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Abstract: Sonoporation stimulates cell growth as it improves the permeability of the membrane
and increases the uptake of impermeable molecules in the extracellular matrix. We evaluated the
effects of substrates (whey, whole, and skim milk) and ultrasonic treatments (ultrasonication and
thermosonication) on the antioxidant activity (AA) of water-soluble kefir postbiotics (WSKPs). The
samples were evaluated in terms of antioxidant activity (ABTS, DPPH, FRAP, and ORAC), water-
soluble protein content, proteolysis (SDS-PAGE profiles), and cell membrane permeability. The levels
of AA in all WSKPs depended on the substrate and method of obtaining them. However, the WSKPs
from whey had higher antioxidant activity with DPPH (11.11 mg TE/100 mL), ABTS (12.77 mg
TE/100 mL), and FRAP (5.18 mg TE/100 mL). Also, the WSKPs from whey had the highest values for
water-soluble protein (1.45-1.32 mg/mL) and proteolysis degree and the lowest percentage of dead
cells (11.4-28%). These results suggest that the production of WSKPs from whey might add value to
whey production. Furthermore, WSKPs have potential as a functional ingredient in the production of
beverages or foods with antioxidant activity.

Keywords: ultrasonication; thermosonication; water-soluble kefir postbiotics; whey; whole milk;
skim milk

1. Introduction

According to the Food and Agriculture Organization of the United Nations (FAO)
and the World Health Organization (WHO) [1], probiotics are live bacteria that provide
health benefits to the host who consumes them in sufficient quantities. In the same vein,
Zepeda-Hernandez et al. [2] define postbiotics as substances that probiotics produce and
release. Postbiotics do not contain live microorganisms but include any substance released
or produced due to its metabolism that directly or indirectly exerts a beneficial effect on the
host [3]. Moreover, postbiotics have numerous advantages over probiotics, making them
appealing for enhancing gut health and overall wellbeing since all the molecules produced
during the fermentation process contribute to the efficiency of the use of probiotics.

In contrast to probiotics, which harbor live microorganisms, postbiotics are nonviable,
safer, and easier to dose and standardize in comparison to probiotics, which renders more
consistent and predictable effects [3]. Additionally, people experiencing digestive distress
due to probiotic supplementation may have a higher tolerance to postbiotics as they do not
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introduce additional bacteria into the gut ecosystem [4] and do not affect gut microbiota [5].
They also boast a longer shelf life and greater stability during storage and transportation [6];
this inherent stability makes them safer for individuals with compromised immune systems,
mitigating the risk of bacterial translocation or infection [7]. Additionally, they easily attach
to the sites of action and are simple to obtain, standardize, transport, and store [5]. Notably,
they are nonpathogenic and nontoxic and display a superior resistance to hydrolysis [8].
These characteristics make postbiotics a viable substitute to conventional dairy products
with added probiotics since there is a trend toward eliminating milk from diets due to a
combination of health concerns, ethical considerations, environmental impacts, and the
growing availability and popularity of plant-based alternatives [9-15].

The production of postbiotics involves several steps. The first step is lactic acid bacteria
(LAB) fermentation of the substrate and culture [16,17]; during this phase, it is important to
keep the pH close to neutral to enhance peptide production [17]. The second step is probiotic
strain inactivation through thermal methods like pasteurization, sterilization, and ohmic
heating or nonthermal methods like pulsed electric fields, ultrasound, irradiation, and
supercritical carbon dioxide treatment [18]. The third step is the obtention of supernatants
free of postbiotics or cells by the centrifugation or filtration of inactive ferments. The final
step is the combination of extracted postbiotics with other ingredients to create application-
ready forms, such as liquids, powders, or food products [16,18]. Postbiotics in liquid
matrices may be concentrated by spray-drying or freeze-drying for easy handling and
storage [17]; however, it increases production costs.

High-intensity ultrasound (HIU) can be used after fermentation to inactivate LAB
and before it to improve stability, reduce processing times, and enhance quality [19].
Some authors suggest that the combination of ultrasound with moderate heat (between
37 and 75 °C), known as ultra-thermosonication or thermosonication (TS), enhances its
effectiveness. Both HIU and TS increase the permeability of the membrane because of
damage to the cell wall due to the formation of numerous temporary pores, a process
known as sonoporation [20,21]. Sonoporation has proven to be very helpful in fermentation
processes as it increases biomass and product yields and improves cell viability, which is
important for keeping the fermentation process productive; additionally, it is cost-effective,
which lowers the overall production cost and makes it suitable for use in both small- and
large-scale fermentation operations [22]. Dahroud et al. [23] attributed these benefits to
improved nutrient intake and waste ejection.

Kefir is a fermented milk beverage with strong in vitro and in vivo antioxidant activity.
Kefir removes free radicals, lowers the activity of glutathione peroxidase, and stops linoleic
acid peroxidation due to the high content of phenolic compounds [24]. These results
indicate that postbiotics produced in kefir fermentation may be promising functional
ingredients with significant antioxidant properties. However, the antioxidant activity
of postbiotics can be affected by the type of culture and substrate and the method of
obtaining them; kefirs elaborated with grains showed higher antioxidant activity than
those fermented with a starter culture [25]. Meanwhile, kefir made with a combination
of cow’s milk and soybeans showed better antioxidant activity than that made only with
cow’s milk [26], and kefir made with goat’s milk had higher total antioxidant activity
than that made with cow’s milk [27]. Thus, the objective of this study was to investigate
the antioxidant activity of water-soluble kefir postbiotics (WSKPs) obtained with different
substrates (whole milk, skim milk, and whey) and methods of obtaining them (HIU and TS).

