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Abstract

The application of the traditional homogenization process used in yogurt production under higher pressure, such as 50-200 MPa,
is a new approach to improving yogurt structure and quality effectively. High-pressure homogenization (HPH) is considered a
technology that changes the microstructure, water holding capacity, viscosity, and sensorial properties of yogurts by affecting fat
globules and protein structures depending on fat content. In this study, the effects on bacterial growth, acidification kinetics and
viscosity development were investigated in the production of yogurt from fatty and semi-skimmed milk with HPH. HPH treatment
and fat content had a positive effect on the bacterial growth rate, and the maximum counts of L. bulgaricus and S. thermophilus
were determined in the yogurt sample made from fatty milk treated with 100 MPa pressure as 8.65 and 9.16 log cfu/g, respectively.
Also, the pH and viscosity change during incubation was affected and the Vmax and pmax values for fatty milk treated with 100 MPa
pressure reached maximum values of 1.67x1072 pH unit/min and 2.35x102 Pa.s units/min, respectively. With the HPH treatment,
the fermentation time in fatty yogurt was shortened by 60 min compared to the control sample.
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INTRODUCTION

Fermented dairy products have been an important part of the human diet in many parts of the
world since ancient times. One of these products, yogurt, is a nutritious, healthy and popular fermented
milk product obtained by lactic acid coagulation of milk inoculated with Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus thermophilus (Rudra et al., 2017). Although milk from different
mammals is used in yogurt production, cow's milk is the most preferred. Moreover, different types of
yogurt are produced and classified in terms of fat content and recently, fat-free and low-fat yogurt
varieties have become increasingly popular in the market due to consumer demands, especially due to
the increased risk of cardiovascular diseases, obesity, cancer and diabetes (Rudra et al., 2017). However,
fat reduction causes several quality problems in yogurt, including poor texture, low viscosity, serum
separation and undesirable mouthfeel (Sodini et al., 2004; Torres et al., 2018). Therefore, the effects of
different protein and fat ratios as well as processing, culture selection, incubation, and storage conditions
on the elimination of defects in low-fat yogurts have been widely investigated (Nguyen et al., 2017,
Sodini et al., 2004).

Homogenization is a standard process widely applied in the dairy industry and used in the
production of most dairy products, especially yogurt, and is performed at 55-65 °C at a pressure of 10-
20 MPa (Ciron et al., 2010). Its main purpose is to prevent undesirable phase separation in milk and
milk products, and to improve yogurt quality (Sfakianakis et al., 2014). After the milk homogenization,
reduction of fat globule size and interaction mechanisms of homogenized fat with the protein matrix
plays a role in the improvement of yogurt quality (Sodini et al., 2004). Reducing the size of the fat
globule provides better binding of the fat to the protein network, while the increase in surface area during
homogenization increases the interaction capacity of the fat with casein and denatured whey proteins
during acidification and subsequent gel formation (Cho et al., 1999; Lucey & Singh, 1997; Massoud et
al., 2016; Sodini et al., 2004). High-pressure homogenization (HPH) technology, which has recently
attracted attention in food applications, is considered a promising new approach to improving the
structure and stability of yogurt (Levy et al., 2022; Massoud et al., 2016; Serra et al., 2009b). This
technology is based on the same principle as the traditional homogenization process but operates at
significantly higher pressures (50-200 MPa) (Serra et al., 2009a; Serra et al., 2009b; Sevenich & Mathys,
2018). In the HPH process, the liquid material is forced through a narrow opening of the valve and is
subjected to ultra-fast compression. The fluid is then subjected to a wide range of forces such as
turbulence, shear, cavitation and temperature increases (Hayes & Kelly, 2003; Sert et al., 2023). In
addition to reducing the fat globule size, the HPH process acts on food components, especially proteins,
causing changes in their functional properties and activities (Lanciotti et al., 2007), leads to an increase
casein-fat or casein-casein interactions and the water-holding capacity of denatured serum proteins, and

consequently improve the viscosity index and gel strength of yogurt (Lanciotti et al., 2004; Patrignani
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et al., 2007). Moreover, due to the denaturation of serum proteins during the HPH process, insoluble
high molecular weight co-aggregates are formed, resulting in a decrease in soluble protein content and
a corresponding improvement in viscosity (Trujillo et al., 2002). Ciron et al. (2012) reported that the
microstructure of low-fat yogurt changes with the application of HPH to milk, and gel particle size, gel
strength and viscosity increase and sensory properties of low-fat yogurt are similar to that of full-fat
yogurt without stabilizer. Moreover, it has been reported that the synthesis of some branched-chain
amino acids and some beneficial compounds required for the proliferation of cultures used in yogurt
production occurs with the HPH process, which shortens the incubation period (Sert et al., 2023) and a

higher number of viabilities are reached after incubation (Lanciotti et al., 2007; Serra et al., 2007).

