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Introduction 
	 Human derived probiotics, particularly those isolated from breast 
milk, have gained significant relevance in recent years due to their iso-
lation source, which is associated with an evolutionary adaptation to 
the human host, resulting in greater therapeutic specificity and effica-
cy [1-3]. In this context, it has been reported that Lactobacillus strains 
present in breast milk facilitate early mucosal colonization in infants, 
promoting a resilient gut microbiome, immunological homeostasis, 
and systemic benefits [4]. Among these, Lactiplantibacillus (formerly 
L. plantarum), isolated from human milk in a Mexican population, 
has demonstrated functional properties, including the alleviation of 
symptoms in patients with constipation-predominant irritable bowel 
syndrome, preservation of epithelial barrier integrity (intestinal and 
blood-brain barrier), and neuroprotective effects mediated by the at-
tenuation of oxidative stress and neuroinflammation in animal models 
of parkinsonism [5-7].

	 Probiotic potential and biological activities are strain dependent, 
including the effectiveness as nutraceutical compounds [8]. There-
fore, the proper selection of probiotic strains, especially those derived 
from human sources, should be based on rigorous safety and efficacy 
criteria to ensure their therapeutic effectiveness and their application 
in food and clinical products [9].

	 However, this therapeutic potential requires the development of 
stable formulations that guarantee cellular viability (>10⁶-10⁸ CFU/g) 
during processing and storage [10-12]. Nevertheless, it has been doc-
umented how biopharmaceutical factors such as thermal stress during 
manufacturing, oxidative damage, and suboptimal storage conditions 
can significantly compromise cellular viability and, consequently, 
probiotic functionality [13,14]. This scenario has driven the develop-
ment of novel formulations aimed at preserving both microbial viabil-
ity and the functional properties of these strains [15,16].

	 Among available pharmaceutical forms, oral capsule formulations 
have emerged as the system of choice due to their ease of production, 
precise dosing, and high patient compliance [17]. These formulations 
typically incorporate excipients with specific functions: some act as  

García-Robles G, et al., HSOA J Food Sci Nutr 2025, 11: 222
DOI: 10.24966/FSN-1076/100222

HSOA Journal of
Food Science and Nutrition

Research Article

García-Robles G1, Fajardo-Robledo NS2*, Ruvalcaba-Gómez 
JM3, Solís-Pacheco JR1, Villarruel-López A1 and Aguilar-Uscan-
ga BR1*
1Doctorate in Sciences in Microbiology and Molecular Biotechnology, 
Human Milk Research Laboratory, University Center for Exact Sciences and 
Engineering, University of Guadalajara, Guadalajara, Mexico

2Pharmaceutical Research and Development Laboratory, University Center 
for Exact Sciences and Engineering, University of Guadalajara, Guadalaja-
ra, Mexico

3National Center for Genetic Resources, National Institute of Forestry, 
Agriculture, and Livestock Research, Jalisco, Mexico

Assessment of the Stability and 
Viability of a Probiotic  
Formulation with Strains of 
Lactiplantibacillus LH05 and 
LH06 Isolated from Breast 
Milk

Abstract
	 The prophylactic use of human-origin probiotics has gained rec-
ognition as adjuvant therapy for gastrointestinal disorders, though 
maintaining their stability and viability during processing and stor-
age remains challenging. This study developed and characterized 
a lyophilized formulation containing Lactiplantibacillus LH05 and 
LH06 strains isolated from breast milk combined with Fructooligo-
saccharides (FOS) and encapsulated in Hydroxypropyl Methylcel-
lulose (HPMC) capsules. We assessed post-lyophilization viability, 

