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Abstract Goat (GCW) and sheep cheese whey (SCW) are 
cheese by-products that can be fermented to develop a new 
product. However, the limited nutrient availability for lactic 
acid bacteria (LAB) growth and the low stability of whey 
are challenges. This work evaluated the addition of protease 
and/or ultrasound-assisted fermentation as tools to improve 
GCW and SCW fermentation and the final quality of the 
products. Results showed that the US/protease increased by 
23–32% pH decline rate (for SCW only) and modified the 
separation of cream (≤ 60% for GCW) and whey (≤ 80% 
for both whey sources, with higher values for GCW) dur-
ing storage, explained by changes in the microstructure 
protein, fat globules, and their interactions. Furthermore, 
the whey source/composition (mainly lower fat content in 
SCW) affected the destabilization rate and the LAB viability 
loss (1.5–3.0 log CFU/mL), caused by nutrient depletion 
and low tolerance at pH ~ 4.0. Finally, exploratory results 
showed that fermentation under sonication (with/without 
protease) resulted in 24–218% higher antioxidant activity 
in vitro than unfermented samples. Therefore, fermentation 
associated with proteases/sonication can be an interesting 
strategy to modify GWC and SCW, and the final process 
chosen depends on the desired changes in whey.

Keywords Sonication · Artisanal production · 
Commercial enzyme · Fermented whey drink · Physical 
structure · LAB viability · Storage

Introduction

Goat and sheep farming focused on milk production is 
a growing rural activity in smallholdings, and the milk 
obtained is used mainly to manufacture artisanal cheese. 
Whey is a by-product of these processes and is commonly 
underutilized or discarded, reducing the income of artisa-
nal producers and causing a negative environmental impact 
(Macedo et al. 2018; Tribst et al. 2020a).

Fermentation of whey to produce dairy beverages or 
whey drinks is considered a feasible, simple, and inexpen-
sive option for direct use of whey, as it does not require 
preprocessing, such as concentration or drying (Zotta et al. 
2020), which would be incompatible with artisanal size pro-
duction (Tribst et al. 2020a).

According to Martí-Quijal et al. (2021) and Zotta et al. 
(2020), fermented whey products have advantages com-
pared to non-fermented products, such as (i) better sensory 
acceptance due to lactic acid and aroma compounds pro-
duction, (ii) lower allergenicity due to partial hydrolysis of 
β-lactoglobulin, (iii) presence of peptides with biological 
activity due to the proteolytic activity of lactic acid bacteria 
(LAB) during their growth and potential production of lac-
tobionic acid and exopolysaccharides that have antioxidant 
properties, and (iv) inhibition of spoilage/pathogens micro-
organisms growth due to low pH.

However, cheese whey can have nutritional deficien-
cies, especially protein content, that may hinder/ limit LAB 
growth (Castro et al. 2013). Consequently, lower acidifica-
tion rates are expected compared to those observed during 
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milk fermentation (Rama et al. 2019). This effect may be 
minimized by proteases added to whey before/or during 
fermentation once protein hydrolysis into short peptide 
chains and/or essential amino acids favors the growth of 
LAB (Chourasia et al. 2022). Moreover, hydrolysis can 
decrease the allergenicity of whey proteins by reducing the 
β-lactoglobulin content (Chourasia et al. 2022) and improves 
their nutritional quality by increasing the concentration of 
peptides with biological activity, such as ACE inhibitory and 
antioxidant peptides (Magalhães et al. 2022).

Ultrasound (US) is another tool that can be strategically 
used to improve the fermentation rate (Umego et al. 2021). 
Ultrasound is defined as sound waves of high frequency, 
above the threshold of human hearing (> 20 kHz), that can 
be divided into high intensity-low frequency (20–100 kHz 
with 10–1000 W/cm2) and low intensity-high frequency 
(> 1 MHz, < 1 W/cm2). According to Herrera-Ponce et al. 
(2021), the sonication process alternates high- and low 
pressures, causing compression and expansion cycles in the 
medium and forming tiny vacuum bubbles that grow over 
several cycles and undergo an implosive collapse, releasing 
energy (cavitation phenomenon). This energy can (i) change 
the permeability of the cells, (ii) induces structural and 
physicochemical changes in molecules, and (iii) accelerates 
chemical reactions (Arruda et al. 2021). Therefore, ultra-
sound has been used in several food products (dairy, cereals, 
meat products, fruits, and juices) with different proposes, 
such as inactivation of spoilage/pathogen microorganisms, 
enzyme inactivation and activation, changes in food micro-
structure/texture, extraction and impregnation of compounds 
of interest, acceleration of reaction rates, among other unit 
operations (Arruda et al. 2021; Bhargava et al. 2021).

