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Abstract Ultrasound (US) application on milk fat homoge-
nization was compared to conventional treatment by pressure
in terms of milk fat globule (MFG) size, fermentation process
kinetics, and viscosity of set type yogurt. Homogenization of
milk by (i) US (frequency 20 kHz, amplitude 150–750W) and
(ii) two-stage pressure (10–30 MPa/5 MPa) was examined.

The more intense the homogenization was, the smaller the
MFG became, regardless of the applied method; high-
intensity US homogenization reduced the MFG size to
0.78 μm. The fermentation kinetics of ultrasonicated milk
samples were significantly different to the samples homoge-
nized by pressure in terms of pH and viscosity. The pH
reduction rate and the duration of pH lag phase of US homog-
enized milk were significantly lower (42 % for μpH and 52 %
for λpH) compared to those of milk homogenized by pressure.
In terms of viscosity evolution, the US homogenization leads
to increased rates of increase (by up to 64 %) and shorter lag
phases (by up to 56 %), compared to pressure homogeniza-
tion. Yogurt coagulum obtained at the end of the fermentation
(pH=4.6) of milk homogenized by US had significantly
higher viscosity values compared to those of milk homoge-
nized with pressure. The difference in the evolution and the
end values of yogurt’s viscosity was attributed to the denatur-
ation of milk proteins occurring during the US treatment of the
milk. US treatment of milk leads to decrease of soluble protein
content and composition, which is possibly connected with

the formation of insoluble high molecular weight
coaggregates that occurred due to whey protein denaturation
during US treatment.
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Introduction

Homogenization of milk is a standard process commonly
applied in the dairy industry that is utilized in the processing
technology of most dairy products, and in particular of yogurt.
The aim of homogenization is to prevent the unsolicited phe-
nomenon of phase separation (creaming) that occurs to the
milk (Walstra et al. 2006). Milk is a known natural oil in water
(o/w) emulsion with the milk fat globules (MFGs) acting as
the dispersed phase. Due to interfacial tension and Brownian
motion, the MFG collides and aggregates, thus rise to the
surface of the milk volume creating two phases (Fox 2011).
Milk homogenization subjects MFG to severe conditions
causing shear stress gradient and cavitation phenomena; as a
result, these formations are disrupted, and the new smaller
globules are maintained in dispersion while a new membrane
is formed at the fat serum interfaceMather (2011). Such severe
conditions can be achieved either by the application of pres-
sure or by high-velocity flow of milk or by high-frequency
vibrations (>10 kHz) (Fox 2011; Walstra et al. 2006; Wilbey
2011). Themethod considered as conventional and thoroughly
studied is homogenization by pressure application; pressure
values commonly applied in industrial dairy processes are in
the range of 10–20 MPa (Walstra et al. 2006; Cano-Ruiz and
Richter 1997). Main effects of homogenization include the
reduction of the MFG diameter from 10–2 to 1–0.1 μm and
the alteration of the MFG membrane, enriching it with protein
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molecules, mostly caseins, absorbed from the milk serum
(Cano-Ruiz and Richter 1997). The homogenization process
further affects the formation and the quality of certain dairy
products. In the case of yogurt, homogenization has a signif-
icant effect on the rheological, visual, and microstructural
properties of the final gel Nguyen et al. (2013). In particular,
the homogenized MFG, having more casein molecules on
their membrane, shows structure-forming properties and be-
comes intergraded in the protein network of yogurt gel, thus
increasing the latter’s strength. (Aguilera and Kessler 1988;
Cho et al. 1999; Tamime and Deeth 1980; Lucey et al. 1998).
Heat treatment of milk has been proven to have significant
effect on the yogurt viscosity and texture Tamime & Robinson
(2007). In particular, temperature increase above 80 °C causes
irreversible denaturation of whey proteins (β-lactoglobulin,
serum albumin) and unfolding their peptide chains, exposing
the thiol groups, thus allows the whey proteins to interact with
other protein molecules via S–S bonds. Depending on the pH
of the environment and the proximity of molecules available,
whey proteins can bind with other whey proteins and caseins
(κ- and αs1- mostly) and be incorporated at the MFG mem-
brane. The denatured whey proteins, especially at pH values
lower than 6.5, tend to be associated with casein micelles
(Sfakianakis and Tzia 2014), and these whey/casein com-
plexes contribute to the texture, viscosity, and strength of
yogurt coagulum (Horne 1999; Horne and Davidson 1993).
Therefore, increase of milk temperature above 80 °C will
further facilitate the denaturation and result in yogurt with
increased viscosity and texture characteristics (Guyomarc’h
et al. 2009; Mandy et al. 2011).

