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A B S T R A C T

This study aimed to evaluate the circular use of plain whey as media culture and microencapsulation material 
lactic acid bacteria (LAB). For this, Lacticaseibacillus paracasei ItalPN16 grew in a bioreactor (1 L) at different 
controlled pH using plain whey, and the sugar consumption, biomass yield, and protein hydrolysis were 
monitored. As results, at the pHs evaluated (4.5. 5.5, and 6.5) bacterial counts above 10 Log CFU/mL and a 
consumption of around 30 % of the whey sugars were obtained. Protein analysis revealed different proteolysis 
patterns according to the pH, resulting in more immunoglobulins (IgG) hydrolysis at pH 6, and increased free 
amino acids. After bacterial drying using its own growth media, the range for encapsulation efficiencies was 
72–90 % for spray-dried (SD) and 82–99 % for freeze-dried (FD) powders. In addition, Fourier transform infrared 
spectroscopy analysis (FTIR) revealed specific variations in the hydrophilic interactions (-OH) in the micro-
capsules, according to drying method. The microencapsulated L. paracasei using fermented whey at pH 6 as wall 
material showed notable tolerance to simulated gastrointestinal conditions. Regarding the powder’s stability, the 
FD method proved to be more effective in protecting the L. paracasei during storage at 4 ◦C and 25 ◦C. Thus, using 
plain whey as a culture medium in pH-controlled fermentation, followed by microencapsulation through freeze- 
drying, has proven to be a sustainable, scalable, and economical alternative for producing commercial lacto-
bacilli cultures.

1. Introduction

About 186 million tonnes (MT) of liquid cheese whey (CW) are 
globally produced by the dairy industry every year and from this 
amount, 66.5 MT of whey is not currently absorbed by the industry 
(Tsakali et al., 2010; Verma et al., 2023). However, over the past de-
cades, several sustainable and economically efficient strategies of whey 
valorization have been studied, mainly regarding biotechnological 
products and food ingredients. These approaches have resulted in 
products such as whey powders, whey proteins with different levels of 
purification, lactic acid, bioplastics, and biofuels (Buchanan et al., 
2023). In this context, whey has transitioned from a polluting waste to a 
highly valuable dairy co-product, and ongoing research aimed at 
discovering more feasible and environmentally friendly alternatives for 

whey utilization (Zandona et al., 2021). However, a large portion of the 
world’s whey production is still discarded as effluent, mainly in small 
dairy industries that don’t have an appropriate treatment system 
(Giulianetti de Almeida et al., 2023). Thus, the development of new 
methods for CW utilization is still relevant to add value to this by- 
product and contribute to their use reducing the environmental and 
economic effects of their discard.

In this scenario, applied technology approaches such as fermentation 
processes for biomass production and conversion of CW into high-value 
products, have emerged as potential ways for biotechnology whey uti-
lization (Verma et al., 2023). One interesting approach is the use of CW 
as a culture medium for probiotic lactic acid bacteria (LAB), considering 
that CW being a low-cost source of carbohydrates, proteins, vitamins, 
and minerals (Krunić et al., 2019). Additionally, Aller et al. (2014)
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reported that the branched-chain amino acids (BCAAs), l-isoleucine 
(Ile), l-leucine (Leu), and l-valine (Val) present in CW, enhance the 
growth of LAB such as Lactococcus lactis IL1403. Despite its potential as a 
media culture for LAB, whey has some drawbacks, including low levels 
of free amino acids and high concentrations of lactose, which represents 
a challenge for LAB metabolism.

LABs have fastidious nutritional requirements, which means that 
slight variations in the components of their cultivation media can affect 
their growth. Selecting the right growth medium for industrial-scale 
microorganism production is crucial for fermentation processes. This 
choice is particularly important because it constitutes a significant 
portion of the overall operational costs and influences both the cell 
concentration and the time needed to achieve optimal cell yields (Huang 
et al., 2016). Thus, the scale-up and creating a whey-based media with 
optimal performance is still a challenge. In this context, most of the 
research in the last years has been focused on developing different whey- 
based culture media adding additional nutrients (mainly sources of 
soluble protein) to favor the microorganism’s growth (Huang et al., 
2016; Krunić et al., 2019; Sharma et al., 2017). Research works that 
employ CW without supplementation, or CW without any protein con-
centration process (e.g., whey permeates or whey protein isolate) as 
medium for biomass production of LAB are scarce. This highlights the 
need for further research and innovation in fermentation process with 
plain whey to overcome their physicochemical drawbacks and to obtain 
high biomass yields at low-cost.

After production, LABs are sensitive to food processing and storage, 
as well as passage through the gastrointestinal tract, thus, encapsulation 
technology using different matrixes is used to improve their function-
ality and viability (Vivek et al., 2022). Among the different wall mate-
rials used for LAB encapsulation, one of the most used is whey protein 
concentrate (WPC), due to its solubility, protein concentration, and low 
lactose content. Some authors studied the use of plain whey as wall 
material for encapsulating LAB through spray drying. They reported 
high bacterial survival after drying, but the stability of the powders 
stored at room temperature was low. (Aragón-Rojas et al., 2018; 
Rabaioli Rama et al., 2020; Senovieski et al., 2024). In our revision, we 
did not find any report of LAB freeze-drying using plain whey as a 
protective material.

In this context, our research group reported the growth and 
improved functional properties of L. paracasei ItalPN16 in plain sweet 
whey (SW) and acid whey (AW) at 37 ◦C, in free fermentation, however, 
the maximum biomass yield was 9.5 Log/CFU mL (Barreto Pinilla et al., 
2023a). Thus, due to high concentrations of lactic acid may affect cell 
physiology causing growth interruption (Vinderola et al., 2019), CW 
fermentation with pH control close to neutrality, could support a higher 
growth rate and improve the biomass yield. In addition, the specific 
physicochemical features of the fermented whey under pH control, 
could favor their use as wall material for bacterial microencapsulation.

The industrial production of probiotic lactic acid bacteria (LAB) re-
lies heavily on the effective bacterial growth, concentration, and pres-
ervation of biomass to ensure long-term viability and functional activity 
(Pramanik et al., 2023). Thus, this study aimed to scale up the use of 
unsupplemented cheese whey as a culture medium for the high-yield 
biomass production of L. paracasei ItalPN16 in a one-liter bioreactor, 
evaluating different pH levels during the fermentation process, and 
explored the potential of using the resulting fermented culture medium 
as part of the encapsulation material for spray-drying and freeze-drying.