Nevertheless, few studies focused on using the US to 
improve fermentation in dairy products. Previous results 
have shown that ultrasound reduces the fermentation time 
due to the more significant activity of the starter microor-
ganisms (Herrera-Ponce et al. 2021), explained by increased 
cell permeability and temporary formation of pores on cells 
subjected to US (Gholamhosseinpour and Hashemi 2018) 
that improves the mass transfer of substrates into the cells 
and the removal of by-products from cell metabolism (Her-
rera-Ponce et al. 2021). Furthermore, acoustic cavitation 
in US-assisted fermentation acts as a catalyst for various 
reactions due to the generation of highly reactive radicals, 
substrate homogenization, chemical dissolution, and break-
down of cell clusters (Umego et al. 2021). In addition to 
mass transfer improvements, the US-assisted reaction may 
potentiate enzymatic reactions due to (i) changes in the sub-
strate able to cause great exposure to enzyme attack and 
(ii) partial unfold of the enzyme, with exposure of active 
sites entrapped in the hydrophobic core and/or stabilization 
of the enzyme structure (Magalhães et al. 2022). Despite 
this, to our knowledge, no previous research has evaluated 

the impact of US-assisted fermentation of goat (GCW) and 
sheep (SCW) cheese whey. Therefore, this research aimed 
to fill this gap by studying GCW and SCW fermentation 
parameters under the US, with or without proteases and 
characterizing the obtained products regarding LAB count, 
physicochemical characteristics, structural stability, and 
in vitro antioxidant activity.

Material and methods

Goat (GCW) and sheep cheese whey (SCW)

GCW (1.01% fat, 0.68% protein, and 3.23% lactose) was 
obtained from a fresh cheese inoculated with starter culture 
Lacticaseibacillus casei (BGP 93, Sacco Brasil Campinas, 
Brazil) produced in the laboratory of Federal University of 
Viçosa (Viçosa, Brazil). SCW (0.18% fat, 0.95% protein, 
and 4.72% lactose) was obtained from an artisanal cheese 
inoculated with Lactococcus lactis subsp. Lactis, Lactococ-
cus lactis subsp. cremoris (R-704, Chr. Hansen Indústria e 
Comércio, Valinhos—SP, Brazil), produced in São Clem-
ente artisanal cheese factory (Ouro Preto, Brazil). Whey was 
stored at 1ºC up to processing (24 h).

GCW and SCW fermentation process

A volume of 5.4L of each whey was pasteurized at 
75  °C/5  min to reach microbial counts lower than  102 
UFC/mL (Santos et  al. 2023; Tribst and Leite Júnior 
2022) and cold to 43 °C. Then, each whey was inoculated 
with ~  106 CFU/mL yogurt starter microorganisms (Strepto-
coccus thermophilus and Lactobacillus bulgaricus, Y472e 
Code, Sacco Brasil—Campinas, Brazil) and divided into two 
parts of equal volume (2.7 L) and one of these parts was 
added with 27 mL of protease (solution prepared in water 
with 1% v/v of Alcalase®, Novozymes Latin America—
Araucaria, Brazil). Finally, each sample was again divided 
into two parts, one of them was traditionally fermented in 
a thermostatic bath at 43 °C (Solidsteel, Piracicaba, São 
Paulo), and the other was fermented at the same temperature 
in an ultrasonic bath (Unique, USC 2800 A model, Indaia-
tuba, Brazil). The ultrasonic bath had internal dimensions of 
30 × 24 × 15 cm and was equipped with five transducers of 
25 kHz arranged below the vat. Its nominal potency was 450 
W, and its volumetric potency was 23.8 W/L. Each process 
was carried out in triplicate, and fermentation was carried 
out in a sterilized borosilicate bottle.

