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Minas frescal cheese is extremely popular in Brazil, with high perishability and acceptability. Among emerging
technologies, ultrasound stands out for its satisfactory results regarding microbiological safety and technological
and sensory aspects. The combined mild temperature application, called thermosonication, can generate even
more promising results. In this study, a high-intensity ultrasound system combined with thermal heating (TS,
thermosonication) was applied for the treatment of raw milk to produce Minas Frescal cheese. US energy was
delivered to raw milk samples using a probe operating at a 20 kHz of frequency and nominal power of 160, 400,
and 640 W. The TS system was compared with conventional pasteurization (HTST, high-temperature short-time
pasteurization) at 72 to 75 °C and 15 s. Soft cheeses were prepared with different samples: (a) raw milk (control),
b) conventionally pasteurized milk (HTST), and c) TS treat milk in different nominal power (TS160, TS400, and
TS640). The produced cheeses were evaluated for microbiological behavior, rheology, color parameters, and
bioactive compounds. TS treatment in milk resulted in higher microbial inactivation and stability during storage,
improved color parameters (higher lightness (L*), and whiteness index (WI). TS treatment also showed a higher
generation of bioactive compounds (higher antioxidant, and inhibitory activities of a-amylase, a-glucosidase, and
angiotensin-converting enzymes) than HTST. The impact of TS on rheological properties was similar to HTST,
resulting in more brittle and less firm products than the cheese produced with raw milk. The positive effects were
more prominent using a nominal power of 400 W (TS400). Therefore, TS proved to be a promising process for
processing milk for Minas Frescal cheese production.

1. Introduction samples. In the industry, this time would be converted into income since

more products could be produced per time. In this sense, this research’s

1.1. Industrial relevance

The processing of milk for Minas Frescal cheese production using
thermosonication results in a higher microbial inactivation than con-
ventional processing (HTST). It improves the product optical parameters
without altering the rheological properties and can increase bioactive
compounds’ generation. In addition, the processing time is shorter (47 %
for 400 W nominal power). No negative impacts were observed in the

findings contribute to the dairy industry’s use of emerging technologies.

Minas Frescal cheese is a high-moisture cheese very popular in
Brazil, presenting soft texture, white appearance, fresh aroma, and
slightly salty cheese. Due to its high moisture content and simple pro-
cessing, it has an estimated 14 to 25-day shelf life. Furthermore, it has
high consumer acceptability and low production cost, generally pro-
duced from pasteurized milk [1].

Conventional thermal treatments, such as pasteurization, can ensure
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the microbiological safety of processed foods, but their application can
result in adverse effects such as nutrient degradation and sensory
changes. Therefore, emerging technologies, particularly nonthermal
treatments, have been increasingly studied and applied to process foods
[2-6].

Ultrasound (US) is one of the most applied and versatile emerging
technologies for process intensification in food processing, enabling
greater microbial and enzymatic inactivation and nutritional preserva-
tion [7,8]. The US comprehends mechanical waves above 20 kHz to 10
MHz, which can be classified as low frequency (20 to 100 kHz), inter-
mediate frequency (100 kHz to 1 MHz), and high frequency (1 to 10
MHz)[9]. The physical and chemical effects observed in a US acoustic
field occur due to acoustic cavitation. The cavitation phenomena are
characterized by the formation, growth, and implosion of microbubbles
of preexisting dissolved gas in the liquid media or gas sacs trapped on
the surface of solids [10]. Under a US field, those bubbles are exposed to
cycles of low pressure (rarefaction) and high pressure (compression). In
a low-pressure cycle, the bubble expands due to the rectified diffusion of
dissolved gases to the inner parts of the bubble cavity, in a higher
pressure cycle, the bubble is compressed. The cycles of rarefaction and
compression continue until the bubble reach a critical volume and col-
lapses violently. The violent bubble collapse leads to mechanical effects
such as shear forces, shock waves, and microjets [11].

The inactivation of bacteria under a US field may be due to the
damage to the surface of bacteria cell wall caused by mechanical shear
stress, with a pressure higher than 100 kPa, fast microjets with a speed of
100 m s}, and shock waves leading to a pressure of 40-60 kbar at 20
kHz [12]. Bacteria inactivation can also occur due to the formation of
highly reactive radical species caused by the sonolysis of water inside
the cavitation bubbles. The species of radicals formed, mainly the hy-
droxyl radical, can damage the bacterial DNA and interfere with enzy-
matic activity [9].

The balance between ultrasound physical and chemical effects de-
pends mainly on the frequency of the acoustic wave. At low frequencies
(20 to 100 kHz) the physical effects are more prominent due to the
higher size and lower number of bubbles. At higher frequencies, up to
500 kHz, chemical effects are more prominent due to the low size and
higher number of bubbles [10]. The ultrasound effects depend also on
other processing variables, such as treatment time, nominal power, and
temperature [13,14].