2. Materials and methods

2.1. Bacterial strain and media

The strain Lacticaseibacillus paracasei ItalPN16 (GenBank accession 
number JALGQW000000000) from the culture collection of Dairy 
Technology Center (Tecnolat/ITAL) was maintained in a frozen stock 
culture of de Man, Ragosa and Sharpe broth (MRS. Merck, Darmstadt, 

Germany) containing 15 % (v/v) glycerol (Barreto Pinilla, Guzman 
Escudero, et al., 2023). The strain was incubated overnight in MRS 
media at 37 ◦C in anaerobic conditions before the experiments. Sweet 
whey (SW) was obtained from the pilot scale fabrication of Prato cheese 
in the Tecnolat/ITAL and conserved at − 20 ◦C. Before using it for 
L. paracasei ItalPN16 growth, the whey was pasteurized at 65 ◦C for 30 
min to avoid protein denaturation. After pasteurization, routine micro-
biological analyses were performed to confirm the sterility of whey 
before inoculation. The proximate composition of the SW used in this 
work was reported in a previous publication of our research group 
(Barreto Pinilla, Brandelli, et al., 2023).

2.2. Bacterial growth in bioreactor

Overnight cultures (MRS, 37 ◦C) of L. paracasei were inoculated (3 %, 
v/v) in 1 L of SW (previously pasteurized at 65 ◦C by 30 min) and 
incubated at 37 ◦C for 48 h with agitation of 100 rpm. Three different pH 
conditions were evaluated (pH 6.5, 5.5, and 4.5), controlling the acid-
ification of the media with NaOH (1 M). These three treatments were 
selected to identify differences in the L. paracasei growth profile and 
changes according to the solubility of SW protein fractions. The con-
centration of sugars and the viable cell counts were determined at 0, 4, 
8, 24, 32, and 48 h of fermentation by the DNS method (Miller, 1959) 
and using MRS agar plates incubated for 48 h at 37 ◦C under anaerobic 
conditions, respectively. After each fermentation, samples of media 
culture free from cells were collected to analyze the whey protein hy-
drolysis and the amino acids profile. The obtained fermented media and 
the bacterial biomass were used in the freeze-dried and spray-dried 
processes. The experiments were carried out in triplicate.

2.3. Hydrolysis of whey proteins

Whey protein degradation was determined after 48 h of fermenta-
tion. Before its determination, the whey protein was concentrated by 
centrifugation using Amicom ultra 3kD membrane filters, in order to 
eliminate the sugars and low molecular size nitrogen compounds. After 
this step, the native whey and the resultant media culture after 
fermentation at 6.5, 5.5, and 4,5 were diluted in a sample buffer (0.0625 
M tris–HCl, pH 6.8, 2 % (w/v) SDS, 5 % (w/v) mercaptoethanol, 10 % (v/ 
v) glycerol, 0.002 % (w/v) of bromophenol blue and subsequently 
boiled and centrifuged 10.000 g for 5 min. Protein content was measured 
by Lowry’s method, using bovine serum albumin as standard. Equal 
amounts (20 μg) of protein and the molecular weight (MW) marker 
(Prestained protein ladder, Broad Range, 2–212 kDa, Sigma) were 
loaded separately. The SDS–PAGE was carried out on 12 % (w/v) 
polyacrylamide gels on vertical slab electrophoresis cells (BIO-RAD Mini 
PROTEANs 3 System, Hercules, CA, USA) for 1,5 h at 130 V. Coomassie 
brilliant blue R250 was used for staining the gels.

2.4. Total amino acids by high-performance liquid chromatography 
(HPLC)

The determination of total amino acids (AA) was performed as re-
ported previously by Santos de Espindola et al. (2023). Briefly, the 
amino acids in the samples were obtained through acid hydrolysis for 22 
h in a digester block at 120 ◦C, using a 6 N hydrochloric acid (HCl) and 
phenol solution. Then, the samples were treated with phenyl isothio-
cyanate (PITC) as a pre-column reaction. The separation and identifi-
cation were performed in a liquid chromatograph equipped with a diode 
array detector (DAD) (Shimadzu, Brazil) and a C18 Luna-Phenomenex 
reversed-phase column (4.6 mm × 250 mm; particle size 5 μm) (Phe-
nomenex Inc., Torrance, USA) using as mobile phase A of sodium ace-
tate/ acetonitrile, and B, ultra-pure water/disodium EDTA, using a 
wavelength of 254 nm. The concentrations of each AA were obtained by 
comparing the results with the amino acid standard and the internal 
standard α-aminobutyric acid (AAAB).
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2.5. Spray-dried and freeze-dried microencapsulation

Prior to the microencapsulation process, the cells were harvested and 
concentrated by centrifugation (4000 rpm, 4 ◦C, and 10 min). Then, the 
pellet was resuspended in half of its initial volume using the same cul-
ture media previously mixed 1:1 with an autoclaved solution of malto-
dextrin (20 %). Thus, the mixtures (fermented whey and maltodextrin) 
were used as wall material. Finally, the formulations were separated into 
two flasks. One part was dried using a spray dryer (SD) B290 (Büchi, 
Switzerland) with a 1.5 mm diameter atomizing nozzle, inlet tempera-
ture of 145 ◦C, atomizing air flux 0.15 MPa, feeding rate 250mL/h, and 
outlet temperature controlled at 75 ◦C. The second part was frozen at 
− 70 ◦C for 24 h and dried through lyophilization (FD) for 24 h (Liotop, 
São Paulo, Brazil). After microparticles production, samples were 
packed in enclosed plastic recipes to avoid humidification, sealed, and 
stored at 24 ◦C and 4 ◦C for the stability test. The remaining product was 
stored at − 20 ◦C for the characterization analysis. The samples were 
identified according to the drying method and the pH used in the 
fermentation of SW (e.g. SD-pH 4.5 or FD-pH 4.5).

2.6. Powders characterization

2.6.1. Encapsulation efficiency
The encapsulation efficiency (EE %) was defined as the percentage of 

viable cells in the microparticles immediately after the microencapsu-
lation process, compared to the viability of the culture in the liquid 
encapsulating materials before drying, according to the Eq. (1) (de 
Araújo Etchepare et al., 2020). 

EE% =

(
N
N0

)

x100 (1) 

EE = encapsulation efficiency in %.
N0= number of viable cells in the encapsulating matrix before spray 

drying.
N = number of viable cells in the powder.

2.6.2. Moisture and water activity
The Aw was determined using a digital water activity meter (Aqua-

Lab®), and the moisture was determined by direct drying in a laboratory 
oven at 105 ◦C for 24 h.