Studies in the literature show that the improvement in the structure of fermented products with
high pressure applied to milk is mainly related to the fat content of the milk. The application of HPH to
milk containing 3.5% fat increased the consistency of yogurt (Serra et al., 2007), while the opposite
behavior was observed in milk containing 0.1% fat (Serra et al., 2008). Therefore, considering the
product quality and cost of milk fat, it is essential to evaluate the effect of HPH depending on the fat
content. This study aimed to determine the impact of fat content and HPH on the kinetics of the milk

fermentation process, such as pH, cell viability, and viscosity change.
MATERIALS and METHODS
Materials

The milk used for yogurt production was obtained from the local producer of Kastamonu province
as low fat (1.72%) and fat (3.1%), brought to the laboratory under a cold chain (at 4 °C) and processed
immediately. The fatty milk used in yogurt production had a pH value of 6.48 with 3.54% protein and
3.1% fat, while the low-fat milk had a pH value of 6.46 with 3.49% protein and 1.72% fat. In yogurt
production, YC-X11 (Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus)

starter culture (Peyma Chr. Hansen, Istanbul, Tiirkiye) was used.
Methods
Yogurt production

The non-fat dry matter content of the milk was standardized to 13% using skimmed milk powder
(Pmnarsiit A.S., Izmir, Tiirkiye), and homogenization process was applied by passing through a high-
pressure homogenizer (Panda PLUS, 2000; GEA Niro Soavi, Parma, Italy) at 50 and 100 MPa pressure
for one time. The milk considered as the control group was subjected to 25 MPa pressure. Homogenized
milk was heat treated in a water bath (WBN 22, Memmert, Schwabach, Germany) at 90 °C for 5 min
and then cooled to fermentation temperature (~ 45 °C). Culture (2%) was added to the milk and incubated
at 43 °C until pH 4.5. At the end of incubation, yogurt samples were capped and allowed to cool under

refrigerator conditions (+4 °C).
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Chemical analysis of milk

The dry matter, fat, and protein contents of milk samples were determined based on standard
methods (AOAC, 2000). Dry matter content was determined as using oven at 105 °C until constant
weight. Fat content was determined by Gerber methods. Protein content was measured using Kjeldahl’s

method.
pH and acidification kinetics

The pH values of the samples were measured at room temperature using a pH meter (Seven2Go,
Mettler Toledo, Greifensee, Switzerland) calibrated with standardized buffer solutions (pH 4.0, 7.0, and
10.0). For acidification Kinetics, the change in pH during milk fermentation was continuously monitored
with the pH meter until the pH reached 4.5. The maximum acidification rate (Vmax) Was calculated as the
time-dependent change of pH value (dpH/dt) and given as an absolute value. The time to reach the
maximum acidification rate (Tmax) and the time to complete fermentation (t;) were determined as

responses characterizing the fermentation kinetics (Shiby et al., 2008).

Viscosity

The change in the samples’ viscosity during fermentation was determined with a digital
viscometer (Fungilab Expert L viscometer, USA) using a spindle coded R6. The measurement was

performed at 12.00 rpm, and the measurement parameters were recorded between 10-90% torque values.

Microbiological analysis

S. thermophilus and L. bulgaricus were counted to monitor microbial growth during fermentation.
For this purpose, serial dilutions were prepared using sterile physiological saline, and the appropriate
dilutions were inoculated onto petri dishes. Streptococcal colony counts were performed on M17 agar
(Merck) medium after incubation at 37 °C for 48 h. Lactobacilli colonies were counted after incubation
at 45 °C for 72 h in anaerobic conditions on MRS (Merck) medium adjusted to pH 5.2 with acetic acid
(Gardini et al., 1999). After incubation, counting was performed in petri dishes containing 30-300

colonies and the results were given as log cfu/g.