Dairy products have been the subject of numerous studies evaluating
emerging technologies in which US technology stands out [15]. Raw
milk, dairy beverages, fermented milk, and some types of cheese showed
satisfactory results related to ultrasound processing [16]. Thermosoni-
cation (TS) is the utilization of low heat in addition to ultrasound waves.
It can increase the shelf life of the product, making it safe for human
consumption without altering its nutritional composition and sensory
properties [11,17]. TS has shown positive results in dairy food pro-
cessing, such as whey drinks [18] and dairy desserts [19]. However,
more investigations are needed to confirm its adequation, including
studies with cheeses and the influence of nominal power as a process
parameter.

Therefore, this study aimed to evaluate the influence of thermoso-
nication, an emerging technology that has shown promise in food pro-
cessing, in the processing of raw milk for the production of Minas Frescal
cheese, a very popular soft cheese in Brazil. The products were evaluated
for microbial behavior, bioactive compounds, and optical and rheolog-
ical parameters.

2. Materials and methods
2.1. Thermosonication (TS) and HTST processing
The raw milk (about 3.4 % w/w) used to produce Minas Frescal

cheese was obtained from Cooperativa de Produtores de Leite Barra
Mansa, located in the city of Barra Mansa, Rio de Janeiro. It was kept
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under refrigeration (4 + 2 °C) during the transport to the laboratory. For
all the experiments of high-temperature short-time (HTST) pasteuriza-
tion and thermosonication (TS), the initial milk temperature was
established at 30 °C. The experiments were carried out in triplicate.

For HTST experiments a glass flask with 300 mL of raw milk was
placed on a hot plate with magnetic agitation (SL-91, Biolab), as pre-
sented in Fig. 1A, until reaching the temperature of 72-75 °C, keeping in
this range for 15 s, and immediately cooled in an ice bath to 35 °C.

For TS experiments a flask with 300 mL of raw milk was treated using
an ultrasound probe device (QR750, Ultronique Disruptor/Sonicator,
Sao Paulo, Brazil) with a 13-mm probe, operating at 20 kHz in different
nominal power (160, 400, and 640 W), as presented in Fig. 1B. The
ultrasound probe was dipped into the milk (10 mm of the milk surface)
under magnetic agitation for the TS process. TS experiments were car-
ried out until samples reached 72-75 °C. Then, the milk was kept at the
target temperature for 15 s and immediately cooled in an ice bath to
35 °C. During processing, the temperature was not controlled, and the
temperature increase was a response of acoustic cavitation in combi-
nation with heating by conduction. The temperature profile of the
treatments was measured and presented in Fig. 2.

The acoustic power of the process (AP) (Equation (1)), the acoustic
intensity (AI) (Equation. (2)), the power density (PD) (Equation (3)), the
specific energy (SE) (Equation (4)), and the energy density (ED)
(Equation (5)) were calculated as suggested by Strieder et al.[20]. The
specific heat capacity (Cp) was established according to Hu et al. [21],
where the milk with 3.4 % fat has approximately 3.9 J g~ °C™1,

AP(W) = mCp (‘%) @

where Cp is the specific heat capacity (J g ! °C™!) measured at constant
pressure, m is the mass (g) of the sample, and dT/dt is the heating rate in
function of process time (°C s7H.

w 4 x AP
Al (7) = 2)
Where D is the probe diameter (cm).
() -4 ©
mL \%4
SE<£> :AP><t )
8 m

where V is the sample volume (mL), t is the processing time (s), and m is
the sample mass (g). The energy density (ED) was also calculated ac-
cording to Equation (5).

ED<L):UP><I )

cm? Vv

where UP is the ultrasonic power (J s’l), tis the processing time (s), and
V is the sample volume (cm®).

2.2. Minas Frescal cheese processing

Minas Frescal cheese processing was carried out according to tradi-
tional methodology, as described by Rocha et al.[1], with modifications.
First, the treated milk samples of each treatment were mixed to obtain
900 mL of milk. Next, the milk was kept inside water baths at 35 °C.
Then, the ingredients were added in the following concentrations
considering 1 L of milk solution: calcium chloride (0.5 mL L'l), lactic
acid (0.2 mL L'l), and liquid rennet (chymosin, HA LA, Chr Hansen,
Valinhos, Sao Paulo, 0.8 mL L) and the mixture kept resting for 40 min
until coagulation. Then, the obtained curd was cut into cubes of
approximately 2 cm. Next, the curd was stirred as follows: 2 min slow
stirring; 5 min rest; 5 min slow stirring; 5 min rest; then, the whey was
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Fig. 1. Scheme of the thermosonication (A) and HTST processing (B).
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Fig. 2. Temperature profiles of raw milk processing by Thermosonication
(TS160, TS400, TS640) and conventional pasteurization (HTST).

partially drained, and the curd salted (NaCl, 1.5 % w/w of the initial
volume of milk). A control sample with raw milk was also prepared.
Subsequently, the curds were placed into polyethylene plastic cylindri-
cal molds (10 cm diameter) and stored in a fridge (5 °C & 2 °C) for 24 h.
After that period, the cheeses were packed in sterile polyethylene plastic
bags and kept under refrigeration for 24 days at 5 + 2 °C.