2.6.3. Scanning electric microscopy
The powders obtained for both drying processes were placed on 

carbon tape fixed on stubs and metalized in gold and palladium for 50s. 
Analyses were performed using a TESCAN VEGA LMU-SEM microscope 
(Tescan Analytics®, Brno, Czech Republic) at different magnifications, 
high vacuum, and 3–8 kV voltage.

2.6.4. Fourier-transform infrared (FTIR) spectroscopy
The FTIR spectra of maltodextrin and the microcapsules obtained 

from the encapsulations of L. paracasei by spray and freeze-dried were 
acquired using an Attenuated Total Reflectance Fourier Transform 
(ATR-FTIR) spectrophotometer (Perkin Elmer, Spectrum 100). The 
spectra were recorded at a resolution of 2 cm− 1 and 16 scans per min 
over the wavenumber range of 650–4000 cm− 1.

2.7. Acid and bile resistance

Simulated gastric juice (SGJ) consisted of 9 g/L of sodium chloride 
containing 3.0 g/L of pepsin (Dinâmica, Indaiatuba, SP, Brazil) with pH 
adjusted to 2.0 using HCL. Before the analysis, the powder samples were 
hydrated (1:10) with sterile distilled water. Then, 0.2 mL of each sus-
pension was mixed in 9.0 mL of SGJ and incubated for 60 and 120 min at 
37 ◦C with constant agitation at 50 rpm. Surviving bacteria were 
enumerated by pour plate counts in MRS agar anaerobically incubated 

at 37 ◦C for 48 h. 0.2 mL of a standardized suspension (OD 600 of 0.5) of 
an overnight culture (MRS and 37 ◦C) of L. paracasei, harvested by 
centrifugation, and washed twice with sterile saline solution (8.5 g/L 
NaCl), were used as control of unencapsulated bacteria.

The survival percentage of the samples was calculated as follows: 

%Survival = (CFU at the end of the test/Initial CFU inoculated)*100 

The simulated intestinal juice (SIJ) was prepared by dissolving bile 
salts to final concentrations of 3.0 g/L in intestinal solution (Sigma, 
Poole, Dorset, UK) and adjusted to pH 7.5. The survivor index of 
L. paracasei to bile salts was determined using the same method related 
above for the SGJ.

The survival percentage of the samples was calculated as follows: 

%Survival = (CFU at the end of the test/Initial CFU inoculated)*100 

The simulated intestinal juice (SIJ) was prepared by dissolving bile 
salts to final concentrations of 3.0 g/L in intestinal solution (Sigma, 
Poole, Dorset, UK) and adjusted to pH 7.5. The survival of L. paracasei 
was determined using the same method related above for the SGJ.

2.8. Antioxidant activity

DPPH free radical scavenging activity of the microcapsules was 
determined according to Brand-Williams et al. (1995). Briefly, freshly 
prepared 0.06 mM mmol/L DPPH solution (1 mL) and 0.2 mL of the 
samples, previously hydrated with distilled water (1:10), were incu-
bated in the dark for 30 min at room temperature. After incubation, the 
mixtures were centrifuged at 5000 ×g for 2 min at 20 ◦C, and then the 
optical density of the supernatant was read at 517 nm using a UV–Vis 
Spectrophotometer. DPPH radical scavenging activity (%) was calcu-
lated according to the Eq. (2): 

Inhibition (%) =
( (

Abscontrol − Abssample
/
Abscontrol

)
×100 (2) 

Where Abscontrol and Abssample are the absorbances of the control and 
hydrated microcapsules, respectively.

The ABTS radical cation (ABTS•+) scavenging assay was performed 
as described by Arnao et al. (2001) with some modifications. Briefly, an 
ABTS• + stock solution was prepared by reacting 7 mmol/L ABTS with 
2.45 mmol/L potassium persulfate. After 16 h of storage in the dark, the 
solution was diluted with 0.1 mol/L phosphate buffer (pH 7.0) to obtain 
an absorbance of 0.70 ± 0.02 at 734 nm. Then, the samples (50μL) 
previously hydrated (1:10) with the same PBS 0.1 mol/L, were mixed 
with the ABTS• + working solution (1 mL), vortexed for 15 s, and 
incubated for 6 min in the dark. After this time, the mixtures were 
centrifuged at 5000 ×g for 2 min at 20 ◦C, and their absorbance at 734 
nm, was determined. The scavenging activity of ABTS• + was calculated 
as a percentage inhibition using the eq. (2). The control for both analyses 
was a direct mixture 1:1 of native SW with a solution of maltodextrin 20 
%.

2.9. Storage stability

Immediately after drying, each powder formulation was placed in 
hermetically sealed plastic tubes and stored at 4 ◦C and 25 ◦C in the dark 
for the stability analysis. The survival rate (SR%) of L. paracasei during 
storage was monitored for 45 days in both temperatures. The SR% was 
determined via the agar plate culturing technique. Briefly, 1 g of powder 
(FD or SD samples) was serially diluted in PBS (10 mM) and cultured on 
MRS agar plates. Then, the agar plates were incubated at 37 ◦C for 48 h 
in anaerobic conditions. The survival rate was calculated by the number 
of viable cells according to eq. 1, changing the EE% by SR%: 

SR% =

(
N
N0

)

.100 (3) 

N0= number of viable cells (Log CFU/mL) immediately after drying; 
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N = number of viable cells (Log CFU/mL) in the powder during the 
storage.

2.10. Statistical analysis

The experiments were performed in triplicate and means were 
compared using Anova one-way followed by Tukey’s test at a signifi-
cance level of 95 % (P < 0.05). Statistica 10.0 software (Statsoft, Tulsa, 
OK, USA) was used for carried out theses analyses.

3. Results and discussion

3.1. Growth of L. paracasei ItalPN16 in SW

The choice of an appropriate growth medium for producing large- 
scale amounts of probiotic biomass is affected by the cost of culture 
media, efficiency of cell production, and ease of harvest. In this work, 
different controlled pH values were evaluated, for the fermentation of 
pasteurized SW by L. paracasei ItalPN16. As shown in Fig. 1A, after 24 h 
of fermentation, the viability count was around 9.6 Log CFU/mL in the 
three different pH studies. Then, at 48 h of fermentation, the bacterial 
counts continued to increase to 10.8, 10.3, and 11.2 Log CFU/mL, for the 
pH values 4.5, 5.5, and 6.5, respectively. These results indicate that SW 
is suitable for L. paracasei ItalPN16 growth at high yields at controlled 
pH during the fermentation.