2. Materials and Methods
2.1. Bacterial Culture Preparation

A freeze-dried DVS (direct vat set) starter kefir culture, XPL-1 Chr Hansen® (Horsholm,
Denmark) (1% weight/volume), was inoculated in 200 mL of each substrate. The available
substrates were UHT whole milk LALA®, Grupo Lala. Torreén, Coahuila, México), UHT
skimmed milk (LALA®, Grupo Lala. Torreén, Coahuila, México), and whey (from cheddar
cheese production, W). Five strains comprise the XPL-1 culture: Lactococcus lactis subsp.
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cremoris, Lactococcus lactis subsp. lactis biovar diacetylactis, Lactococcus lactis subsp. lactis,
Leuconostoc, and Streptococcus thermophilus. The substrates were chosen as the growth
medium based on the results of a previous study [28].

2.2. Ultrasonic Treatments

The ultrasonic treatments (HIU and TS) were applied after the inoculation as follows:
One flask of each substrate (WM, SM, and W) was subjected to HIU, the other to ther-
mosound (TS), and the last one did not receive any ultrasonic treatment (C, control). The
HIU was administered using a 1.3 cm diameter probe ultrasonic processor (20 kHz, GEX750,
Sonic, Newtown, CT, USA) for 3 min at around 25 °C. The HIU had a frequency of 20 kHz,
an amplitude of 30%, and a power of 750 watts. The. TS was performed in an ultrasonic
bath (Elmasonic S 15 H, Elma Schmidbauer GmbH, Singen, Germany) with a frequency of
37 kHz, at 60 °C for 30 min. After this, the fermentation was carried out for 12 h at 25 °C
in aerobiosis.

2.3. Postbiotics Obtention

The fermented substrates were centrifuged (Centrifuge 5810 R, Eppendorf®, Framingham,
MA, USA) at 20,000 g for 20 min at 4 °C. The supernatant was then recovered and filtered
(Whatman™ No. 1, GE Healthcare, Hatfield, UK) to obtain WSKPs. The WSKPs were stored
at 10 °C until further analyses. Treatments were conducted in triplicate using a completely
randomized design.

2.4. Hydrogen Potential Determination

The pH was determined with a potentiometer (Thermo Scientific™, Orion™, Versa
Star Pro™, Vantaa, Finland) that was previously calibrated. Readings were made in 20 mL
of each sample in triplicate.

2.5. Antioxidant Activity (AA)

The AA by the ABTS (2,2-azinobis {3-ethylbenzothiazolino}-6-sulfonic acid) technique
was conducted as described by Thaipong et al. [29]. The 7.4 mM ABTS stock solution was
prepared by dissolving 38.8 mg of crystallized ammonium salt of ABTS in 10 mL of distilled
water. On the other hand, a 2.6 mM potassium persulfate solution was prepared by dissolv-
ing 6.6 milligrams (mg) of the compound in 10 mL of distilled water. The ABTS free solution
radical was prepared by mixing these two solutions and the subsequent incubation in the
absence of light at room temperature for 12 h. The ABTS free radical working solution was
then diluted by mixing 1 mL in 60 mL of methanol to obtain an absorbance of 1.1 £ 0.021 at
734 nm; this last was the ABTS working solution. The absorbance measurements were car-
ried out in a 96-well microplate (3591, COSTAR®, Corning, NY, USA), placing 280 pL of the
ABTS working solution and 10 uL of sample (or standard: Trolox) or 10 uL of distilled water
(blank) using a spectrophotometric plate reader (Multiskan go, Thermo Scientific, Vantaa,
Finland). Measurements were performed in triplicate. A standard curve was prepared with
different concentrations (0.1 to 1.0 mM) of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), and a regression equation (y = —1.0467x + 1.0323, R? = 0.9758) was used
to calculate the antioxidant activity, expressed as mg of Trolox equivalents per 100 mL
(mg TE/100 mL). The Trolox calibration curve was generated by dissolving 31.3 mg of
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) in 10 mL of methanol.

The AA assay using the DPPH (2,2-Diphenyl-1-Picrylhydrazyl) technique was con-
ducted as described by Thaipong et al. [29], with minor adjustments. Firstly, a 0.6 mM
concentration solution of DPPH in 100 mL of methanol was prepared. A working solu-
tion was made by combining 75 mL of the stock solution with 99 mL of methanol in a
corresponding well of a microplate (3591, COSTAR®, Corning, NY, USA) to obtain an
absorbance of 1.1 £ 0.02 at 515 nm. Also, in a microplate, 10 puL of the sample (or standard:
Trolox), or 10 puL of distilled water (Blank), and 280 uL of the DPPH working solution were
added. The absorbance was then measured at 515 nm using a spectrophotometric plate
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reader (Multiskan go, Thermo Scientific, Vantaa, Finland). Measurements were performed
in triplicate. A standard curve was made with different concentrations (0.1 to 1.0 mM) of
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), and the regression equa-
tion (y = —0.83715x + 1.0209, R? = 0.9602) obtained was used to calculate the antioxidant
activity, expressed as mg of Trolox equivalents per 100 mL (mg TE/100 mL).