2.3. Gross composition

The analysis was performed according to the traditional methods
published elsewhere [22]. Moisture was determined gravimetrically
after drying in an incubator at 105 °C (Micronal, Sao Paulo, Brazil) for
24 h. The total content of ash was also determined gravimetrically after
heating 2 g of sample in a muffler furnace (Micronal) at 550 °C. Protein
was calculated by determining total nitrogen by the Kjeldahl method
using a conversion factor of 6.38. Finally, the fat content was deter-
mined using the Gerber method.

2.4. Microbiological analysis and predictive modeling

Initially, the samples were subjected to serial dilutions in buffered
peptone water 0.1 % w/v. Plate count agar (Himedia®, India) was used
to count total aerobic mesophilic bacteria (AMB) and aerobic psycho-
tropic bacteria (APB), with incubation at 37 °C for 48 h and 7 °C for 10
days, respectively [23,24]. Lactic acid bacteria (LAB) were enumerated
using Man, Rogosa, and Sharp agar (MRS, Himedia®, India) supple-
mented with 100 mg L! of cycloheximide and incubation under anaer-
obic conditions (Anaerobac®, Probac, Brazil) at 37 °C for 48 h.

Microbiological analyzes were performed immediately after pro-

cessing (day 0) to verify microbial inactivation and during storage every
4 days until day 24. In addition, the microbial count was evaluated in a
sample produced with untreated milk (control). To assess microbial
inactivation, the number of log reductions (y) was calculated according
to Equation (6) [23]:

y = log10(Ny) — log10(N;) (6)

where Ny is the number of viable microorganisms of the untreated
sample (control), and Nf is the number of viable microorganisms after
processing.

To evaluate microbial behavior along the storage time, predictive
growth models were fitted by DMFit Excel add-in software, using the
Baranyi model (Equations (7) and (8)) [25]:

eMmaxAll) _

] )

M Ymax—yo)

1
Y(t) = Yo + HuuAt) = - (1+

1 (—Hmaxt)
Alf) = 14— In(C—Hdo

®
Homax 1+qo )

where y(t) is the cell concentration (CFU mL_l), at time t (d), Ymax (K) is
the maximum cell concentration (CFU mL’l), Vo is the initial cell con-
centration (CFU mL’l), Mmax is the maximal specific growth rate (CFU
mL~1.d1), qq is a measure of the physiological state of the cell, and m is
the parameter related to curvature after exponential phase.

2.5. Color

The color of the samples was measured by a colorimeter (Colour
Quest XE Hunter Lab, Northants, UK) and calibrated to illuminant D65.
The parameters L*, a*, b*, C*, and h* of the CIE (Commission Inter-
nationale de I’Eclairage) system were obtained according to the pro-
cedure established by Balthazar et al. [26]. In addition, the whiteness
index (WI, Equation (9)) was also calculated according to Balthazar et al.
[27]:

WI =100 — [(100 — L*?) + a** + p**]'/? ©)

2.6. Rheological analysis

The rheological behavior of the Minas Frescal cheese samples (con-
trol, HTST, TS160, TS400, and TS640) was evaluated in refrigerated
storage at 10 °C. The rheological analysis was carried out using the TA-
XT21 texture analyzer (Stable Micro Systems ltd., Surrey, UK), fitted
with a 50 kg load cell. The texture analyzer had a fixed platform and an
aluminum plate 35 mm in diameter. The plate and the platform were not
lubricated since it was considered that the whey exuded during the test
was sufficient to reduce the friction between the cheese surface and the
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plate/platform to insignificant levels. The samples were prepared by
removing the cheese’s cylindrical samples (20 mm diameter, 24 mm
length). These samples were wrapped individually in PVC film, then in
waterproof plastic bags, and maintained in a refrigerated bath at 10 °C
for at least 90 min before testing. Four cylindrical replicates were
measured for each sample.

A uniaxial compression test was performed by compressing the
sample to 20 % of its initial length at a crosshead speed of 1 mm s}
[1,28]. Force-displacement data were converted to true stress (o) (Eq.
(10)) and true strain (e;) (Eq. (11)), as described by Gunasekaran & Ak
[29]:

0, =—~= (10)

L L\ | Ly — AL
o)1= (2] o
where F(t) is the applied force at any time, A(t) is the cross-sectional area
at any time, Ag is the initial cross-sectional area, L(t) is the current
sample length, Ly is the initial sample length, and AL is deformation.
The stress-strain curves were fitted by a fifth-order polynomial
equation (Equation (12)) passing through the origin, as described by Ak
and Gunasekaran [29]:

5
2 3 4 5 i
0, = 1€+ e +aze, +ase! +ase) = E ae, 12)
P

where i denotes an index for the coefficients (a;) and power for the true
strain term (ei); and the coefficients (a;) were determined using a curve-
fitting procedure.