The fermentation was evaluated by measuring the pH 
decline at 30-min intervals up to reach pH 4.60 ± 0.05. 
The results were modeled by a modified Gompertz equa-
tion adapted by de Brabandere and Baerdemaeker (1999) to 
describe the pH decline in fermentation (Eq. 1).
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where  pH0 = initial pH,  pH∞ = final pH, μ = maximum pH 
decline rate  (h−1), λ = lag phase time (h), and t = time (h).

After fermentation, the bottles containing the whey samples 
were refrigerated at 7 °C and evaluated during storage for up 
to 28 days.

pH, LAB counts, physical stability, microstructure, 
and in vitro antioxidant activity of the fermented whey

After 1, 14, and 28 days of fermentation, the pH of the GCW 
and SCW samples was measured in triplicate, and lactic acid 
bacteria (LAB) counts were determined in duplicate, following 
the methodology described by Tribst et al. (2020a).

The physical stability of the whey was availed using three 
sterilized borosilicate tubes filled with 10 mL of each fer-
mented whey and kept at 7 °C. 7 °C. After 1, 3, 7, 14, 21, and 
28 days of storage, the whey destabilization was measured 
using a digital pachymeter considering: (i) the occurrence of 
cream separation as a dense phase in the top of the tube, (ii) 
whey separation, as the translucent phase, and (iii) sedimenta-
tion, as a dense phase in the bottom of the tube (Tribst et al. 
2020a). Illustrative images of the tube samples were taken on 
all stability assessment days.

In addition, to get insights about the sample’s microstruc-
ture, after 1, 14, and 28 days of storage, a drop of each sample 
was placed on a microscope slide, and images were obtained 
at 40 × magnification (Anatomic Opton®, TIM-18, Brasil), 
according to the described Tribst et al. (2020a).

In vitro antioxidant activity was measured in triplicate, after 
1 and 28 days of storage, by 2,2′-azino-bis(3-ethylbenzothi-
azoline-6-sulfonic acid) (ABTS) radical scavenging activity 
(Magalhães et al. 2022). The stock solution containing ABTS 
(7 mM) and potassium persulfate (2.45 mM) (1:1 ratio) was 
prepared and stored (12–16 h) at 4 °C in the dark. Then, the 
solution was diluted with distilled water to reach an absorb-
ance at 734 nm of 0.700 ± 0.02. Subsequently, 150 μL of the 
fermented sample (diluted 1:100) was added to 2.85 mL of the 
diluted ABTS radical solution. After 1 h incubation at room 
temperature in the dark, the absorbance was read at 734 nm. 
The ABTS radical scavenging activity was calculated using 
Eq. (2).

where: Abs 0 min is the absorbance of the sample at time 0, 
and  Abs60min is the absorbance of the sample after 60 min 
of reaction.
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Statistical evaluation

The impacts of processing conditions (traditional and US-
assisted fermentation carried out with/without protease) on 
the GCW and SCW fermentation parameters and pH, LAB 
count, stability parameters, and in vitro antioxidant activity 
were evaluated by using the analysis of variance (ANOVA) 
and the Tukey test at a 95% confidence level. The same tests 
were used to compare the product throughout its shelf life.

Results and discussion

Fermentation profile of goat and sheep cheese whey

The pH decline curves were obtained for each sample during 
fermentation (Supplementary File—Figure S1). Fermenta-
tion time was mainly influenced by the whey source, being 
25% slower in SCW. In addition, US-assisted fermentation 
slightly delayed the total fermentation time in GCW, and 
adding protease improved the fermentation time in SCW. 
The obtained data had a good adjustment to the modified 
Gompertz model  (R2 > 0.95), showing that the pH decline 
of the samples could be used to indirectly assess bacterial 
growth through the parameters of Eq. 1 (de Brabandere and 
Baerdemaeker 1999; Tribst et al. 2018, 2020b), as shown 
in Table 1.