High-intensity ultrasound (US) has been thoroughly studied
(power level higher than 10W) and proved to generate conditions
of immense pressure as well as temperature and shear gradient,
thus cause cavitation, when propagate through a solution
(Ashokkumar et al. 2010; Dolatowski et al. 2007). Ultrasonic
treatment of 20 kHz has been referred to decrease size of whey
protein aggregates (Koh et al. 2014) and the diameter of MFG to
>1 μm (Wu et al. 2001; Sfakianakis and Tzia 2010) due to shear
force induced by acoustic cavitation. Therefore, US can be con-
sidered as an alternative method for reducing MFG size that can
be homogenization Mason (2003). Also, US treatment of milk
can additionally reduce or even eliminate microbial content of
milk (Cameron et al. 2009; Demirdöven and Baysal 2009). US
treatment is referred to cause alteration on the composition and
structure of MFG membrane, similar to those of conventional
homogenization via pressure (Krešić et al. 2008; Villamiel and de
Jong 2000). Furthermore,USmay alter the secondary structure of
milk proteins and cause aggregation aswell as denaturation of the
protein molecules (Chandrapala et al. 2011; Gülseren et al. 2007;
Madadlou et al. 2009). US combined with heat treatment
(thermosonication) (24 kHz, 120–400 W at 63 °C and 24 kHz,
400W for 10 min at 45 °C) achieves similar effect on the MFG,
reduction in size, and changes on the membrane, allowing

interaction with casein micelles. Specifically, thermosonication
treatment leads to average MFG diameter 0.6 μm and to enrich
the MFG membrane in casein molecules (Bermúdez-Aguirre
et al. 2008). Additionally, US treatment has been proven to cause
denaturation of milk proteins leading in the unfolding of the
peptide chains of whey proteins and subsequent formation of
whey–whey and whey–casein aggregates (Shanmugam et al.
2012).

Milk gels and yogurt produced from milk treated by high-
intensity US exhibited improved properties and particularly
high texture characteristics. Increasing the amplitude level of a
US treatment (20 kHz, 50–500 W for 1–10 min; Wu et al.
2001 20 kHz, 150–750 W for 10 min; Sfakianakis and Tzia
2010) significantly improved the water-holding capacity and
viscosity of yogurt and reduced the syneresis. Moreover,
higher US amplitude and higher US exposure time of milk
resulted in yogurts with increased viscosity. Increased viscos-
ity developed even in yogurts from skim milk treated with US
(22 kHz, 50 W, 0–30 min) due to high degree of whey protein
denaturation that occurred because of temperature increase
during ultrasonication (Nguyen and Anema 2010).
Thermosonication (25 kHz, 400 W and 45 or 75 °C for
10 min) also resulted in yogurts with greater viscosity and
higher water-holding capacity compared to the US-untreated
samples. The same treatment altered the microstructure of
yogurt resulting in a honeycomb-like network and exhibiting
a more porous nature with average structural size smaller
(∼2 μm) than those of conventionally manufactured (from
homogenized by pressure milk) yogurt (Riener et al. 2009b).
Furthermore, thermosonication treatment (40 °C and 20 kHz
for 12 s) combined with moderate pressure (2 MPa) has
proved to improve the rheological properties of yogurt and
strengthen its structure (Vercet et al. 2002; Riener et al.
2009a).

The aims of the current work are to study US homogeni-
zation of full fat milk (3.5 % fat content) compared to the
respective of pressure and examine the effect on the subse-
quent fermentation process kinetics (pH and viscosity evolu-
tion during fermentation) of milk into yogurt, in accordance to
models described by De Brabandere and De Baerdemaeker
(1999) and Soukoulis et al. (2007), as well as on the viscosity
of the yogurt.

Materials and Methods

Materials

Skimmed bovine milk (fat content 0.1 % w/w, SNF 14% w/w),
milk cream (fat content 36–42 % w/w, SNF 11 % w/w), and an
industrial symbiotic culture, Streptococcus salivarius subsp.
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus
were obtained from a dairy industry (FAGE S.A.).
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Methods

Milk Homogenization and Yogurt Production

Milk intended for homogenization was prepared using
skimmedmilk and untreated milk cream and was standardized
at 3.5 % fat content. SNF content of the milk samples was
standardized at 13 % w/w.