storage stability (25°C vs 4°C for 6 months), gastrointestinal stress 
resistance (pH 1.2-6.8, 0.3-0.5% bile salts, digestive enzymes), and 
functional properties (antimicrobial activity against Escherichia coli 
ATCC 25922 and Salmonella enterica serovar Typhi ATCC 6539, 
cell surface hydrophobicity). The probiotic formulation contained ly-
ophilized strains with Nutraflora® FOS and magnesium stearate in 
HPMC capsules. Post-lyophilization viability reached 90% (p<0.05 
by Student’s t-test). HPMC-encapsulated strains maintained >6 log 
CFU/g at 4°C for 6 months, however significant viability reduction 
occurred at 3 and 6 months (p<0.01). The strains demonstrated gas-
tric acid resistance (pH 3.0), bile tolerance (0.3-0.5%), and potent 
antimicrobial activity (inhibition zones >6 mm). While FOS enhanced 
viability (90% maintenance), it incompletely preserved all probiotic 
attributes. HPMC encapsulation effectively protected bacterial via-
bility (>10⁶ CFU/g) during refrigerated storage, demonstrating strong 
potential for targeted delivery applications.

Keywords: Encapsulation; FOS; Human-milk; Lactiplantibacillus; 
Probiotics; Viability
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diluents (e.g., microcrystalline cellulose) or lubricants (e.g., mag-
nesium stearate) [18], while others provide bulk for low-dose drugs 
[19]. In this work, we propose using Fructooligosaccharides (FOS) 
as an alternative diluent due to their rapid aqueous solubility that 
enhances active ingredient release while leveraging their additional 
capacity as prebiotic substrates that selectively stimulate lactic acid 
bacteria growth in the colon [20-22]. This probiotic-prebiotic synergy 
(symbiotic effect) has been shown to significantly enhance physiolog-
ical benefits in vivo [23,24].

	 Polymer-based encapsulation represents an additional strategy 
to protect probiotic cells from adverse upper gastrointestinal tract 
conditions [25]. In this regard, enteric polymers like Hydroxypropyl 
Methylcellulose (HPMC) have proven particularly effective, as their 
pH-dependent dissolution properties shield microorganisms from 
gastric acidity while enabling controlled release in the small intestine, 
thereby improving bioavailability and therapeutic efficacy [17,26]. 

	 Although Fructooligosaccharides (FOS) have demonstrated cryo-
protective potential, their application in breast milk-derived probiotic 
strains remains unexplored. This study developed an HPMC capsule 
formulation containing lyophilized Lactiplantibacillus LH05 and 
LH06 strains (human milk isolates) with FOS. The formulation capi-
talizes on FOS’s dual function as a water-soluble diluent and prebiotic 
substrate, combined with magnesium stearate as lubricant. We eval-
uated the system’s ability to maintain cellular viability during room 
temperature and refrigerated storage, along with the strains’ function-
al properties post-lyophilization.

Materials and Methods
Chemicals and Bacterial Strain

	 The strains Lactiplantibacillus LH05 and LH06 were isolated 
from human milk of healthy Mexican mothers. Taxonomic identifica-
tion at the genus and species level was confirmed by 16S rRNA gene 
sequencing at the National Center for Genetic Resources (CNRG, 
Mexico). Both strains are deposited in the CNRG microbial culture 
collection under the accession numbers Lactiplantibacillus LH05 
CM-CNRG 1117 and Lactiplantibacillus LH06 CM-CNRG 1118. 
Indicator strains E. coli ATCC and Salmonella spp. were obtained 
from the Clinical Microbiology Laboratory of the University of Gua-
dalajara. Magnesium stearate (commercial brand: ALDROPAZ), Nu-
traflora® (Ingredion), and de Man, Rogosa, and Sharpe (MRS) agar 
(DIFCO®) were purchased for use in this study.

Activation and Biomass Production of Lactiplantibacillus 
LH05 and LH06 Strain

	 The Lactiplantibacillus LH05 and Lactiplantibacillus LH06 cells 
were reactivated in 10mL of MRS broth supplemented with 1% Nu-
traflora. Incubation was done at 37°C for 18 hours under anaerobic 
conditions. The biomass production of each strain was carried out 
separately.

Preparation of Freeze-Dried Cells

	 The Lactiplantibacillus LH05 and Lactiplantibacillus LH06 cells, 
previously produced, were recovered by centrifugation to 5,000×g, 
10min, 4°C. The cell pellet was washed with sterile physiological sa-
line (0.85% NaCl) to remove medium components. Nutraflora® was 
added at 10% (w/v) as a cryoprotectant (2:1; cells/FOS). The cell pel-
lets were frozen at -80°C and freeze-dried in a Scientz-SC10N freeze  

dryer at -60°C and 10Pa for 72 hours. The resulting freeze-dried bio-
mass was stored at -20°C until viability testing, powder flow property 
evaluation, and stability assays.