Ferric Reducing Antioxidant Power Assay (FRAP) determination was performed using
an FRAP commercial kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s
instructions. To begin, 152 pL. of FRAP assay, 19 uL of FeCl3, and 19 pL of FRAP Probe
were mixed to make enough reaction mix for everyone. At the same time, a standard
curve was made by diluting the 2 mM ferrous standard to different concentrations (4, 8,
12,16, and 20 mM). Then, 190 pL of the reaction mix was placed into wells that matched
them in a 96-well microplate (3591, COSTAR®, Corning, NY, USA). Each well had 10 uL
of the standards, positive control, and test samples already in it. To make a background
control mix (without the FRAP probe), 171 pL of Frap assay buffer and 19 uL of FeCl3
were mixed. To make a positive control, 4 pL of the FRAP positive control was mixed with
6 uL of FRAP assay buffer. Reactions were incubated at 37 °C for 60 min and then the
absorbance was read at 594 nm in a spectrophotometric plate reader (Multiskan go, Thermo
Scientific, Vantaa, Finland). Measurements were performed in triplicate. A standard curve
(y = 0.0616276x + 0.0390683, R? = 0.992) was used to calculate ferrous ammonium sulfate
amount and the antioxidant activity was expressed as mM ferrous equivalent (mM Fe?*
equivalents) and was determined using the following formula:

BxD

Sample mM Ferrous equivalent = v

(1)

where B is the ferrous ammonium sulfate amount from the standard curve (nmol), D is the
sample dilution factor, and V is the sample volume added into the reaction well (uL).

The AA by oxygen radical absorption capacity (ORAC) methodology was carried out
according to Thaipong et al. [29], with slight modifications. Samples and standards were
prepared in phosphate buffer (10 mM, pH 7.4). The substrate was fluorescein (10 mM), and the
peroxyl radical was prepared using 2,2"-azobis (2-amidino-propane) dihydrochloride (AAPH,
240 mM). All solutions were made fresh for each run. The fluorescence measurements (Ex.
485 nm, Em. 520 nm) were taken every 90 s for a total of 120 min in a spectrophotometric
plate reader (Multiskan go, Thermo Scientific, Vantaa, Finland). A background signal was
determined with three cycles before adding the AAPH. A standard curve was prepared with
different concentrations (0.1 to 1.0 mM) of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), and a regression equation (y = 4.1586x + 69.847, R? = 0.9657) was used
to calculate the antioxidant activity, expressed as mg of Trolox equivalents per 100 mL
(mg TE/100 mL).

2.6. Total Water-Soluble Protein Content

Total protein content was determined according to Bradford (1976), with slight mod-
ifications [30]. Hence, 0.1 mL of the sample and 1 mL of Bradford’s reagent were mixed
and left to react in the dark for 45 min. Then, 10 uL of sample, 10 uL of distilled water and
280 UL of the Bradford working solution were placed in a microplate (3591, COSTAR®,
Corning, NY, USA) and the absorbance was read at 595 nm in a spectrophotometer (Multi-
skan go, Thermo Scientific, Vantaa, Finland). Measurements were performed in triplicate.
The protein content was determined by measuring the absorbance and inputting the values
into the equation derived from the calibration curve (y = 1.8912x + 0.0365, R? = 0.99), with
the result given in mg/mL of BSA.

2.7. Proteolysis Assessment

The protein profiles of WSKPs were analyzed using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Ong and Shah (2009) [31].
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2.8. Cell Membrane Permeability

The test utilized an LIVE/DEAD® BacLight™ bacterial viability kit provided by
Thermo Fisher Scientific. This kit consists of propidium iodide (PI) and SYTO9, which
are used to selectively dye cells based on their membrane integrity. The samples were
obtained using an Attune NxT flow cytometer equipped with blue, red, violet, and yellow
lasers manufactured by Thermo Fisher Scientific in Waltham, MA, USA. A fluorescence
minus one (FMO) control was used to determine the limits of fluorescence and develop
populations and gating techniques. The gates were established based on the forward and
side scatter properties. Each sample was captured at a flow rate of 500 uL/min, with a total
of 100,000 events recorded. The data were analyzed using the Flow]o software version 10.