The parameter λ represents the lag phase of the pH 
decline, i.e., the time spent on LAB adaptation plus the time 
spent to produce the minimum concentration of acid capable 
of overcoming the buffering capacity of each whey leading 
to the first pH drop, whereas the parameter µ represents the 
maximum rate of pH decline (de Brabandere and Baerde-
maeker 1999; Tribst et al. 2018, 2020b). The results of λ and 
µ showed that US-assisted fermentation and the addition of 
protease resulted in parameters similar to those observed for 
traditional fermentation of GCW (p > 0.05). On the other 
hand, for SCW, it was observed that although both inter-
ventions negatively impacted the lag phase, delaying it by 
41–70% (p < 0.05), they led to significantly higher rates of 
pH decline (23–32%) when compared to traditional fermen-
tation (Table 1). Considering the GWC fermentation time 
(up to 1 h faster than the SCW fermentation—Supplemen-
tary File—Figure S1), we hypothesize that the yogurt starter 
cultures did not have growth difficulties in GCW, making 
the interventions tested unnecessary. On the contrary, the 
longer fermentation of SCW suggests that the culture had 
some growth barriers (such as low nutrient availability, 
mainly fat—"Goat (GCW) and sheep cheese whey (SCW)" 
in section, justifying the observed impact of the US-assisted 
processing and protease. However, to validate this hypoth-
esis, additional parameters, including availability/depletion 
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of nutrients and counts of LAB (Abesinghe et al. 2019), 
should be evaluated during fermentation in future studies.

In symbiotic fermentation using yogurt culture, S. ther-
mophilus is the microorganism with the quickest growth at 
the beginning of the process, due to its ability to grow at 
high pH (Tribst et al. 2018). Thus, the increase in the lag 
phase time caused by protease and the US in SCW sug-
gests that these interventions harmed this microorganism’s 
adaptation phase (parameter λ—Table 1). On the other 
hand, the results of the maximum pH decline rate (param-
eter µ—Table 1), which occurs between 5.7 and 5.0 due to 
the symbiotic growth of S. thermophilus and L. bulgaricus 
(de Brabandere and Baerdemaeker 1999), suggest a posi-
tive influence of US-assisted fermentation and the addition 
of protease.

The protease effect can be explained by the partial 
hydrolysis of proteins into peptides and/or amino acids after 
60–90 min of reaction, improving the availability of essen-
tial amino acids (Magalhães et al. 2022) for S. thermophilus, 
which is produced exclusively by L. bulgaricus in traditional 
fermentation (Nasri et al. 2022). The effects of US can be 
explained mainly by its ability to increase cell permeability 
(Gholamhosseinpour and Hashemi 2018), improving: (i) 
mass transfer of substrates to cells, including the metabo-
lites produced by S. thermophilus that are important for L. 
bulgaricus growth and vice-versa (Nasri et al. 2022), (ii) 
the removal of by-products from cell metabolism (Herrera-
Ponce et al. 2021), and (iii) the excretion of enzymes that 
hydrolyze nutrients necessary for bacteria growth, such as 
β-galactosidase (Ewe et al. 2012). On the other hand, the 
absence of improvement when protease and US were com-
bined, compared to the individual interventions, showed that 
the effects of US and protease were not additive and that 
the expected positive impact of US on enzyme performance 
(Magalhães et al. 2022) was insufficient to alter the growth 
of the microorganism and, consequently, the pH decline. 
However, it is important to note that this preliminary hypoth-
esis was based solely on pH decline and the well-understood 

symbiotic behavior of starter growth during fermentation 
(Tamime and Robinson 2007). Therefore, to confirm this, 
differential counts of both microorganisms during fermenta-
tion should be performed.

pH and LAB count of fermented goat and sheep cheese 
whey

During the storage of the samples, a continuous reduction in 
the pH occurred, regardless of the whey source, fermentation 
under sonication, and addition of protease (Table 2). These 
results suggested that LAB remained to produce lactic acid 
even during storage at 7 °C (Wei et al. 2017), causing post-
acidification, as related by other authors (Tribst et al. 2020a). 
The comparison between the different samples showed that 
the only consistent observation was the higher pH of the 
sample added with protease and fermented without the US 
(p < 0.05), possibly due to basic peptides formed from the 
hydrolysis of protein (Jia et al. 2022).