Enumeration of Bacteria and Percentage of Viability

	 To determine cell concentration and viability, 1g of lyophilized 
bacterial cells was reconstituted in 10mL of sterile 0.9% NaCl solu-
tion. Serial dilutions were prepared in saline, and 1mL aliquots were 
plated using the pour-plate technique on MRS agar. Following in 
performed 37°C for 48 hours, colony counts were performed in du-
plicate. Only plates containing between 20 and 350 colonies were 
considered for viable cell enumeration, with results expressed as log 
CFU/mL. Cell survival rate was calculated according to equation (1) 
[11,27], which determines the percentage of viable cells: 

	 Where Log CFU refers to the cell count after freeze-drying, and 
Log CFU refers to the cell count before freeze-drying.

Probiotic Properties

	 To assess probiotic potential, Lactiplantibacillus strains LH05 and 
LH06 were cultured in 10mL of MRS broth for 24 hours at 37°C un-
der anaerobic conditions. Following incubation, a 9-log dilution was 
prepared, and the culture was centrifuged at 5000×g for 5 minutes at 
4°C. The resulting cell pellet was then used for subsequent analyses.

Bile Salt Tolerance Test

	 The bile salt tolerance test was conducted based on a previously 
reported protocol [27], with slight adjustments. Briefly, the harvested 
cells were resuspended in 5mL of MRS broth containing 0.4% and 
0.5% bile salts and incubated at 37°C for 4 hours. Post-incubation, 
viable cell counts were determined by plating on MRS agar.

pH Resistance Test

	 The acid resistance of the bacterial strains was analyzed following 
a previously established method [28], with slight adjustments. The 
cell biomass was suspended in 5mL of MRS broth adjusted to pH 2 
and 3, then incubated at 37°C for 4 hours. After incubation, 1mL of 
the culture was spread onto MRS agar plates and incubated at 37°C 
for 24-48 hours to determine viable cell counts.

Evaluation of Enzymatic Resistance

	 Resistance to enzymatic degradation was evaluated according to 
the protocol outlined in [29], with minor modifications. Initially, the 
cells were washed with 2mL of phosphate-buffered saline (PBS: 8g/L 
NaCl, 0.2g/L KCl, 1.44g/L Na₂HPO₄, 0.24g/L KH₂PO₄ in deionized 
water, pH adjusted to 7.4 with HCl). The pellet was then resuspended 
in 1mL of PBS. The enzymes used, all from SIGMA-ALDRICH®, 
were proteinase (Aspergillus melleus, Type XXIII), and trypsin (pan-
creatic, Type II-S), which were mixed in their respective buffers. The 
cell pellet was added to each enzyme solution and incubated at 37°C 
for 2 hours. After incubation, the mixture was centrifuged at 5000g 
for 10 minutes, and the cell pellet was washed with 1mL of PBS. The 
bacterial cells were mixed with each enzyme solution and incubated 
at 37°C for 2 hours. Following incubation, the samples were centri-
fuged at 5000×g for 10 minutes, and the pellet was washed with 1mL 
of PBS. Finally, the cells were resuspended in sterile 0.9% NaCl, plat-
ed on MRS agar, and incubated at 37°C for 24 hours before colony 
enumeration.
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Hydrophobicity

	 The hydrophobicity of the bacterial cells was assessed follow-
ing a previously described protocol [30], with slight modifications. 
Briefly, the cell biomass was washed with 2mL of 0.2M PBS buffer 
and suspended in 4mL of fresh PBS. Subsequently, 0.8mL of toluene 
was added to the bacterial suspension and vortexed for 2 minutes. 
After incubating the mixture at room temperature for 20 minutes, the 
aqueous layer was carefully removed, and its absorbance at 600nm 
was measured using a UV-Vis spectrophotometer (Scinco S-3100, 
Lab ProPlus Software, Korea). The reduction in optical density of 
the aqueous phase was used to quantify cell surface hydrophobicity, 
calculated as percentage hydrophobicity (%H) using equation (2):

	 Where A₀ represents the initial absorbance before toluene treat-
ment and A is the absorbance after extraction.