Milk samples of 500 mL were ultrasonicated using a
VC750 Vibracell© (Sonics & Materials, Inc, Newtown, CT,
USA) ultrasonic processor with a standard probe (Titanium
alloy Ti-6Al-4 V, length 136 mm, tip diameter 13 mm). The
ultrasonic processor’s probe was immersed into the milk
sample of approximately 2.5 cm. Ultrasonication was per-
formed at a frequency of 20 kHz and output power of 150,
262, 375, 562, and 750 W for time of 10 min (corresponding
to 20, 35, 50, 75, and 100 % of the processor’s total power).
During US homogenization, the temperature was monitored
(RTD Thermometer HD2307, with a TP49AC sensor contact
probe Delta OHM, Caselle di Selvazzano, Padova, Italy) and
remained stable for 150- and 262-W treatments while reached
87 °C for 750-W treatment.

Pressure homogenization was performed at a two-stage
pressure homogenizer APV 1000 (Albertslund, Denmark).
The pressure applied to the milk samples at the first stage
was 10, 15, 20, 25, and 30ΜPa while on the second stage was
5 MPa for all samples. Each sample went through the homog-
enizer twice.

Homogenized milk samples (by US or pressure) and the
nonhomogenized/untreated sample were heated at 80 °C for
20 min, then cooled at 46 °C, inoculated with 3.0 % w/w
starter culture, and divided to aliquots of 200 mL. The mix-
tures were incubated at 45 °C until their pH reached the value
4.6±0.1 (Penna et al. 2007; Saint-Eve et al. 2008; Serra et al.
2009). Afterward, samples were stored at 4 °C for 24 h.
Fermentation time of the entire acidification and yogurt curd
formation process was considered as the time from the inoc-
ulation with the started culture till the pH reached the final
value (4.6±0.1). All experiments were carried out three times.

Measurements

MFG Size and Distribution

After homogenization, MFG diameter and distribution were
measured using a Mastersizer Micro (Malvern Instruments
Ltd., Worcestershire, UK) equipped with an RF He–Ne laser
(λ=300 nm). Before the measurement, a solution containing
8M urea plus 50mMEDTA, adjusted to pH 7.0, was added to

the samples 10 % (v/v) and left for 1 h to disrupt clusters of fat
globules and/or casein micelles (Thiebaud et al. 2003).

Monitoring of pH During Fermentation

Throughout the fermentation process, pH of the samples was
monitored at 5-min intervals, using aWTW pHmeter 3310 set
3 (WTW, Weilheim in Oberbayern, Germany).

Viscosity Measurements During Fermentation and Yogurt

The apparent viscosity of the samples was monitored during
fermentation, and the viscosity of the final yogurts was mea-
sured using the method described by Soukoulis et al. (2007).
During fermentation, a different sample was taken from the
incubator per 30 min, and its viscosity was measured by using
a Brookfield viscometer model LV (Brookfield Engineering
Laboratories Inc., Stoughton, MA) using a helipath stand at
50 rpm with T-bar spindles A, B, C, and F. For each sample,
three dial readings were taken at 30-s intervals, and their mean
value was reported. Viscosity measurements were performed
in yogurts at the incubation temperature, which was main-
tained by a circulating water bath (Lauda ecoline RE 312,
Lauda-Königshofen, Germany).

Fermentation Kinetics of pH and Viscosity Development

Milk fermentation process into yogurt can be described ade-
quately by the evolution of pH and viscosity versus time; the
model that expresses the evolution of pH during fermentation
time is the modified Gompertz models of De Brabandere and
De Baerdemaeker (1999) (Eq. 1).

pH ¼ pH0 þ pH0 � pH∞ð Þ � −exp
e ⋅ μpH

pH0 � pH∞ð Þ ⋅ λpH � t
� �þ 1

� �� �

ð1Þ

pHο, pH∞=initial and end values of pH, respectively

μpH (min−1)=maximum rate of pH decrease

λpH (min)=duration of pH lag phase, and the model that
describes the evolution of viscosity during fermentation is the
modified Gomperz model of Soukoulis et al. (2007) (Eq. 2).

μα ¼ μα0 þ μα0 � μα∞
� �� −exp

e⋅μv

μα0 � pHα∞
� � ⋅ λv � tð Þ þ 1

" #( )

ð2Þ

μαο, μα∞ (Pa*s)=initial and end values of viscosity,
respectively
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μv (min−1)=maximum rate of viscosity decrease

λv (min)=duration of viscosity lag phase

The parameters μpH, λpH, μv, and λv would be calculated
based on the experimental results of pH and viscosity mea-
sured during fermentation.

