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Introduction.  Analytical  studies of Greek-style
vophurt  memufacturing  methods,  formation and
physicochemical chamcteristics of acid milk gels and
factors that define yogurt quality are presented.

Material and metheds. The review is based on all the
most important scientific papers ever published on the
subjoct.

Results and discussion. Different yoghurt production
methods:  traditional methods based on mechani cal
separators, methods based on membrane processes and
methods hased on direct recombi mation, give product with
differences in properties. Two of the most important
parameters: the textuml attributes and the water holding
capacity define yogunt quality and determine consumer
acceptance. Numerous manufactuning parameters, such as
severe heat treatments, excessive whey protein to cascin
raties, high incubation temperatures, certain types of starter
cultures and the use of exoessi ve amounts of starter culture,
ame associated with textural defecs of stirred yogurt like
grainingss {particles) or surface roughness {irregularities n
the yogurt matrix . This method of directrecombination has
advantages over others, because it is mome environmentally
friendly and increases the nuintional value of the finished
product. Still, rheological propertics of recombined
concentrated yogurt are differemt from those of straimed
yopurt. Usually they form weaker pels than those made by
traditiomal or UF methods, Different dry dairy ingredients
{especially with elevated content of whey protemn ) should
e wsed for production of concentrated yogurt.

Conclusions, Future research should be focused on the
production of concentrated yogurt by direct recom bination.
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Review structure

1. Introduction
2. General technology of yogurt mamufacturing
2.1 Milk standardization
2.2 Homogenization
2.3, Heat treatment
2.4, Incubationferment ation
2.5 Cooling and storage
3. Greck-style yogurt manufacturing methods
3.1 Trmdiional method
3.2 Methods hased on mechanical separators
1.2 Methods hased on membrane processes
3.4, Methods hased on direct recombination
4. Formation and physicochemical characteristics of acid milk gels
4. 1. Casein micelle strueture
4.2 Formation of acid milk gels
4.3. Effects of heat reatment on the formation of acid milk gels
5. lmportant factors that define yogurt quality
5.1. Bheology
5.2 Whey separation
5.2 Clusters formation
Conelusions

1. Introduction

Yogurt is defined as the “food produced by culturing one or more of the optional dairy
ingredients |eream, milk, partially skimmed milk or skimmed milk] with a characterizing
hacterial culture that comtains the lactic acid-producing bacteria, Lactabacifius hidgaricusand
Strepiococons thermophilus” [1]. Yogurs differ according to their chemiecal composition,
method of production, flavour used and the nature of post- incubation processing [2]. There
are substantial differences in composition of Greek-style yoghurts measured in products in
differemt countries. The carbolydrate, fat and protein contents rmnged between [-1Z, (=20
and 3.3-11 g/l 00 g, respectively (3]

Cireck-style yogurt, also known as stramed yogurt, concentrated yogurt or thick yogurt,
15 a sermiso lid fermented milk product derived from yogurt by draiming awa y part of its whey.
As aresult of this draining action, the final product has higher total solids and lower lactose
contents than regular yogurt (Table 1.

Table 1
Typical ¢ hemical compositions (g Wdkg *yof indwst rial fall
and ow-fat steained yogurt

Compasition Full -Fat Low-fat
Taotal solids X0 14.3
Proteimn 4.49 4.9
Fat 10.1 .2
Carbohwdrate £l 15
Ash 1.4 LUK

Sonree: Tamime (2003 [61 ).
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The product has a creamfwhite color, a soft and smooth body, sood spreadabi ity with
little syneresis and a flavor that is clean and s lightly acidic [4]. Concentrated yogurt is widely
consumed in the Middle East and Balkan regions [5, 6], Evidence of its production can be
fiund inmany countries in Turkestan, the Balkans, the castern Meditermnean, and the Indian
subcontinent [7]. Tahle 2 shows the variety of names by which this product is known in
different countries,

Table 2
Symonyms for concentrated yogurt in diffe rent countr jes
Traditional names Countries/ Regions
Lahneh, labmeh, lebneh, labna Eastern Medit eranean
Ta, than Armmenia
Laban zeer Epypt, Sudan
Stragisto, sakoulas, tzatzki [
Torha, suzme Turkey
Syuzma Hussia
Mastou, mast Irag, Iran
Basa, zimne, kiselo, mleko-slano Wugos lavia, Bulgarnia
[titu Ethiopia
Gireek-style Lnited Kingdom
Chakla, shrikhand India
Y mer Drenrmark
Skyr leeland

Sevinree: Tamime & Robinson (2007a) [7].

Stramed yogurt hasa higher lactic acid concentration than normal yogurt (1LE-210%% as
lactic acid). As a result, it presents a better keeping quality than the latter form [8-10]. High
lactic acid concentrations can be expected to curtail the growth of hactenal pathogens, but
yeasts, moulds and some lactic acid bacteria can still contrbute to spoilage problems. At 7
", concentrated yopurt can be kept for two weeks [4]. Any sharp taste resulting from the high
lactic ackd concentration will be masked by diacetyl produced during fermentation: and by
the high fat content, which is typically amund 1{#4, and [5, 9).Furthermaore, concentrated
yogurt has superior mutritional properties to those of regular yogurt: it has higher protein
[2.5%]) and mmermal [ 1.5x ] concentrations; a higher number of viable lactic acid hacteria [there
i5 a tendency for these bacteria to be retained in the erud during the concentration process];
a very low lactose concentration, which makes strined yogurt even more suitable for lactose
intolerant ind ividuals than regular yogurt: and a at content which can be varied according to
consumer demand [4, 11-14]. The pereeived nutntional benefits and stomge characteristics
of Greck-style yogunt led to its increasing popularity and cconomic importance dunng the
last decade of the past century [1 5=1 7). Mowadays, concentrated yopun is establishing as a
popular mutritious product possessing a healthy image equal to or greater than that of regular
yogurt [4, 6]. The CODEX ALIMENTARIUS classifies stmined yogurt as a type of
concentrated fermented milk and its composition and quality standards are described in:
CODEX STAN 2422002 [18]. Yopurt, essentially from the Eastern hemisphere, has pained
considerable popularity as a wholesome and mutritious food in America. Indeed, its health
properties, which extend beyond mutrition, are now being recognized [19, 2], Beported
health benefits associated with yopgurt and probiotic cultures include growth promotion,
enhancement of mmneral absorption, lactose digestion {the ability to reduce symptoms of
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lagtose imolerance], antimicrobial fimetion (the ability to enhance resistance to col onization
by pathogenic organisms), anticholesterol effect (the ahility to reduce the risk of
cardiovascular dissase by lowenng serum cholestern ), anticarcinogeni ¢ factor {the abil ity to
reduce risk tactors for colon cancer initiation ), stimulation of the host immuno logical system,
restoration of nomal balance of gastroimestinal microflora, and pesitive contribution to
lomgevity [19, 21-26). Consumption of yoghurt, despite the relatively high content of
saturated fat, has been lately linked with lower blosd pressune, bt the mechanism is unclear
[27]). Added to this, yogurt is commonly supplemented with various functional ingredients,
such as probiotics, prebiotics, fiber, plant sterol esters, omegs-3 fatty acids, minemls and
vitamins to impart an even healthier image to the final product [19]. The developments of
new products, along with increased consumer awareness of the health benefits associated
with yopurt cultures and probiotics, had led toa sham increase in the per capita consumption
ofyogurt in Canada and the LS. during the last decades. According to the Canadian Dairy
Information Centre, Canadians consumed 9.87 liters {per capita) of yogurt in their diet in
2018, almest twice as much as they had two decades ago [28]. The introduction of Greek
yogurt changed American tastes in yogurt, which helped increase sales of the overall yogurt
category. As of 2016, the Americas held a share of over 50 perent of the global Greek yogurt
market. In contrast to conventional yogurt, the Greek type is bought equally by men and
women and consumers are drawn to the creamy texture and its high protein comtent, The
Greek yogurt category experienced tremendous growth in the United States over the past few
years. Americans consumed 13.7 liters {per capita) of yogun in their diet in 2017 with 37.8%
of Greek-type share [29].