Antimicrobial Effect

	 The antimicrobial potential of lyophilized bacterial cultures was 
tested against indicator strains (E. coli ATCC and Salmonella enterica 
subsp.) using the pour-plate method [28]. Mueller-Hinton agar plates 
were inoculated with 6 log CFU/mL of each test organism. Wells were 
punched into the agar and filled with 100μL of either bacterial super-
natant (grown in MRS broth) or positive control solution. After incu-
bation at 37°C for 24 hours, the plates were examined for inhibition 
zones. Antimicrobial activity was confirmed by the presence of clear 
zones around the wells, indicating growth inhibition of the pathogenic 
strains. Carbenicillin (1mg/mL, 50μL) served as the positive control.

Development of Formulation of Lactiplantibacillus LH05 
and Lactiplantibacillus LH06
Preformulation Assay: Determination of Flow Properties

	 The flow properties of the lyophilized Lactiplantibacillus LH05 
and LH06 were evaluated according to the method described in the 
12th edition of the Mexican [31].

Bulk Density

	 A volume of 100mL of powder was transferred into a 100mL grad-
uated glass cylinder without compacting the sample. The lyophilized 
bacteria and Nutraflora® were weighed with a precision of 0.1%, and 
the apparent volume (V) was recorded. The apparent density was cal-
culated using equation (3):

Where M is the mass of the sample and V₀ is the apparent volume.

Tapped Density

	 The same sample used for the apparent density evaluation was 
employed. After covering the opening of the cylinder, it was lifted to 
a height of 10±5cm and tapped 250 times onto a flat, soft surface at 
a constant rate. The tapped volume (V) was recorded, and the tapped 
density was calculated using equation (4):

Where M is the mass of the sample and V is the apparent volume.

Flowability Assessment

	 The Carr and the Hausner ratio were calculated to determine the 
flowability of the powder, using the following equations:

Carr ratio:

Hausner ratio:

Where V₀ is the apparent volume and Vf is the final settled volume.

Encapsulation of Lactiplantibacillus LH05 and LH06

	 For capsule filling, gastro-resistant HPMC capsules size #00 
(brand Capsuline®) were used. The components of the encapsulated 
mixture included freeze-dried Lactiplantibacillus LH05 and LH06, 
Nutraflora® as a prebiotic and diluent, and magnesium stearate which 
served as both lubricant and antistatic agent for the freeze-dried pow-
der while ensuring uniform capsule filling [32]. The dose of each 
Lactiplantibacillus strain was 10log CFU per gram, with a percent-
age distribution of 35.9% for Lactiplantibacillus LH05, 35.6% for 
Lactiplantibacillus LH06, 28.1% Nutraflora®, and 0.3% magnesium 
stearate. The average weight of each capsule was 478.43mg. The 
components were mixed manually, and the capsules were aseptically 
dosed using a manual encapsulator (Profiler®), previously disinfect-
ed with 70% ethanol. The capsules were packaged in polypropylene 
bottles with airtight closures and stored at a temperature of 2-4°C for 
subsequent evaluation.

Development of Dissolution Profiles for Lactiplantibacillus 
LH05 and LH06 Capsules

	 To evaluate the in vitro viability of the Lactiplantibacillus LH05 
and LH06 and the performance of the pharmaceutical form, a disso-
lution profile was developed following the conditions established in 
12th edition of the FEUM [33], using a Type I apparatus and a Distek 
2100C dissolution tester. Two dissolution media were prepared to 
simulate gastrointestinal conditions: a 0.1 N hydrochloric acid solu-
tion, pH 1.2 (acidic medium), which simulates gastric fluids with-
out enzymes, and a pH 6.8 buffer solution simulating intestinal fluid 
without enzymes (basic medium). Each dissolution vessel was filled 
with 900mL of each medium, and the temperature was maintained 
at 37±0.5°C. Samples of 2mL were taken every 30 minutes without 
replenishing the medium.