Milk Protein Behavior After Homogenization

Milk protein content was determined by the Bradford
assay (Bradford 1976), using bovine serum protein
(BSA, Sigma, USA) as standard, and the denaturation
degree was estimated. The soluble protein composition
of the US-treated milk samples was detected by the
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) according to the method of Laemmli
(1970), using a 12.5 % polyacrylamide gel. 2-
Mercaptoethanol was used in SDS-PAGE loading buffer
under denaturing conditions ensuring the degradation of
coaggregates possibly formed by disulfide interactions.
For the visualization of milk whey proteins and caseins,
the gel was stained with Coomasie Blue R-250. The
homogenized, either by pressure or US, milk samples
as well as the raw milk, prior to the Bradford assay and
the SDS-PAGE electrophoresis, were centrifuged at
10,000 rpm (18,000g) for 10 min to monitor the soluble
protein fraction.

Statistical Processing of Experimental Data

Data of measurements were statistically analyzed by
factorial analysis of variance with categorical predictors
the method (US and pressure) and the US amplitude
and pressure value while comparisons between the

groups of data were performed using Statistica®
(Version 10, Statsoft, Tulsa, OK, USA). For the graph-
ical representation, Sigmaplot® (Version 10 SYSTAT,
Point Richmond, CA, USA) was used. All measure-
ments were carried out in duplicate, and the mean
values are presented.

Results and Discussion

Size and Distribution of MFG

The effectiveness of the two homogenization methods of
concern was evaluated by the reduction of the MFG particle
size. Both methods proved efficient resulting in reduction of
the MFG diameter according to data displayed in Table 1.
Both high US intensity (>300 W) and pressure (15/5 MPa)
homogenization lead to acceptable MFG size (d<1 μm),
while equivalent homogenization treatments can be
suggested.

Yogurt Fermentation Process

Figures 1 and 2 illustrate the representative evolution of
pH and viscosity with time of the fermentation experi-
ments until the pH reached the value of 4.6±0.1 using
milk homogenized by US or pressure; sigmoidal functions
of pH and viscosity versus time were verified for both
homogenization methods. The modified Gompertz model
of De Brabandere and De Baerdemaeker (1999) was ver-
ified for the evolution of pH for all samples, treated by
US or pressure, with very good regression (R2>0,999),
and the evolution of viscosity verified the sigmoidal mod-
ified Gompertz model of Soukoulis et al. (2007) with very

Table 1 Effect of homogenization method on the size diameter (μm) of the MFG

Homogenization method Dv 0.1 Dv 0.5 Dv 0.9 d3.2 d4.3

None (Raw milk) 0.69±0.016 2.21±0.024 5.33±0.172 2.73±0.082 1.53±0.024

Ultrasound (W) 150 0.62±0.041c 1.73±0.082e 5.07±1.125b 1.31±0.025d 2.05±0.021d

262 0.45±0a 1.04±0.008d 2.55±0.033a 0.95±0.021b.c 1.41±0.008b.c

375 0.41±0.008a 0.68±0.016a.b 1.25±0.042a 0.89±0.041a.b 0.75±0.041a.b

562 0.41±0.005a 0.64±0a 1.15±0.017a 0.86±0.021a 0.62±0a

750 0.40±0.005a 0.60±0.005a 0.99±0.033a 0.78±0.005a 0.58±0.016a

Pressure (Mpa) 10 0.51±0b 1.13±0.024d 2.31±0.072a 1.34±0.082c 1.27±0.024c

15 0.45±0.015a 0.85±0.08c 1.77±0.025a 1.16±0.015a.b 0.90±0.095a.b.c

20 0.44±0.016a 0.81±0.057b.c 1.82±0.041a 1.07±0.074a 0.77±0.016a.b

25 0.41±0.009a 0.64±0.021 1.18±0.017a 0.95±0.018a 0.62±0.025a

30 0.40±0a 0.62±0.014 1.04±0.026a 0.78±0.017a 0.61±0.012a
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good regression (R2>0,997) as well. However, the curves
descr ibing the pH dur ing fermenta t ion of US-
homogenized milk were steeper, without the three phases
being distinguishable (Fig. 1), unlike the respective curves
of milk homogenized by pressure (Fig. 2).

As far as the viscosity evolution during fermentation is
concerned, a significant increase was noticed at the final
viscosity values for samples homogenized by high-
amplitude US (562 and 750 W, Fig. 1d, e) compared to those
from conventionally homogenized milk samples.

