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Abstract 
 
Fermentation using lactic acid bacteria (LAB) presents an effective approach to 

enhance the nutritional and functional attributes of dairy products. In this study, 
skimmed milk was fermented with Lactiplantibacillus plantarum E1K2R2, and its 

physicochemical and bioactive properties were evaluated. Key parameters, including 
pH, titratable acidity, peptide content, exopolysaccharide (EPS) levels, and cell 
viability, were evaluated before and after fermentation and monitored during 

refrigerated storage. Fermentation resulted in a significant decrease in pH (P < 0.05), 
accompanied by increased acidity, peptide content, EPS production, and bacterial 

viability, which reached 1010 CFU/mL. Antioxidant and anti-inflammatory potentials 
were determined using assays for free radical scavenging, reducing power, and 
erythrocyte membrane stabilization. Results showed that fermented milk had 

markedly improved bioactivities compared to unfermented milk, with strong radical 
scavenging ability and effective cell membrane protection, which remained consistent 
during 21 days of cold storage. Additionally, the strain demonstrated enhanced 
survival under simulated gastrointestinal conditions when consumed in the fermented 
matrix versus the free-cell form. These findings suggest that Lpb. plantarum E1K2R2 is 
a promising candidate for developing functional fermented milk products with 
sustained health-promoting effects and good storage stability.  

Introduction 
 

With growing consumer interest in health-
promoting foods, milk and its fermented products have 
gained attention for their rich nutritional profile and 

diverse functional benefits (Nikitina et al., 2022). The 
fermentation of milk by LAB, as observed in the 
production of cheese, yogurt, and other fermented dairy 
products, significantly enhances the nutritional quality 

of the final product (Parekh et al., 2017). This 
improvement is largely attributed to the proteolytic 
activity of LAB, which promotes protein breakdown and 

the subsequent release of bioactive peptides (Rubak et 
al., 2020). 

The bioactive peptides produced by LAB are highly 
strain-dependent, underscoring the importance of 

selecting strains with strong proteolytic capabilities. 

Several LAB, including Lacticaseibacillus helveticus , 
Lactiplantibacillus pentosus, Lactococcus lactis, 
Pediococcus pentosaceus, Pediococcus acidilactici , 
Latilactobacillus delbrueckii subsp. bulgaricus, and 

Lactiplantibacillus plantarum have been studied for 
their ability to hydrolyze protein and to generate 
biopeptides in fermented milk (Aguilar-Toalá et al., 
2017; Zhao & Liang, 2022). Proteolytic activity leads to 

the generation of both water-insoluble and water-
soluble peptide fractions, which are further broken 
down into smaller peptides and free amino acids. The 

crude extract rich in water-soluble peptides has been 
associated with various physiological benefits, likely due 
to synergistic interactions among the peptides. These 
bioactive effects include antioxidant, anti-inflammatory, 
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antithrombotic, anticancer, antibacterial, and 
cholesterol-lowering properties (Huma et al., 2018; 

Rubak et al., 2020). 
During lactic acid fermentation, LAB produces 

various bioactive metabolites such as B-group vitamins, 

phospholipids, short-chain fatty acids, and γ-
aminobutyric acid enhancing nutrient bioavailability and 
product digestibility. Among these metabolites, EPS are 
of particular interest due to their significant 

technological and health-related functionalities 
(Loghman et al., 2022; Zhao & Liang, 2022). EPS not only 
enhance the texture, viscosity, and rheological 

properties of fermented dairy products but also improve 
their sensory appeal and may act as prebiotics by 
beneficially influencing gut microbiota composition. 
Additionally, some LAB strains play a role in reducing the 

concentrations of lactose, galactose, and allergenic 
proteins, thereby lowering the risk of intolerance and 
hypersensitivity reactions (Jia et al., 2019; Zhao et al., 
2021). 

Within this context, Lactiplantibacillus plantarum  
has gained increasing interest in dairy fermentation due 
to its ability to grow efficiently in milk, improve sensory 

characteristics, and produce bioactive compounds, 
particularly EPS (Aguilar-Toalá et al., 2017; Prete et al., 
2024). Several Lpb. plantarum strains are also 
recognized for their probiotic potential, as evidenced by 

their established safety, antimicrobial activity against 
foodborne pathogens, and capacity to survive passage  
through the gastrointestinal tract. Consequently, Lpb. 
plantarum is considered a promising functional starter 

or adjunct culture for the development of fermented 
dairy products with enhanced technological 
performance and health benefits (Nikitina et al., 2022; 

Prete et al., 2024). In light of these attributes, using 
proteolytic LAB strains either individually or in 
synergistic combinations as starter cultures represent a 
valuable strategy for advancing the quality and health 

benefits of fermented milk products in the dairy sector . 
Probiotic products are widely recognized for their 

health-promoting potential, which is dependent on 

maintaining a minimum viable count of 10⁶ CFU/mL or 
CFU/g. However, the survival of these beneficial 
microorganisms can be severely affected by the hostile  
environment of the gastrointestinal tract (Yu et al., 

2023). To overcome this limitation, numerous studies 
have highlighted the effectiveness of using dairy 
matrices as delivery vehicles for probiotics (Ait Chait et 
al., 2021; Szopa et al., 2023). Dairy-based carriers not 

only enhance probiotic stability during storage but also 
provide a protective environment that improves their 
resilience against gastrointestinal conditions during 

digestion. 
This research focused on evaluating the 

technological properties of Lpb. plantarum E1K2R2 and 
examining the cell viability and physicochemical 

variations in milk fermented with this strain. In addition, 
the antioxidative and anti-inflammatory activities of 
skimmed fermented milk were evaluated compared to 

unfermented milk. The research also examined the 
stability and quality of the fermented product during 

refrigerated storage. Furthermore, an in vitro  
gastrointestinal digestion model was employed to 
evaluate the viability of this strain both in its free form 

and when incorporated into fermented milk. 