	 To evaluate the viability of the formulation, a two-stage dissolu-
tion profile was developed. In the first stage, the capsules were evalu-
ated in the acidic medium at 50 rpm for 2 hours to assess the integrity 
and tolerance of the capsules in this medium. In the second stage, the 
same capsules were consecutively evaluated in the basic medium at 
100rpm for 2 hours [34].

	 The samples extracted from the dissolution tester were stored at 
4°C, and at the end of the test, the cell viability of the Lactiplanti-
bacillus LH05 and LH06 in the sample was assessed using the plate 
count method. The plates were incubated at 37°C under anaerobic 
conditions for 24 and 48 hours.
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Stability of Lactiplantibacillus LH05 and LH06 Capsules

	 The stability of the capsules, stored in polypropylene bottles with 
airtight closures, was evaluated in terms of cell viability through the 
dissolution profiles described above. The evaluations were performed 
under two storage conditions: 1 month at room temperature and 1, 3, 
and 6 months at 2-4°C. Cell viability of the formulation in the cap-
sules was evaluated monthly using the plate count technique with 
MRS agar and incubated for 24 to 48 hours at 37°C under anaerobic 
conditions. The percentage of survival was calculated using the equa-
tion (1).

Scanning Electron Microscopy of lyophilized cells

	 The lyophilized samples of Lactiplantibacillus LH05 and LH06 
were mounted on slides using conductive tape and coated with gold 
for 60 seconds using a sputter coater (Denton Vacuum, LLC, model 
DESK V). Morphological imaging was performed using a scanning 
electron microscope (JEOL, model JSM6610LV) operating at 5.0 kV 
with a working distance of 11mm.

Statistical Analysis

	 The stability test values for the Lactiplantibacillus LH05 and 
LH06 capsules were expressed as the mean ± SEM from four inde-
pendent experiments. As heteroscedasticity was identified in the data 
using Levene’s test, a Welch’s ANOVA was applied to evaluate dif-
ferences between groups. Subsequently, Dunnett’s post hoc test was 
used to compare each group with its respective control. Separate anal-
yses were conducted to assess the effect of three main factors: storage 
time (0, 1, 3, and 6 months), measurement time (30, 60, 90, and 120  
minutes), and capsules (n=6). Additionally, statistical assumptions 
were verified using the Shapiro-Wilk test to assess data normality and 
Levene’s test to check for homogeneity of variances. All statistical 
analyses were performed using R software (version 4.4.2). Microsoft 
Excel was used to capture data, organize information, and generate 
tables. Results were considered statistically significant with p values 
<0.05. GraphPad 8.0.1 software was also used for data visualization.

Results
Analysis of Probiotic Activity and Viability of Freeze-Dried 
Lactiplantibacillus LH05 and Lactiplantibacillus LH06

	 The freeze-dried strains Lactiplantibacillus LH05 and LH06, lyo-
philized with FOS, demonstrated strong acid tolerance at pH 3.0, ex-
hibiting survival rates of 90.7% (LH05) and 91.9% (LH06). However, 
exposure to a more acidic environment (pH 2.0) completely inhibited 
growth, indicating limited gastric survivability under extreme condi-
tions.

	 Both strains also exhibited high bile salt resistance, maintaining 
survival rates between 95.9% and 98.3% at concentrations of 0.4% 
and 0.5%, suggesting robust intestinal persistence. Additionally, they 
displayed exceptional enzymatic stability, retaining viability above 
94% after exposure to proteinase and amylase.

	 In antimicrobial assays, LH05 and LH06 produced inhibition 
zones of 7 mm against Escherichia coli and 6 mm against Salmonel-
la spp. Cell surface hydrophobicity, an indicator of mucosal adhe-
sion potential, was measured at 10.8% for LH05 and 7.8% for LH06. 
Despite this variation, cell viability remained above 90% (Table 1). 
Scanning Electron Microscopy (SEM) analysis demonstrated that  

lyophilized Lactiplantibacillus cells maintained their characteristic 
bacillar morphology, with sizes ranging between 3-5µm. The cells 
exhibited clustered distribution with smooth, homogeneous surfaces, 
indicating effective preservation during the lyophilization process. 
Although one structurally damaged cell was observed per microscop-
ic field (indicated by arrows in Figure 1), most cells retained their 
morphological integrity. These results confirm that the employed lyo-
philization protocol adequately preserves cellular structure, support-
ing the probiotic potential of these strains [35].