2. General technology of yogurt manufacturing

At present, there is a wide variety of yogurt types on the market [24, 30]. Yogurts are
usually classified based on their fat comtent {full-fat, reduced-fat, and low-fat) and on the
method of production and the physical structure of the coagul um {set or stired yogurts). Set
yogurt is the product formed when the fermentation of milk is camried out in a retail container,
and the yogurt produced isin a comtinuous semisolid mass. In contrast, stimed yogurt esuks
when the congulum is produced from milk, and the gel structure is broken before cooling and
packaging. Fluid yopun can be considerad as stirred yogurt of low viscosity [2]. The main
processing steps involved in these two types of yogurt mamufactuning {Figure 1) include the
standamdization of milk {fat and protein content), homogenization, milk heat treatment,
incubationffermentation, cooling, and stomge [31].

2.1. Milk standardization

Mowadays, three systems are available to standard ize the it and protein content of the
milk hase: (1) the addition of milk powders to liquid milk, (2) the evapomtion of water from
liguid milk under vacuum, {31 the removal of water from liquid milk by membrane processes
[9]. Milk bases should be formulated to comply with regulations and mest consumer
expectations [32]. Stahilizers (gelatin,d starch, pectin) and sweeteners can also be added to
further impact the physical properties of the final product [33]. Increasing the total solids
increases the firmmess, comple: viscosity, storage modulus, fracture stress, apparent
viscosity, oral viscosity, consistency index, and water holding capacity - WHC of the
resultant gel [31, 3446 ], Thus, it improves the textural attributes of the gel, giving a higher
sensory acceptahility to the final product [12, 47-49).
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Standardized Mill
!

Homogenization
5565+C and 1020 MPa

L

Pasteurization
90-95°C for S min

!

Cooling to incubation temperature ‘

(40-45°C)
Addition of i‘lm culfure
(2-3%)
| Cooling and cold storage |
Set-Yogurt [Cnuﬁng and pumping |
Stirred-Yogurt

Figure 1. Main processing steps in the manufacture of set and stirred yogurt
Seviove: Adapted fromLeoe & Lucey (20000 [31].

2.2, Homugenization

Homaogenization is the typical industrial process used to effect stabilization of the lipid
phase against separation by gravity. During this process the average diameter of fat globules
{34 um) is reduced to | or 2 pm. As a result, the fat globules do not cream during the
imcubation of the yogurt, Because of the size reduction, there is wsually a four-to-six-fold
increase in the surface area [2]. Upon homogenization, the fat-globule membrme is
destroyed, and caseins and whey proteins form the new surface layer of fat globules, which
increases the mumber of possible structure-building components in yogurt made from
homogemzed milk. Homogenized milk fat globules act like protein particles due to the

—— Ukrgintan Food Journal, 2020, Volure 9. Issue 1 11
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presence of protein on the fat surface [21]. Therefore, homogenization also improves gel
strength upon fermentation due to greater protein—protein interaction [24]. As the fat globule
membrane is destroyed during homo genization, lipids are vulnerable to attack by lipase. To
prevent lipolysis, milk must be pasteunzed immediately after homogenization [2].
Homaogeni zation pressures used are usually between 10 and 20 MPa and, since the effi ciency
ofhomogeni zation is much better when the fat phase is ina liguid state, the process 1s usually
carried out at high temperatures {550 to 8(°C) [33].

2.3. Heat treatment

Heat treatments, which are much maore severe than fluid milk pasteunzation, are
negessary to;

l. Generate a yogurt with the desired textural properties. Thus, the heating/holding regi me
hoth alters the physicochemical properties of the caseins and dematures the whey
proteins, so that i-lactoglobuling in particular, may become attached to the casein
micelles; this linkage mproves the texture (set yogurt) or viscosity {stirred yogurt) of
the final product.

Cause some breakdewn of the whey proteins to liberate free amino acids that stimulate
the activity of the starter culture.

3 Expel oxygen from the processed milk becawse, as the starter hacteria are

microacrophi lic, deacration provides the correct enviromment for rapid growth.

4. Kill any non-sporing pathogens that may be present, helpmg to ensure that yogurt

refains its image as a “safe” product [9].

To meet these requirements, milk is generally heated, usng a continuous plate heat
exchanger, at 5 t0 95 *C for 10 to 30 mimites [30]. According to Chandan and O Rell [33],
optimum resul ts are obtained by using a heat treatment of 9095 *C and a holding time of 5—
14 minutes .

I

24, Incubation/fermentation

After heat treatment, the milk base is cooled to the incubation temperature used for
growth of the starter culture An optimum temperature of the thermophilic lactic acid
bacteria, Le., Strepiococous ssp. thermophilus and Lacobaciflus delbrueckii ssp.
bulgaricus, is around 445 *C. Bactenial fermentation converts lactose into lactic acid,
which reduces the pH of milk. During the acidification of mi lk, the pH decreases from 6.7
to =4.6. In unheated milk gels, gelation occurs at arond pH 4.9, while in heated milks
gelation occurs at pH 5.2-54 (because denatured [-lactoglobulin has a higher isoelectric
paoint than casemn) [31, 50, 51].

The esential flom of yogurt (Yo fhermophitny and Lh defbrueckiissp. bulgaricns)
displays an obligate symbiotic relationship durmg their growth ina milk mediom. The rates
ofacid and flavor production by mixed yogurt cultures are considerably higher than by either
of the two organisms grown sepamtely [33, 41] Lb deltvneckifssp, balgaricus hydrol yzes
milk protemns, the caseins, thus releasing essential amino acids, including valine, which
stimulate the growth of Sc thermaophilies . nitially, S thermophides grows rapidly, reducing
the pH to around 5.4, which stimulates the growth of L delbrnedir ssp. badgariaus, which
15 acid-toleramt and produces large amounts of lactic acid, which reduces the pH. 5
thermophilyy uses oxygen during its growth, which makes oxidation—reduction potential
miore favorable for Lo dabreckil ssp. badgarious: it also produces purine, pyrimidme, OO,
formic acid, oxaloacetic acid, and fiuman ¢ acid that stimulate the growth of the lactobacillus
[2, 33, 41]. During the growth in milk, Lo defrwackiissp. fafgarioesapparently exhibits a

12 ——— Ukroirtarn Food Journal, 2020, Volure 9. Tssue §
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preference for wtilizing fi-casein over other proteins as a nitogen source, ndicating that the
type of protein is also an important factor influencing the growth of this culture [41).