In our previous work, we showed that L. paracasei ItalPN16, in a 
static culture at 37 ◦C by 48 h, stops its growth (around 9.4 Log CFU/mL) 
in SW when the media pH attempts the value of 3.8 (Barreto Pinilla 
et al., 2023), thus, under controlled pH and low agitation was obtained 
an increase of around 1.3, 0.8 and 1.7 Log CFU/mL (pH 4.5, 5.5. and 6.5, 
respectively), as compared with the static system. To our knowledge, 
this is the first report of bacterial growth above 11 Log CFU/mL using 
plain liquid SW under controlled pH conditions. In addition, no sta-
tionary phase was observed in any pH, indicating that higher times of 
fermentation could increase even more the biomass yield (Fig. 1A).

In the field of food science, some studies have utilized CW without 
any supplements to promote the growth of lactic acid bacteria (LAB). 
Their results indicate that CW is a suitable medium for this purpose, 
yielding final counts ranging from 8.5 to 9.5 Log CFU/mL (Lavari et al., 
2014; Pescuma et al., 2012; Soriano-Perez et al., 2011). More recently, 
Rama et al. (2019) reported viability counts above 12 Log CFU/mL using 
CW and RW (Ricotta whey) for the growth of L. paracasei ATR6 in a 
bioreactor, without pH control. The differences between the reports 
reinforce the idea that the biomass yields obtained in CW fermentations 
are related to the strain-dependent properties, such as tolerance of high 

concentrations of lactose, low availability of proteins, and the ability to 
resist low pH (Pescuma et al., 2015). However, the main factor that 
affects the LAB growth in CW at high yields is the production and release 
of lactic acid in the media. This metabolic process lowers the cyto-
plasmic pH, which can inhibit the growth of cells and may even lead to 
death (Wu et al., 2011). Thus, alternatives such as pH control and the 
production of a microaerophilic environment through agitation, can be 
used to overcome the growth inhibition produced by lactic acid 
(Othman et al., 2017).

As shown in Fig. 1B, the L. paracasei ItalPN16 growth was followed 
by a sugar consumption of around 18 % in the first 24 h and 40 % at the 
end of the process (48 h) for the fermentations at pH 4.5 and 5.5. The 
higher sugar consumption (68 %) was observed at pH 6.5 at the end of 
the fermentation time. (Fig. 1B). Thus, although the growth was satis-
factory at the three pHs, L. paracasei ItalPN16 was unable to consume all 
the available lactose. Similar results were reported by other authors 
(Rabaioli Rama et al., 2020; Secchi et al., 2012). Usually, during the LAB 
fermentation of CW, the decrease in lactose consumption is closely 
related to the bacterial stationary phase and the pH reduction during the 
fermentation (Rama et al., 2019). However, our results showed slow but 
continuous lactose consumption, in agreement with the bacterial growth 
curve under pH-controlled conditions.

3.2. Whey protein hydrolysis

Hydrolysis of whey proteins by the L. paracasei ItalPN16 was further 
analyzed by SDS gel electrophoresis, and changes in the whey amino 
acids profile produced after fermentation were determined by HPLC. As 
shown in Fig. 2, most of the whey proteins were unaffected after 
fermentation at different pH. The main changes were observed in the 
relative concentrations of lactoferrin, bovine serum albumin (BSA), and 
IgG heavy chains. The higher reduction of these macromolecules was 
observed in the SW fermented at pH 6.5. In addition, lower intensities of 
the α-LA bands (around 15KD) were observed in the three treatments.

Similar to our results, Pescuma et al. (2012), reported the hydrolysis 
of β-LG, α-LA, BSA, and immunoglobulins, of reconstituted whey powder 
by the strains L. delbrueckii subsp. bulgaricus CRL 454 and L. acidophilus 
CRL 636, during fermentation. However, differences were observed in 
the hydrolysis pattern using Str. Thermophilus, indicating a strain- 
dependent hydrolyzation capability. A more recent study reported the 
degradation of lactoferrin, BSA, and IgG fractions during the fermenta-
tion of liquid whey by its native LAB at various incubation temperatures. 
According to the authors, the most significant proteolytic activity was 
observed within the temperature range of 35 to 42 ◦C. (Mazorra-Man-
zano et al., 2020).

Fig. 1. A: Growth curve of L. paracasei ItalPN16 during 48 h at 37 ◦C in during controlled pH. pH 4.5 (circle), pH 5.5 (square) and 6.5 (triangle). B: Reductor sugars in 
each point, for the same sample, bars represent the standard deviation of three independent experiments.
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Cheese whey is a complex combination of globular proteins with 
different isoelectric points (IP), comprising β-LG (~50 % wt/wt, IP ~ 5), 
α-LA (~20 % wt/wt, IP ~ 4.2), immunoglobulins (IgG; ~10 % wt/wt, IP 
around 6), and BSA (~6 %, wt/wt) and others protein or peptide in 
minor amounts, including lysozyme, lactoferrin, lactoperoxidase, and 
growth factors (De Wit, 1998). In this work, the SW was pasteurized at 
65 ◦C prior to fermentation due to moderate heating temperature 
improve the solubility of whey proteins (Teo et al., 2016). At tempera-
tures above 70 ◦C, irreversible changes in protein structure are observed, 
including the formation of Maillard compounds, protein aggregation, or 
cross-linking, which alter negatively the functionality of the whey pro-
teins and affect the growth of LAB (Zhang et al., 2021). In addition, in 

the conditions of the fermentations (pH 4.5, 5.5, or 6.5) the main protein 
fractions (β-LG, α-LA, and IgG) were at pH values close to their iso-
electric point, favoring their solubility and stability.

Although LABs are usually considered to be weakly proteolytic, they 
can cause different degrees of proteolysis in fermented dairy products 
(Liu et al., 2010). LAB possesses a variety of proteolytic enzymes that 
enable them to utilize milk proteins as nitrogen sources and to ensure 
their growth during fermentation (Kieliszek et al., 2021). However, 
although several proteolytic enzymes (exopeptidases and endopepti-
dases) have been identified in several lactobacilli species, most of the 
current research has been focused on casein hydrolysis (Kieliszek et al., 
2021). Thus, there is still little information about whey-related LAB 
proteases, the mechanism of action, expression, regulation and activa-
tion. Overall, based on our results, fermentation at pH 6.5 favored a 
higher hydrolysis of lactoferrin, BSA, and IgG heavy chain, proteins with 
IP close to 6, indicating a higher proteolytic activity and selectivity at 
this pH. However, more studies must be conducted to identify if this 
effect is the result of an optimal pH for enzymatic activity, the increased 
protein solubility, or both.