To make the samples, 1 mL of each treatment was centrifuged at 10,000x ¢ (Eppendorf
Centrifuge 5430 R, Hamburg, Germany) for 3 min. The sediment was then resuspended
in 1 mL of a 0.85% NaCl solution, and the mixture was left to sit at room temperature for
60 min with short shakes every 15 min. This procedure was repeated twice. To obtain a
positive and negative control from the bacterial culture, 1 mL was centrifuged at 10,000x g
for 3 min. The living cells were then mixed with 1 mL of 0.85% NaCl solution, and the dead
cells were mixed with 1 mL of 70% isopropyl alcohol. The mixture was then left to sit at
room temperature for 1 h, with quick shakes every 15 min. After that, they were centrifuged
(10,000% g, 3 min), and the pellets from both controls were rinsed with 1 mL of a 0.85% NaCl
solution and centrifuged (10,000x g, 3 min). Subsequently, the pellets were reconstituted
in a 1 mL solution of 0.85% sodium chloride. Next, to stain the cells, 977 uL of 0.85% NaCl
was placed in a flow cytometry analysis tube. The tube was then filled with 10 pL of the
bacterial suspension made in the previous step, 1.5 puL of 3.34 mM SYTO 9 Nucleic Acid
Stain (Component A), and 1.5 pL of 30 mM propidium iodide (Component B). The tubes
were placed in a dark environment at room temperature and left undisturbed for 15 min.
Subsequently, a volume of 10 pL of the microsphere suspension was introduced to the labeled
cell sample. The mixture was well combined and subjected to flow cytometry analysis using
the conditions previously mentioned. The microsphere solution (Component C) was fully
resuspended and subsequently subjected to sonication in a water bath for a duration of 10 min.
To obtain a precise measurement of the samples, the volume was adjusted to 1000 pL.

2.9. Statistical Analysis

Variables were analyzed with an analysis of variance (ANOVA) using the GLM proce-
dure with the comparison of Tukey means using the statistical program SAS® 9.1.3. Statisti-
cally significant differences were established with a significance level of 0.05. A completely
randomized design with destructive samples was employed, by the following model:

Yijk =u+ Si + M] + SMIJ + ‘C'ijk (2)

where Yj = the response variable measured in the k-th repetition within the i-th substrate
in the j-th method, p = the overall mean of the variable of interest, S; = the effect of the i-th
substrate, M; = the effect of the j-th method, SMj = the effect of the interaction between the
i-th substrate and the j-th method, and é&; = the random error of the k-th repetition within
the i-th substrate in the j-th method.

3. Results
3.1. Potential of Hydrogen (pH)

Differences between the methods of obtaining whole milk postbiotics (p < 0.05) were
observed; the lowest pH was observed in the whole milk subjected to HIU (4.48 £ 0.06) and the
highest in the whole milk subjected to TS (5.08 £ 0.01) (Figure 1). Skim milk had a significant
difference (p < 0.05) in pH between skim milk treated with TS (5.17 & 0.004), control skim milk
(4.58 £ 0.08), and skim milk treated with HIU (4.57 £ 0.10). Finally, whey had no significant
difference (p > 0.05) among methods of obtaining postbiotics. In summary, whole milk HIU
had the lowest pH (4.48 & 0.06) (p < 0.05), and skim milk TS had the highest (5.17 £ 0.004).
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Figure 1. Potential of hydrogen (pH) (mean =+ standard deviation) of water-soluble kefir postbiotics.
HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at ~25 °C), TS
= thermosonication (frequency of 37 kHz, for 30 min at ~60 °C) *P<def = different letters among
columns show significant difference (p < 0.05) among treatments.

3.2. Antioxidant Activity
3.2.1. ABTS Assay

The whole milk with TS presented the lowest (p < 0.05) AA (7.95 % 0.01), while the C and
HIU treatments (9.26 & 0.004 and 8.36 £ 0.02, respectively) were statistically equal (p > 0.05).
In the skim milk, all the treatments were different (p < 0.05); the C had the highest activity
(10.61 £ 0.02), followed by HIU (9.33 £ 0.02) and TS (5.53 £ 0.03). The whey treatments
were different (p < 0.05); the C had a higher value (12.77 £ 0.03) than US (10.83 % 0.03) and
TS (8.22 £ 0.05). The C in all the substrates showed greater AA (p < 0.05); only whole milk,
C, and HIU treatments were not different (p > 0.05). All TS treatments showed the lowest
AA (p <0.05). In summary, whey without treatment (C) presented the highest (p < 0.05) AA
(12.77 £ 0.03) and skim milk TS (5.53 =+ 0.03) the lowest (p < 0.05) (Figure 2).

= Control HIU uTS
16 1
14 12.77¢
12 | 10.61¢ 10.83¢
) 9.26% 0332
g 10 4 8.36ebe . I 8.220c
S 7.95 |
~ 8 7 I
E—E 5.53¢
2 61
4 4
2 -
0
Whole milk Skim milk Whey
Treatments

Figure 2. Antioxidant activity by ABTS method (mean = standard deviation) of water-soluble kefir
postbiotics. HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at
~25 °C), TS = thermosonication (frequency of 37 kHz, for 30 min at ~60 °C). abedef - Jifferent letters
among columns show significant differences (p < 0.05) among treatments.

3.2.2. DPPH Assay

DPPH had similar results; whey without any treatment (C) presented the highest
AA (p <0.05) (11.11 £ 0.49). In whole milk, there were differences (p < 0.05) between C
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(5.92 4 0.35) and TS (4.69 £ 0.38), and it was the lowest between substrates. By treatments,
TS presented the lowest AA in whole milk (4.69 + 0.38), skim milk (4.56 £ 0.43), and whey
(4.89 + 0.23) without showing differences between them (p > 0.05). Finally, AA by the HIU
treatment did not show differences between skim milk and whey (p > 0.05) (Figure 3).