Fig. 1 pH and viscosity evolution versus time during fermentation of milk homogenized by US. 1a corresponds to 150W, 1b to 262W, 1c to 375W, 1d
to 562 W, 1e to 750 W, and 1f to untreated/nonhomogenized
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Fermentation Time

Actual fermentation time was tFerm=295±15 min and
statistically not affected by the homogenization method
neither by the intensity of the method. Therefore, fer-
mentation time of yogurt may depend mostly on the
milk heating, the fermentation temperature, and the
starter culture (De Brabandere and De Baerdemaeker

1999; Sodini et al. 2004), though not by the homoge-
nization method used.

Kinetic Parameters of pH Evolution During Fermentation
(μpH and λpΗ)

The duration of lag phase of pH (λpH) was significantly
affected by the homogenization method and by the US

Fig. 2 pH and viscosity evolution versus time during fermentation of milk homogenized by pressure. 2A corresponds to 10 MPa, 2B to 15 MPa, 2C to
20 MPa, 2D to 25 MPa, 2E to 30 MPa and 2 F to untreated/non-homogenized

Food Bioprocess Technol (2015) 8:548–557 553



amplitude (P<0.05) as well (Table 2). In general, samples
derived from homogenized by US milk had shorter lag phase
than those from homogenized by pressure milk. The samples
from milk homogenized by US at 150- and 750-W amplitude
presented shorter lag phase from those from milk homoge-
nized byUS at 262- and 562-Wamplitude. The duration of lag
phase did not differ in samples from milk homogenized by
pressure, while it was generally found longer than the respec-
tive durations of the samples from milk homogenized by US.
This difference occurred at the λpH in which according to the
homogenization method may be attributed possibly to the
sterilization effect of US on milk (Cameron et al. 2009), thus
providing a more hospitable environment for the starter cul-
ture to inhabit and grow, therefore facilitating the initiation of
the acidification process.

The maximum rate of pH decrease (μpH) was significantly
affected by the method of the homogenization (P<0,05), not
by the intensity of the homogenization method used (Table 2).
Specifically, pressure-homogenized samples showed mean
μpH 1.50*10−2±1.05*10−3 min−1 and US-homogenized sam-
ples μpH 8.6*10−3±5.5*10−4 min−1, respectively.

Kinetic Parameters of Viscosity Evolution
During Fermentation (μv and λv)

The duration of the lag phase of viscosity (λv) was signifi-
cantly affected only by the homogenization method (P<0.05)
(Table 2). Moreover, lag phase was found shorter in samples
from homogenized by US milk compared to samples from
homogenized by pressure milk.

The maximum rate of viscosity increase (μv) was signifi-
cantly affected by the homogenization intensity (P<0.05)
(Table 2). High μv values resulted in samples from milk
homogenized by high US amplitude (562 and 750W), follow-
ed by US amplitude US (375 W) or pressure (10, 15, 20, 25,
and 30 MPa), while the lowest μv values found in samples
from milk homogenized by US amplitude (150 and 262 W).

In US treatment, specifically of very high amplitude, the
increased μv values and decreased λv values can be attributed
to the denaturation of milk proteins occurring during treat-
ment, either due to temperature increase or due to cavitation
phenomena Shaker et al. (2000). During acidification, the
denatured whey proteins, being more susceptible to associa-
tion with casein micelles, aggregate due to the reduction of
their repulsive charge, acting as bridging material between
casein micelles; as a result, the bonds of the casein matrix
are formed more easily, thus facilitating the yogurt coagula-
tion (Horne and Davidson 1993; Morand et al. 2011).
Additional denaturation of whey proteins, occuring during
ultrasonication due to temperature increase and acoustic cav-
itation, contributes to the matrix formation and the strength of
the coagulum (Shanmugam et al. 2012). Viscosity lag phase of
US samples ended at the pH value of 5.1, which corresponds
to the pI ofβ-lactoglobulin, so the coagulation started at the pI
of β-lactoglobulin rather than the pH value where the caseins
aggregate. The above claims about protein denaturation are
strengthened by the results of Bradford assay (Table 3) and
SDS-PAGE electrophoresis (Figs. 3a, b). According to

Table 2 Fermentation kinetics
parameters for milk samples ho-
mogenized by pressure and US

μpH λpH (min) μvisc λvisc (min)