The analysis of amino acids (AA) present in the whey after the 
L. paracasei fermentations revealed increased values of almost all the AA 
evaluated, as compared with the native SW (Fig. 3). The most notorious 
increase was in the concentrations of Leucine (Leu), Glutamine (Glu), 
Proline (Pro), and Valine (Val). However, we found differences in the 
free AA profile, according to the pH of fermentation. At pH 6.5 were 
found significant (P < 0.05) higher concentrations of Proline (Pro), 
Glycine (Gly), and Lysine (Lys); at pH 5.5, the main result was the 
concentration of Leucine (575.3 mg/Kg) 10 times higher than the native 
SW (55.9 mg/Kg); and at pH 4.5 the concentrations of Serine (Ser) and 
Threonine (Thr), Histidine (His), and Alanine (Ala) were higher, as 
compared to the native whey and the other treatments. Only the Tyro-
sine (Tyr) showed a decreasing trend in the treatments after the 
fermentation. Thus, the different AA patterns produced from the SW 
hydrolysis at different pH of fermentation suggest different proteinase 
and aminopeptidases specificities from the L. paracasei ItalPN16. In 
addition, from a nutritional point of view, the fermentation increased 
the concentration of essential AA that enhances the nutritional value of 

Fig. 2. Degradation of whey proteins during fermentation by L. paracasei 
ItalPN16 at 37 ◦C, after 48 h of incubation and controlled pH conditions. Lines: 
1 and 6, broad range weight protein marker (2–212 kDa); line 2, non-fermented 
(native) sweet whey.

Fig. 3. Amino acid profile and concentration (g/100 g protein) of SW after 48 h fermentation by L. paracasei PN16, at different pH conditions. Control: Native SW 
prior fermentation. Bars represent the standard deviation of three independent experiments.
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whey. Similar to our results, Mazorra-Manzano et al. (2020) reported 
that L. delbrueckii subsp. bulgaricusCRL 454 favored the release of Leu, 
Val, and His, during the fermentation of liquid whey. In addition, 
Olvera-Rosales et al, (2023) reported the increase of free AA by the 
hydrolysis of reconstituted whey (10 %) by L. rhamnosus GG after 21 h of 
fermentation at 41 ◦C. According to the authors, the proteolytic effects 
on whey protein may be driven by the cell envelope proteinases (PrtR), 
which acts in the first fractionation of the whey proteins, resulting in 
peptides that are incorporated into the cells through the system of 
transporters Opp, DtpT and Dpp (Griffiths & Tellez, 2012). Afterward, 
these peptides are broken down into AA by intracellular peptidases and 
aminopeptidases until satisfy the bacteria auxotrophies, and finally, the 
excess of peptides and AA are released into the medium (Olvera-Rosales, 
Cruz-Guerrero, García-Garibay, et al., 2023).

LAB requires many free amino acids to grow and develop; however, 
the available amount of such nitrogen compounds in cheese whey is 
usually low; hence, the main function of the LAB nitrogen metabolism 
proteases and peptidases, during whey fermentation, is to produce these 
nutrients by decomposing whey proteins (Kieliszek et al., 2021). 
Therefore, in response to the low bioavailability of these nutrients, LAB 
can regulate the production of extracellular proteases to supply the cells 
with essential amino acids (Brown et al., 2017). Besides the lack of in-
formation about the expression, regulation, and biosynthesis of specific 
proteolytic enzymes by LAB during whey fermentation, our results 
indicated that specific proteases and aminopeptidases are regulated 
according to the pH. These findings are important considering the po-
tential use of LAB for whey protein hydrolysis, enabling the production 
of bioactive peptides and essential amino acids (Olvera-Rosales, Cruz- 
Guerrero, Jaimez-Ordaz, et al., 2023).

3.3. Drying and powder characterization

After 48 h of bacterial growth, the L. paracasei ItalPN16 was freeze- 
drying (FD) and spray-drying (SD). Maltodextrin and the fermented SW 
were used as wall materials in both methods, to investigate the impact of 
using various fermented SW on microencapsulation. As shown in 
Table 1, the drying process resulted in a high EE% for the FD method 
(83 % on average) as compared with the SD (92 % on average). Sig-
nificant higher (P < 0.05) EE% values were obtained in the FD-pH 4.5 
(99.30 %) and FD-pH 6.5 (95.26 %), followed by the SD-pH 4.5 and SD- 
pH 6.5, with EE of 89.96 % and 88.28 %, respectively. The lower values 
were found in the samples SD-pH 5.5 (72.15 %) and FD-pH 5.5 (81.56 
%).

Our results of EE% are very similar to previous reports of LAB 
microencapsulation by FD and SD. Beldarrain-Iznaga et al. (2020) re-
ported that the microencapsulation of L. casei achieved 98 % survival 
after the freeze-drying process, using a combined double emulsion and 
ionic gelation approach. Tang and colleagues (2020) reported survival 
rates of 70–77 % for Lactobacillus acidophilus FTDC 3081 after it was 

spray-dried and freeze-dried using various protectants, including skim 
milk, sucrose, maltodextrin, and corn starch. According to the authors, 
the powders produced with 10 % (w/v) maltodextrin and dried by either 
spray-drying or freeze-drying demonstrated the highest viability, 
reaching 77.2 % after 40 days of storage.

Given that lactose (present in fermented whey) and maltodextrin are 
considered suitable as cry and thermal protectants of LAB (Tang et al., 
2020; Cui et al., 2022), their combined effect could result in a high EE% 
of L. paracasei ItalPN16, after the SD and FD. In this regard, it was 
suggested that the effectiveness of some wall materials such as dairy 
products and natural polymers in protecting cell viability during drying 
is closely related to their interactions with the bacterial membrane, 
preventing leakage during water removal (Maciel et al., 2014). Thus, the 
mixture of lactose and maltodextrin could favor the survival of 
L. paracasei ItalPN16, however, the thermal stress during the spray 
drying resulted in lower values of EE%.