The fracture strain (¢f) and fracture stress (oy) represent the highest
strain and stress reached in the stress—strain curve before fracture,
wherein fracture strain (¢f) was estimated by locating the peak strain at
which the slope becomes zero (do;/de; = 0) and fracture stress (of) is the
corresponding peak stress value. The modulus of toughness (W) is the
amount of work per unit volume absorbed by a material until fracture,
which was calculated (Equation (13)) as the area under the stress—strain
curve up to the fracture point:

&

W = /otde, 13)

0

The linear region of the stress-strain curve was fitted by a linear
equation passing through the origin. The modulus of elasticity (E) was
calculated (Equation (14)) as the slope of the stress—strain curve in the
linear-elastic region, as described by Gunasekaran & Ak [29]:

oF = Eet 14

The modulus of resilience (W,), which is the amount of work per unit
volume absorbed by a material in the elastic range, was calculated
(Equation (15)) as the area under the stress—strain curve up to the elastic
limit:

W, = / Cotde, as)
0

2.7. Bioactive compounds

The antioxidant activity was measured from the ability to reduce 2,2-
diphenyl-1-picrylhydrazyl (DPPH), starting from the extract obtained by
extraction in ethanolic solution followed by centrifugation and vacuum
filtration [30]. From 150 pL of the extracts added with 2.85 mL of 0.006
mol L' DPPH solution, after standing in the absence of light for 60 min,
the absorbance was measured at 517 nm [31].

The inhibitory activity of angiotensin-converting enzyme I (ACE)
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was determined from the addition of 20 pL of the ACE enzyme (0.1
unit mL™Y) to the extracts obtained from the cheese samples, followed
by a 30-min wait, the addition of 250 pL of 1 mol L hydrochloric acid,
drying and resuspension in deionized water and absorbance reading at
228 nm [32,33]. In addition, the anti-diabetic activity, evaluated from
the inhibition of a-glucosidase and a-amylase, was measured according
to the methodology described by Lavelli et al. [34].

2.8. Statistical analysis

The experiment was designed in a completely randomized design,
and analyzes were performed in triplicate. The data were submitted to
the Analysis of variance (ANOVA) and Tukey test (significance level of p
< 0.05) using XLSTAT software version 2020 (Adinsoft, Paris, France).

3. Results and discussion
3.1. TS and conventional processing performances

The heating rates for TS160, TS400, and TS600 were measured
without the heating plate to measure the real heating caused by acoustic
cavitation. The obtained heating rates were 0.003, 0.013, and 0.03 °C
s1 for TS160, TS400, and TS600, respectively. According to the equa-
tions, the ultrasound parameters applied to the raw milk were: acoustic
power of 3.93, 15.72, and 39.3 W; an acoustic intensity of 8.5, 33.8, and
84.6 W cm™2; power density of 0.01, 0.05 and 0.13 W em™~3; and specific
energy of 11, 28.3 and 70.7 J g}, in treatments TS160, TS400 and
TS600, respectively. The ED values were 0.45, 0.72 and 1.15 kJ cm ™ for
TS160, TS400 and TS600, respectively.

Fig. 2 presents the heating performance of milk subjected to TS and
HTST.

TS formulations took shorter times (849, 550, and 550 s for TS160,
TS400, and TS640, respectively) to achieve the processing temperature
(72 to 75 °C) than HTST (1050 s, p < 0.05). In addition, the increase in
the nominal power from 160 to 400 W resulted in shorter processing
times, in the same proportion that heat generation increased (0.003 and
0.013, respectively, p < 0.05). However, a further increase in nominal
power (from 400 to 640 W) did not affect the processing times (p >
0.05). In practice, heat generation is related to cavitation bubble
collapse, which leads to a local heating during the process [10], so an
increase in the nominal power increases the heat generation. The results
of the present study suggest that TS may be an alternative to conven-
tional pasteurization leading to a processing time 47,5% shorter for
TS400 and TS600, compared with HTST. Therefore, a nominal power of
400 W would be recommended.

3.2. Gross composition

Table 1 shows the gross composition of Minas Frescal cheese
samples.