Materials and Methods 

Raw materials and chemicals 

All chemicals and reagents used in this study were 
of analytical grade. DPPH (2,2-diphenyl-1-
picrylhydrazyl), ABTS (2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)), ferric chloride, 
potassium ferricyanide, and ascorbic acid were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Diclofenac sodium was obtained from a local 

pharmaceutical store located in Jijel, Algeria. 

Bacterial strain 
The bacterial strain Lpb. plantarum E1K2R2 was 

previously isolated from the faeces of a breastfed infant 

and identified by 16S rRNA gene sequencing. The strain 
is preserved in the laboratory culture collection of the 
Laboratory of Molecular Toxicology, University of Jijel, 

Algeria. Prior to experimental use, the strain was 
routinely propagated in de Man, Rogosa, and Sharpe 
(MRS) broth (Biokar Diagnostics, Allonne, France) and 
incubated at 37°C for 18 h. The culture was 

subsequently streaked onto MRS agar plates, and strain 
purity was confirmed by Gram staining and a catalase  
test. 

Technological properties of Lpb. plantarum E1K2R2 

Proteolytic activity 
To evaluate the proteolytic capacity of the 

bacterial strain, MRS agar was enriched with 10% (v/v) 

commercial skim milk (Candia®, Algeria), following the 
method reported by Barzegar et al. (2021). Sterile 
Whatman discs (No.1) were placed on the surface, and 
then 10 µL of bacterial culture was placed on these discs. 

Afterward, the inoculated plates were then incubated at 
37°C for 48 h. The appearance of clear zones 
surrounding the discs signified casein degradation by 

the tested strain, confirming its positive proteolytic 
activity. 

Lipolytic activity  
To qualitatively determine lipolytic activity, the 

bacterial strain was streaked onto MRS agar plates 
supplemented with 1% (v/v) Tween 80, serving as the 
lipid source. The plates were incubated at 37°C for 48 to 
72 h. Lipase activity was confirmed by the formation of 

clear zones surrounding the colonies, demonstrating the 
hydrolysis of the lipid substrate, in accordance with the 
method described by Mangia et al. (2021). 

Autolytic activity  
The autolysis rate of the bacterial cells was 

determined based on the procedure described by 
Barzegar et al. (2021). An overnight culture was 
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centrifuged at 6000×g for 10 min to harvest the cells. 
The cell pellet was washed twice with 20 mM sodium 

phosphate monobasic buffer (pH 6.8) and subsequently 
resuspended in the same buffer. The suspension was 
incubated for 4 and 24 h, and the percentage of autolysis 

was then calculated using the following formula:  
 

𝐴𝑢𝑡𝑜𝑙𝑦𝑠𝑖𝑠 (%) =
𝐴 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐴 𝑡𝑖𝑚𝑒

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 

Where, 

A initial denotes the initial absorbance before incubation;  
A time refers to the absorbance recorded following 4 h 
and 24 h incubation intervals. 

Acidifying ability 
UHT skimmed milk (Candia®, Algeria) was 

inoculated with 1% (v/v) of an overnight culture of the 
bacterial strain. Throughout the fermentation process, 

acidification was evaluated by recording pH levels and 
titratable acidity at 0, 2, 6, 24, and 48 h. Coagulation was 
visually assessed, and the time point at which clotting 

occurred was recorded. The pH was measured using a 
digital pH meter (Hanna Instruments, Padova, Italy), 
while titratable acidity was determined following the 
procedure of Fabro et al. (2006). In this method, 20 mL 

of fermented milk was mixed with 40 mL of distilled 
water, followed by the addition of five drops of 
phenolphthalein. The solution was titrated with 0.1 N 
NaOH until a pale pink color persisted for 30 s. The 

acidity was calculated and expressed as a percentage of 
lactic acid as follows:  

𝐿𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 (%) =
𝑁 𝑁𝑎𝑂𝐻 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑎𝑂𝐻 × 0.09

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

Where: 
N: represents the normality of the NaOH solution used 
in titration; 

0.09: is the conversion factor corresponding to lactic 
acid. 

Preparation of fermented milk  

A pre-culture of the LAB strain was prepared by 
inoculating UHT skimmed milk (Candia®, Algeria) at 1% 
(v/v), achieving an initial bacterial concentration of 10⁷ 
CFU/mL. Fermentation was conducted at 37 °C for 48 h. 

After fermentation, the samples were stored at 4 °C and 
analyzed at intervals of 7, 14, and 21 days to assess 
stability during cold storage. 

Microbial and physicochemical characteristics  

The viable cell counts in fermented skimmed milk 
were determined by spreading serial dilutions (in 0.9% 
NaCl solution) onto MRS agar plates, which were then 

incubated for 48 h at 37 °C. The results were reported as 
log CFU/mL. The pH and titratable acidity were 
evaluated following fermentation and during storage, 
using previously outlined methods. 