Table 1 presents the results of water activity (Aw) and moisture 
contents (M %) in the produced microcapsules. The Aw values were 
below 0.28 and 0.16 for the SD and FD microparticles, respectively. 
Similar values of Aw for SD products were reported by Parlindungan 
et al. (2019), Alves Gragnani Vido et al. (2023), and Misra et al. (2023), 
who reported water activity values from 0.073 to 0.406 for spray and 
freeze drying of probiotic bacteria. In particular, Misra and coworkers 
compare the FD and SD techniques for microencapsulation of Lacto-
coccus lactis SKL 13. They observed lower values of Aw, higher moisture 
content, and an increased survival rate when using FD compared to SD, 
which is similar to our findings (Misra et al., 2023). Dried microcapsules 
with Aw below 0.2, will result in good stability of the dried product, and 
prolonged shelf life of encapsulated LAB, due to the limitation of water 
available for microbial multiplication, however, values below 0.11 
could produce cell death during storage (Dianawati et al., 2016).

Concerning the moisture content (M %), significant (P < 0.05) dif-
ferences were observed between the different dried methods and the pH 
of the SW. The higher moisture values (3.48 % and 3.25 %) were found 
in the SD-pH 4.5 and FD-pH 6.5 microcapsules (Table 1), while the lower 
moisture value (1.54 %) was obtained in the SD-pH 5.5 sample. Ilha 
et al. (2015) reported values close to 4 % in dried L. paracasei using skim 
milk and cheese whey as wall material, obtaining satisfactory viable cell 
stability after drying. Recently, was reported a moisture content of 3.67 
% and 2.1 % in the SD and FD microencapsulation of a mixture of LAB 
(Lactoferm ABY-6) using whey protein concentrate and sodium alginate 
as wall materials (Obradovic et al., 2022). Controlling the moisture 
content of dried probiotic cultures is crucial for achieving long-term 
storage stability. It is recommended to maintain moisture levels below 
5 %. This low moisture content ensures that there is less water available 
for degradative reactions and minimizes the solubilization and mobility 
of components within the formulation (Peighambardoust et al., 2011). 
In dairy-based emulsions designed for encapsulation, blends of carbo-
hydrates and milk proteins exhibit excellent film-forming and emulsi-
fying properties. The proteins in these mixtures contribute to the 
stability of the mixture, while the carbohydrates serve as matrix-forming 
agents. This combination results in highly stable emulsions that mini-
mize the adverse environmental effects on the functionality of both 
proteins and carbohydrates (Afzal et al., 2024a, 2024b). Thus, the 
different moisture values in the SD in the FD powders could be related to 
the different interactions between lactose, whey proteins, and malto-
dextrin, which resulted in powders with different water affinity.

3.4. Surface morphology

The morphology and surface appearance of the microparticles pro-
duced by SD and FD were observed by scanning electron microscopy 
(SEM), and the resulting images at 8 Kx and 3 Kx of magnification are 
presented in Fig. 4. The microcapsules produced by the SD process 
showed a spherical collapsed shape with smooth surface, in all the 
treatments. These observations are consistent with previous studies of 

Table 1 
L. paracasei ItalPN16 microparticles. Encapsulation efficiency (EE %), water 
activity (Aw) and moisture (M %) from two types of drying and using bio-
processed whey at different pHs.

Treatment

SD-pH 
4.5

SD-pH 
5.5

SD-pH 
6.5

FD-pH 
4.5

FD-pH 
5.5

FD-pH 
6.5

EE 
(%)

89.96 ±
0.05c

72.15 ±
0.39e

88.28 ±
0.02c

99.30 ±
0.09a

81.56 ±
0.17d

95.26 ±
0.36b

Aw 0.236 ±
0.001c

0.208 ±
0.026c

0.279 ±
0.078c

0.087 ±
0.010a

0.154 ±
0.013b

0.149 ±
0.002b

M 
(%)

3.48 ±
0.25a

1.54 ±
0.51c

2.16 ±
0.36b

2.51 ±
0.50ab

2.87 ±
0.88ab

3.25 ±
0.61a

Values are the mean ± standard deviation of 3 (three) independent experiments. 
Different superscript letters denote significant differences (p < 0.05) in the same 
line. SD: Spray drying; FD: Freeze drying.
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SD microencapsulation of LAB (Bağdat et al., 2024; Bustamante et al., 
2020), which reported the formation of small-sized microcapsules with 
spherical structures and concavities on the surface. This morphology in 
the SD microparticles results from the shrinkage of the particles during 
the rapid evaporation stage at higher temperatures and low solids in the 
solution (Okada et al., 2020). In addition, no signs of cracks or fractures 
were observed on the surfaces, which indicates good structural integrity 
of the capsules, favoring their protective behavior (Yonekura et al., 

2014). According to Aragón-Rojas et al. (2020), maltodextrin molecules 
can bind whey protein, inhibit protein aggregation by generating steric 
hindrance, and create a smooth micro-structure.

The FD samples presented an irregular shape with a wide range of 
particles with low porosity and soft surfaces. No bacterial cells were 
observed on the surface, indicating randomly distributed bacterial cells 
within the wall matrix. Similar morphologies were reported by previous 
studies, in SEM observations of freeze-dried LAB microparticles 

Fig. 4. Scanning electron microscopy (SEM) micrographs of spray-dried (8Kx magnification) and freeze-dried microcapsules (3Kx magnification).
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(Massounga Bora et al., 2018; Rajam & Anandharamakrishnan, 2015).

3.5. Fourier-transform infrared (FTIR) spectroscopy

The interaction between chemical bonds in the encapsulated 
L. paracasei ItalPN16 by SD and FD was analyzed using the Fourier 
transform infrared (FTIR) technique. Due to the presence of lactose on 
the microparticle’s surface, the powders obtained by FD (Fig. 5A) pre-
sented a broad-spectrum band in the carbohydrate fingerprint region 
(800–1200cm− 1), with higher intensities as compared with the single 
maltodextrin. In addition, the asymmetric elongation of amide-type I at 
1601cm− 1 from the whey protein was observed in the powders FD-pH 
5.5 and FD pH 6.5. The FD samples also presented a board spectrum 
band at 3268cm− 1 with a higher intensity as compared with the single 
maltodextrin, which is related to stretching vibrations of -OH groups and 
their interactions with -NH2 groups, at different energy levels (Patel 
et al., 2021). The increased intensity of - NH, -OH, and CH2 stretching 
vibrations indicated the superposition and low molecular packing of the 
whey components (mainly lactose) and maltodextrin on the powder’s 
microstructure. Similar results were reported by Zhang et al. (2018), 
evaluating the microencapsulation of xylooligosaccharides (XOS) by 
spray drying, using maltodextrin as wall material.