= Control HIU mTS

14 11.114

12 - 9.71¢ 9.02¢ 9.39¢
210 - I
8 g4 592
= 5.10%
B 6 I 4.69° 4560 4.89°
ohn
g 44

2 - I l

0

Whole milk Skim milk Whey
Treatments

Figure 3. Antioxidant activity by DPPH method (mean =+ standard deviation) of water-soluble kefir
postbiotics. HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at
~25°C), TS = thermosonication (frequency of 37 kHz, for 30 min at ~60 °C). #P<4 = different letters
among columns show significant differences (p < 0.05) among treatments.

3.2.3. FRAP Assay

The whey presented higher AA than the other substrates with differences (p < 0.05)
between treatments; C (5.18 £ 0.007) obtained the highest AA, followed by the HIU
(4.67 £ 0.02) and TS (4.16 £ 0.09). On the other hand, for skim milk, the lowest AA (p < 0.05)
was observed in TS (3.24 + 0.05), and HIU (4.48 £ 0.05) did not show a difference (p > 0.05)
with C (4.65 £ 0.02). Finally, whole milk did not show a difference (p > 0.05) between
treatments (Figure 4). All results presented the same trend as in the ABTS (Figure 2).

= Control HIU =TS
6 -
5.18¢
4.65¢ c
5 432% 4 0w 4 13 4.48% 407 10
& T I
Q
=4 3.24¢
&
£3 1
=
=
(]
=2
14
0
Whole milk Skim milk Whey
Treatments

Figure 4. Antioxidant activity by FRAP method (mean + standard deviation) of water-soluble kefir
postbiotics. HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at
~25 °C), TS = thermosonication (frequency of 37 kHz, for 30 min at ~60 °C). abcde - different letters
among columns show significant differences (p < 0.05) among treatments.

3.2.4. ORAC Assay

The whole milk did not present differences (p > 0.05) in AA among treatments. In skim
milk, TS (3.53 £ 0.20) had the lowest AA (p < 0.05) and HIU the highest AA (4.13 &£ 0.08),
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but the C (3.97 £ 0.07) was not different from HIU and TS (p > 0.05). In whey, C treatment
presented the highest AA (p < 0.05) (4.40 £ 0.18) and TS the lowest (3.68 & 0.27). In conclu-
sion, the lowest AA was found in skim milk TS (3.53 =+ 0.20), whey TS (3.68 £ 0.27), whey
HIU (3.88 £ 0.15), and skim milk C (3.97 4 0.07), the same ones that showed no differences
between them (p > 0.05) (Figure 5).

= Control HIU uTS
6.00 -
a 77
s00{ 472 Ty g5 e
39700 & 58 @
2 4.00 1 3.53¢ 368
8
Z3.00 A
E
2,00 A
1.00 A
0.00
Whole milk Skim milk Whey
Treatments

Figure 5. Antioxidant activity by ORAC method (mean =+ standard deviation) of water-soluble kefir
postbiotics. HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at
~25 °C), TS = thermosonication (frequency of 37 kHz, for 30 min at ~60 °C). abede — different letters
among columns show significant differences (p < 0.05) among treatments.

3.3. Total Water-Soluble Protein Content

Figure 6 shows the total protein content. In the case of whole milk, HIU (0.96 + 0.02) and
TS (0.98 £ 0.01) presented the highest protein content, although these were equal (p > 0.05),
and C had the lowest (0.44 £ 0.004) (p < 0.05). For skim milk, C (1.19 £ 0.02) and HIU
(1.12 £ 0.02) had the highest protein content and were statistically equal (p > 0.05), and TS
had the lowest (0.96 £ 0.03) (p < 0.05). For whey, HIU and TS (1.45 & 0.03 and 1.41 + 0.05,
respectively) were not different (p > 0.05) and showed the greatest concentration of protein
compared to C (1.32 £ 0.03 (p < 0.05). All C treatments were statistically different (p < 0.05);
whey had the highest protein concentration (1.32 &£ 0.03), followed by skim milk (1.19 £ 0.02)
and whole milk (0.44 £ 0.004). The HIU treatments exhibit the same behavior as C. And for
the TS, whole milk and skim milk (0.98 & 0.01 and 0.96 + 0.03, respectively) were not different
(p > 0.05) and had the lowest (p < 0.05) protein concentration compared to whey (1.41 £ 0.05).

= Control HIU uTS

1.32¢ 145e e
J 119¢ 1.41

T 112c
. 0.96° 0.98° 0.96°
4 044 I I I

Whole milk Skim milk Whey
Treatments

mg /mL

o o o [ —
= O 00 = N = O
L

o
()
L

(=]

Figure 6. Total protein content (mean + standard deviation) of water-soluble kefir postbiotics.
HIU = high-intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at ~25 °C),
TS = thermosonication (frequency of 37 kHz, for 30 min at ~60 °C). 2P¢de = different letters among
columns show significant differences (p < 0.05) among treatments.
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3.4. Proteolysis

The SDS-PAGE profiles displayed different patterns of proteolysis for WSKPs of all
treatments (Figure 7). Proteolytic degradation was predominantly observed in WSKPs
treatments made from whey substrate, followed by WSKPs from thermosonicated whole
or skim milk.