Statistical analysis

The study was conducted in two replicates and two parallels, and the data obtained were given as
mean and standard deviation (SD). Statistical evaluation of the analyzed data was performed with SPSS
Statistics version 21.0 (SPSS Inc., Chicago, Illinois, USA). The data were subjected to one-way analysis
of variance to determine significant differences between the samples and Duncan's multiple comparison

test was applied to significant differences (p<0.05).
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RESULTS and DISCUSSION
Acidification kinetics

After HPH of milk with different fat ratios, pH change during milk fermentation was monitored
and the data obtained are given in Figure 1. In addition, Vmax, Tmaxand Tr values used to describe the
acidification kinetics are shown in Table 1. The initial pH values of the milks after homogenization were
between 6.43 and 6.45 and there was no difference between the samples (p>0.05). After the incubation
period, the pH values ranged between 4.44 and 4.61 (p<0.05), and the lowest pH value was determined
in the yogurt obtained from fatty milk homogenized with 100 MPa pressure, while the highest value was

measured in the yogurt obtained from semi skimmed milk homogenized with 50 MPa pressure.
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Figure 1. pH change and fermentation kinetics during the incubation period in yogurt production from

fatty and semi skimmed milk treated with HPH (SMY: Yogurt from semi skimmed milk; SMY + 50 MPa: Yogurt from semi
skimmed milk treated with 50 MPa pressure; SMY + 100 MPa: Yogurt from semi skimmed milk treated with 100 MPa pressure; FMY: Yogurt
from fatty milk; FMY + 50 MPa: Yogurt from fatty milk treated with 50 MPa pressure; FMY + 100 MPa: Yogurt from fatty milk treated with
100 MPa pressure)
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As seen in Figure 1(A), no significant difference was observed between the samples at the
beginning of the fermentation period (first 30 min) (p>0.05). However, afterward, differences in pH
change were detected, and the decrease in pH was faster in the fatty milk sample treated at 100 MPa
pressure. On the other hand, a slower pH change was observed in the semi-skimmed milk sample treated
at 50 MPa pressure. Similarly, Lanciotti et al. (2004) reported that homogenization pressure and milk
fat had a significant effect on the change in pH during incubation and that the decrease in pH improved
up to 4% fat content and 45 MPa homogenization pressure. In the same study, it was stated that the
maximum reduction in pH was obtained at the level of fat content and pressure that maximized starter
culture development. Serra et al. (2007) reported that in control milk, the change in dpH/dt was slow
and continuous during the first 100 min, followed by a higher rate of decrease until Vmax was reached,
but on the contrary, two different phases occurred in the dpH/dt change during fermentation in HPH-

treated milk.

Table 1. Acidification kinetic parameters during fermentation of fatty and semi skimmed milk treated
with HPH

Parameters SMY SMY +50  SMY + 100 FMY FMY + 50 FMY +
MPa MPa MPa 100 MPa

Vimax 1.44x107? 1.41x10? 1.51x102 1.53x107? 1.58x102 1.67x107?

(pH units/min) £0.02x10°  £0.03x10°  +0.12x103 +0.08x1073 +£0.04x10°  +0.25x103

Tiax (Min) 90 90 90 90 90 90

Tt (min) 240 240 240 240 180 180

Vimax: Maximum acidification rate; Trax: Time to reach maximum acidification rate; T;: Completion time of fermentation. SMY: Yogurt from
semi skimmed milk; SMY + 50 MPa: Yogurt from semi skimmed milk treated with 50 MPa pressure; SMY + 100 MPa: Yogurt from semi
skimmed milk treated with 100 MPa pressure; FMY: Yogurt from fatty milk; FMY + 50 MPa: Yogurt from fatty milk treated with 50 MPa
pressure; FMY + 100 MPa: Yogurt from fatty milk treated with 100 MPa pressure.