Starter hacteria can continue to produce acd until a very low pH [eg. ~4.0] is attaimed
when hactena become inhibited by the low pH: in practice bactenial pels are cooled when
sufficient acidity has been attained [pH ~4.6]. The rate of pH change during fermentation or
addition of acid is controlled by the acid-base buffering properties of milk [38].

2.5, Cooling and storage

Since the yogurt organisms show limited growth activity around 10 *C, the primary
objective of cooling is to drop the temperature of the coagulum from 30-45 2C to <10 *C as
quickly as possible 50 as to control the final acidity of the product. The process of cooling
yogurt may be carried out wsing one-phase or two-phase conling [52]. In single-phase
cooling, the temperature of fermenting milk is dirctly reduced from 43 *C to <10 *C. This
mode! is more appropriate for plain set-type yogurt production. Two-phase cooling is widely
employed for stimed-type yogurt production. In the first phase, fermenting milk is stirred
gently in a tank to obtain a homogeneous body, and cooled to 20-24 *C. At this stage, fruit
15 added and the wopurt cups are filled. The fi lled cups are then cooled to<< 10 *C over a period
of 1{—12 howrs [41 |. To improve yogurt quality, the second stage of coo ling should be carried
out as slowly as possible over a 12-hour period [2]. The rate of cooling is of eritical
importance in obtaining a product with the desired textural quality. Cooling too quickly can
cause a weak body and stimulate whey separation during cold storage [41]. Stormg yogurt
for -2 days improves the viscosity. During the first 2448 hours of cold storage, an
improvement in the physical chamctenstics of the coagulum is ohserved, mainly because of
hydration andfor stabilization of casein micelles. Proper hydration is required to avoid
syneresis, [tis therefore important to delay the sale or distribution of yogurt for 2448 hours
[Z].

3. Greek-style yogurt manufacturing methods

Much of the concentrated yogurt consumer acceptability is dependent on its sensory
properties, which in turn, seem to be heavily dependent m the method of processing of the
material [14, 16, 53, 54]. Depending on theused process, Greek-style yoghurt can be 10 times
better than tmditional yoghurt to - deliver  probiotic bacteria.  Fresh  ultmfilirated  or
centrifugated Greck-style yoghurts had between 3 and 7 times higher coumis of Lb. helveticns
and & thermophiies than the regular stimed yoghurt [35]. Concentrated yogurt is traditionally
manufactured by straining the natural set yogurt in cloth bags [36]. However, nowadays there
are other methods available to manuficture this product in large volumes. The current
methods available for mamifacturing concentrated yopun have been widely reviewed by
Tamime and Kohinson [7, &, 57], Robinson and Tamime [58] Ozer [59], Salji [21],
Msabimana et al. [4], Tamime [, 61], Tamime and Marshall [62], Tamime et al. [63 ] and
can be classified as follows:

. Traditional method {cloth bag) [ 10, 53, 64-73].
Methods hased on mechanical sepamtors [74-76].
Methods based on membrane processes [ 10, 53, 6471, 77-81].
Methods hased on direct recombination [53, 67-7), B2 K3

e b
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A.1. Traditional method

The basic principle of using the taditional cloth bag method is to extract water from
plain yogurt until the desired total solids level has been reached. The duration of dramage for
yogurt in cloth bags takes abowt 15-20 hoursat <1 0*C. The whey separation can be achieved
either by gravity dramage (small scale production) or by pressing {large scale production,
Le., by piling 25-kg bags on top of each other); however, the drainage time can be shortened
by up to 6 hours by applying pressure of 2 kg ke on the yogun [59].

The sensory properties of the product made with this traditional system are excellent
[9]. However, this method could be described as slow, labour intensive and unhygienic by
the nature of the process, and the yield obtain 1s rather low due to residues left m the bag [9,
10, 64, B2, 4. Comsequently, this system i1s not suitable for large-scale processing [21, 53].
Drespite this, the tmaditional production method is gill preferred in some countries in the
Middle East, asthe investment in mechanisad systemns of production is mther high [59).

3.1, Methods based on mechanical separators

Mechanical separators have been used successfully for the mdustnal-scale production
of strained yogurt [62]. Salji et al. [11, 5] reported the use of this method for factory-scale
production in Saudi Arabia. This method requires the use of a nozzle or Quarg sepamtor.
Cmly, skimmed milk should be used when manufactunng yogurt in this way; it whole milk
iz usad, the fat globules will clog the separator noezles. However, recent developments in the
design of centrifugal separators have made it feasible to use fermented whole milk to produce
straimed yogurt [61]. Producing concentmted yogurt by cenirifugation 15 a two-step
procedure. First, milk is fermented until it achieves the desired level of acidification (pH 4.6-
4 8} After acidification, fermented skimmed milk is stirred vigorously, heated up to 5561
*C to inactivate the culture and contmo| the level of acidity, and cooled to 40 *C. Next, any
large elots or clumps are removed by passing the fermentate through a metal geve before it
enters the sepamtor. The fermented milk 15 also de-acmted for 15-20 minutes before entering
the centrifuge to assist the separation of whey in the separator. Onee in the sepamtor, the
fermented milk is comcentrated to the desired total solids level. The concentrated product
leaving the sepamtor is blended with any source of fat ar cream, to provide the desired fat
level inm the final product. Then it is conled and packaged [4, 7, &, $9-61]. Capacities of such
separators are up to 6.5 tonnes b, depending on the compesition of the milk used and the
acidity of the fermentad milk prior to concentration [61, 62]. According to Dagher and Ali-
Ghariebeh [T4], strained yogurt, produced from heated yogurt by centrifugation for § minutes
at different speeds between 4, (00 and 11, T0g, had organoleptic chameteristics smilar to
those of comtmo| samples made by the raditional method.