kDa Marker WMTS!  WMHIU? WMC  SMTS' SMHIU?> SMC WTS! WHIU? wcC
250 -E- A S e e B e B o 5 Sl R i e
150 777 I e = T e B D il e S R e _m'm'm' Immunoglobulin (150 Kda)
100 - Sttt hadbetiolity ekutabubetetod hetoetututebel sedutatatated dottetatabd & - qF - W] i Protease - peptone (86 Kda)
75 @ B e - e e ke e e b s [ 5 = Lactoferrin (76 Kda)
¥ B-Lactoglobulin (66 Kda)
L e Tt CEEEEEE EESREES -
Shea < . ——
. B R e e 1l 4 &
" k - casein (32 Kda)
i v - casein (26 Kda)
25 -- dboo T AEEEIEERL  dEEmeElly S 1
20 ___‘__ ____________________________________________________________________ Casein (20 - 25 Kda)
B - lactoglobulin (18 Kda)
s e [N -
10 o - lactoalbumin (14 Kda)
2,

Figure 7. SDS-PAGE of water-soluble kefir postbiotics. WMTS, whole milk thermosonicated; WMHIU,
whole milk treated with high-intensity ultrasound; WMC, whole milk without any treatment (control);
SMTS, skim milk thermosonicated; SMHIU, skim milk treated with high-intensity ultrasound; SMC,
skim milk without any treatment (control); WTS, whey thermosonicated; WHIU, whey treated with
high-intensity ultrasound; WC, whey without any treatment (control). ! Frequency of 37 kHz, for
30 min at ~60 °C. 2 Frequency of 20 kHz, amplitude of 30%, for 3 min at ~25 °C.

3.5. Cell Membrane Permeability

The effect of ultrasonication and thermosonication treatments on cell membrane
integrity was expressed as a percentage of dead cells (Figure 8). The TS whey had the
highest percentage of dead cells (28%), while the HIU had the lowest (11.4%). The highest
percentage of dead cells in whole milk was also observed in the TS (67.5%); although this
percentage was more than double that observed using whey as a substrate, the C had the
lowest percentage of dead cells (32.9%). For skim milk, the highest percentage of dead cells
was observed in the TS (64.2%) and the lowest in the C (16.6%).

/ Ultrasonicated | Thermosonicated ‘ Control wo T

pe e | ' | o

14 1.9
+
L Whey

Pie Pl

na = Whole milk
*
L

L I Pie

557 287 B Skim milk
< ;@E’ '

’?_-_:, M"-l"

Figure 8. Percentage of dead cells (PI+) of water-soluble kefir postbiotics (WSKP). HIU = high-
intensity ultrasound (frequency of 20 kHz, amplitude of 30%, for 3 min at ~25 °C), TS = thermosoni-
cation (frequency of 37 kHz, for 30 min at ~60°C).
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4. Discussion
4.1. Potential of Hydrogen (pH)

It can be implied that sonication reduces fermentation times by accelerating lactose
consumption through extracellular 3-galactosidase accumulation, which is released by
sonoporation [32]. However, enhanced lactose hydrolysis upon HIUS or TS before fer-
mentation depended on the type of bacteria [32,33], since these have a variable degree of
trans-galactosylation activities and survival rates [32]. Likewise, thermosonicated treat-
ments can also affect the enzyme activity since it reaches a temperature around 60 °C
and (-galactosidase starts inactivating at temperatures above 40 °C and inactivates totally
above 55 °C [34]. This could explain why the higher pH levels were seen in the thermosoni-
cated treatments. Furthermore, the highest pHs for WSKP from whole and skimmed milk
were observed in thermosonicated treatments. This could be because these treatments
showed the highest percentages of death cells, which leads to a reduction in the production
of the 3-galactosidase. Lastly, 3-galactosidase activity is lower in UHT skim milk compared
to UHT whole milk [35], and three of the five strains that make up the kefir culture are
homofermentative.

4.2. Antioxidant Activity

The DPPH methodology’s results were similar to those of the ABTS methodology.
Various assays can be used to determine the antioxidant activity of foods. ABTS (2,2'-azino-
bis ethylbenzothiazoline-6-sulfonic acid), DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP
(ferric reducing antioxidant power) are examples of proton radical scavenging assays. The
ABTS assay is very sensitive; it detects a wide variety of antioxidant compounds, and
it can be employed in both hydrophilic and lipophilic systems, which makes it suitable
for a variety of samples. The DPPH method is deemed more reproducible and simpler;
however, it is only recommended in hydrophilic samples; hence, it is less versatile than
ABTS. In contrast to ABTS, the FRAP test detects the reduction of ferric (Fe3*) to ferrous
(Fe?*) ions; however, it is less sensitive to hydrophobic antioxidants. Lastly, the ORAC is a
common technique for assessing antioxidant activity; it measures the absorption capacity
of oxygen radicals.

It is often used in conjunction with other assays, such as DPPH and FRAP, to obtain a
more comprehensive assessment of the antioxidant activity of a particular food [36,37]. As
observed in Figures 2-4, WSKPs obtained from whey substrate showed the highest AA,
and specifically, WSKP from whey without any treatment presented greater AA than HIU
and TS.

