8:18-20.

Ponting JD, McBean DM. 1970. Temperature and digppieatment effects on drying
rates and drying times of grapes, prunes and @thry fruits. Food Technol
24 85-8.

Ponting JD, Watters GG, Forrey RR, Jackson R, 8yaWL. 1966. Osmotic
dehydration of fruits. Food Technol 1365:125-8.

Powell J. 1998. Cglaser cutting. 2nd ed. London: Springler-Verlagd 4

Rahman MS, Lamb J. 1990. Osmotic dehydration cfggaple.J Food Sci Technol.
27:150-152.

Raoult-Wack AL. 1994. Recent advances in the osimthydration of foods. Trends
FoodSci Technol 5:255-60.

Rastogi NK, Angersbach A, Knorr D. 2000. Evaluatadnmass transfer mechanisms
during osmotic treatment of plant materials. J FS0d65:1016-9.

Rastogi NK, Eshtiaghi MN, Knorr D. 1999. Acceletaass transfer during osmotic
dehydration of high intensity electrical field palpretreated carrots. J Food
Sci 64:1020-3.

Rastogi NK, Niranjan K. 1998. Enhanced mass trartsieang osmotic dehydration of
high pressure treated pineapple. J Food Sci 631308

Rastogi NK, Raghavarao KSMS, Niranjan K, Knorr D02. Recent developments in
osmotic dehydration: methods to enhance mass &anisends Food Sci
Technol 13:48-59.

Saftner R, Polashock J, Ehlenfeldt M, Vinyard BO0Instrumental and sensory
guality characteristics of blueberry fruit from twe cultivars. Postharvest Biol
Tec49:19-26.

Sahin S, Sumnu SG. 2006. Physical properties affobst ed. New York: Springer
Science + Business Media. 257 p.

Saravacos GD, Charm SE. 1962. Effect of surfaceeaaggents on the dehydration of
fruits and vegetables. Food Technol 16:91-3.

Saurel R, Raoult-Wack AL, Rios G, Guilbert S. 198¥ass transfer phenomena
during osmotic dehydration of apples Il. Frozemplissuelnt J Food Sci
Technol 29:543-50

Shalhav A, Wallach-Kapon R, Akselrod S, Katzir 2986. Laser irradiation of
biological issue through water as a means of reduttiermal damage. Lasers
Surg Med19:407-12.

Shi J, Le Maguer M. 2003. Mass transfer flux atdsbtuid contacting interface.
Food Sci Tech Int 9:193-9.

Shi J, Pan Z, McHugh TH, Wood D, Hirschberg E, @I8b 2008a. Drying and
quality characteristics of fresh and sugar-infuskegtberries dried with
infrared radiation heating. LWT - Food Sci Techatl1962-72



101

Shi J, Pan, TH, McHugh D, Wood Y, Zhu Y, Avena-Bilst RJ, Hirschberg E.
2008b. Effect of berry size and sodium hydroxidetqgatment on the drying
characteristics of blueberries under infrared taaiaheating. J Food Sci 73:
E259-65.

Shi J, Pan Z, McHugh TH, Hirschberg E. 2009. Eftddanfusion method and
parameters on solid gain in blueberries. Food Riopss Technol 2:271-8.

Silva JL, Marroquin E, Matta FB, Garner JO, Stopod. 2005. Physicochemical,
carbohydrate and sensory characteristics of highbuod rabbiteye blueberry
cultivars. J Sci Food Agrig5:1815-21.

Singh B, Panesar PS, Gupta AK, Kennedy JF. 200#n@ation of osmotic
dehydration of carrot cubes in sucrose-salt salstissing response surface
methodology. Eur Food Res Technol 225:157-65.

Simal S, Benedito J, Sanchez ES, Rossell6 C. 1988 of ultrasound to increase
mass transport rates during osmotic dehydratiéimatl Eng 36:323-36.

Sinha NK. 2007. Strawberries and blueberries: pistitrients and products. In: Hui
YH, ed. Handbook of Food Products Manufacturitgj.ed. Hoboken: Wiley-
Interscience. p. 793-814.

Sodhi NS, Komal NS. 2006. Osmotic dehydration kasetf carrots. J Food Sci
Technol 43:374-6.

Sood P, Ference C, Narciso J, Etxeberria E. 2088 etching: a novel technology to
label Florida grapefruits. Horttechnolgy 19:504-10.