For  LAB counts  (Table   2) ,  GCW samples 
had ~  107  CFU/mL, and SCW had a population 1 log 
smaller, suggesting that the longer fermentation of SCW 
occurred due to culture inhibition at the end of acidifi-
cation (Nasri et  al. 2022). After 14 days, LAB counts 
remained equal in fermented GCW, while a further 
decrease (p < 0.05) of at least 1.26 log CFU/mL was 
observed for SCW samples. On the other hand, at the end 
of storage, the GCW showed reductions in LAB counts 
similar to those observed in SCW after 14 days. For SCW, 
the only sample that showed a difference between 14 and 
28 days was the one added with protease, with an increase 
in the LAB count (~ 1.5 log CFU/mL). This growth should 
be attributed to the release of peptides and amino acids 
during storage by residual protease activity (Shori et al. 
2022). The presence of these peptides may overcome the 
limitation of nutrients in fermented SWC, favoring the 
residual growth of LAB starter cultures even under adverse 
conditions, such as low pH and temperature. On the other 

Table 1  Parameters of the 
modified Gompertz equation 
adapted to pH decrease data of 
goat and sheep cheese whey 
during fermentation

*Samples were identified by the whey source and process of fermentation. **λ = lag phase time (h); 
***µ = maximum pH decline rate  (h−1). a−cLower case superscripts indicate significant differences evalu-
ated by the Tukey test (p < 0.05) among the processes for each whey source

Whey source Fermentation process pHinitial **λ (h) *** μ  (h−1) R2

*Goat Traditional 6.19 ± 0.01a 1.54 ± 0.38a  − 0.78 ± 0.10ab 0.987
Traditional + protease 6.19 ± 0.01a 1.43 ± 0.29a  − 0.81 ± 0.19a 0.983
US-assisted 6.19 ± 0.01a 1.27 ± 0.40a  − 0.64 ± 0.07b 0.988
US-assisted + protease 6.19 ± 0.01a 1.27 ± 0.64a  − 0.68 ± 0.11ab 0.989

Sheep Traditional 6.05 ± 0.02a 0.68 ± 0.12c  − 0.31 ± 0.01c 0.959
Traditional + protease 6.05 ± 0.02a 1.16 ± 0.20a  − 0.42 ± 0.03a 0.953
US-assisted 6.05 ± 0.02a 1.10 ± 0.11ab  − 0.40 ± 0.01ab 0.972
US-assisted + protease 6.05 ± 0.02a 0.96 ± 0.13b  − 0.38 ± 0.02b 0.947
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hand, the lack of LAB growth in the protease-added and 
sonicated sample suggests that the extensive exposure 
time to the US may have inactivated the added enzyme 
(Magalhães et al. 2022), preventing this beneficial hydrol-
ysis during storage. Furthermore, for the other samples, 
minor and unspecific differences were observed between 
samples produced using the same whey, suggesting that 
whey composition/characteristics were more important for 
the survival of LAB during storage than the interventions 
studied during fermentation.

In addition, although post-acidification is considered 
an important cause of viability loss of yogurt microorgan-
isms (Undugod and Nilmini 2019), the comparison of the 
results in Table 2 suggest that the reductions in LAB counts 
were not exclusively due to pH reduction since GCW and 
SCW samples had similar pH at days 1 and 14, but counts 
in SCW were approximately 1 and 2.5 log CFU/mL lower, 
respectively. These results indicated that, although LAB cul-
ture was stressed by nutrient restriction and cumulation of 
inhibitory substances (Rama et al. 2019) in the storage of 
both whey sources, the characteristics of SCW (including 
composition, salt balance, or presence of antimicrobials) 
were more harmful to yogurt starters culture, reinforcing 
the hypothesis about the benefits of residual protease activ-
ity during the storage for this sample. Moreover, the overall 
evaluation of these results highlighted that storage at 7 ºC 
was insufficient to maintain the LAB viability for 28 days, 
emphasizing the need to increase the LAB count at the end 
of fermentation and/or store the fermented whey at a lower 
temperature to reduce the microorganism’s metabolism dur-
ing storage (Tribst et al. 2020a).