Flow Properties of Freeze-Dried Lactiplantibacillus LH05 
and LH06

	 Table 2 presents the results of flow properties, including the Haus-
ner ratio and Carr index, according to the values specified in the 12th 
edition of the FEUM [31]. The powders exhibit acceptable flowabili-
ty. The effect of the Nutraflora® mixture, magnesium stearate, and the 
freeze-dried Lactiplantibacillus LH05 and LH06 was demonstrated 
by the good flow properties, as suggested by the Hausner and Carr 
ratio.

Capsule Evaluation

	 Storage at 2-4°C in polypropylene bottles allowed the HPMC 
gastro-resistant capsules to maintain their physical integrity, with  

Cells 
Freeze-
Dried

pHa % Bile 
Saltsb Enzymec Antimicrobi-

al Effectd

% 
H*e

2.0 3.0 0.4 0.5 Pro-
teinase

Amy-
lase

E. 
coli

Sal-
mo-
nella

L. LH05 0 90.7 95.9 96.8 95.9 94.9 7mm 6mm 10.8

L. LH06 0 91.9 98.3 97.7 97.9 96.7 7mm 6mm 7.8

Table 1: Probiotic activity of Lactiplantibacillus LH05 and LH06 cells freeze-dried 
with FOS.

Note: a,b,c Values denote the survival percentage of Lactiplantibacillus LH05 and 
LH06 post-lyophilization, determined by the pour-plate method (MRS agar) under 
stress conditions: pH tolerance, bile salt resistance, and enzymatic activity; [28]a,b; 
[27]d; [29]c; [30]e;*% H: hydrophobicity.

Figure 1: Scanning electron micrographs of lyophilized Lactiplantibacillus LH05 
and LH06 with FOS powder: (A) Lactiplantibacillus LH05 cells; (B) Lactiplantiba-
cillus LH06 cells. Scale bar=2µm. D. White arrows indicate cellular damage.

Items Carr Ratioa Hausner Ratiob

Lactiplantibacillus LH05 20 1.25

Lactiplantibacillus LH06 27.7 1.38

FOS + magnesium stearate + freeze-dried Lacti-
plantibacillus LH05 and LH06 17.6 1.21

Table 2: Flow Properties of the powders.

Note: a12 to 17 indicates good flow, 18 to 22 indicates acceptable flow; b1.19 to 1.34 
indicates acceptable flow [31].
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no changes in appearance or odor. During the dissolution test at pH 
1.2, the capsules preserved their hermetic seal and did not release the 
formulation even after 120 minutes, as confirmed using a Neubau-
er chamber. This demonstrates the capsules’ ability to withstand the 
stomach’s acidic pH, preventing the premature release of Lactiplanti-
bacillus LH05 and LH06. Since lyophilized Lactiplantibacillus LH05 
and LH06 cannot tolerate such a low pH (pH 2.0), it was essential to 
use capsules capable of protecting them from this acidic environment, 
ensuring they reach the stomach intact. At pH 6.8, when evaluating 
the release percentage, measured as the logarithm of cellular viability 
per capsule (% log CFU/capsule), dissolution peaked at 90-120 min-
utes, both at 1, 3, and 6 months (Figure 2). This behavior reinforces 
the stability of the capsules over time, ensuring the controlled release 
of Lactiplantibacillus LH05 and LH06 in the gastrointestinal tract.

Stability of Lactiplantibacillus LH05 and LH06 in Formu-
lation and Encapsulation

	 No survival of the encapsulated strains was observed when stored 
at room temperature. Statistically significant differences (p<0.05) 
were recorded compared to the initial dissolution profile, showing a 
62% loss in bacterial viability (Figure 3).