The difference in pH between the samples was also observed in acidification kinetic parameters
(p<0.05). Vmax values of the samples were determined between 1.41x102 and 1.67x102 pH units/min
and the highest Vimax Value was obtained in the incubation of fatty milk with 100 MPa pressure (p<0.05).
Similarly, 100 MPa pressure application to semi skimmed milk caused a significant increase in Vmax
value. On the other hand, a partial decrease in Vmax values was observed in semi skimmed milk
pressurized at 50 MPa compared to the control sample. This is due to the longer initial adaptation period
of the starter cultures in the 50 MPa pressurized semi skimmed milk sample and thus lower acidification
rate as observed in the control sample. After the adaptation period, the acidification rate tended to
increase rapidly between pH 6.25 and 5.15 and reached 1.67x10°2 pH units/min in 100 MPa pressurized
fatty milk. After about pH 5.1, the acidification rate decreased in all samples, probably due to the low

metabolic activity of S. thermophilus (Galia et al., 2009).

As seen in Figure 1(B), the Tmax value was similar for all samples and was approximately 90 min.
However, when the time to reach pH 4.5 (Tr) was taken into consideration, it was observed that the pH

reached approximately pH 4.5 at 180 min for the fatty milk treated with HPH, while the pH value was
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>4.6 in the other samples. Similarly, Sert et al. (2023) reported that the Tr value of yogurt samples
produced from sheep's milk treated with HPH was shorter compared to the control sample, thus HPH
treatment significantly shortened the fermentation time. Patrignani et al. (2016) reported that high-
pressure treatment significantly reduced the time required to reach pH 4.6 in fermented products,
probably because the balance between soluble and insoluble forms of calcium, phosphorus, and nitrogen
changes with the pressure applied to the milk. Nguyen et al. (2015) reported that the fermentation time
of homogenized buffalo milk was shorter compared to the control sample and this was due to the
breakdown of milk fat globules with homogenization and the release of nutrients that positively affect
the activity and metabolism of lactic acid bacteria. In our current study, it was observed that the high fat
content had a positive effect on acidification kinetics and was found to be compatible with the results of
Nguyen et al. (2015). In another study, it was found that the time to reach pH 4.6 was similar in milk
homogenized at pressures higher than 200 MPa, but it was lower than the Tr value of control milk or
samples with 100 MPa pressure (Serra et al., 2007). Due to the breakdown of fat globules, the HPH
process causes a redistribution of proteins on the surface, increases protein solubility and denaturation,
changes the properties of casein micelles and activates milk enzymes (Patrignani et al., 2007). Together
with these changes, the increased availability of nutrients necessary for the metabolism and proliferation
of starter cultures and the promotion of proteolysis may indirectly affect starter activity and acidification
kinetics (Sert et al., 2023). Contrary to our findings, Oliveira et al. (2014) reported that the T value did
not change with the pressure applied to the milk. This difference may be due to the difference in milk
composition, starter culture type and concentration, and fermentation temperature used in the production
of fermented milks (Kristo et al., 2003).

Microbial development

The change in the number of microorganisms during fermentation in milk with different fat
content and homogenization pressures is given in Figure 2. In the first stage of the fermentation period,
the rate of change in the number of microorganisms was similar in almost all samples. Especially after
60 min, the rate of microbial growth increased in all samples and the rate of microbial growth varied
depending on the applied pressure and fat ratio. The rate of increase in viability reached the highest
value at 120 min in 100 MPa pressurized fatty milk compared to the other milks and then slowed down.
Similarly, the bacterial growth rate showed a tendency to slow down after 120 min in fatty and semi
skimmed milk, which were pressurized at 50 MPa and 100 MPa, respectively. In the other kinds of milk,

a decrease in the growth rate was detected after 150 min.
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Figure 2. Changes in L. bulgaricus and S. thermophilus counts during incubation in yogurt made from

fatty and semi skimmed milk treated with HPH (SMY: Yogurt from semi skimmed milk; SMY + 50 MPa: Yogurt from semi
skimmed milk treated with 50 MPa pressure; SMY + 100 MPa: Yogurt from semi skimmed milk treated with 100 MPa pressure; FMY: Yogurt
from fatty milk; FMY + 50 MPa: Yogurt from fatty milk treated with 50 MPa pressure; FMY + 100 MPa: Yogurt from fatty milk treated with
100 MPa pressure)