13, Methods based on membrane processes

Membrane technigues, especially ultrafiltration {UF), have been successfilly wsed in
the yogurt mdustry for the last 20-25 years [39, §1]. Production of strained yogurt by reverse
osmsis { R0 has also been studied. However, previous scienti fic works reveal ed that using
RO} to produce concentrated yogurt created weaker structures which did not give gel
properties ¢lose to those of coneentrated yosurt made by the tmditional method [53, 67-70,
TH]. Two ditferent systems of UF have been used to produce concentrated yogurt: {a) the
fermentation of UF retentate that has the solids content desired inthe final product [79, 80,
T1], and (b1 UF of yogurt at 40-502C [ 10, 66, 77)] to produce a concentrated product with
the desired total solids comtent 7). Several scientific works studied the microstructures and
rheological properties of concentrmated yogurt obtained by these two UF methods [10, 64, 67—
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70, TH]. Greek yoghurts prepared by concentrating a milk hase through UF to 13.8%
exhibited a hard structure, low syneresis and a high protein and tat content [86]. Applying
both, UF and graiming, resulted yoghurts with required structural attributes  while
substantially reducing the generation of AW, Researchers concluded that the concentrated
yogurt made from UF milk retentate had much greater firmness than the products
manufactured using the tmditional method or UF of yogurt [4, 7, 10, 61, &4] The
concentration of milk by UF before yogurt-making carries a risk of hitterness in the final
product snce the calcium content will be higher [59]. On the other hand, the quality of
strained yogurtmade by UF ofwamm yogurt closely resembles the tmditional product n terms
of clasticity, firmness, and structure [10, 61). Unfortunately, UF of yogurt affects prooess
efficiency due to permanent membrane foulmg [81]. The manufacturing process Is as
follows: atter the fermentation period, the warm yosurt is heated to 5860 2C for 2 minutes
in the plate heater exchanger, to inactivate the culture and control the level of acidity, cooled
to 40 *C, concentrated in a two-to-four stage UF plant {depending on the desired degree of
eomeentration ), eooled in a plate cooler to about 20 *C and finally packaged [4]. According
to Ozer et al. [53] and Tamime et al. [ 10, 64, UF applications can be uwsed as an industrial
altemative to the traditional stmined yogurt-making process. Several studies which have
investigated the rheology of concentrated yopurt produced by a mnge of technigques for
increasing total solids have concluded that compared to other techniques (such as RO and
direct recombination ], UF of yogurt gives the gel properties that are closest to those of the
traditional product [53, 67, 78]. Other advantages of UF as compared with other conventional
methods are: higher yield (1% increasel, shotenng of processing time {z.g., by 25%),
reduced wheying-oft, and casy automation and process control [4, 59]. In addition, when
using LIF instead of the traditional method, the volumes of milk and starter cultures are
reduced by around 1% and B0%, respectively [59]. Due toall these advantages, a wide range
of LIF plants are now available on the market for the production of strained yogurt on a large
seale [58, 60,61

34, Methods based on direct recombination

Aceording to the Food and Agriculture Omganization of the United MNations, a
recombined milk product is a product resulting from the combining of milk-tat andmilk-
solids-non-fat in their preserved forms with or without the addition of water toachisve the
appropriate milk product composition [87]. In order to eliminate the dranage stage during
the manufacture of concentrated yogurt, it is feasible to manufcture this product from
recombined dairy ingrediems [349—61]. The process invo lves reconstituting powders in water,
up to the total solids level required in the final product, and blending the reconstituted milk
with mhydrous milk fat and stbilisers [61]. After the mcombination is complete, the
recombined milk is handled and processed in a similar way to the production of traditional
yogurt [8]. The quality of recombined dary products is directly related to the composition,
properties, and microbiological standards of the ingredients used [83]. According to Gilles
and Lawrence [82], good quality yogurt can be obtained from milk powders as long as the
powders ane free of of - flavours. Odet [88]] stated that there were no organoleptic difierences
between yogurt produced from recombined and fresh milks The imtroduction o f membrane
technigues to the dairy industry has enabled the production of different types of milk powders
contaiming diverse protein to lactose raties and altered whey protein to casein ratios {e.g.,
milk retentate, milk permeate, whey retentate, and whey permeate powders) [89, 90]. The
use of these latter powders has enabled the production of recombined dairy products
containing high protein and low lactose contents, such as concentrated yogurt [ 14]. Several
authors recommended using these types of powders to fortify the milk base dunng yogurt
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production andior to produce concentrated yogurt using recombination technology (36, 61,
B2 91-91]. In omder to obtain a recombined stmined yogurt with good textural and
physicochemical properties, expens recommend using heat-treated high protein dainy
powders {with reduced lactose content ) free of mhibitory substanees that can slow or restrain
the growth of lactic hacteria [K2, 94, 95]. However, if processing steps include a high heat
treatment, low-heated milk powders can also be wsed effectively to produce a good quality
produsct [95]. Since recombined products generally contain high amounts of water, it is
important to have a high quality water source. Excessively hard water can lead to problems
with powder solubility and stability [95] According to the recommendations from the
Imternational Dairy Federation (LDF), water wed to recombine dairy products should not
exceed the following maximum salt concentrmtions: total hardness, 10 pg of caleium
carbonate g'; chloride, 100 pg g sulfate, 100 pg ' nitmte, 43 pg o' [#6]. Michols and
Foozak [97] discussed in depth the importance of water used for recombining milk and milk
products. Milk powders used for recombination are very stable and have a shelf-life of 12
mionths at ambient tempertures wi thout refrigeration, although storage at 2000 or below is
recommended [98]. The long durability and good thermal stability of imgredients makes
direct recom bination a suitable option to provide a motn tious and high-quality source o fdairy
products in areas where a fresh mw milk supply is not readily available or is in short supply
[17]. Because refrigemation and transportation may not be readily available m some regions,
utilization of preserved milk ingredients may be the only viable means of producing dairy
products [95]. Several authors [99- 103 ] reported the use of recombination technology to
produce milk and dairy products in developing comtnes where, as a result of
gengraphiciclimatic'economic conditions, setting up aconventional dairy industry hase using
local milk production is impractical [104]. On the other hand, in ndustralized countries
where there iz a milk surplus, milk recombination offers the opportnity to transfer raw
materials {milk powders, anhydrous milk fat, etc.) from surplus production areas to
deficiency aress, in order to compensate for the abovementioned problems and to open up
new markets [14, ). Theretore, it is believed that a widespread wuse of this technigue to
produce concentrated yogurt will potentially increase the imtemational trade of powders high
in protein and low in lactose [14, 89). However, it is impontant to point out that indiscriminate
distribution of dairy ingredients for recombining purposes can, under certain circumstances,
be detrimental to local milk producers [ 104 ] The production of concentrated yogurt by direct
recombination offers important advantages over other industrial production methods, Direct
recombination does not imvolve whey dispozal problems (there is less environmental damage,
and the yogurt produced is maore nuintious because all whey proteins are retamed in the final
product] and requires low investment and production costs (depending on the local market)
[#49, 98], Howewer, several scientific publications stated that the rheological properties of
recombined concentrated yogurt were different from those of strained yogurt produced by
the tmditional method or by UF [7, #]. Ozer et al. [33, 67, 69, 70] concluded that stmined
yogurt made by directly recombining full-eream milk powder to 23% {w'v) total solids
formed weaker gels than those made by traditional or UF methods. Although numerous
seientists have studied or reviewed the production of meombined concentrated yogurt [7, &,
53, 59—nl, 67-T0, 82, 83 93], there is little evidence of the mam Gucture of reeombined non-
fat strained yogurt. In the future it iscrucial to find an effective formulation for producing a
recombined non-fat, additi ve-free type of Greek-style yogurt.
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4. Formation and physicochemical characteristics of acid milk gels