Determination of proteolysis and peptide content 
Proteolytic activity was assessed following the 

procedure outlined by Lee et al. (2022), with slight 

modifications. Briefly, both fermented and unfermented 
milk samples were diluted tenfold with distilled water. A 

mixture consisting of 0.35 mL of the diluted sample and 
0.6% (w/v) casein solution was incubated at 37 °C for 10 
min. Following this, 0.7 mL of 0.44 M trichloroacetic acid 

(TCA) was added to terminate the reaction, and the 
mixture was further incubated at 37 °C for 30 min. The 
mixture was then centrifuged at 15,000 × g for 10 min, 
and 1 mL of the supernatant was collected. This 

supernatant was combined with 2.5 mL of 0.55 M 
sodium carbonate (Na₂CO₃) and 0.5 mL of diluted Folin–
Ciocalteu reagent, followed by incubation at 37 °C for 30 

min. The absorbance at 660 nm was measured using a 
UV spectrophotometer, and the amount of peptides 
released during proteolysis was determined based on a 
tyrosine standard curve. 

Determination of EPS production  
The quantification of EPS in fermented milk was 

performed following the procedure described by Zhao & 
Liang (2022), with minor adjustments. Briefly, 10 mL of 

fermented milk was heated in a water bath at 95 °C for 
15 min and then subjected to centrifugation (12,000 
rpm for 30 min at 4 °C). The collected supernatant was 

treated with TCA to a final concentration of 4% and 
stored at 4 °C for 24 h to precipitate proteins. After a 
second centrifugation step, the clarified supernatant 
was mixed with two volumes of 96% ethanol and 

incubated overnight at 4 °C to precipitate the EPS. 
Following centrifugation at 15,000 rpm for 15 min, the 
EPS pellet was redissolved in deionized water. The EPS 
concentration was then determined using the phenol-

sulfuric acid assay and calculated as glucose equivalents 
based on a standard glucose calibration curve (DuBois et 
al., 1956). 

Preparation of water-soluble extract (WSE)  
The fermented milk was first vortexed and then 

centrifuged at 15,000×g for 20 min at 4 °C. The resulting 
pellet, containing non-hydrolyzed casein, was discarded. 

The supernatant, which contained various metabolites 
produced by the bacterial strain, was filtered using 
Whatman No. 1 filter paper. The obtained filtrate was 

subsequently stored at −20 °C for further evaluation of 
its antioxidant and anti-inflammatory activities. 

Antioxidant activity of fermented milk 
DPPH free radical scavenging assay 

The DPPH free radical scavenging activity was 
evaluated following the method of Yan et al. (2020), 
with slight modifications. In this assay, 1 mL of a 0.2 mM 
DPPH solution prepared in ethanol was mixed with 1 mL 

of the WSE. The mixture was thoroughly vortexed and 
allowed to react in the dark at ambient temperature for 
30 min. Ascorbic acid (1 mg/mL) was used as a positive 

control. Subsequently, the decrease in absorbance was 
recorded at 517 nm using a UV-visible  
spectrophotometer to determine the level of DPPH 
radical reduction. The percentage of radical scavenging 

activity was calculated using the following equation: 
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𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = [1 −
𝐴𝑏𝑠  𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠  𝑏𝑙𝑎𝑛𝑘

𝐴𝑏𝑠  𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ] × 100 

Where,  
Abs control refers to the absorbance of the DPPH solution 
combined with distilled water;  

Abs sample represents the absorbance measured when 
WSE is mixed with the DPPH solution; 
Abs blank corresponds to the absorbance the mixture 

containing WSE and ethanol without the addition of 
DPPH. 

ABTS radical scavenging activity 
The ABTS radical cation (ABTS•⁺) scavenging activity 

was determined based on the method described by Re 
et al. (1999), with minor adjustments. Initially, a 7 mM 
ABTS stock solution was prepared in distilled water. To 
generate the ABTS•⁺ radical cation, potassium persulfate 

was added to a final concentration of 2.45 mM, and the 
mixture was kept in the dark at room temperature for 
12 to 16 h to ensure full oxidation. The resulting ABTS•⁺ 

solution was then diluted with ethanol until its 
absorbance at 734 nm reached 0.70 ± 0.02. For the 
assay, 100 µL of WSE was mixed with 900 µL of the 
prepared ABTS solution. Ascorbic acid (1 mg/mL) was 

used as a positive control. After 10 min incubation in the 
dark at room temperature, the absorbance was 
recorded at 734 nm using a UV-visible  

spectrophotometer and radical scavenging activity was 
expressed as a percentage of inhibition calculated as 
follows: 

𝐴𝐵𝑇𝑆 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
×  100 

Hydroxyl radical scavenging activity 

The method based on the Fenton reaction was 

used to assess the hydroxyl radical scavenging activity, 
as outlined by Jia et al. (2019). The reaction mixture 
consisted of 0.5 mL of phosphate buffered saline (PBS, 
pH 7.4), 0.5 mL of 1, 10-phenanthroline (2.5 mM), 0.5 

mL of FeSO4 (2.5 mM) and 0.5 mL of H2O2 (20 mM). To 
determine the hydroxyl scavenging capacity, 0.5 mL of 
WSE sample was added and incubated at 37 °C for 60 

min. Ascorbic acid (1 mg/mL) was used as a positive 
control. Absorbance was measured at 536 nm using a 
UV–visible spectrophotometer. The hydroxyl radical 
scavenging was calculated using the following equation:  

S𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠 𝑏𝑙𝑎𝑛𝑘 − 𝐴𝑏𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

Where,  
Abs sample is the absorbance measured for the complete 
reaction mixture containing the Fenton reagents and 

the WSE sample; 
Abs control corresponds to the absorbance of the reaction 
mixture without the addition of the WSE sample;  

Abs blank denotes the absorbance of a solution that omits 
both the WSE sample and hydrogen peroxide (H₂O₂). 