On the other hand, the powders obtained by SD (Fig. 5B) showed 
lower -OH stretching (3268cm− 1 band) and lower intensity in the car-
bohydrate fingerprint (800–1200cm− 1) as compared with the FD. The 
samples SD pH 4.5 and SD pH 5.5 presented shorter -OH stretching in-
tensity, as compared with the single maltodextrin, indicating the for-
mation of a complex between the polysaccharides and the whey proteins 
present in the formulations at low pH. Reduced absorbance of the 
stretching band of C–H after spray drying of maltodextrin and whey 
protein was reported by Maqsoudlou et al. (2020), they suggested that 
the reduction of the intensity of the -OH band in this system could 
indicate rearrangements of the hydrogen bonds in the microcapsule’s 
surface. This effect is related to a higher degree of homogeneity in the 
intermolecular interactions, which results in an increase of conforma-
tional selectivity due to the low dispersion of vibrational levels.

Overall, the results indicate a higher exposure of hydrophilic com-
pounds, mainly carbohydrates in the FD surface powder and a more 
packed structure in the SD microcapsules. In addition, the composition 
and pH of the fermented whey used in the microencapsulation resulted 
in changes in the 3000–3600 cm− 1 (-OH stretching) and the carbohy-
drate fingerprint (800–1200cm− 1) to relatively lower intensities, these 
changes were more evident in the SD microcapsules (Fig. 5B).

3.6. Acid and bile resistance

The gastrointestinal environment is the main barrier to the viability 
of probiotic microorganisms due to their exposure to low pH, proteolytic 
enzymes, and bile salts (Ilha et al., 2015). Therefore, acid and bile salt 
tolerance are crucial features for probiotic microorganisms because this 
property helps them to survive during the harsh conditions of the 
digestive process. The survival microencapsulated L. paracasei ItalPN16 
in simulated gastrointestinal conditions was studied after 1 h and 2 h of 
exposure, resulting in a high survival percentage, with values above 90 
% (losing less than 1 Log CFU/g) in almost all the microcapsules. The 
lower values were observed in the control (non-protected) and the 
sample SD-pH 5.5, with survival of 72 % and 77 % after 2 h, respectively. 
The presence of bile salts showed an important effect on the strain 
survival, resulting in values below 70 % in all the samples, however, the 
sample FD-pH 6.5 presented significant (p < 0.05) higher survival to bile 
salts (65 %) after 2 h (Fig. 6B), as compared with the other treatments 
and de control. The antimicrobial action of bile salts (0.3 %) was less on 
the microencapsulated L. paracasei ItalPN16 than the control after 1 h. 
Still, after 2 h, the sample FD-pH 4.5 presented a notable survival 
reduction with no significant difference (p < 0.05) as compared with the 
control (around 32 % of final survival).

Overall, the best results observed for acid tolerance were found in 
L. paracasei ItalPN16 dried by freeze-drying (FD). This may be linked to 
the rapid solubilization of lactose and other whey components in the 
formulation during the test. These components provide ATP to the F0F1- 
ATPase through bacterial metabolism, which helps expel protons, 
thereby enhancing bacterial survival under gastric conditions. 
(Corcoran et al., 2005). In particular, the best survival of L. paracasei on 
acid and bile salts solutions was observed in the samples that used fer-
mented whey at pH 6.5 as wall material. This indicates a strong effect of 
the whey composition on the bacterial survivor after drying. In this re-
gard, it has been reported that some intact milk proteins including 
βlactoglobulin (βlg) and bovine serum albumin (BSA) can bind bile salts, 
reducing its biological activity (Bellesi & Pilosof, 2021; Naso et al., 
2019). Thus, it is possible that specific structural conformation of βlg, 
IgG and BSA in the fermented whey at pH 6.5 favor the binding of bile 
salts, reducing its antimicrobial activity. However, most studies must be 
conducted to verify this hypothesis since the acid and bile resistance is 
highly strain-dependent, and also the strains could improve their sur-
vivor to an adverse environment according to the media culture 
composition or exposure to low pH during the growth (Barreto Pinilla, 
Brandelli, et al., 2023; Wendel, 2022). In this context, Gul and Atalar 
(2018), reported that after exposure to 3 % bile salt, the survival of spray 

Fig. 5. Structural bond analysis of encapsulated probiotic powder by FTIR. A: Maltodextrin and freeze dried (FD) L. paracasei ItalPN16 including SW fermented at 
pH 4.4, 5.5 or 6.5. B: Maltodextrin, spray dried (SD) L. paracasei ItalPN16 including SW fermented at pH 4.4, 5.5 or 6.5.
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and freeze-dried microencapsulated Lactobacillus casei Shirota decreased 
by almost 2.5 Log CFU/g; they observed that the best results of cell 
protection against acidic pH, high temperature and bile salts, were 
related to the microencapsulation matrix. In contrast, Buahom et al. 
(2023), reported that an acid environment (pH 2.0) led to a significant 
decrease (1–2.8 Log CFU/mL) in the survival rate of 5 probiotic strains 
microencapsulated by freeze- and spray-dried using different wall ma-
terials, according with the authors, the survivability of dried probiotics 
during exposure to gastrointestinal conditions, were more depended on 
the bacterial species, than the drying method or the wall material.

3.7. Antioxidant activity

The antioxidant activity (AA%) of microencapsulated L. paracasei 
ItalPN16 was estimated using the ABTS and DPPH radicals. As shown in 
Fig. 7, the main differences were observed between the different fer-
mented whey (pH 4.5, 5.5, and 6.5) used as wall material, and no 
significative differences (p < 0.05) were observed between the same 
whey component in the two drying methods (Fig. 7). In the ABTS 
method, the higher values of AA% were observed in the samples that 
contained fermented whey at pH 4.5 and pH 6.5 (around 52.%) in both 
drying methods. For DPPH were observed significant (p < 0.05) higher 

values of radical scavenging in the sample SD-pH 4.5 (59.71 %) and FD- 
pH 4.5 (59.59 %).