St. George SD, Cenkowski S, Muir WE. 2004. A rev@vdrying technologies for the
preservation of nutritional compounds in waxy sledriruit [presentation].
2004 North Central ASAE/CSAE; 2004 Apr 24-25; Wipeg, Canada. The
society for Engineering in agriculture, food, anditgical systems.

St. George SD, Cenkowski S. 2008. Dehydration m®ee for nutraceuticals and
functional foods. In: Ratti C, ed. Advances in Faehydration. 1st ed. Boca
Raton: CRC Press. p. 285-313.

Stojanovic J, Silva JL. 2007. Influence of osmatimcentration, continuous high
frequency ultrasound and dehydration on antioxglasdlour and chemical
properties of rabbiteye blueberries. Food Chem8d8:906.

Stones M. 2009. FDA approval for fruit and vegetdbbelling tattoos is “imminent”.
Foodproductindaily.com. Available from:
http://www.foodproductiondaily.com. Accessed 20L0QI.

Strik BC. 2007. Berry crops: worldwide area anddorcdion system. In: Zhao Y, ed.
Berry fruit: value-added products for health proimiot 1st ed. Boca Raton:
CRC Press. p. 3-49.

Strik BC, Finn CE. 2008. Blueberry cultivars foregon. Corvallis, OR: Oregon State
University Extension Service. Available from wwwtersion.oregonstate.edu.
Accessed 2010 Aug 15.

Sullivan JF, Graig JC, Dekazos ED, Leiby SM, Kons&aRP. 1982. Dehydrated
blueberries by the continuous explosion puffingodd Sci 47:445-8.

Sunjka PS, Raghavan GSV. 2004. Assessment of areteat methods and osmotic
dehydration for cranberries. Can Biosyst Bi6g3.35-3.40.



102

Sweeney C. 2008. Laser safety in dentistry. Gert B&r653-9.

Taiwo KA, Eshtiaghi MN, Ade-Omowaye BIO, Knorr DO@3. Osmotic dehydration
of strawberry halves: influence of osmotic agemids pretreatment methods on
mass transfer and product characteristics. Intadl Bri Technol 38:693-707.

Talcott ST. 2007. Chemical components of berrytdtun: Zhao Y, ed. Berry fruit:
value-added products for health promotion. 1sBeta Raton: CRC Press. p.
51-72.

Tanzi EL, Lupton JR, Alster TS. 2003. Lasers imaiztology: four decades of
progress. J Am Acad Dermatol 49:1-31

Torreggiani D, Bertolo G. 2001. Osmotic pre-treatisean fruit processing: chemical,
physical and structural effects. J Food Eng 49:23.7-

Tucker JW, inventor; Michigan Blueberry Growerssigaee. 1997 Nov 25.
Formulation for infusion of fruits. U.S. Patent 806725.

[USDA] U.S. Department of Agriculture. 1995. Unit8tates standards for grades of
blueberries. Washington, D.C.: U.S. Department gfieulture Marketing
Service. Available from www.ams.usda.gov. Accesa@tD Aug 13.

U.S. Highbush Blueberry Council. 2002. The highbbkleberry. Folsom, CA: U.S.
Highbush Blueberry Council. Available from: httpaiw.blueberry.org.
Accessed on 2010 Jul 05.

Viberg U, Freuler S, Gekas V, Sj6holm I. 1998. Osmpretreatment of strawberries
and shrinkage effects. J Food Eng 35:135-45.

Whiteman DR. 1997. Understanding £@ser. Laser Kinetics Consulting Services.
Available from http://www.laserk.com. Accessed 20Lde 13.

Witteman WJ. 1987. The GQaser. Berlin: Springer-Verlag. 309 p.

Yadollahinia A, Jahangiri M. 2009. Shrinkage ofatotslices during drying. J Food
Eng 94:52-8.

Yao Z, Le Maguer M. 1996. Mathematical modeling amdulation of mass transfer
in osmotic dehydration processes. Part I: concépnuhmathematical models.
J Food Eng 29:349-60.

Yang APP, Wills C, Yang TCS. 1987. Use of a combamaprocess of osmotic
dehydration and freeze drying to produce a raige-iowbush blueberry
product. J Food Sci 52:1651-3.

Yang CST, Atallah WA. 1985. Effect of four dryingethods on the quality of
intermediate moisture lowbush blueberries. J Fon®8:1233-7.