Ferric reducing antioxidant power  
The FRAP assay was conducted following Liang et 

al. (2016). Briefly, 0.5 mL of WSE was mixed with 0.5 mL 

of sodium phosphate buffer (0.02 M, pH 7.0) and 0.5 mL 
of 1% potassium ferricyanide, and then incubated at 

50 °C for 20 min. After cooling, 0.5 mL of 10% TCA was 
added, and the mixture was centrifuged at 800 × g for 
10 min. The supernatant (1.5 mL) was then combined 

with 0.2 mL of 0.1% FeCl₃. Absorbance was measured at 
700 nm after 10 min and the results were expressed in 
terms of ascorbic acid equivalents (AAE). 

Anti-inflammatory activity  

The human red blood cell (HRBC) membrane  
stabilization assay was performed using the heat-
induced hemolysis method described by Aidoo et al. 

(2021). Fresh blood (10 mL) from a healthy donor was 
collected and mixed with an equal volume of Alsever’s 
solution to prevent clotting. After centrifugation at 
3000×g for 10 min, plasma and white cells were 

discarded, and the red blood cells were washed three 
times with normal saline. A 10% HRBC suspension was 
prepared for the assay. 

For testing, 1 mL of WSE was combined with 1 mL 

of the HRBC suspension, while saline replaced WSE in 
the control. Samples were incubated at 56 °C for 30 min, 
cooled, and centrifuged at 2500 rpm for 5 min. 

Absorbance of the supernatant was measured at 560 nm 
to determine hemolysis. The percentage of membrane 
stabilization was calculated using the following formula:  

 

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =
𝐴𝑏𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠  𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 

In vitro simulated saliva-gastrointestinal digestion 

The survival of Lpb. plantarum E1K2R2, in both free 
form and incorporated into fermented milk, was 
assessed under simulated saliva and gastrointestinal 

conditions, as described by Wichienchot et al. (2010) 
and Szopa et al. (2023). Bacterial suspensions (1010 
CFU/mL) in PBS or fermented milk were sequentially 
exposed to simulated saliva, gastric, and intestinal fluids 

(Figure 1). Equal volumes of sample were first mixed 
with artificial saliva and incubated at 37 °C for 2 min. 
Next, simulated gastric fluid was added, and the mixture 
was incubated for 2 h, followed by the addition of 

simulated intestinal fluid with additional 4 h incubation 
at the same temperature. After each phase, 1 mL 
samples were taken, serially diluted in sterile 0.9% NaCl 

solution, and plated onto MRS agar. The plates were 
incubated at 37 °C for 48 h, after which viable colonies 
were counted. Survival rates were then calculated using 
the following formula: 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐿𝑜𝑔 𝐶𝐹𝑈 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐿𝑜𝑔 𝐶𝐹𝑈 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
 

Statistical analysis  
All experiments were performed in triplicate, and 

the results are presented as mean ± standard deviation 
(SD). Statistical analysis was conducted using one-way 

analysis of variance (ANOVA) followed by Dunnett’s 
multiple comparisons test to assess significant 
differences. GraphPad Prism software version 8.0.2 

(263) (GraphPad Software, Inc., USA) was used for the 
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Figure 1. Representation of laboratory-based saliva and gastrointestinal tract simulation model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

analyses. Differences with a p-value < 0.05 were 
considered statistically significant. 

Results and Discussion  

Technological properties of Lpb. plantarum E1K2R2 
Proteolytic activity  

As illustrated in the Figure 2, our strain showed a 

good proteolytic activity revealed by clear halos 
surrounding the colonies on MRS agar supplemented 
with 10 % skim milk with diameter zones of 16.5 ± 0.05 

mm. Similar strong activity was reported by Barzegar et 
al. (2021) for Lpb. plantarum B20 and L. acidophilus B14 
from Iranian raw milk cheeses. Conversely, Mangia et al. 
(2021) found no proteolytic activity in Lpb. plantarum 

strains from sheep-fermented sausage. According to 
Hassaïne et al. (2007), Lactobacillus species generally 
show greater proteolytic activity than Enterococcus and 

Lactococcus, highlighting the strain- and species-
dependent nature of this trait. Castberg & Morris (1976) 
also noted that Lactobacillus can secrete neutral 
proteinases acting on α-, β-, and κ-caseins, though 

activity levels vary widely. Although LAB strains exhibit 
lower proteolytic activity compared to Pseudomonas or 
Bacillus species, they are nevertheless essential in milk 
fermentation and contribute significantly to flavor and 

texture development throughout cheese ripening (Ma 
et al., 2012; Nezhad et al., 2020). 

Proteolytic activity is a key functional trait for 

starter and adjunct cultures, as it significantly 
contributes in both acid production and the 
development of sensory properties in fermented dairy 
products (Nezhad et al., 2020). Nutritionally, proteolysis 

plays a crucial role in the growth of lactic acid bacteria 
in milk, as these microorganisms are fastidious and 
depend on exogenous sources of amino acids and 
peptides (Barzegar et al., 2021). Therefore, the 

breakdown of casein, the primary milk protein, provides 
essential amino acids needed for LAB proliferation and 
successful fermentation (Savijoki et al., 2006). 

Figure 2. Proteolytic activity of Lpb. plantarum E1K2R2 as 
shown on MRS agar supplemented with 10% skimmed milk. 