The moisture content ranged from 46.1 to 52.3 %. TS samples pre-
sented lower values and less variation between them (46.1 to 47.6 % w/

Table 1

Gross composition of Minas Frescal cheese samples.
Treatments Moisture Protein Lipid
Control 50.2° + 1.23 15.7° + 1.09 12.3" + 0.45
HTST 52.3° + 1.16 14.2° +1.21 12.9° + 0.21
TS160 47.6* £ 0.34 16.8° + 0.76 14.1* £ 0.32
TS400 46.9% £+ 0.41 17.2° £ 0.98 14.9° + 0.19
TS640 46.1 £ 0.24 18.1* £ 1.12 15.5% + 0.88

*Results are expressed as mean + standard deviation. Different letters mean
statistical difference among treatments according with the Fisher test (p < 0.05).
Control, TS160, TS400, TS640, HTST = untreated, sonication at 160, 400 and
640 W, and conventional pasteurization. Moisture, Protein and Lipid are
expressed in % w/w.
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w, p < 0.05) compared to the HTST sample. These findings can be
explained by temperature as a function of the time profile of the treat-
ments, as indicated in Fig. 2, where the TS treatments generated faster
heating, which may cause a more significant loss of free water in the
cheese.

Protein content also significantly differed between TS and HTST
samples (values ranged from 16.8 to 18.1 against 14.2 % w/w, p <
0.05). The samples treated by TS generated Minas Frescal cheese with
higher protein content, while the sample treated by HTST had the lowest
content compared to the control sample (p < 0.05). The application of
ultrasound affects the particle size of proteins and influences casein
micelles [35]. The disruption of casein micelles can increase the effec-
tive concentration of casein [11], which, combined with lower observed
moisture content, may explain the increased protein content in cheese
samples treated by TS. In addition, TS can increase surface hydropho-
bicity and expose buried sulfhydryl groups (located inside the protein),
thus improving gelling properties [36].

The same behavior was observed for the fat content, where the
samples treated by TS had higher values when compared to HTST
samples (values ranged from 14.1 to 15.5 against 12.9 % w/w). The
application of ultrasound causes changes in the size of fat globules [35],
but there is no record of changes in fat content in dairy products caused
by the technology. Thus, the significant difference is attributed to the
lower moisture value obtained in the TS-treated samples.

TS technology proved to be viable, regardless of the power applied,
concerning meeting the composition parameters of Minas Frescal cheese
required by Brazilian legislation, where it is classified as a high-moisture
cheese (moisture between 46 and 54.9 %) and semi-fat (fat in the dry
extract between 25 and 44.9 %) [37,38].

3.3. Microbial inactivation and predictive modeling

Fig. 3 shows the microbial inactivation observed for each microbial
group evaluated in each treatment, represented by the reduction in log
CFU g™ ().

The HTST treatment generated less microbial inactivation for all
microbial groups than TS treatments (p < 0.05). For example, AMB was
reduced by 1.63 log CFU g™! in the HTST treatment, while the TS
treatments resulted in reductions between 2.22 and 2.35 log CFU g~ .
Considering APB, the HTST treatment reduced 3.00 log CFUg ™}, while
the TS treatments reduced between 3.30 and 3.85 log CFU g7l
Regarding LAB, HTST treatment reduced 2.04 log CFU g™, and the TS
treatments reduced between 3.60 and 3.65 log CFU g~ '. The nominal
power significantly influenced APB, as the microbial inactivation was

5-
Bl HTST
c 4 B TS160
_g Hl TS400
8 34 Bl TS640
:
o 2]
0
I
1..
0..

AMB LAB

APB

Fig. 3. Microbial inactivation (y) in Minas Frescal cheese samples compared to
the control sample (manufactured from raw milk cheese). HTST, TS160, TS400,
TS640, conventional pasteurization, Sonication at 160 W, 400 W, 640 W
respectively. AMB, LAB, APB = Aerobic Mesophilic Bacteria, Lactic Acid Bac-
teria and Aerobic Psychotropic bacteria counts (log CFU g~ 1). Different letters
for the same microbial group indicate differences among formulations (p
< 0.05).
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sli§htly higher with increasing operating power up to 400 W (p < 0.05).
8

The higher inactivation of bacteria under a acoustic field of ultra-
sound can be explained by the cell disruption due to the physical forces
generated in bubble collapse and chemical attack of cell constituents due
the hydroxyl radical formation. Even though the cavitation phenomena
cannot inactivate all the bacteria, the US chemical and physical forces
can lead to a sub lethally damages that lead to a decrease of cell grow
[39-41].

Fig. 4 shows the growth curves of the observed microbial groups,
adjusted by the Baranyi predictive model. Experimental points are
represented by symbols, while full curves indicate the model’s fit.

It is possible to observe that all microbial groups grew faster and
reached a higher concentration at the end of storage in HTST-treated
samples compared to TS-treated samples (p < 0.05). Among the TS
treatments, slight differences in microbial behavior are observed, which
can be more detailed based on the mathematical parameters obtained
from the data adjustments to the Baranyi model, shown in Table 2.