	 Regarding the stability of the strains in the formulation contained 
within the capsules, it was observed that the viability, expressed as 
Colony-Forming Units (CFU) of Lactiplantibacillus LH05 and LH06 
showed no significant differences (p>0.05) in the number of viable 
colonies between 0 and 1 month of storage at 2-4°C, maintaining an 
average viability of 8.7±0.18 and 8.3±0.14 log CFU/mL, respective-
ly. However, a significant decrease in cellular viability (p<0.05) was 
observed at 3 and 6 months of storage (Figure 4), with a maximum 
viability observed at 3 months (8.1 log CFU/mL) and 6 months (6.8 
log CFU/mL). Despite this decrease, the obtained value remains with-
in the viable range of 6 log CFU, which is the recommended threshold 
for food or probiotic formulations intended for human consumption 
[10-12].

	 SEM images of the probiotic formulation revealed morphological 
changes in Lactiplantibacillus cells after 6 months of storage, show-
ing slight surface roughness (Figure 5). Furthermore, physical inter-
actions were observed between the formulation’s excipients: mag-
nesium stearate particles (0.3% w/w) formed a discontinuous layer 
around FOS aggregates, acting as a barrier that limited direct contact 
between this prebiotic and the lyophilized bacterial cells.

Discussion
	 Probiotic viability is a critical determinant of efficacy in dietary 
supplements, particularly following exposure to stressful conditions 
like lyophilization. The selection of an appropriate cryoprotectant is 
essential to ensure cellular integrity [36]. In this study, the preserved  

Figure 2: Dissolution percentage of capsules containing Lactiplantibacillus LH05 
and LH06, stored at 4°C. Dissolution profile of capsules stored at 4°C for 0 (■), 
1 (◆), 3 (▲), and 6 (★) months. Panels A-D show the release (log CFU/capsule) 
of Lactiplantibacillus LH05 and LH06 from gastro-resistant capsules at 0 (A), 1 
(B), 3 (C), and 6 (D) months, at pH 6.8 over 120minutes. Data are presented as the 
mean±SEM (n=6).

Figure 3: Cell Viability and Percentage of Release of Capsules Containing Lacti-
plantibacillus LH05 and LH06 Stored at Room Temperature. Dissolution profile 
for 0 (■) and 1 (●) month. (A) Cell viability (log CFU/capsule) and (B) percentage 
release of Lactiplantibacillus LH05 and LH06 from gastro-resistant capsules at 0 
and 1 months at 6.8 over 120minutes. Data are expressed as the mean±SEM (n=6). 
The Student’s t-test was applied for group comparisons, with a significance level 
of (p<0.05).

Figure 4: Cell viability of capsules containing Lactiplantibacillus LH05 and LH06, 
stored at 4°C. Dissolution profile for 0 (■)1 (◆), 3 (▲), 6 (★) months and the 
minimum (---), suggested by [10-12]. Panels A-D show cell viability (log CFU/
capsule) of Lactiplantibacillus LH05 and LH06 from gastro-resistant capsules at A 
(0), B (1), C (3), and D (6) months, at pH 6.8 over 120 minutes. Data is expressed 
as the mean±SEM (n=6). A Welch ANOVA was applied for the comparison between 
groups, followed by a Dunnett’s test for pairwise comparisons, with a significant 
value of (p<0.05).
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viability of human milk-derived Lactiplantibacillus LH05 and LH06 
following FOS-assisted lyophilization confirms its protective effect. 
This can be attributed to FOS’s ability to penetrate cell walls, induce 
pre-freezing plasmolysis, and provide mechanical protection during 
lyophilization [37,38].

	 Previous studies reported comparable survival rates (90%) for L. 
plantarum using fructooligosaccharides [39], though with lower ini-
tial microbial loads (9 log CFU/mL), resulting in post-lyophilization 
counts inferior to our results (10 log CFU/mL). Similarly, was eval-
uated L. plantarum microencapsulation and found their optimal lyo-
philization-resistant formulation combined FOS with Whey Protein 
Isolate (WPI), achieving 9.8 log CFU/mL [40], (40) comparable to 
our FOS-only results (10 log CFU/mL). These findings suggest that 
for human milk-derived Lactiplantibacillus LH05 and LH06, FOS 
alone may be as effective as more complex formulations, thereby op-
timizing production costs and processes.