Lipolytic activity 
Lpb. plantarum E1K2R2 didn’t show any lipolytic 

activity after culture in MRS medium supplemented with 
Tween 80. This was expected because Lactobacilli 
species are considered weakly lipolytic compared to 
other bacterial species (Papamanoli et al., 2003). Our 

findings align with those of Nezhad et al. (2020) and 
Mangia et al. (2021) who reported an absence of 
lipolytic activity in Lactiplantibacillus strains isolated 

from sheep-fermented sausage and Iranian raw milk 
motal cheese, respectively. Lipolytic activity is a trait 
that may be advantageous for the potential use as a 
dairy starter culture. While moderate lipolysis 

contributes to flavor development in fermented 
products, excessive lipolytic activity can lead to rancidity 
and negatively affect product quality (Nezhad et al., 

2020; Barzegar et al., 2021). Therefore, the absence of 
lipolytic activity in our strain could be considered a 
favorable attribute in the context of dairy fermentation.  

Autolytic activity  

The autolytic activity of Lpb. plantarum E1K2R2 
increased over time, with autolysis percentages 
reaching 19.53% after 4 h and 22.88% after 24 h of 
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incubation. Compared to other LAB genera, lactobacilli  
exhibit a broader range of autolysis rates (0–96%) than 

Enterococci (0–66%) and Lactococci (1–37%). According 
to the classification system proposed by Ayad et al. 
(2004), which categorizes autolytic activity as poor (0–

39%), fair (40–69%), and good (70–96%), the E1K2R2 
strain falls into the "poor" category. These results are 
aligned with the observations of Hassaïne et al. (2007), 
who reported a similarly low autolysis rate (12%) for 

Lpb. plantarum DR 22. However, the same study also 
identified a strain, Lpb. plantarum DR 20, with a 
significantly higher autolytic activity of 82%, classified as 

"good." These variations highlight the strain-dependent 
nature of autolysis among Lpb. plantarum isolates. 
Autolytic activity is considered a beneficial trait in 
certain LAB due to its role in enhancing the textural and 

sensory properties of fermented dairy products. This is 
mainly due to the release of intracellular enzymes like 
lipases and proteases that pass through the bacterial cell 
wall (Hassaïne et al., 2007; Nezhad et al., 2020). 

Acidifying activity 
The acidifying capacity is the crucial metabolic  

property sought from LAB used as a starter or adjunct 

cultures (Barzegar et al., 2021). As presented in Figure 3, 
Lpb. plantarum E1K2R2 exhibited a significant pH 
reduction during fermentation (P < 0.001). The pH 
dropped from 6.8 to 5.88 and 4.87 after 24 and 48 h of 

incubation, corresponding to ΔpH values of 0.92 and 
1.93, respectively. Based on the classification proposed 
by Anagnostopoulos et al. (2018), which categorizes LAB 
into low (ΔpH < 1.5), medium (ΔpH between 1.5 and 2), 

and high (ΔpH > 2) acidifying groups after 24 h of 
fermentation, Lpb. plantarum E1K2R2 can be 
considered a low acidifier. During milk acidification, LAB 

primarily converts lactose into lactic acid. Notably, no 
significant lactic acid production was observed during 
the initial 2 h of incubation (P > 0.05), while a marked 
increase became evident from 6 h onward (P < 0.05). 

Furthermore, the titratable acidity of the skimmed milk 
increased from 0.12% to 0.20% and 0.34% lactic acid 
after 24 and 48 h of fermentation, respectively. These 

findings are consistent with previous studies of Hassaïne  
et al. (2007), Ma et al. (2012), and Nezhad et al. (2020), 
which reported that Lactiplantibacillus strains typically 
exhibit slow lactose metabolism, leading to gradual acid 

production and a moderate decline in pH, indicative of a 
low acidifying potential. In terms of milk coagulation, 
Lpb. plantarum E1K2R2 was observed to induce partial 
coagulation after 24 h and complete coagulation after 

48 h, coinciding with a pH of 4.87. Rapid acidification is 
generally considered a favorable trait in fermented dairy 
products, as it facilitates the activation of proteolytic 

enzymes, enhances coagulation, and inhibits the growth 
of harmful microorganisms, thereby improving both 
safety and shelf life (Ayad et al., 2004; Ma et al., 2012; 
Nezhad et al., 2020). For this reason, strains with strong 

acidifying capacity are preferred as primary starters in 
dairy fermentations. Conversely, slow-acidifying strains 

like certain Lactiplantibacillus species are better suited 
as adjunct cultures, valued for their functional attributes 

such as EPS production, autolysis, and proteolytic 
activities (Ayad et al., 2004). 

 
Figure 3. pH and acidity variation of Lpb. plantarum E1K2R2 
incubated in skimmed milk for different time points. Data are 

presented as mean ± SD (n = 3). 'ns' (P > 0.05) indicates no 
significant difference compared to T0 (fermentation time). 
Conversely, (***P < 0.001) indicates a significant difference 

compared with T0. The symbols denote the level of 
coagulation: (-) no coagulation of milk, (+/-) partial 
coagulation, and (+) total coagulation. 

Microbial and physicochemical characteristics of 
fermented milk 

This study monitored changes in the viability of 
Lpb. plantarum E1K2R2, along with pH, titratable acidity, 
proteolytic activity, and EPS content in fermented milk, 
to comprehensively assess its fermentation 

performance, post-acidification, and the stability of the 
final product during storage. 

Cell viability of Lpb. plantarum E1K2R2  

The fermented milk was obtained by fermentation 
of skimmed milk using a single strain Lpb. plantarum 
E1K2R2. The fermentation generally requires around 48 
h due to the fastidious nature of Lactobacilli (low acidity 

nature of some strains) (Shirkhan et al., 2023), including 
our strain. In the context of milk fermentation using 
probiotic LAB as starter cultures, selecting strains with 

high viability and diverse metabolic functions 
throughout fermentation and storage is essential. This 
approach not only contributes to consistent product 
quality but also enhances the potential health benefits 

for consumers (Kurmann & Rasic, 1991). Although no 
universal agreement exists regarding the minimum 
viable count of probiotics at the end of a product's shelf 
life, several studies propose that a concentration 

between 10⁶ and 10⁷ CFU/mL is generally sufficient for 
probiotics to exert their beneficial effects (Maia et al., 
2023). 