Acid-indueed milk gels are formed by aggregation of casein particles as the pH of milk
decreases and the isoelectric point{pH 4.6) of casein is approached [105). Acid casein gels have
a particulate, heterogensous structure, consisting of irly large conglomentes and holes {void
spaces where the agueous phase is emfined). These conglomerakes are thought to be built of
smaller ones, which, in tum, consist of casein particles ageregated m stands and nodes. This
heterogencity, which depends, eg., on the temperature during gl formation, largely determines
the mechanical properties of the gel [38, 106]. Casein gels are very dynamic and reaman gements
of the ¢lusters and particles fomming the netwiork may oocur before or during gel fomation [ 105],
The physical chamcteristics of these particulate gels are determined by both strong permanent
bonds feovalent bonds: SHAS-5 exchange) formed duning the ageregation, and subsequent
rearmrangements of protein particles (noncovalent bonds: electrostatic, ydrophobic imeractions
and, protably, the ever-present Wan der Waals atiraction, as well as steric and entropic effects
related to protein conformation). The halance fetween these strong and weak bonds controls the
rheology of yogurt gels [53, 70, 106]. Milk protein gels are imeversible, in contrast to many other
fiond gels. Although milk gels are usually classitied as particle gels, it is now recognized that they
are not simple particle gels because the intemal structure of the casein particle plays a important
role in the theological properties of milk gels [37].

4. 1. Casein micellk structure
At least three types of models for the strocture of casein micelles have been proposed.
Schmidt [107] and Walstra [ 18] suggested a model that proposes that the micelle cone is divided
into discrete sub-units [sub-micelles] with distinetly different properties [37]. In this model, the
individual caseins come together in their appropriate portions to form imternal sub-micelles, if
depleted in k-casein, or external sub-units rich m k-casein, eolloidal ealeium phosphate (CCP) is
regarded as the cement which links these discrete sub-units together. Another model, proposed by
Haolt [10%], megards the micelle as a mineralized, cross-linked protem gel m which the CCP
nanocusters are the agents responsible for cross-lmking the protens and holding the netarork
together [110]. A major filing of these two models is their lack of a plausible mechanism for
assembly, growth and, more importantly, termination of growth of the casein micelles. All such
elements are in place in a recent model, proposed by Horne [110], which suggests a dual-binding
{polycondenmtion-type) mechamism for gel assembly [37, 111]. In the duakhinding model,
micel lar assembly and growth take place by a polymerzation process imvolving, a5 the name
suggests, two distinet forms of bonding: crosslink ing through hydrophobic regions of the caseins
ar bridging across CCP nanoclusters. Central to the model is the concept that micellar imegrity
and hencestability is maintaned by a localized excess ofhydrophobic attmetion over electrostatic
reputsion [111]. The energy of inferaction between molecules present nside the micelle is
caleulated as the sum of electrostatic repulsion and hydrop hobice atiraction as
IE = ER + HI (L
where, IE: mtemction energy; ER: electrostatic repulsion ; Hl: hydrophobic intemaction [ 110). This
miadel sees the micellar COP not just as cross-links but also as pewtralizing agents which, being
positively charged, bind to negatively charged phosphoserine clusiers toreduce the protein charpe
to the level where the atiractive intlemctions hetween the hydrophobic regions of the caseins can
be allowed to dominate (110, Figure 2 illustrates the structure of the casein micelle accomding to
the dual-binding model and can be used to explain the two types of linkage postulated between
protein maokecules. The first linkage s hydrophobic, where two or more ipdrophaobic regions from
different molecules form a honded cluster.

—— Ukrgintan Food Journal, 2020, Volure 9. Issue 1

17



——Found Tedhnology ——

Figure 2. Dualkbinding mod el of strocture of casein micelle
Bonding eccurs betwoeen the hydrophobic regions, shown as rectanoular bars, and by linkage of
hydrophilic regions containing phosphasering clusters to CCP elustens. Molocules of w-cxein limit
further growth and are labeled with the lefter k' Smerce: Adapied from Home {1998) [110].

The growth of these polymers is inhibited by the protein-charged residues whose
repulsion pushes up the interaction free energy. MNeutralization of the phosphoserine ¢lusters
by incorporation into the CCP diminishes that free energy as well as producing the second
type of cross-linking bridge, since it is considered that up to four or more phosphosenne
clusters from different casein molecules can be accommodated ot each CCP namocluster
[Home, 1998] [110]. Although the k-casein molecules ean interact via their hydrophobic
domains with the hydrophobic regions of the other casemns, firther growth beyond the -
casein is not possible because it possesses neither a phosphoserine cluster for linkage via
CCP [the only phosphoserine residue in k-casein lies in the macropeptide which forms the
putative hairy layer deemed essential for micellar stability in all accepted models, thus, this
residue cannot be involved in any cross-linking via CCPJ, nor another hydrophobic anchor
point toextend the chain via this route. k-Casein acts asa terminator for both types of growth.
Unless circurmvented by the growing netwaork, it will become part of the surface structure of
the micelle. Henee its surface location, a prime requirement for any structural model, anses
naturlly in this model [110]. This concept of a localized excess of hydrophobic attrmction
over electrostatic repulsion allows the visualization of micellar growth and sucoessfilly
accommaodates the response of the micelles to changes in pH, temperature, urea addition or
removal of CCP by sequestrants, all in accordance with experimental ohservations [112].
Lrea does not rupture the CCP linkages but disrupts the hydrophobic bonds, bringing about
micellar disimtegration. Further, micellar imegrity is largely maintained when the OCP is
dissolved out by acidification because the phosphoserine negative charges are neutralized by
the acid medium. If the milk is dialyzed and the pH is then restored to that of the original
milk, dissociation of the micelle complex is observed a5 the negative charges of the
phosphoserine residues are not neutralized and theelectmostatic repuls ion effect predominates
over the hydrophobic attraction. The same dissociation is observed at natural pH when the
CCPisremoved by sequestration with EDTA, Increasing pH from the natural value inmilk
leads to dissociation of the micelles. Whether this is due to conversion of the phosphoserme
residues from singly to doubly negatively charged wunits which are no longer capable of
linking tothe CCP nanoclusters, or whether the increase in charge itsel £15 sufficient to upset
the balance of electrostatic repulsion and ydrophobic attmction in favour of electrostatic
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repulsion and the micelles dissociate. Decreasing the temperature decreases the level of
hydrophohic atraction and any i-casein not inked through its phosphoserine cluster could
then be released into the serum phase [110-112]. These facts suggests that CCP does not
cement the micelle together, as described by the carlier models, but rather it helps to control
and modulate the effects of caleium and charged groups on caseing It is also clear that
hydrophobic interactions and hydrogen bonding are impaortant for micelle integrity [37].