Fat content and applied pressure were also found to be effective on the cell viability at the end of
fermentation (p<0.05). The counts of L. delbrueckii subsp. bulgaricus and S. thermophilus in yogurt
samples were determined in the range of 8.25 - 8.65 log cfu/g and 8.85 - 9.15 log cfu/g, respectively.
The HPH treatment of the milk increased the cell viability during fermentation compared to the control
sample. The higher microbial population during fermentation may explain the decrease in the
fermentation time of yogurts obtained from the HPH-treated milk. The HPH treatment of milk proved
to be an important process in achieving shorter fermentation time due to higher microbiological quality.
A similar result was found in various studies on fermented milk products in the literature (Patrignani et
al., 2009; Giil et al., 2023; Sert et al., 2023). The essential amino acids required for the growth of LAB
in milk are either absent or considerably lower than the concentration required to support optimum
growth (Law and Haandrikman, 1997). However, a symbiotic relationship between LAB used as starter

cultures during fermentation is known, with L. bulgaricus producing essential amino acids due to its
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proteolytic property and promoting the growth of S. thermophilus that has relatively weaker proteolytic
capacity (Neviani et al., 1995; Fira et al., 2001; Lanciotti et al., 2004; Serra et al., 2009b). The HPH
treatment probably causes the dissolution of casein-casein micelles, which has been reported to increase
the soluble nitrogen fraction at pH 4.6 (Lanciotti et al., 2004). It has also been reported that
homogenization after pasteurization of skim milk has the effect of promoting proteolysis of k-casein,
which is subject to high degradation (Garcia-Risco et al., 2002). On the other hand, it was also observed
that HPH treatment positively affects the proteolytic activity of some LAB strains (Lanciotti et al.,
2007). Therefore, the increase in the rate of microbial growth by HPH is associated with the increase in
the amount of soluble g-lactoglobulin and k-casein with the high pressure and the development of
sensitivity to proteolysis and consequently the increase in the amount of amino acids (Lanciotti et al.,
2004).

Viscosity development

The viscosity development of high pressure homogenized fatty and semi skimmed milk during
fermentation until pH 4.5 is given in Figure 3. Except for 100 MPa pressurized fatty milk, significant
viscosity development starts after 60 min in all samples. However, it was observed that the viscosity
development started earlier (30 min) in 100 MPa pressurized fatty milk and it can be said that the
duration of the lag phase of the viscosity is significantly affected by the HPH (Table 2). A similar result
was found in the yogurt study conducted by Sfakianakis et al. (2014). Up to 180 min of the fermentation
period, viscosity development was observed at an increasing rate in all samples, while the rate of
viscosity development tended to slow down after 180 min. The maximum rate of viscosity increase
(umax) wWas significantly affected by the homogenization pressure (p<0.05) and umax value increased in

parallel with the increase in pressure.

The highest umax values were determined as 1.82x102 and 2.35x102 Pa.s units/min in semi
skimmed and fatty milks treated with 100 MPa pressure, respectively. At the same time, the application
of HPH caused a decrease in the time to reach the maximum rate of viscosity increase (T.max), and while
this time was 150 min in the control sample, the Tumax Value decreased to 120 min as a result of 100
MPa pressure application. Oliveira et al. (2014) reported that the increase in the viscoelastic behavior
of the product during fermentation starts when the pH value of the milk reaches 5.0 and accordingly, the
gel formation of the samples subjected to HPH treatment (120 min) started earlier than the control
sample (140 min). They stated that this behavior is related to the partial disintegration of casein micelles
as a result of the application of the HPH treatment to milk, which promotes the dissolution of colloidal

calcium phosphate and the precipitation of micelles (Roach and Harte, 2008).
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Figure 3. Viscosity development during incubation in yogurt obtained fatty and semi skimmed milk

treated with HPH (SMY: Yogurt from semi skimmed milk; SMY + 50 MPa: Yogurt from semi skimmed milk treated with 50 MPa
pressure; SMY + 100 MPa: Yogurt from semi skimmed milk treated with 100 MPa pressure; FMY: Yogurt from fatty milk; FMY + 50 MPa:
Yogurt from fatty milk treated with 50 MPa pressure; FMY + 100 MPa: Yogurt from fatty milk treated with 100 MPa pressure)

Table 2. Viscosity kinetic parameters during fermentation of fatty and semi skimmed milk treated with
HPH