The viability of Lpb. plantarum E1K2R2 in 
fermented milk was assessed both immediately after 
fermentation and throughout refrigerated storage. As 
shown in Figure 4, the viable cell count increased 

significantly during fermentation (P < 0.001), reaching a 
peak of 10.12 Log CFU/mL. During the first 14 days of 
storage at 4 °C, the cell count exhibited a slight, non-
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significant decline (P > 0.05), with reductions ranging 
from 0.15 to 0.29 Log CFU/mL. However, a significant 

decrease in viability was observed after 21 days of 
storage. Despite this decline, the viable counts of Lpb. 
plantarum E1K2R2 remained above the commonly 

recommended threshold for probiotic effectiveness, 
indicating good survival and stability throughout the 
storage period. These results are in agreement with the 
observations of Ayyash et al. (2018), who reported a 

notable enhancement in the viability of L. acidophilus 
DSM9126 and L. lactis KX881782 following the 
fermentation of both bovine and camel milk. The same  

study also demonstrated that cold storage had no 
adverse effect on the survival of these strains. Similarly, 
Nikitina et al. (2022) evaluated the viability of Lpb. 
plantarum and L. bulgaricus in both whole and skimmed 

milk. Their results revealed that Lpb. plantarum AG10 
exhibited a viability approximately one log unit higher 
than L. bulgaricus in both milk types. Furthermore, 
higher bacterial survival was observed in whole milk 

compared to skimmed milk, likely due to the protective 
role of milk fat. Overall, multiple factors influence the 
viability of LAB strains during fermentation and storage. 

These include the properties of the food matrix, such as 
pH, moisture content, oxygen levels, and the presence 
of additional components, as well as microbial 
interactions within the product, all of which play a 

crucial role in maintaining probiotic viability (Maia et al., 
2023). 

 
Figure 4. Viable cells of Lpb. plantarum E1K2R2 after milk 

fermentation and during cold storage. Results are presented 
as mean ± SD (n = 3). Statistically significant differences 

compared to unfermented skimmed milk are indicated by **P 
< 0.01 and ***P < 0.001. A lack of significant difference relative 
to fermented skimmed milk is denoted by ns (P > 0.05), while 
#P < 0.05 signifies a significant difference compared to the 
post-fermentation sample. T0 corresponds to the time point 

before fermentation, and T48h refers to 48 h after inoculation. 

Changes in pH and titratable acidity 
The measurement of pH and titratable acidity in 

fermented milk serves as a fundamental indicator of the 
metabolic activity of LAB. Figure 5 illustrates the 
evolution of these parameters in skimmed milk 
fermented with Lpb. plantarum E1K2R2 during cold 
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storage over 21 days at 4 °C. During the initial 
fermentation phase (up to 48 h), a significant production 

of lactic acid was observed, accompanied by a notable 
decline in pH (P < 0.05), reflecting the active metabolism 
of the strain. Specifically, the pH decreased from 6.8 (at 

time 0) to 4.87 after 48 h, while titratable acidity rose 
from 0.12% to 0.34% lactic acid. These changes indicate 
efficient lactose fermentation by Lpb. plantarum  
E1K2R2 via carbohydrate metabolism pathways. During 

the subsequent storage period, both pH and titratable  
acidity remained relatively stable, with no significant 
changes recorded (P > 0.05). By the end of the 21-day 

storage period, the pH slightly declined to 4.64, and 
titratable acidity increased marginally to 0.36% lactic 
acid. These findings suggest that the strain maintaine d 
its metabolic stability under refrigerated conditions.  

These results are consistent with previous studies 
reporting the milk-fermenting capability of Lpb. 
plantarum, though typically at a slower rate compared 
to conventional starter cultures. For example, Lpb. 

plantarum AG10 demonstrated the ability to ferment 
both whole and skimmed milk, producing higher 
titratable acidity in the final product (Nikitina et al., 

2022). 

 
Figure 5. Changes in pH and lactic acid production during 
fermentation and cold storage of skimmed milk fermented 

with Lpb. plantarum E1K2R2. Results are shown as mean ± SD 
(n = 3). Statistically significant differences compared with 
fermented skimmed milk at T0 are indicated by ***P < 0.001, 

while ns (P > 0.05) denotes no significant change relative to the 
fermented milk (T48). T0 corresponds to the time point before 
fermentation, and T48 h refers to 48 h after inoculation. 

Determination of peptide content and EPS production 
The capacity of certain LAB to synthesize EPS 

during milk fermentation is a key trait of starter cultures, 

significantly influencing the quality, texture, and 
consumer appeal of fermented dairy products. EPS 
contribute to the viscosity, and structural integrity of 
fermented milk, making EPS-producing strains highly 

valuable for achieving desirable and consistent product 
characteristics (Nikitina et al., 2022). 