The high antioxidant potential of milk is given mostly by proteins [38]. However,
-lactoglobulin, a major soluble protein, accounts for approximately 10 to 15% of total
milk proteins and contributes approximately 50% of total activity, which is attributed to
its high content of sulfur-containing amino acids. In addition, AA in whey protein is
due to the content of histidine and other hydrophobic amino acids. However, protein
content, degree of protein hydrolysis, and denaturation also play an important role, since
peptides with AA area are released during whey protein hydrolysis [39]. The above could
explain the higher AA observed in the WSKP from whey, since these treatments presented a
higher concentration of soluble proteins (Figure 6) and a greater presence of 3-lactoglobulin
(Figure 2). Yilmaz-Ersan et al. [17] investigated the AA of kefir elaborate with either grain
or commercial starter cultures and reported that AA was greater in the kefir made with
commercial starter culture. The ABTS assay showed that the AA of kefir made with a starter
culture was below 5 mg TE/100 mL after 8 h of fermentation [17]. The WSKP obtained
from whey or skim milk and using HIU or without any treatment showed AA higher than
this value; specifically, WSKP from whey presented values between 9.39 and 11.11 mg
TE/100 mL. However, the AA analyzed by the ABTS method had higher values (~15 mg
TE/100 mL) at the end of the fermentation than those obtained in this study (5.53-12.77 mg
TE/100 mL) [17]. Finally, with the FRAP assay, the values were similar, ~6 mg TE/100 mL
vs. 5.18, respectively.
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In skim milk, the control treatment showed the highest AA by DPPH, ABTS, and
FRAP assays; nevertheless, this treatment had the highest percentage of dead cells. On the
other hand, the TS had the best survival rate (Figure 2) but the lowest AA. Another study
by Gagnon et al. [40] found, in milk fermented with Bifidobacterium longum subsp. longum,
that the antioxidant bioaccessibility was higher in the milk that had the lowest survival
rate in the upper gastrointestinal tract. Conversely, the milk with the highest survival
rate had the lowest antioxidant bioavailability. The above suggests that the antioxidant
activity, in this treatment, comes mainly from the substrate. Skim milk contains the enzyme
superoxide dismutase (SOD), which catalyzes the removal of superoxide free radicals (0, 7).
In cow’s milk, SOD is exclusively present in the skim milk fraction, with a concentration
of 0.15 mg to 2.4 mg/L [41]. In addition, thermosonication can provoke changes in the
antioxidant capacity of milk by inducing the formation of free radicals, which can oxidize
milk components, potentially reducing the overall antioxidant activity [42,43]. In addition,
thermosonication can cause protein denaturation, which in turn alters their structure and
functional properties. This can affect the ability of proteins to act as antioxidants since their
structural integrity is essential to maintaining their antioxidant capacity. Thermosonication
can also cause a slight decrease in soluble proteins as the frequency and duration of
thermosonication increase, leading to changes in antioxidant capacity [42-44].

The results show that WSKPs from whole milk, skimmed milk, and whey present
antioxidant activity. However, it is difficult to compare these results with those obtained in
other investigations due to the wide range of techniques used to evaluate and report AA.

4.3. Total Water-Soluble Protein Content

Bovine milk contains two predominant proteinaceous components: casein and whey.
Caseins are primarily made up of sl1-, s2-, 3-, and k-caseins; all of them represent about
80%. Around 80% of milk proteins are soluble; they are made up of (3-lactoglobulin,
a-lactalbumin, serum albumin, immunoglobulins, lactoferrin, and other smaller parts [45].
In general, WSKPs from skim milk had a higher content of soluble proteins compared to
WSKPs from whole milk; this could be associated with the interaction between fat globules
in whole milk and the proteins, especially caseins, which form less soluble complexes.
When fat is removed to produce skimmed milk, this interaction is reduced, resulting in a
greater proportion of proteins remaining in the soluble phase [46].

Additionally, skimmed milk tends to contain a higher concentration of whey proteins
(relative to caseins) than whole milk. Whey protein is naturally more soluble than casein
protein. Defatting does not change the protein content of whey; the relative amount
of soluble protein in skimmed milk is maintained or even increased [47]. Furthermore,
the content of -lactoglobulin has been found to be higher in the ultracentrifugation
supernatants of skim milk than in those of whole milk [46]. In addition, WSKPs from whey
presented a higher concentration of soluble proteins than WSKPs from skim milk. There
are more soluble proteins in liquid whey than in skimmed milk. This is because it has
more whey proteins, mostly 3-lactoglobulin and x-lactalbumin. After all, the less soluble
caseins are taken out when cheese is made [46]. In addition, whey is usually processed
under conditions that preserve the solubility of its proteins better than skimmed milk. Also,
HIU did not affect the solubility of whey proteins; this result is consistent with previous
studies [48,49].

4.4. Proteolysis

The SDS profiles can be separated into two areas. Area A corresponds to high-molecular-
weight components (50250 kDa) such as proteose-peptone (86 kDa), immunoglobulins
(150 kDa), and bovine serum albumin (BSA, 6668 kDa), while Area B corresponds to
1040 kDa, containing the most important milk proteins, including o-, 3-, and k-caseins,
-lactoglobulin (14-17 kDa), and a-lactalbumin (12-13 kDa) [50,51]. The SDS-PAGE anal-
ysis shows that chemical bonds were made between whey and casein proteins in all three
whey treatments (TS, HIU, and C). Some of these complexes are soluble under experimental
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conditions and are characterized by the high-molecular-weight fractions in Area A. These
complexes were not detected in the whole or skim milk, indicating that the casein micelle did
not disaggregate. However, the WSKP from whole and skim milk TS showed bands in the
range of 23 to 30 kDa, where -, 3-, and k-caseins are located, although bands presented in
WSKP from skim milk TS were more pronounced. This suggests that when thermosonication
was applied, skim milk was more susceptible to casein micelle disruption than whole milk.