Yang WQ, Harpole J, Finn CE, Strik BC. 2009. Evéh@gberry firmness and total
soluble solids of newly released blueberry culsvacta Hort 810:863-7.

Zhao Y, Xie H. 2004. Practical applications of vaguimpregnation in fruit and
vegetable processing. Trends Food Sci Technol 25543



103

APPENDICES



104

APPENDIX A

TWO-WAY ANOVA (ANALYSIS OF VARIANCE) SUMMARY TABLES
CHAPTER 3 SUPPREMENT

This appendix contains the two-way ANOVA (analysivariance) tables for the
experimental data (i.e., Day 1 weight and finalgteiof the blueberries) presented in
Chapter 3. All statistical analyses were carriedusing TIBCO Spotfire S+ (TIBCO
Software Inc., Palo Alto, CA) at a significancedéwof p < 0.05.
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Table A.1. Effects of three levels of grid size (i.e., pedion density) and perforation
depth on the mean Day 1 weight of blueberries.

Sum of Mean
square square
Source of Variation df (SS) (MS) F-values p-values

Grid size(G) 2  751.727 375.863 23.77489 <0.001
Perforation depth (D) 2 2204.214 1102.107 69.71278 <0.001

G x D interaction 4 71.388 17.847 1.12889 0.3741403
Residuals 18 284.567 15.809

Table A.2.Estimated marginal means for Day 1 weight of bluees (g).

Grid size :
Id siz o1 G2 a3 Marginal

Depth row totals
D1 921.81 917.41 913.99 917.74
D2 911.88 901.31 894.71 902.63
D3 903.75 894.35 890.43 896.18

Marginal 2716.55

column totals 912.48 904.36 899.71 (Grand totals)
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Table A.3. Effects of three levels of grid size (i.e., pedion density) and perforation
depth on the mean final weight of blueberries.

Sum of Mean
square square
Source of Variation df (SS) (MS) F-values p-values

Grid size(G) 2 211911.40 10595.70 40.8259 <0.001
Perforation depth (D) 2 66923.97 33461.99 128.9311 <0.001

G x D interaction 4 726.11 181.53 0.6994 0.6023301
Residuals 18 4671.61 256.53

Table A.4.Estimated marginal means for final weight of blueies (Q).

Grid size :
Gl G2 G3 Marginal
Depth row totals
D1 930.63 955.58 984.06 969.82
D2 982.40 1018.93 1065.33 1022.22
D3 1042.70 1080.89 1112.18 1078.59
Marginal ~ 1053.86
column totals 1012.55 1018.47 1053.86 (Grand tota)
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APPENDIX B

CALCULATINON OF ENERGY COMSUMED BY
CARBON DIOXIDE (CO ;) LASER PERFORATION

The energy consumption for laser processing caraloellated using the following
equation.
Es=Pd- W

where Eis the energy (J) consumed by laser perforatiens Bhe density of laser
power (W/mm), and Vis the speed of laser processing (mm/sec).The anudu

energy consumed by laser perforation can therdferealculated as follows:

Energy (J) = laser power level (W firing duration (s)

x perforation densitgper unit maspx sample mass

Table B.1 shows the experimental conditions useaterstudy outlined in Chapter 3.
Table B.2 summarizes the amount of energy consdareceating 1000 g of IQF
blueberries using each perforation density: petimnadepth combination used in the

study. A sample calculation is also shown.



Table B.1.Summary of the experimental conditions used irsthidy outlined in

Chapter 3.

Power level

100 W (100 %)

Laser firing duratioh

3 ms (D1), 15 ms (D2), 42 ms (D3

Average # of perforation per befry

8 (G1), 18 (G2), 38 (G3)

Average weight of IQF blueberries

1.65 g/berry

Mass of sample per batch

1000 g

108

T Correlates to perforation depth; 2 governed bythhee different grid size (see Chapter 3)

*1 millisecond (ms) = 0.001 second

Table B.2 The amount of energy consumed by perforating MpEberries by C®
laser (in the study outlined in Chapter 3, per 16§@ample).

Depth Density G1 (8 holes) G2 (18 holes) G3 (38 holes)
D1 3 ms) 1455 J 3273 J 6909 J
D2 15 ms) 7273 J 16364 J 24546 J
D3 42 ms) 20364 J 45818 J 103636 J

Example calculation:

G1D1: 100 (W, J/s) x 0.003 (s) x 8 (holes/1.65 gyjex 1000 g (sample/batck)

1455 J