As presented in Figure 6A, Lpb. plantarum E1K2R2 

demonstrated a significant increase in EPS production 
during the fermentation of skimmed milk, enhancing the 
texture and consistency of the final product. Notably, 
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Figure 6. The effect of fermentation and cold storage on EPS (A) and peptide production (B) in skimmed milk fermented with Lpb. 
plantarum E1K2R2. Data are expressed as mean ± SD (n = 3). Significant differences compared to unfermented skimmed milk are 
denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. "ns" (P > 0.05) indicates no significant variation relative to fermented skimmed 
milk, while #P < 0.05 highlights significant changes compared to the post-fermentation sample. T0 corresponds to the time point 
before fermentation, and T48 h refers to 48 h after inoculation. 
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EPS levels continued to rise significantly throughout the 
first 14 days of cold storage (P < 0.05), after which no 
substantial changes were observed during the third 

week (P > 0.05), indicating the stability of EPS in the 
fermented milk over time. These results align with 
previous studies by Nikitina et al. (2022) and Zhao & 
Liang (2022), which highlighted the sustained EPS 

production by Lpb. plantarum strains in fermented milk 
and yogurt during refrigerated storage, contributing to 
the long-term stability and quality of dairy products. 

In addition to EPS production, the proteolytic 
activity of LAB is a key factor in enhancing the sensory 
properties, texture, and nutritional value of fermented 
dairy products. Monitoring the release of tyrosine 

during fermentation serves as an important indicator of 
proteolysis, offering insight into the strain’s capacity to 
hydrolyze milk proteins efficiently. This measurement 
reflects the metabolic activity of LAB and their 

contribution to the breakdown of casein and other milk 
proteins, which is essential for flavor development and 
product quality (Malilay et al., 2019). 

As shown in Figure 6B, the tyrosine concentration 
significantly increases at the end of fermentation which 
is a strong indicator of the proteolytic activity of Lpb. 
plantarum E1K2R2. This may be due to its possession of 

an enzyme complex that can effectively break down milk 
proteins, mainly casein. The herein presented results 
showed that the peptide content in fermented milk 

remained stable during the first 14 days of storage. 
However, a notable reduction in tyrosine concentration 
was observed after 21 days, which could be attributed 
either to limited cell proliferation under storage  

conditions at 4 °C or to its utilization by active cells for 
their metabolic needs. These findings are in agreement 
with the data reported by Loghman et al. (2022) but 
differ from those of Ayyash et al. (2018), who observed 

a continued increase in peptide content during storage 
in fermented milk containing L. acidophilus. Overall, the 
proteolytic activity observed supports the potential of 

Lpb. plantarum E1K2R2 to generate bioactive peptides, 

which may contribute to the functional and health-
promoting qualities of fermented dairy products. 

Antioxidant activity of fermented skimmed milk  

The antioxidant potential of skimmed milk was 
evaluated before and after fermentation, as well as 
throughout storage, using various assays including 
DPPH, ABTS, and hydroxyl (OH) radical scavenging 

activities, along with the FRAP assay. As shown in Figure 
7, fermentation of skimmed milk with Lpb. plantarum  
E1K2R2 markedly improved its antioxidant potential. 

The fermented milk exhibited high radical scavenging 
activities against DPPH (97.79%), ABTS (79.07%), and 
hydroxyl radicals (54.14%) compared with unfermented 
milk. Refrigerated storage did not significantly influence 

the scavenging activities toward DPPH, ABTS, or 
hydroxyl radicals throughout the storage period (P > 
0.05). Importantly, no statistically significant difference 
was observed between fermented milk and ascorbic 

acid (1 mg/mL) in terms of DPPH and ABTS radical 
scavenging activities (P > 0.05). However, the hydroxyl 
radical scavenging capacity of fermented milk was 

significantly lower than that of ascorbic acid at the same  
concentration (P < 0.05). 

In addition, fermentation significantly enhanced 
the ferric reducing antioxidant power, which increased 

from 0.269 mM AAE in unfermented milk to 0.398 mM 
AAE in fermented milk (P < 0.001). This reducing capacity 
remained largely stable during refrigerated storage, 

showing only a slight and non-significant decrease to 
0.366 mM AAE after 21 days. These results are 
consistent with the findings of Zhao and Liang (2022), 
who reported that milk fermentation with lactic acid 

bacteria enhances antioxidant activity and that short-
term cold storage does not adversely affect this 
functional property.The increased scavenging activities 
towards free radicals and the higher reducing power 

observed in fermented skimmed milk indicate the 
presence of compounds capable of donating electrons 
or hydrogens. This could be attributed to either the 

intensive production of EPS, which have been reported 
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Figure 7. Antioxidant properties of fermented skimmed milk were assessed through various assays: (A) DPPH radical scavenging 

activity (%), (B) ABTS radical scavenging activity (%), (C) hydroxyl radical scavenging activity (%), and (D) reducing power (FRAP). 

Results are shown as mean ± SD (n = 3). Statistical significance compared to the control (unfermented milk) is indicated by *P < 0.05, 
**P < 0.01, and ***P < 0.001. "ns" (P > 0.05) denotes no significant difference relative to the fermented milk sample. Differences 

relative to ascorbic acid are denoted by ##P < 0.01 and ###P < 0.001, whereas the symbol $ indicates no statistically significant 
difference (P > 0.05) compared with ascorbic acid. 
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to possess antioxidant properties, or to another 
metabolite produced by LAB. The release of peptides 
during the hydrolysis of milk proteins by the proteolytic 

system of LAB is a plausible mechanism for the 
antioxidant activity of fermented milk (Ayyash et al., 
2018). Many studies have shown the relationship 
between the peptide content of fermented milk and 

their antioxidant property (Ayyash et al., 2018; Malilay 
et al., 2019; Zhao & Liang, 2022).  Based on the results 
mentioned above, the correlation between peptide, EPS 

content and, antioxidant activity of fermented skimmed 
milk seems obvious.  