Physical stability and microstructure of fermented goat 
and sheep cheese whey

The evaluation of the physical stability of fermented GCW 
(Fig. 1) and SCW (Fig. 2) showed that the samples desta-
bilized during storage in different ways. Their micrographs 
obtained after 1, 14, and 28 days of storage help to explain 
the observed phenomena (Fig. 3).

For GCW, an intense destabilization was observed after 
3 days (Fig. 1A), with cream separation (Fig. 1C), whey 
separation (Fig. 1B), and sedimentation (Fig. 1D). These 
levels of destabilization remained almost unchanged for 
up to 28 days, which can be explained by the absence of a 
strong protein network that could contract during storage 
leading to additional water release (Laiho et al. 2017) and by 
the minimal hydrophobic protein attraction under refrigera-
tion, maintaining protein aggregation only through weaker 
interactions (Liyanaarachchi and Vasiljevic 2018).

Interestingly, the fermentation conditions, i.e., protease 
addition and US, impacted the way that GCW destabilized. 
In the traditional fermented sample, destabilization resulted 
in a proportional creaming and sedimentation (~ 10%), with 
a layer of whey between them. This separation profile indi-
cates that the low protein content of GCW associated with its 
destabilization—caused by pasteurization followed by acidi-
fication that proximate it to the isoelectric point—leads to 
the instability of the suspension (Tribst et al. 2020a). Conse-
quently, fat globules separated from the system and migrated 
to the top of the tube due to their low density (Gallier et al. 
2020), while the whey protein agglomerates (Fig. 3, after 
14 days of storage) sedimented, and whey translucent mate-
rial containing soluble nutrients was formed between them.

Smaller sediments were formed for the sample added 
with protease than those observed in traditional fermen-
tation. This is explained by the partial hydrolysis of pro-
teins, resulting in less agglomeration (Fig. 3) and greater 

Table 2  pH and lactic acid bacteria (LAB) count measured during the shelf life at 7 °C of goat (GCW) and sheep cheese whey (SCW) fer-
mented through traditional and ultrasound (US) assisted processes, added or not by protease

A −DCapital superscripts indicate significant differences evaluated by the Tukey test (p < 0.05) among the processes for each whey source at each 
day. a−cLower case superscripts indicate significant differences evaluated by the Tukey test (p < 0.05) for the same sample at different days

Whey source Fermentation process pH Lactic acid bacteria count (log CFU/mL)

1 day 14 days 28 days 1 day 14 days 28 days

Goat Traditional 4.61 ± 0.01Aa 4.15 ± 0.02Db 4.01 ± 0.01Bc 7.56 ± 0.14Aa 6.82 ± 0.34Ab 4.88 ± 0.21BCc

Traditional + Protease 4.61 ± 0.01Aa 4.41 ± 0.01Bb 4.22 ± 0.04Ac 6.55 ± 0.29Ca 6.79 ± 0.20Aa 5.54 ± 0.51ABb

US-assisted 4.61 ± 0.01Aa 4.21 ± 0.03Cb 3.99 ± 0.02Bc 7.49 ± 0.36ABa 7.24 ± 0.71Aa 6.00 ± 0.39Ab

US-assisted + Protease 4.61 ± 0.01Aa 4.76 ± 0.04Ab 3.59 ± 0.02Cc 7.06 ± 0.24Ba 7.19 ± 0.33Aa 4.29 ± 0.98Cb

Sheep Traditional 4.67 ± 0.01Ba 4.25 ± 0.03Db 4.08 ± 0.00Cc 6.34 ± 0.44ABa 4.87 ± 0.16Ab 4.88 ± 0.18Bb

Traditional + Protease 4.63 ± 0.01Ca 4.53 ± 0.01Ab 4.27 ± 0.01Ac 6.95 ± 0.65Aa 3.68 ± 0.22Bc 5.33 ± 0.24Ab

US-assisted 4.71 ± 0.01Aa 4.35 ± 0.00Cb 3.98 ± 0.01Dc 5.91 ± 0.34Ba 4.39 ± 1.08ABb 3.82 ± 0.33Cb