	 Beyond viability, probiotics must retain functional properties 
to exert host benefits, including gastrointestinal survival, epithelial 
adhesion capacity, and antimicrobial activity. In this study, FOS-ly-
ophilized LH05 and LH06 maintained resistance to proteases, tryp-
sin, bile salts, and antimicrobial activity against E. coli and S. typhi, 
despite lyophilization’s potential to damage cell membranes, enzy-
matic activity, and genetic material [36]. These results align with 
previous observations in Lactiplantibacillus LH05 and LH06, which 
demonstrated comparable enzyme resistance and tolerance to low pH 
and bile salts [35].

	 We further evaluated hydrophobicity and acid resistance (pH 
2.0-3.0) in lyophilized strains. Hydrophobicity, mediated by surface 
proteins and phospholipids, influences intestinal mucus adhesion 
[38,41]. Probiotic acid tolerance depends not only on adaptive mech-
anisms like enzymatic adjustments and genetic modifications but also 
on membrane composition changes, including increased unsaturated 
fatty acids to limit proton influx and maintain intracellular pH [42-
44], within viability-compatible ranges, even in extreme acidity.

	 However, reduced pH 2.0 tolerance and decreased hydrophobicity 
suggest FOS incompletely protects post-lyophilization membrane in-
tegrity, supported by SEM observations (Figure 1) of occasional cel-
lular damage. While FOS stabilizes membranes by binding phospho-
lipids during dehydration, this interaction may restrict lipid mobility, 
potentially affecting adhesion [45]. Notably, hydrophobicity doesn’t 
always directly correlate with probiotic adhesive capacity [46], war-
ranting further in situ adhesion studies.

	 Effective probiotic formulations require both microbial viability 
and controlled gastrointestinal release [47]. The HPMC capsule de-
sign effectively prevented release under acidic conditions (pH 2.0) 
while enabling sustained intestinal release of Lactiplantibacillus 
(90% release at 120 min, pH 6.8). This dual release profile is pri-
marily attributed to the pH-dependent gelation properties of HPMC, 
which forms a stable matrix in acidic environments but undergoes 
progressive erosion under intestinal pH conditions [48].

	 The sustained intestinal release profile (30-120 min) reflects a 
balance between capsule erosion (favored by HPMC solubility at 
pH≥6.8) and FOS dissolution [20], which facilitated Lactiplantiba-
cillus dispersion. SEM analysis confirmed magnesium stearate’s pri-
mary lubricant role, forming a thin layer over FOS particles, while 
FOS maintained its diluent function with minimal interaction to 
lyophilized cells. The FOS-magnesium stearate synergy suggests a 
protective system maintaining Lactiplantibacillus viability during 
6-month storage, likely by efficiently modulating matrix water activi-
ty - a critical factor for lyophilized formulation stability [49].

	 FOS served three key roles as a lyoprotectant, diluent excipient, 
and prebiotic substrate [50-53]. This multifunctionality is particularly 
valuable in probiotic formulations where components must contribute 
to both physical stability and biological functionality [22].

	 Notably, after 6-month refrigeration, Lactiplantibacillus cells ex-
hibited roughened structures suggesting partial dehydration/oxidative 
stress, potentially leading to DNA damage a characteristic lyophilized 
system phenomenon. This indicates molecular degradation mecha-
nisms persist even under optimal refrigeration [54-56], highlighting 
needs for investigating molecular protection mechanisms, optimizing 
FOS: Stearate ratios for release kinetics, developing storage stability 
monitoring methods, and correlating formulation physicochemical 
parameters with in vivo probiotic viability/functionality.

Conclusion
	 The formulation of encapsulated probiotics, based on the inclusion 
of Lactiplantibacillus LH05 and LH06 strains isolated from milk, 
demonstrated the ability to maintain bacterial viability and phenotyp-
ic integrity during mid-term cold storage. This study proposes that a 
mixture of fructooligosaccharides and magnesium stearate serves as 
an effective carrier for milk-derived probiotics, with potential prebi-
otic benefits. However, in vivo studies are required to confirm their 
probiotic potential.
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