The enhanced radical scavenging activity and 
increased reducing power observed in fermented 

skimmed milk suggest the presence of bioactive 
compounds with electron or hydrogen-donating 
capabilities. This antioxidant capacity may be attributed 
to the substantial production of EPS, which are known 

to exhibit antioxidant properties, as well as to other 
metabolites generated by Lpb. plantarum during 

fermentation. Additionally, the release of bioactive 
peptides through the proteolytic breakdown of milk 
proteins by the bacterial enzymatic system likely 

contributes to this activity, as supported by previous 
findings (Ayyash et al., 2018). Several studies have 
established a positive correlation between peptide 
content in fermented milk and its antioxidant potential 

(Ayyash et al., 2018; Malilay et al., 2019; Zhao & Liang, 
2022). Taken together, the results indicate a clear link 
between peptide and EPS production and the 

antioxidant activity of fermented skimmed milk. 

Anti-inflammatory activity of fermented skimmed milk  
Protection against heat-induced erythrocyte lysis is 

widely regarded as an in vitro indicator of lysosomal 

membrane stabilization and serves as a useful model for 
assessing anti-inflammatory activity. As shown in Figure 
8, fermented milk demonstrated a markedly higher 
protective effect on erythrocyte membranes (55.35%) 

than unfermented milk (34.7%), while remaining 
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significantly less effective than diclofenac at 1 mg/mL  
(62.55%). Statistical analysis revealed that this 

membrane-protective activity was maintained during 
refrigerated storage, with no significant changes 
observed over the storage period. These results align 

with those reported by Aguilar-Toalá et al. (2017), who 
found that milk fermented with various strains of Lpb. 
plantarum demonstrated higher anti-hemolytic activity 
than unfermented control. Although the precise 

mechanisms by which fermented milk stabilizes 
erythrocyte membranes under thermal stress remain 
unclear, it is hypothesized that specific bioactive 

components, particularly EPS, peptides, and amino 
acids, may contribute to membrane protection. This 
hypothesis is supported by previous findings from 
Aguilar-Toalá et al. (2017), suggesting a key role for 

these compounds in the anti-inflammatory properties of 
fermented milk. Overall, the Lpb. plantarum E1K2R2 
exhibited several probiotic properties and produced 
effective EPS with antioxidant and anti-inflammatory 

effects. Its technological properties make it suitable as 
an adjunct culture in the production of fermented milk, 
enhancing the biological effects of the product.  

 
Figure 8. Stabilization of erythrocyte membranes by 
fermented skimmed milk. Results are shown as mean ± SD (n 
= 3). ***P < 0.001 denotes a statistically significant 
improvement compared to the control (unfermented milk), 
while ns (P > 0.05) indicates no significant variation relative to 
the fermented sample. Differences relative to diclofenac are 
denoted by #P < 0.05 and ###P < 0.001. 

In vitro simulated saliva-gastrointestinal digestion 
A crucial criterion for the effectiveness of 

probiotics in functional foods is their ability to endure 
digestive tract stresses and reach the intestine in 
sufficient numbers. As shown in Figure 9, the viability of 
Lpb. plantarum E1K2R2 was assessed under simulated 

saliva and gastrointestinal conditions, both as free cells 
and when incorporated into fermented skimmed milk.  

Exposure to simulated saliva had minimal impact 

on bacterial viability (P > 0.05). In contrast, significant 
reductions were observed during the gastric and 
intestinal phases, particularly for free cells (P < 0.001). 
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However, cells delivered via fermented milk displayed 
superior tolerance to the harsh gastrointestinal 

environment. At the intestinal stage, free cells retained 
62.81 ± 1.28% viability (approximately 10⁶ CFU/mL),  
whereas those in fermented milk maintained a higher 

viability of 68.68 ± 0.16% (approximately 10⁷ CFU/mL). 

 
Figure 9. Cell viability of free Lpb. plantarum E1K2R2 cells (A) 
and those delivered via fermented milk (B) after saliva 

gastrointestinal digestion. Data are presented as mean ± SD (n 
= 2). Statistical analysis shows: ns (P > 0.05) reflects no 
significant difference from the control; **P < 0.01 and ***P < 

0.001 indicate highly significant differences compared to the 
control; #P < 0.05 denotes a statistically meaningful difference. 

These outcomes emphasize the protective 

influence of fermented milk as a delivery vehicle, likely 
due to the buffering capacity of the matrix and 
interactions between its components and digestive 

elements. Components of the food matrix may shield 
probiotic cells by binding bile salts and reducing their 
toxicity (Ait Chait et al., 2021). Moreover, this study used 
the EPS-producing strain Lpb. plantarum E1K2R2 

(Aliouche et al., 2024), and it is well documented that 
EPS synthesized by probiotics can enhance bacterial 
resistance to acidic pH and bile stress (Szopa et al., 
2023). Overall, incorporating probiotics into protective 

matrices such as fermented milk is an effective strategy 
to maintain viable counts within the beneficial range of 
10⁶–10⁹ CFU/mL after gastrointestinal transit (Maia et 

al., 2023). 

Conclusion 

The findings of this study clearly demonstrate that 

this strain exhibited favorable technological 
characteristics that contribute significantly to the 
improvement of the skimmed fermented milk. 

Specifically, its incorporation enhanced microbial 
stability and improved key physicochemical parameters 
such as pH regulation, titratable acidity, and the 
production of peptides and EPS. Furthermore, the strain 

exerted notable antioxidant and anti-inflammatory 
effects, not only immediately after fermentation but 
also throughout a 21-day period of cold storage. These 
multifunctional properties position Lpb. plantarum  

E1K2R2 as a valuable adjunct culture for developing 
functional fermented dairy products with extended 
shelf life and added health benefits. 
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