US-assisted + Protease 4.60 ± 0.00 Da 4.46 ± 0.02Bb 4.21 ± 0.01Bc 5.98 ± 0.15Ba 4.72 ± 0.08Ab 4.96 ± 0.27ABb
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solubility (Bustamante et al. 2021) compared to the control. 
On the other hand, the larger cream suggests that part of 
these hydrolysates interacted with the fat globules (Capela 
et al. 2022), forming a thick and dense layer at the top of 
the tube (p < 0.05). The sample fermented in the US had 
the opposite behavior, without cream separation and with 
dense sedimentation (p < 0.05). Considering that US can 
reduce fat globule size (Capela et al. 2022), alter protein 
structures (Zhao et al. 2014), and favor interactions between 
these compounds (Zhao et al. 2014), the main hypothesis 

to explain the phenomenon is the formation of protein-fat 
complex, with the protein governing the physical behavior of 
the structure, leading to dense sedimentation. This hypoth-
esis is corroborated by the micrographs of US-fermented 
samples (Fig. 3). Conversely, the sample added with pro-
tease and fermented under the US showed the thickest cream 
(p < 0.05), suggesting that the partially hydrolyzed protein 
interacted with small fat globules forming a light (Fig. 1A 
and C) and more continuous structure (Fig. 3), with better 
water holding capacity than other samples, resulting in less 
whey separation.

In contrast to GCW, destabilization of SCW resulted only 
in whey separation at the top of the tube after 14 days of 
storage (Fig. 2), followed by a continuous separation up to 
28 days, with higher values (~ 50%) for protease-added sam-
ples and lower separation for sample fermented under US 
(p < 0.05). On the other hand, Fig. 3 showed that the micro-
structures of SCW protein processed under different condi-
tions were similar to those observed for GCW. Therefore, the 
differences observed in the destabilization of goat and sheep 
cheese whey can be attributed to the differences in whey 
composition since SCW had almost no fat (0.18 vs. 1.01% 
in GCW), preventing cream separation and a high concen-
tration of protein (0.95 vs. 0.68% in GCW), slightly favor-
ing water holding capacity (Sánchez et al. 2020). Finally, 
regarding the greater whey separation in SCW added with 
proteases, maybe the reduction of protein agglomerates due 
to partial hydrolysis resulted in smaller structures with bet-
ter accommodation, reducing the amount of water between 
them. The overall assessment of the samples physical stabil-
ity emphasized the importance of developing strategies to 
ensure whey stabilization by adding stabilizers (Arab et al. 
2022) associated with skimming or fat size reduction (Tribst 
et al. 2020b).

In vitro antioxidant activity of fermented goat 
and sheep cheese whey

After fermentation, all samples showed higher in vitro anti-
oxidant activities of the ABTS radical compared to their 
respective unfermented whey (Fig. 4), with higher values 
for SCW. In addition, for SCW samples, an increase in anti-
oxidant activity was observed during storage (p < 0.05). In 
contrast, for GCW, a reduction in antioxidant activity was 
observed for all samples (p < 0.05) during storage, except for 
the sample produced under the US and added with protease.

Fermented whey’s in vitro antioxidant activity may be 
explained by the composition of whey proteins, mainly 
β-lactoglobulin, which has a large amount of sulfur-con-
taining amino acids, principally cysteine (Ma et al. 2018). 