Parameters SMY SMY +50  SMY + FMY FMY +50  FMY +
MPa 100 MPa MPa 100 MPa
Limax 1.62x10°2 1.94x102  1.82x102  1.78x10%+  181x102  2.35x107
(Pa.s units/min) +0.72x10%  +£0.46x10*  +0.68x10°  0.75x10°  +0.67x10*  +0.38x10™*
Titmax (MiN) 150 150 120 150 120 120

Umax: Maximum rate of viscosity increase; Tumax: Time to reach the maximum rate of viscosity increase; (SMY: Yogurt from semi skimmed
milk; SMY + 50 MPa: Yogurt from semi skimmed milk treated with 50 MPa pressure; SMY + 100 MPa: Yogurt from semi skimmed milk
treated with 100 MPa pressure; FMY: Yogurt from fatty milk; FMY + 50 MPa: Yogurt from fatty milk treated with 50 MPa pressure; FMY +
100 MPa: Yogurt from fatty milk treated with 100 MPa pressure)

Rheological changes during fermentation can be explained by the physical and chemical changes
occurring in milk. During fermentation, a decrease in pH to 6.0 leads to a decrease in the negative
charges on the casein micelles, reducing the electrostatic repulsion and thus destabilizing the micelles.
The continuous decrease in pH from 6.0 to 5.0 reduces the negative charges on the casein micelles more
strongly, which causes the micelles to bond better to form the gel. In addition, the dissolution of colloidal
calcium phosphate in the casein micelle starts at this point and contributes to its precipitation by
weakening the internal structure of the casein. When the pH value reaches 5.0, the solubility of colloidal
calcium phosphate increases, the micelle structure is disrupted, and gel formation starts with the increase
in the viscoelastic behavior of the milk. As the pH value decreases below 5.0, casein micelles get closer
to each other and at the end of fermentation when the isoelectric point is reached, a three-dimensional
network is formed by the interactions between casein and casein due to increased hydrophobic and plus-

minus (electrostatic) charge interactions (Lee and Lucey, 2010; Oliveira et al, 2014).

The viscosity value at the end of fermentation was determined between 1.42 and 2.61 Pa.s

depending on the applied pressure and fat content. In general, it was determined that the viscosity of
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yogurt increased significantly with the increase in homogenization pressure and the difference was more
significant in yogurt obtained from fat milk (p<0.05). Swelam (2018) reported that the viscosity of
yogurt made from milk pressurized at 700 MPa increased sharply compared to the control sample.
According to Massoud et al. (2016), the formation of insoluble co-aggregates with high molecular
weight due to the denaturation of serum proteins during HPH can lead to increase in viscosity values.
Furthermore, casein micelles that are partially disintegrated during HPH cause an increase in milk
particles and may contribute more to the formation of networks, resulting in a finer network of smaller
casein micelles in a three-dimensional network structure (Serra et al., 2008). Moreover, denatured serum
proteins form bonds with water and fat, and casein-fat or casein-casein interactions caused by the HPH

process may play a role in increasing the viscosity index (Lanciotti et al., 2004; Shah, 2007).

Conclusion

This study demonstrated the effects of HPH on acidification kinetics, bacterial growth and
viscosity development during yogurt production from fatty and semi skimmed milk. Bacterial growth
during incubation was positively affected with the increase in the applied pressure and this effect was
reflected in the pH change and thus viscosity development. The number of L. bulgaricus and S.
thermophilus increased by 0.26 to 0.32 log units after fermentation with the applied pressure. Similarly,
the pH change in the milk during the incubation process was accelerated with the application of HPH
and the highest Vmax value was obtained in the incubation of fat milk with 100 MPa pressure and the
fermentation time was shortened by about 30 min. On the other hand, rapid pH change during the
fermentation process led to a shortening viscosity development time. However, fat content and applied
pressure were effective on the viscosity value after fermentation and the highest viscosity value was
determined in the yogurt sample obtained from 100 MPa pressure applied milk due to the effects of high
pressure on milk components and the change in microbial population. As a result, HPH, one of the new
processing techniques, has an important potential for the dairy industry and is an important tool for
shortening the fermentation time and improving the structure in yogurt production. However, new
studies should be focused on the effect of HPH application on volatile components such as flavors and

aromas occurring during the fermentation process and sensory properties during the storage process.
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