4.1, Formation of acid milk gels

As the pH of milk is reduced, CCP is dissolved, the micelle structure is altered {the
charge on individual caseins is altered and the ionic strength of the solution increased) and
caseins are liberated into the serum phase (38, [13]. The extent of libemation of caseins
depends on the temperature at acidification {low temperatures results in a decrease in the
level of hydrophobic attractions inside the casein micelle); at fermemation temperatures
commaonly used for yogurt manufacture (=3PC), no dissociation of casein likely occurs
[113]. When the isoelectric point of caseins (pH = 4.6 is approached, aggregation occurs and
low-energy bomds, mainly hydrophobic, are progressively established between proteins
[L14]. Three pH regions in the acidification of milk from pH 6.7 to 4.6 can be distinguished:

a. pff from 6.7 fo 6. The decrease in pH causes a decrease in the net negative charge on
the casein micelles, thereby reducing electrostatic repulsion. Only a relatively small
amount of CCP is dissolved above pH 6.4), 50 the structural features of the micelles are
relatively unchanged (e.g., size) [115].

b pH fram 6 o 5. AsthepH of milk decreases further from pH 6.0t0 5.0, the net negative
charge on casein micelles greatly decreases and the charged “hairs™ of k-casein may
shnnk {or curl up). This results in a decrease in electrostatic repulsion and sterc
stabilization, which are both responsible for the stability of casein micelles in the
arigimal milk. At pH <60 the rate of solubi lizatiom of CCP incraases, which weakens
the imternal structure of casein micelles and increases the electrostatic repulsion
between the exposed phosphosenne residues. In milk, CCP s completely solbilized in
cascin micelles by pH ~5.0 [21].

¢. pH =5 When the pH of milk becomes close to the isoelectric point of casein (pH
4.6, there 15 a decrease in the net negative charge on casein, which leads to a
decrease in electrostatic repulsion between casein molecules. On the other hand,
casgin-casein attractions mcrease due to nereased hydrophobic and electrostatic
charge interactions {and van der Waals® forces) [31, 30]. Inunheated milk, gels gelation
oceurs at around pH 4.9, while in heated milks, gelation oceurs at pH 3 2-5 4 {because
denatured f-lactoglobulin has a higher isoelectric point than casein) [3 1, 50, 51]. Casein
particles aggregate as a result of (mainly) charge neutrlization [50]. The acidificati on
process results m the tormation ofa three-dimensional network eonsisting of ¢l usters and
chains of caseins [31].

Solubilization of CCP dunng the acidification process undoubtedly changes the
structural integrity of the casein micelles [48]). When CCPis depleted from the micelle, the
casein molecules will have more dispersed structures with a higher number of interaction
sites [112]. Therefore, the loss of CCP from casein micelles dramatically influences the
properties of casein gels [115]. If the acidification 1= proceeding slowly, then this may al low
equilibration and rearran gement into locali zed denser structures with few linkages between,
giving rise to weaker gels. More rapid drops inpH may lock the protein into a mone dispersed
structure with greater density of possibly stronger strands [ 11 2], These statements are verifisd
by the experimental work done by Lee and Lucey [ 11 6]. These authors reported that higher
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inoculation rates resulted in lower fermentation times and stiffer gel networks. They support
their results by stating that the solubiliztion of CCP in milk during acidification i a slow
process, and may require a slightly lower pH to completely dissolve CCP under conditions
of fast acidification. When CCUP dissolves at a lower pH, caseins at this lower pH value may
be less sensitive to excessive reamangements {due to the et that at lower pH values there
will be lower electrostatic repulsion and higher hydrophobic interactions between casein
particles; thus, stiffer gel networks are obtained. Consequently, the solubilization of CCP
appears to alter the balanece between viscous and elistic components in the gel network
[37] Hydrophobic interactins areunlikely to play a direct role in the strength of acidgels as
the stiffness of acid gels increases as the measurement tem perature decreases. Cooling results
in aninerease in the stiffness of the gel, probably as a result of the swelling of casein particles
{caused by the weaker hydrophobic interactions) and an increase i the contact area between
particles. A similar trend occurs when lower incubation tempemtures are used. The use of
lower incuhation temperatures leads to longer incubation times, but fimmer and more viscous
gels that are less prone to whey syneresis are formed. At a lower incubation temperature,
there is an increase in the size of the casein particles because of a reduction in hydrophobic
interactions which, in tum, leads to an increased comtact area between the casein particles
[50]. Higher incubation ternperatures {i.e, higher gelation pH) also make the gel network
mare prong to rearmngements during gelation, and these changes can lead to greater whey
separation [50, 116].

4.3, Effects of heat treatment on the formation of acid milk gels

With the exception of proteose-peptone, whey proteins are very sensitive to heat
treatment. Unlike caseins, whey proteins have three-dimensional structures or configurations.
Each configuration is stabilized by hydrogen and hydrophohic bonds, and other forces.
Secondary and tertiary structures of whey proteins tend to be broken down by heat treatment
because heating weakens hydrogen and hydrophobic bonds [41]. Denatumtion of whey
proteins oceur above 60 *C. At tempemtures up to 90 *C, unfolding of the protein is mte-
limitmg but firther increases in the heatng temperature result in only small increases in the
rate of denaturation as aggregation ofthe proteins becomes rate-limiting [ 117]. Below 65 #C,
at least in theory, dematuration or finctional changes of whey proteins {mainly [i-
lactoglobulin) are reversible, but above T *C irreversible functional changes in whey
proteins occur [41]. The most abindant whey protein is -lactoglobulin in which a heat-
induced conformational change results in the exposure of a reactive thiol group (Figure 1.
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Figure 3. Schenatic fepresentation of P-lactoglobulin denaturation: breakage of its tertiary
structure and exposure of thdol groups
Sempree: Adapted from Bylund { 1995 [136].
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This thiol group can form disul fide bonds with other eysteine-containing proteins, such
as [i-lactog lobulin or bovine serum albumin, or with proteins having disulfide bridges, such
as - lactalbumin, k- and os-casein. The latter process oocurs through thiol group-disulfide
bridpge exchange reactions, resembling a polymerization process in which heat-denatured [i-
lactoglobulin is the initiator. Imemetion of [f-lactoglobulin with x-casein, present at the
exterior of the casein micelle, leads to coating of the casein micelles with [-lactoglobulin,
Interactions of [i-lactoglobulin with cysteine-containing serum cascins might lead to casein-
whey protein aggregates. Additionally, interactions of fi-lactoglobulin with cysteine-
containing whey proteins, such as o-lactalbumin and f-lactog lobulin mol scules, result in the
formation of whey protein aggregates [118]. Hydrogen bonding and clectrostatic and
hydrophohic imteractions have also been sugpgested as major forces in whey protein
aggregation [119]. To summarize, heat treatment of milk results ina complex mixture of
native whey protems and denatured whey proteins present as whey protein agerepates,
cascin-whey protein ageregates and whey protein coated casein micelles [ L8] The
association of denatured whey proteins to casein micelles signifi cant ly increases the casein
micelle size [ 114, 119)]. According to Pesic etal. [ 120], afier exposing bovine milk to asevere
heat treatment (90 *C; 10 mimutes) at natural pH (6.71), about 3% of denatured whey
proteins were involved in soluble compleces. Figure 4 shows a schematic represemtation of
the effects of heat treatment and subsequent acidification on casein micelles and whey
proteins present inskim milk.
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. Casein micelle = Whoy protein

Figure 4. Schematic representation of the heating of slkim milk and the subsequent acidification
resultimg in the formation of a protein metwor k
Senvee: Adapied from Vashinderer ol {2003)[ 18]