Fig. 1  Whey destabilization during the shelf life at 7  °C of goat 
cheese whey (GCW) fermented through traditional and ultrasound 
(US) assisted processes, added or not by protease. Illustrative images 
(A), Whey separation (B), Cream separation (C), and Sedimentation 
(D) of GCW during storage (D). Fermentation process: T: Tradi-
tional; T + P: Traditional + Protease; US: US-assisted; US + P: US-
assisted + Protease. A-D Capital letters indicate significant differences 
evaluated by the Tukey test (p < 0.05) among the processes at each 
day. a−c Lower case superscripts indicate significant differences evalu-
ated by the Tukey test (p < 0.05) for the same sample at different days
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As observed for the SCW, the presence of lactic acid cul-
tures and protease contributed to an increase in the scaveng-
ing ABTS radicals during storage due to increased protein 
hydrolysis, allowing the release of amino acid residues in 
the polypeptide chain, which is related to improvements in 
antioxidant properties (Magalhães et al. 2022). However, an 
opposite behavior was observed for GCW, with an antioxi-
dant activity reduction during storage for most of the sam-
ples. Comparing the results of physical stability (Figs. 2 and 
3) and antioxidant activity (Fig. 4), it is highlighted that all 
samples with sedimentation (GCW traditionally fermented 
and added with protease or sonicated separately) had a 
reduction in the antioxidant activity after storage, which 
suggests that denser protein aggregates formed in these 
samples hindered their antioxidant activity (Arranz et al. 
2019). Despite this, it is to note that these results must only 
be considered indicative/exploratory. Further investigations, 
including in vivo assays of antioxidant activity, are manda-
tory to affirm the biological benefits of fermented whey.

Conclusion

US-assisted fermentation and the addition of proteases could 
be interesting interventions to improve the pH decline rate 
in SCW fermentation, which was more challenging to fer-
ment than GCW, probably due to limited nutrients. Moreo-
ver, these interventions directly affected how samples were 
destabilized during storage, due to the reduction in the fat 
globule size caused by US and proteolysis caused by pro-
tease, although none of them were able to avoid phase sepa-
ration during whey storage. In contrast, interventions were 
insufficient to guarantee higher levels of LAB viability dur-
ing storage, avoid post-acidification, and improve the in vitro 
antioxidant activity of the samples. Future studies should 
access the impact of these interventions, associated with 
the addition of stabilizers and nutritional supplementation/
storage at low temperatures, on the structure of the product 
and sensory characteristics/acceptance of the developed fer-
mented whey. In addition, considering that the US can lead 
to the inactivation of spoilage microorganisms, further stud-
ies should evaluate the impact of sonication on undesirable 
native microorganisms in whey.

Fig. 2  Whey destabilization 
during the shelf life at 7 °C 
of sheep cheese whey (SCW) 
fermented through traditional 
and ultrasound (US) assisted 
processes, added or not by 
protease. Illustrative images 
of SCW during storage (A); 
Whey separation (B). Fermen-
tation process: T: Traditional; 
T + P: Traditional + Protease; 
US: US-assisted; US + P: US-
assisted + Protease. A-D Capital 
letters indicate significant 
differences evaluated by the 
Tukey test (p < 0.05) among the 
processes at each day. a−c Lower 
case superscripts indicate sig-
nificant differences evaluated by 
the Tukey test (p < 0.05) for the 
same sample at different days. 
In these samples, creaming and 
sedimentation phenomena were 
not observed
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Fig. 3  Microscopic observa-
tion (40 × of magnification) of 
goat (GCW) and sheep cheese 
whey (SCW) fermented through 
traditional and ultrasound (US) 
assisted processes, added or 
not by protease. Blue arrows 
identify the protein agglomer-
ates formed in the samples and 
the red square shows the most 
organized structure observed 
among the samples. Fermenta-
tion process: T: Traditional; 
T + P: Traditional + Protease; 
US: US-assisted; US + P: US-
assisted + Protease

Fig. 4  In vitro antioxidant activity (ABTS assay) of goat (GCW) and 
sheep cheese whey (SCW) fermented through traditional and ultra-
sound (US) assisted processes, added or not by protease. A−DCapital 
letters indicate significant differences evaluated by the Tukey test 
(p < 0.05) among the processes for each whey source at each day. a−

cLower case superscripts indicate significant differences evaluated by 
the Tukey test (p < 0.05) for the same sample at different days. Fer-

mentation process: T: Traditional; T + P: Traditional + Protease; US: 
US-assisted; US + P: US-assisted + Protease. Orange (–) and purple 
(–) dashed line represents the antioxidant activity (%) of unfermented 
GCW (26.36 ± 1.28) and SCW (24.44 ± 0.95), respectively. *: indi-
cate significant differences evaluated by the Tukey test (p < 0.05) of 
each sample in relation to the respective unfermented whey
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