Untreated 12.8e-3±6.51e–4b 127±9.18c 4.29e–3±2.58e–4b 205±8.15d

150 W 8.27e–3±7.9e–4a 36±6.47a 4.00e–3±3.25e–4a 115±23.18a,b

262 W 8.40e–3±5.05–4a 83±8.79b 5.54e–3±4.17e–4a 135±12.25 a,b,c

375 W 8.14e–3±2.72e–4a 66±5.63b 7.36e–3±3.28e–3b 106±18.49a,b

562 W 8.53e–3±4.61e–4a 76±4.23b 15.52e–3±2.32e–3b,c 126±14.32 a,b

750 W 8.72e–3±3.01e–4a 24±4.13a 17.17e–3±5.68e–4c 141±5.88a

10/5 MPa 14.2e–3±5.13e–4b,c 116. ± 0.92c 2.69e–3±8.06e–4b 134±23.64c

15/5 MPa 13.6e–3±1.49e–3b 117±4.92c 6.62e–3±4.24e–5b 180±9.32c,d

20/5 MPa 15.1e–3±4.93e–4c 117±3.54c 5.76e–3±1.38e–4b 177±7.14c,d

25/5 MPa 16.2e–3±9.39e–4c 129±4.85c 4.47e–3±6.42e–4b 148±4.86c

30/5 MPa 15.7e–3±5.62e–4c 124±4.97c 5.88e–3±2.08e–3b 162±5.32c

Table 3 Soluble proteins in milk samples homogenized by US and
pressure

Protein content (mg/100 mL) Protein content reduction %

Untreated 36.36±0.90a 0

150 W 33.97±0.32a 7.08

262 W 32.74±0.58a,b 10.42

375 W 21.69±0.63b 40.67

562 W 16.35±0.91c 55.26

750 W 11,41±0.31c 68.78

10/5 MPa 33.97±0.72a 0.52

15/5 MPa 32.74±0.27a 0.55

20/5 MPa 21.69±0.77a 1.31

25/5 MPa 16.35±0.44a 2.22

30/5 MPa 11,41±0.96a 2.83
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Table 3, the soluble protein content of milk is reduced after
ultrasonication, while after pressure homogenization, no sig-
nificant change was observed. In particular, the higher the US
amplitude, the lower the soluble protein content. SDS-PAGE
showed the major milk protein bands, such as BSA, αs1- β-
and κ- caseins, as well as β-lactoglobulin (β-Lg) and α-
lactalbumin (α-La) (Fig. 3a, b) Jovanovic et al. (2007). All
major protein bands were more strongly visible and thicker in
untreated and pressure (Fig. 3b) treated milk compared with
those from the US-treated milk samples (Fig. 3a); the band
corresponding to BSA is barely visible on the US-treated
samples. The above observations may confirm the formation
of high molecular weight coaggregates due to US treatment.
The temperature increase combined with the high shear stress
during milk ultrasonication causes denaturation of several
whey proteins (β-lactoglobulin, serum albumin), unfolding
their peptide chain and leading to the subsequent formation
of whey–whey and whey–casein aggregates via disulfide
bonds (Shanmugam et al. 2012). After separating these insol-
uble high molecular weight aggregates from milk volume by
centrifugation, the US-treated samples displayed lower densi-
ty bands in the electrophoresis gel and lower absorbance in the
Bradford assay measurements, compared with the untreated
and pressure-treated samples.

Conclusions

High-intensity US homogenization proved equally efficient in
reduction of the MFG diameter with pressure homogenization
in addition to cause denaturation of whey proteins and the
formation of protein molecule aggregates. Fermentation ki-
netics of ultrasonicated milk into yogurt verified the modified
Gompertz model (pH vs time and viscosity vs time) and
displayed significantly different parameters in comparison
with milk homogenized by pressure. The μpH (pH decrease

rate) and the λpH (lag phase duration) of ultrasonicated milk
samples were lower than the respective of pressure-
homogenized milk samples. The viscosity evolution parame-
ters were also affected by the method and the intensity of
homogenization. Ultrasonicated samples displayed short λv
and high μv compared to pressure-homogenized samples.
Especially, the samples homogenized with very high intensity
US (562 and 750W) had significantly lower λv and higher μv.
Noticeable is the higher viscosity values at the end of the
fermentation process (pH=4.6) of the samples derived from
milk homogenized by high-amplitude US, compared to sam-
ples homogenized by pressure. The impact of US treatment on
viscosity and viscosity evolution is attributed to the whey
protein denaturation and the subsequent aggregate formation
between whey and casein molecules caused by high shear
stress and temperature increase during ultrasonication.
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