Studies found that after UHT treatment, whey protein hydrolysis was about 20%
higher in skim milk than in whole milk. Also, the concentration of (3-lactoglobulin was
higher in the skim milk supernatant at the start of storage than in those from whole
milk [46,52]. The same was observed in the WSKPs obtained from the control treatments
of whole and skim milk. Meanwhile, WSKPs from whey showed a pronounced band
corresponding to a molecular weight of approximately 25 kDa. This could correspond to
the presence of albumin, indicating that all WSKPs from whey were rich in albumin. Similar
results were observed in whey protein isolate (2% w/v) when applying HIU (30% amplitude,
55/5 s for 6 min) [49]. Finally, all the WSKPs treatments had bands in the 3-15 kDa range.
These bands are made up of small peptides, 3-lactoglobulin, and «-lactalbumin. However,
the bands were stronger in the WSKPs from whey (TS, HIU, and C). This finding can be
attributed to the higher content of water-soluble proteins in these treatments (Figure 6).

Additionally, enzymes such as aminopeptidases, proteinases, and peptidases are
produced by kefir culture microorganisms [53]. These enzymes may play a part in the
creation of small and intermediate peptides because of the primary hydrolysis of chymosin
residues [54]. According to the results, it can be concluded that thermosonication has a
proteolytic effect in whole and skim milk but not in whey. Since there was no evident
change in the protein bands after HIU and TS, this suggests that the primary structure and
molecular weight of proteins found in WSKP remained unchanged. In a previous study
where whey protein isolate was treated for up to 40 min at 600 W of sonication power,
similar results were reported [55]. Cheese-making heat and culture-released proteases may
cause whey proteolysis.

4.5. Cell Membrane Permeability

The observed results show that treatment and substrate affect dead cell percentage.
The highest percentages of dead cells were observed in TS that used whey or whole
milk as a substrate. This can be attributed to the irreversible damage caused by the
ultrasonoporation. The changes in the chemical bonds and cell membrane protein structure
also favor membrane permeability.

Likewise, it was observed that when using whey as a substrate in the control and
ultrasonicated treatments, the percentage of dead cells was lower than those observed when
using whole or skim milk as a substrate. The survival of microorganisms that are part of
the kefir culture, as well as their concentration and produced metabolites, differ depending
on the source of carbon and energy (substrate used) available for fermentation [56,57].

Compared to whole or skim milk, whey contains a high concentration of easily metab-
olizable nutrients, particularly lactose, amino acids, peptides, and soluble proteins that are
readily available for microbial consumption and growth. And, unlike whole milk, whey
does not contain significant amounts of fat or casein, which can sometimes inhibit microbial
growth or obstruct the fermentation process. In addition, some nutrients in whole and
skim milk may be bound to more complex structures. Meanwhile, whole and skim milk
presented the highest percentage of dead cells in the thermosonicated treatments. These
treatments showed the highest degree of proteolysis compared to their respective control
treatments (Figure 7). The above suggests that thermosonication caused greater cellular
damage and a greater degree of proteolysis.

Finally, the kefir culture consisted of Lactococcus lactis subsp. cremoris, Lactococcus lactis
subsp. lactis biovar diacetylactis, Lactococcus lactis subsp. lactis, Leuconostoc, and Streptococcus
thermophilus. The effect of HIU or TS on these microorganisms has been demonstrated to be
different, which may have influenced the results. Ultrasounds can interfere with bacterial
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metabolisms, and lactic acid bacteria could tolerate them at different intensities [58]. Lacto-
coccus lactis spp. cremoris and Lactococcus lactis spp. lactis are less affected by ultrasound
than Lactobacillus acidophilus and Lactobacillus casei [59], indicating that these bacteria do not
receive as much damage from ultrasound. Whether or not ultrasound affects bacteria will
depend on the sonication condition, type of substrate used, and microorganism character-
istics [58]. Meanwhile, the effect of thermosonication is different for all microorganisms
because the microbial inactivation is also influenced by their type, shape, or diameter [60].

5. Conclusions

This study aimed to investigate the effects of HIUS and thermosonication in three
different substrates (whole and skim milk and whey) on the antioxidant activity of WSKP.
In general, WSKP’s antioxidant activity was directly affected by the type of substrate and
method of obtaining it. The WSKP obtained using whey as a substrate and without any
treatment presented the greatest antioxidant activity. Likewise, the treatments that used
whey as a substrate presented the highest protein concentrations, the lowest percentages
of cell death, and the highest degrees of proteolysis, but without observing differences
between treatments. This may be due to whey’s high degree of hydrolysis, which is caused
by residual bacterial enzymes from the cheese-making cultures. These enzymes, through
their activity, provide a highly bioavailable substrate for the growth of the strains in the kefir
culture. Therefore, whey and kefir culture are potential candidates to produce postbiotics
with antioxidant activity, which can afford protection against proton-free radicals.
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