The extent and rate of denaturation of whey proteins are determined by a number of
factors. Amongst these are the pH value, the tonic strength and the ionic composition, the
protein eoncentration and easein to whey protein ratio of the heat treated whey protein
solution, and the duration and temperature of the heat treatment [12 1] Increasing the pH
above thenatural pH of milk markedly accelemtes the mte of denaturation of [-lactog lobuln.
Generally a decrease in the pH of milk systems prior to heating results n an increased
association between the denatured whey proteins and the casein micelle. Even small changes
in pH can shift the distritition of the association of the denatured whey proteins with the
casein micelle, For example, ata level of 95% whey protein dematuration, approximately
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TiF4% of denaturcd whey proteins are associated with the casein micelle at pH 6.55. This
decrease to approximately 3% when the pH of milk prior to heating is 6.7. The difference
in association level is reflected in the increase in the casein micelle size when milk is heated
at the lower pH [117]. According to Vashinder et al. [118], the denatured whey protein
aggregates that form contain a ratio of o-lactalbumin to f-lactoglobulin which is
representative of the ratio of total denatured whey proteins in milk. o-lactalbumin is more
easily incorporated in aggregates than it is invo lved in coating of micelles, while the whey
protein coating of the casein micelles clearly contains mone [i-lactoglobulin, Yashinder and
de Kruif [122] stated that at high pH, [-lactoglobulin-f-lactoglobulin interactions causing
whey protein aggregates are favoured over w-casan-fi-lactoglobulin interactions, while -
casgein- fl-lactoglobulin-f-lacto globulin reactions hand ly take place. At lower pH, formation
of separate whey protein aggregates hardly ocours, it clusters of whey proteins are formed
on the surface of the casem micelle. Apparently, ot these conditions x-casein-{fi-
lactog lobulin}, interactions are favounsd over k-casein-fi-lactog lobulin interactions. Figure 5
summarizes the different interactions that take place between casein micelles and denatured
whey proteins when different pH mediums are considered prior to heating.
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Figure & Schematic representation of the interactions between caseln micelles and whey
proteins occur ring in milk during heat treatment for 10 min at 80 °C at pH valwes rangimg
From 635 to 6.9,

Mative whey proteins ane not included in the figure.

Sennees Adapied from Vashinderes ol {20053 [ 118].

Anema [40] explains this phenomenon by stating that as the pH of the milk is increased
from about pH 6.5 to pH 7.1 before heating, w-casein progressively dissociates from the
casein micelles so that, at pH 6.5, the majority of the k-casein is associated with the casein
micelles, whereas at pH 7.1, abowt 60-70%% of the x-casein is found in the milk serum. As
the denatured whey proteins interact with the casein micelles via disulfide bonding with the
k-casein, this dissociation of w-casein probably sxplams why the association of the whey
proteins with the casein micelles is pH-dependent. [t is important to note that a more severe
heat treatment at a constant pH will cause more denaturation of whey proteins, but the ratio
of denatured whey proteins associated with the casein micelle and present in aggregates will
remain constant [L 18] Heat-induced interactions of casein micelles and whey proteins are
also affected by the casein to whey protein ratio of the milk base. It is believed that k-casein
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presents limited number of available binding sites for [-lactoglobulin association. Thus,
when these sites are saturated, denatured whey proteins will interact with each other,
increasing the amounts of whey protein aggregates in the system. According to Cho et al.
[123], after a heat treatment at pH 6.7, a maximum number of disulfide bonds between k-
casein and whey proteins is formed when using a casein to whey protein ratio of 4:1 [124].
Caleium ioms promote the association of fi-lactog lobulin with casein micelles, perhaps due to
the ability of ions to influence the degree of electrostatic attmetion or repulsion between fi-
lactoglobulin and k-casein by providing an iomic environment around the interacting
molecules. Additionally, salts could be affecting the reactivity of thiol groups. Furthermone,
lactose concentration is a limiting factor for the whey protein denaturation. The glucosyl
residues are bound to i-lactog lobulin via gluconie acid or melibionic acid, makng this whey
protein fraction stable against heat treatment. Lactose concentrations of milk with normal
chemical composition do not have any negative effect on the rate of whey protein
denaturation. Howewver, if the lactose level of yogurt milk is inereased during standardization,
the rate of whey protein denatumation is likely reduced. In order to overcome this handicap,
milk should exposed to a higher heat treatment (at =90 °C for 10-15 min) [41]. The
association of denatured whey protems with micellar casems on heating gives improved
yogurt texture and gel strength [125]. Yoghurt prepared from heated skim milk and 2%
protein from whey protein concentrate had higher stomge modulus, firmness, water holding
capacity and a denser microstructure than those prepared anly from skim milk [1246). On the
other hand, it is thought that native whey proteins do not interact with casein micelles during
the acidification of unheated milk and act as a destructive filler, or a structure breaker, m acid
milk gels[51]. Lee and Lucey [127] reported that yogurt gels made from milk heated at high
temperatures [=80°C] presented a higher eross-linked and branched protein structure
with smaller pores than gels made from milk heated at low temperatures [31]. This
branched microstructure mereases the elasticity, gel strength and water hinding capacity of
the final gel [38, 121, 127-129]. Therefore, yogurts produced from heated milks will have
greater firmmess and lower susceptibility to syneresis. According to Sodini et al. [51], a
heating that ensures 60 to W% of [i-lactog lobulin denaturation generally optimizes both the
WHC and the rheological properties of the final gel. On the other hand, a too severe heating
genenlly (above 90% [-lactoglobulin denaturation) has a slightly detrimental effect on
yogurt's physical properties.

5. Important factors that define yogurt quality

Two of the most important pamameters that define yogunt quality and determine
consumer acceptance are, imgquestionably, the textural atiributes and the WHC of the gel
network [31, 37, 38, 51, 54, 1 30-132],

5.1. Rheology

Textural atributes, includmg the desired oral viscosity, are very important criteria that
determine the identity, quality and consumer acceptanee of yogurt [ 120, 121, 132]. Although
texture is related to the sensory perception of a food product, theology and structure of a
product evaluated by i nstrumental methods also provide rel evant information on its textural
properties [51). Skrver et al. [47), Richardson o al. [124), and Stanley and Taylor [135
reported that sensory texture analyses arehighly correlated with the theological properties of
stirred yogurt and other semi-solid foods. Due to this fact, rheological properties of milk gels
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are important physical attributes which contribute to the ovemll sensory perception and
functiomality of these products [37).