Log CFU/mL

L} Ll L)

T T
0 4 8 12 16 20 24
Time (days)

o HTST
O TS160
A TS400
x  TS640
— HTST
— TS160
— TS400
— TS640

Log CFU/mL

I
0 4 8 12 16 20 24
Time (days)

Log CFU/mL

0 4 8 12 16 20 24
Time (days)

Fig. 4. Microbial behavior at the storage time of Minas Frescal cheese sub-
mitted to different treatments along the storage. Symbols with standard devi-
ation bars represent experimental points and solid lines represent the fit of the
growth curve by the Baranyi model. HTST, TS160, TS400, TS640 = conven-
tional pasteurization, Sonication at 160 W, 400 W, 640 W respectively. A, B, C
= Aerobic Mesophilic Bacteria, Lactic Acid Bacteria and Aerobic Psychotro-
pic bacteria.
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Table 2
Mathematical parameters obtained by fitting the data to the Baranyi predictive
model.

Aerobic Mesophilic Bacteria (AMB)

Treatment R? Yend I

HTST 0.961359 - 0.190006
TS160 0.962826 - 0.128742
TS400 0.964003 - 0.131896
TS640 0.986079 3.99 0.177909
Lactic Acid Bacteria (LAB)

Treatment R? Vend n

HTST 0.979936 - 0.180589
TS160 0.976941 - 0.155093
TS400 0.987198 4.65 0.190122
TS640 0.963819 - 0.150204
Aerobic Psychotropic Bacteria (APB)

Treatment R? Vend i

HTST 0.951032 - 0.21899
TS160 0.965305 4.86 0.216372
TS400 0.948846 - 0.142906
TS640 0.932284 - 0.139566

* Yend: Maximum population estimated by the model (log CFU g™ 1). ji: maximum
growth rate (min~?). R%: Correlation coefficient. Control. TS160. TS400. TS640.
HTST = untreated. sonication at 160. 400 and 640 W. conventional pasteuri-
zation. respectively.

Regarding the model’s fit, correlation coefficient (R?) values above
0.93 were obtained in all curves, indicating a good fit of the Baranyi
model to the experimental data. As seen in Fig. 4, none of the curves
presented an adaptation phase (lag time); thus, this parameter is absent
for this dataset. The yenq values represent the maximum population
estimated by the model in each curve. Only some curves associated with
the TS treatment showed this value, indicating that it was possible to
observe stability at the storage end. In the other curves, this was not
possible, indicating that the growth would continue beyond the defined
storage period.

Fig. 4A shows the curves related to AMB. While TS160 and TS400
exhibited practically equal curves, TS640 exhibited a stable behavior
from day 16 onwards. When verifying the growth rate (Table 2), it is
noted that the HTST treatment has the highest value (0.190 min~1) and
that TS640 has a close value (0.178 min™'). Thus, the superiority of the
treatments by TS compared to the HTST treatment concerning the
control of AMB in Minas Frescal cheese is evidenced, presenting lower
values of growth rate and stability of the population at the end of storage
for the higher potency treatment (TS640).

Fig. 4B shows the curves related to the behavior of LAB during cheese
storage. The three TS treatments showed similar curves, with TS400
exhibiting slight stability at the storage end. Although it has the highest
growth rate, the existence of a maximum population value is an
advantage over the HTST treatment, which has a similar growth rate
value to LAB. The behavior of APB can be seen in Fig. 4C. In this case,
TS160 caused a growth rate similar to that caused by the HTST treat-
ment, but with population stability from day 16 onwards. The other TS
treatments showed growth rates up to 35 % lower.

TS has been proven to generate positive effects when applied to foods
regarding microbial inactivation. The cavitation bubble collapse gen-
erates a more significant microbial inactivation when compared to
conventional heat treatments [10]. The turbulence generated by the
collapse of the microbubbles can break the cell membrane of microor-
ganisms, resulting in the leakage of cellular components. It can also
interact with free radicals formed with cellular DNA, and hydrogen
peroxide production in cavitation has bacteriostatic and bactericidal
effects [16,39,42].

The results obtained in the present study corroborate the higher
inactivation efficiency of ultrasound processing when applied to dairy
products such as raw milk, dairy beverages, fermented milk, and cheeses
[43-45]. In this way, this study confirms the applicability of TS for
microbial inactivation of milk and further processing of Minas Frescal
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cheese.
3.4. Color

The science of color links the fundamental properties of light and
matter to human perception. Therefore, the ability to capture and
generate color is related to its importance in a wide range of
manufacturing industries. Thus, this was divided into three branches:
the color properties of the illumination (luminosity), the object’s color
properties, and the detector’s or observer’s color response [46]. The
parameters related to luminosity/brightness (L*), chroma (C*), white-
ness index (WI), and hue (h) in samples of Minas Frescal cheese pro-
cessed by conventional pasteurization and TS are presented in Table 3.

The samples processed by TS presented higher L* and consequently
WI (Table 3, p < 0.05). Although the TS160 sample (L*: 94.412) was
significantly brighter than the TS640 sample (L*: 93.632), the latter (WI:
76.889) was significantly whiter than the former (WI: 75.272) (p <
0.05). In contrast, raw milk samples (control, L*: 92.387, WI: 68.415)
and HTST (L*: 93.142, WI: 72.536) were considered less bright and
white (p < 0.05), respectively.