The protection against oxidative stress and the capacity to decrease 
the risk of accumulation of reactive oxygen species (ROS) is another 
beneficial effect presented by probiotic preparations (Martarelli et al., 
2011). Probiotic bacteria usually possess redox systems associated with 
antioxidant enzymes and oxidative damage repair systems to avoid the 
effect of free oxygen radicals (Feng & Wang, 2020). However, due to the 
bacterial drying processes resulting in a high oxygen exposition, the 
addition of antioxidant compounds such as polyphenols and lignin as 
wall material has been evaluated to reduce the bacterial exposure to 
oxygen and therefore, resulting in higher survival and increased anti-
oxidant capacity of the microcapsules (Celik & O’sullivan, 2013). Thus, 
considering that whey protein is recognized as a source of antioxidant 
peptides and one of the methods for the obtention of these bioactive 
compounds is bacterial hydrolysis (Brandelli et al., 2015), the antioxi-
dant compounds produced during the fermentation and present in the 
dried formulation, resulted in improved antioxidant activity of the 
powders, besides the low amount of whey protein in the formulations 
(around 0.5 %). This effect was more notorious in the SW fermented at 
pH 4.5 considering the ABTS and DPPH results, indicating higher pro-
duction of antioxidant peptides during growth of L. paracasei ItalPN16 at 

Fig. 6. Survivor index of L. paracasei ItalPN16 at pH 2(A) and bile salts (B). Bars represent the standard deviation of three independent experiments. Black columns 
represent the values after 1 h of treatment and grey columns represent the values after 2 h of treatment.

Fig. 7. Antioxidant activity of microencapsulated L. paracasei ItalPN16. A) ABTS; and B) DPPH radical scavenging. Control: native whey and maltodextrin (10 %) at 
1:1 volume ratio. Values are the mean ± standard deviation of 3 (three) independent experiments. Different superscript letters denote significant differences (p 
< 0.05).
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this pH.

3.8. Storage stability

As shown in Fig. 8A, after 45 days under refrigerated storage (4 ◦C), 
the survival rates (SR%) of FD microencapsulated L. paracasei ItalPN16 
maintained values above 95 %. A similar result was observed in the 
sample SD-pH 5.5, in the first 30 days of storage. In contrast, the samples 
SD-pH 4.5 and SD-pH 6.5 presented a decrease of 12 % of survival, after 
the first 15 days. The best results in the refrigerated storage were for the 
samples FD-pH 4.5 and SD-pH 5.5 with SR% of 97.32 % and 98.23 %, 
respectively. In a similar trend, as shown in Fig. 8B, at 25 ◦C the SR% 
decreased rapidly in all the SD samples, with a reduction of more than 
50 % in the first 15 days, and around 70 % at the end of the test (45 
days). The best SR% at 25 ◦C was observed in the sample FD-pH 6.5 with 
a survival of 71.23 % (7.63 Log CFU/mL) after 45 days. Overall, the FD 
method allowed higher survival of the L. paracasei ItalPN16 at the two 
conditions of temperature evaluated.

In this study, the SR% of L. paracasei ItalPN16 after spray and freeze- 
drying was highly dependent on the storage temperature, and the drying 
method (Fig. 8). Similar to our results, it was reported that the stability 
of dried L. acidophilus FTDC 3081 at room temperature was higher after 
freeze-dried microparticles, as compared with the spray-dried method, 
using maltodextrin as the main wall material (Tang et al., 2020a, 
2020b). More recently, Gagneten et al. (2024) conducted a study eval-
uating the response of two LAB strains to different environmental 
stresses associated with FD and SD processes. They found a strain- 
dependent response to osmotic, mechanical, and thermal stresses, and 
also reported that the SD results in low storage stability at mild ambient 
temperatures with high functionality loss, due to membrane damage.

In addition, fermentation parameters such as medium composition, 
temperature, pH, and harvesting time, influence the physiological state 
of the dried probiotic cultures affecting their performance and storage 
tolerance (Liu et al., 2019). In particular, pH has a significant influence 
on lactobacilli survival during the storage, affecting differentially each 
bacterial strain (Shafiee et al., 2010). Regarding the pH of LAB 
fermentation and its influence on storage survival, some evidence 
pointed that a low pH affects negatively the survivor rates of LAB, as 
related by Senovieski et al. (2024), who reported that the pH of 
fermentation of spray-dried Bifidobacterium animalis subsp. lactis INL1 
reduce their survival during storage at 22 ◦C. However, strain-specific 
characteristics, environmental stress responses, and the wall material, 

can also increase the SR% of dried LAB, as showed by Gaudreau et al. 
(2006) and Wang et al. (2005), for Lactococcus lactis ssp. Cremoris and 
Lactobacillus acidophilus RD758, respectively. In our work, considering 
the two methods of drying, the higher SR% at 4 ◦C and 25 ◦C was ach-
ieved in the samples containing fermented whey at pH 5.5 and 6.5, 
respectively, indicating that low pH in the wall material affects the 
bacterial SR% during storage.

Overall, our results demonstrate that plain whey can be effectively 
used as a culture medium for achieving high biomass yields of LAB. 
Additionally, the fermented whey can serve as a wall material for the 
microencapsulation of the same bacteria in a single process. Some of the 
best results were observed in the fermentation at pH of 6.5 and utilizing 
spray drying (SD) as the drying method. This innovative technology 
could be a tool for a more sustainable use of whey and the development 
of cheaper media cultures for LAB production.

4. Conclusions

In this work, liquid SW was used as media culture for L. paracasei 
ItalPN16 in a bioreactor under controlled pH, resulting in bacterial 
counts above 10 Log CFU/mL after 48 h of fermentation. L. paracasei 
ItalPN16 was able to hydrolyze the IG (heavy chain) protein fraction of 
the whey, according to the pH of fermentation. This protein hydrolysis 
increased the free amino acid content in the fermented whey, indicating 
a pH-dependent activity of proteases and aminopeptidases. The residual 
medium plus maltodextrin was used as wall material for microencap-
sulation by FD and SD. Was observed that the drying method affected 
the microparticles values of M% and Aw e EE% and FTIR patterns. On 
the other hand, composition and pH of the wall material had a strong 
effect on the bacterial survival in simulated gastrointestinal fluids and 
the survival rate during storage. Thus, this study confirmed that pH 
control of SW is a suitable strategy for LAB biomass production at high 
yields, and as a wall material for microencapsulation in the same pro-
cess. This low-cost approach could be industrially exploited to produce 
starter or adjunct cultures more sustainably and open new opportunities 
for cheese whey valorization. However, more studies must be conducted 
to reduce the time of fermentation, investigate the bioactive properties 
of whey after fermentation, and improve the powder stability after 
drying.

Fig. 8. Survival rate of L. paracasei ItalPN16 using as wall material maltodextrin and whey fermented at different pH, during storage at 4 (A) and 25 ◦C (B). 
Continued lines represent the mean of three different experiments. Treatments SD-pH 4.5 (●), FD-pH 4.5 (○) SD-pH 5.5 (▴), FD-pH 5.5 (Δ), SD-pH 6.5 (■), FD-pH 
6.5 (□).
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