Yorurt is defined as a weak viscoelastic gel system which isunable to keep its structural
integnty during high shear [31, 53, 67]. Several authors reported the advantages of using
oscil latory dynamic tests over other destructive rheological techniques {e.g., penetrometer,
rotational viscometers) to evaluate the rheological characteristics of viscoelastic semisolid
foods [31, 53,67, 69, 136, 137]. The principal adv antage of dymamie tests is that they enable
measurements to be made withow mewrring structural damage to the samples. Therefore, this
type of tests can be used to relate dynamic theological pammeters to molecular structures
[127]. Om the other hand, cach penetration into or rotation in a gel network causes a
breakdowan in the elastical ly effective bonds, and the procedure thus fails to measure the
actual physical characteristics of the gel. Once the gel structure is disturbed, it is ranely
pussible to re-form the pel structure in the same way, because yogurt isa metastable gel and
any change in its enthalpic/entropic nature creates rreversible deformation. Thus, any kind
of destructive effect may lead to atypical physical properties in the yogurt, and provide
emoneos results. Due to this fct, dynamic studies are much more reliable than destructive
rheological techniques for studying the physical properties of concentrate yogurt [67].
Consequently, during the last decades, dynamic tests have been widely used to investi gate
the rheological aspects of acid milk gels [43, 44, 48, 49, 113, 114, 116, [27-1209, 135-148].
Small amplitude oscillatory tests are used to compare the rheological aspects of experimental
and commercial samples of concentrate yogurt. Small deformation is defined as a small
relative deformation which, when applied, docs not disupt the gel nebwork structure, 1e.,
within the lincar viscoelastic region. This type of test involves applying an oscillatory
{sinusoidal) siress or stramn to the material and measuring the stmin or stress responses [31].
The magnitude and phase shift of the transmission depend on the material’s viscozlastic
nature, Much of the stress is transmitted in highly elastic materials while it is dissipated in
frictional |osses in highly viscous ones. The phase shift is large for highly viscous materials
bt small for highly elastic materials [1449]. Several rheological parameters are determined in
asmall amplitude cseillatory rheology test. The storage modulus (G7) expresses the magnitude
of the energy that is stored in the material or recoverable per cycle of deformation { ndicates
the solid- like properties). The less modulus (G7) is a measure of the energy which is lost as
viscous dissipation per cyele of deformation {reflects the liguid-like properties). Therefore,
for a perfectly elastic solid, all the energy is stored, that is, G" 15 zero and the stress and the
strain will be in phase. In contrast, for a liquid with no clastic properties, all the energy is
dissipated as heat, that is, (3" is zero and the stress and the strain will be out of phase by 9.
For a specific food, magnitudes of 7 and " are influenced by frequency, tempemture, and
strain. For strain values within the linear mnge of deformation, G" and G" are independent of
strain. The loss tamgent {tan &) is the ratio of the energy dissipated to that stored per eyeleof
deformation and indicates the type of viscoelastic properties in a material. A high tan dvalue
{Le., (3" ="} means that the material has liquid-like behavior [31, 150]. These pammeters
are defined as follows:

i

G H}ma )

w = [2e]

G = Hm}smﬁ {1
Gir

tand = EJ 4
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where g 15 the amplitude of the share stress, w is the amplitude of the stmin and & s the
phase angle difference hetween the stress and the strain [38, 150, 151]. In acid milk gels, the
(" is determined by the mumber and'or strength of non-relaxing protein bonds {covalent
bonds), whereas the GG is determined by mpidly relaxing bonds {non-covalent bonds) [53].
The " and 3" are similardy related to the spatial digribution and the mumber of protein-
protein bonds, which, therefore, suggests that tan & is related to the nature of the protein
bonds [64].

5.2, Whey separation

Whey separation, i.e., the appeamance of whey on the surface of a milk gel, isa common
defect in fermented milk products such as yogurt [38, 132]. Whey separation negati vely
affects consumer perceptions of yogurt, as consumers think there 15 something
microbiologically wrong with the product [31] Due to this fact, manutacturers try to
prevent whey sepamtion by increasing the total solids content of milk, subjecting the milk to
a severe heat treatment (1o increase whey protein denaturation ) or by adding stabilizers such
as gelatin, pectin, starches, or gums [37]. Spontaneous syneresisis the usual cause of whey
separation [3 1] Syneresis is defined as shrinkage of a gel and thisocours concomitant Ly with
expulsion of liquid or whey separation. Spontanemssyneresis is contraction of a gel without
the application of any external forces(e.g., centnfugation) and is related to instability of the
gel network (i.e., largescal e rearrangement =) resulting in the loss of the ability to entrap all
the serumphase [132] Hence, excessive rearmngements of particles in the gel network are
respomsible for high levels of whey separation [ 105]. Previous studies showed that several
manufactunng condit ons, such as low total solids content { protein content) of the mix, very
loow acid production {(pH=4.8), excessive heat treatment of the mix, and very hi gh incubation
tempermtures, promote whey sepamtion [38, 105]. Increasing content of protein by whey
protein concentrate addition decreases the syneresis [152] Whey sepamtion is intimately
related tothe gel network™s microstructure, Extensive rearrangements of protein particles in
the gel network may be associated with inereased local breakage of weak protein strands that
make up the unctions n the network. This may result in the formation of weak spots and a
less stable gel network [1231]. Sever| authors reported that a high mumber of relaxing {non-
covalent) protein bonds present in the gel favor rearrangements in the network and results in
greater whey sepamtion [103, 116, 127, 153] As the mumber of non-relaxing {covalent)
protein bonds increases, the level of rearrangements in the gel network decreases and a lower
level of whey sepamation is obtained [ 105, 116, 127, 154]. Hence, high tan & values together
with low G values can be correlated with high levels of whey separation [ 105], On the other
hand, whey sepamtion is also related to the permeability of the gel network. Finer networks
with a higher level of cross-links and smaller pores will have less of a tendency to exhibit
whey drainage under the foree of gravity than coarser, more open structures | 145].

53, Clasters formation

Undesimed clusters can have a negative offect on a yogurt’s texture.  Numerous
manufactuning parameters, such as severe heat treatments, excessive whey protein to casein
ratios, high incubation temperatures, certain types of starter cultures and the use of cxcessive
amounts of starter culture, are assoct ated with textural defects ofstirred yogurt like graininess
{particles) or surface roughness (irregularities in the yogurt matrix) [51, 155]. Remeufet al.
[114] reported that grmininess can be related to an increase in the casein micel les size caused
by the imteraction of micelles with denatured whey proteins. Puvanenthiran et al. [145]
associated the ohserved granny texture with the formation of big whey protein aggregates,
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Although manutacturing pammeters have a direct influence on the formation of clusters,
according to Lee and Lucey [31], stirred yogurts are likely to have clusters of protein
aggregates which are presumably created by the collisions and shearing during the mixing
process involved in their production.

Conclusions

Future research should be focused on the production of concentrated yogurt by direct
recombination. It offers important advantages over other industrial production methods as it
is more envimonmentally friendly and the product can be more nutn iows. Still, rheological
properties of recombined concentrated yogurt are different from those of stramed yogurt.
Usually they form weaker gels than those made by tradifional or UF methods. Different dry
dairy ingredients {especially with elevated comtent of whey protein) should be used for
production of coneentrated yogurt, Such products could be used as supplements of diet for
sportsmen and physically active people. In the future it is also crucial to find an effective
formulation for producing a recombined non-fat, additive- free type of Greek-style yogurt.
Inecreased whey protein comtent {in form of whey protein isolate with low content of fat) could
solve the problem of weaker texture of non-it product .
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