In opposition to the whiteness result, it was expected that the control
sample (C*: 30.598) had higher chroma than the other samples, fol-
lowed by the pasteurized sample (C*: 26.592) and the samples processed
by TS (p < 0.05) when the tonality values (hab) showed the same trend
of chroma values.

Chromance is considered a quantitative attribute of color and de-
termines the degree of difference between a hue concerning a gray color
with the same luminosity. A sample with higher chroma is related to the
greater intensity of color perceived by the eyes [47]. The presence of
carotenoids in bovine milk is responsible for the yellowish pigmentation
and less whiteness as occurs in milk from other sources, such as sheep
[27]. However, as verified in the present study, this component is sus-
ceptible to heating and degradation at temperatures above 50 °C [48].

The color results presented in this work showed that the increase in
temperature, even if the processing is nonthermal such as ultrasound,
influences the degradation of carotenoids responsible for the less white
coloration in bovine milk, verified by the color parameters, mainly L*
and WI. Compared to the HTST treatment, the samples treated by TS had
higher indices related to white color. This can be explained by the fact
that the lower temperature applied in the TS treatment does not trigger
the Maillard reaction, which promotes the formation of dark pigments,
even in low amounts [49]. White color is desired for Minas Frescal
cheese, therefore, the higher L* and consequently WI values of TS-
treated cheeses would be interesting from the consumer point of view.

3.5. Rheological properties

Fig. 5 exhibits the true stress-true strain curves of the Minas Frescal
cheese samples, and Table 4 shows the values of the rheological pa-
rameters: modulus of elasticity (E), fracture strain (¢y), fracture stress
(o¢), modulus of resilience (W,), and modulus of toughness (Wy).

The modulus of elasticity (E) is a measure of a material’s resistance to

Table 3

Optical parameters of Minas Frescal cheese samples.
Treatments L* a* b* C h WI
Control 92.39¢ 8197 29.54*  30.60% 105519  68.424
HTST 93.14¢ -8.634 25.16°  26.59°  108.92° 72.54¢
TS160 94.412 -8.32" 22.61¢ 24.09¢ 110.21>  75.27°
TS400 94.20°  —8.45° 20.80¢ 22459 11212  76.82*
TS640 93.63" —-g.38™ 20574  2222¢  11217°  76.89°

*Different letters mean significant difference between treatments (p < 0.05). L*
= lightness. a* = from green (—) to red (+). b* = from blue (-) to yellow (+).
WI = whiteness index. h = hue. C = chroma. Control. TS160. TS400. TS640.
HTST = untreated. sonication at 160. 400 and 640 W. and the conventional
pasteurization.
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Fig. 5. True stress (o,)-true strain (¢,;) curves of the cheese samples. Control,
TS160, TS400, TS640, HTST = untreated, Sonication at 160 W, 400 W and 640
W and conventional pasteurization, respectively.

axial deformation, representing the slope of the linear portion of the
stress-strain curve obtained by linear regression (0.9942 < R? <
0.9995). It also expresses the material’s stiffness to an applied load,
where a higher value of modulus of elasticity corresponds to a higher
material stiffness. No significant impact of HTST or TS was observed for
the modulus of elasticity (p > 0.05).

The fracture strain (¢f) and fracture stress (of) are respective mea-
sures of the strain and stress required to bring about complete fracture of
the sample. Generally, the fracture strain can be inversely correlated to
the brittleness of the samples, while the fracture stress can be directly
correlated to the firmness [28]. The control sample has shown signifi-
cantly higher fracture strain (1.055, p = 0.002) and fracture stress (13.8
kPa, p = 0.006) than the other samples. The fracture strain has presented
a gradual decrease across HTST (0.651), TS160 (0.458), TS400 (0.404)
and TS640 (0.373) samples. In this way, TS-treated samples showed
higher brittleness than the other samples. Likewise, no significant dif-
ferences among HTST or TS-treated samples were observed for the
fracture stress (o) (p > 0.05), suggesting that both treatments resulted
in firmer products than the control.

The modulus of resilience (W,) is the amount of work per unit vol-
ume absorbed by a material until the elastic limit, where the material
can sustain stress without any permanent strain remaining upon release
of the stress. Thus, the material will return to its original shape and size
when the stress is removed [50]. The control sample has shown the
highest resilience value (2.2 kJ m~3), twofold higher than the TS640
sample (0.9 kJ m™>), indicating a decrease in resilience caused by this TS
treatment. However, at nominal power of 400 W, no significant differ-
ence was observed (p > 0.05).

The modulus of toughness (Wy) is the amount of work per unit vol-
ume absorbed by a material until the fracture point. The control sample
showed the highest toughness (8.9 kJ rn’3), followed by HTST (3.3 kJ
m~%), and then the TS samples presented values ranging from 1.3 to 2.1
kJ m~2 and suggesting a pronounced decrease in toughness caused by
heat and sonication. It has been reported the US can improve the
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renneting processing of the milk [51], producing firmer gels. However,
the use of heat can contribute to a decreased performance of the struc-
tural aspects of the cheese.

Overall, the rheological parameters E, &, of and Wy found for un-
treated cheese (control) and conventionally pasteurized cheese (HTST)
were in a range wherein they were lower than some studies reported in
the literature [52,53] but higher than others [28,32]. The variation of
rheological parameters indicated that conventional pasteurization and
TS processing promoted a similar weakening effect on the intermolec-
ular bonds of the protein network, making the Minas Frescal cheese
more brittle and less firm than the untreated cheese, which are char-
acteristics desired for Minas Frescal cheeses by consumers [1].

3.6. Bioactive compounds

Fig. 6 illustrates the results related to the quantification of bioactive
compounds in the cheese samples treated by HTST and TS and the
control sample made with raw milk.

It is possible to observe that all analyzed parameters, exhibited the
lowest levels of the referred compounds, and the samples treated by
HTST exhibited lower values concerning the samples treated by TS,
presenting a statistically significant difference (p < 0.05). The higher
levels of bioactive compounds in the treated samples, in general, can be
explained by the release of some bioactive peptides [54].

Among the TS samples, only the ACE values showed a statistically
significant difference between them, where TS160 presented a signifi-
cantly lower value (23.5 %, compared to 46.5 and 43 % of TS400 and
TS640, respectively, p < 0.05). The DPPH values were higher in the
samples treated by TS by about 2.5 times concerning the HTST treat-
ment, while a-glucosidase and a-amylase presented values more than
double.

The formation of bioactive compounds is strongly related to the
technology used. The antioxidant activity, measured through the DPPH
radical, is related to the release of phenolic compounds and peptides as a
function of the treatment applied. In TS treatment, this release is favored

60-
[ CONTROL

Bl TS160
El TS400
Bl TS640
Bl HTST

% inhibition

DPPH

ACE a-a a-g

Fig. 6. Functional activities of Minas Frescal cheese samples. Different letters
mean significant difference between treatments (p < 0.05). DPPH: 2,2-
diphenyl-1-picrylhydrazyl. ACE: Angiotensin converting enzyme. a-a:
a-amylase. a-g: a-glucosidase. Control, TS160, TS400, TS640, HTST = un-
treated, Sonication at 160 W, 400 W and 640 W and conventional pasteuriza-

tion, respectively.

Table 4

Rheological parameters obtained from uniaxial compression test.
Treatments E (kPa) e (-) s¢ (kPa) W, (kJ/m%) W (kJ/m®)
Control 18.3 + 3.5° 1.055 + 0.176% 13.8 + 112 2.2 + 0.5 8.9 + 1.0
HTST 16.6 + 0.5% 0.651 + 0.008" 8.8 + 0.3 1.6 + 0.1% 3.3 + 0.1°
TS160 18.2 + 1.2% 0.458 + 0.060" 6.6 + 0.4 1.2 + 0.2° 1.8 + 0.3
TS400 21.1 + 1.82 0.404 + 0.017¢ 8.7 + 2.1b 1.6 + 0.6° 2.1 + 0.6
TS640 18.7 + 2.8% 0.373 + 0.002¢ 5.8 + 1.0° 0.9 + 0.1° 1.3 + 0.2¢

*Different letters mean significant difference between treatments (p < 0.05). E: modulus of elasticity; eg: fracture strain; s¢: fracture stress; We: modulus of resilience;
W¢: modulus of toughness. Control. TS160. TS400. TS640. HTST = untreated. sonication at 160. 400 and 640 W. and the conventional pasteurization.
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by the disruption of cells caused due the physical effects of cavitation
bubble collapse [18]. Inhibition of ACE, a-glucosidase, and a-amylase is
also related to the release of bioactive peptide fragments, originating
from the hydrolysis of cheese proteins, which end up exerting an
inhibitory or shielding function on enzymes [30,55].

Reinforcing the results observed in this work, other studies also show
the impact of ultrasound application in dairy products with positive
effects on the content of bioactive compounds [18,19,44,56].

4. Conclusions

Thermosonication of raw milk is an effective option for Minas Frescal
cheese processing. Simultaneous use of heat and acoustic cavitation
proportionated higher microbial reductions than conventional thermal
treatments (HTST) and improved the product optical parameters
without significant impact on the rheological parameters. In addition,
TS increased bioactive compound generation, which is relevant for the
functional potential. In addition, for the TS system the processing time is
47 % when compared to HTST processing.

Therefore, TS must be considered by the cheese industry as an
interesting alternative to manufacturing fresh cheese, such as Minas
Frescal cheese, offering advantages to the product in relation to tradi-
tional processing, without presenting negative impacts. The nominal
power of 400 W stands out as a processing parameter that offers the best
benefits to the treated food.
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