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Abstract
The increasing use of probiotics in dietary supplements and functional foods highlights the need for robust analyti-
cal strategies to assess microbial viability, functional performance, and safety. Conventional culture-based methods may 
underestimate probiotic potential, particularly in multi-strain formulations. In this study, a multi-analytical framework was 
applied to evaluate four commercial formulations containing Lactobacillus acidophilus LA-5®, differing in composition 
and delivery technology. A combination of culture-dependent and culture-independent approaches was employed, includ-
ing plate counting, flow cytometry (FC), whole-genome sequencing (WGS), digital droplet PCR (ddPCR), antimicrobial 
activity assays, in vitro gastrointestinal digestion, and metabolomic profiling. WGS confirmed the taxonomic identity of 
all isolates as L. acidophilus and the absence of genes of concern. FC revealed that viable cells accounted for 59–88% of 
total fluorescent units, exceeding culturable counts and indicating the presence of viable but non-culturable populations. 
ddPCR enabled strain-level quantification of taxonomic and selected functional genes. Functional assays demonstrated 
formulation- and dose-dependent antimicrobial activity against selected enteropathogens, with up to 40–50% growth 
inhibition at higher probiotic cell densities. In vitro digestion experiments showed marked differences in gastrointestinal 
resistance, with lyophilized products undergoing reductions of up to 5–6 log units during the gastric phase, whereas fresh 
cells and fermented matrices retained viable populations after intestinal digestion. 1H-NMR-based metabolomic analysis of 
post-digestion samples further revealed formulation-dependent metabolic fingerprints. This integrated approach provides 
a biologically relevant framework linking probiotic viability, functionality, and metabolic behavior, supporting improved 
quality assessment of commercial products and highlighting the role of formulation and matrix effects in determining 
probiotic performance.
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Metabolomics

Received: 18 March 2026 / Accepted: 8 June 2026
© The Author(s) 2026

Multi-Analytical Approach for the Quality and Functional Evaluation 
of Probiotic Formulations: The Case of Lactobacillus acidophilus LA-
5®Commercial Products

Margherita Bottaioli1 · Viola Termine2 · Aurora Botti3 · Beatrice Vitali3 · Diego Mora2 · Luca Laghi4 · Lorenzo Morelli1 · 
Loris Pinto5 · Alessia Marzulli5 · Federico Baruzzi5 · Alessandra Fontana1

http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-026-11100-z&domain=pdf&date_stamp=2026-6-11
https://doi.org/10.1007/s12602-026-11100-z
mailto:alessandra.fontana@unicatt.it


1 3

Probiotics and Antimicrobial Proteins

Introduction

The growing popularity of probiotic products has led to 
a significant expansion of the global market, with a wide 
range of dietary supplements and functional foods available 
to consumers. However, this rapid growth has raised impor-
tant concerns about the quality and safety of such prod-
ucts. The lack of standardization in production and quality 
assessment has made it difficult for consumers and health 
professionals to distinguish between high-quality products 
and those that are potentially ineffective [1].

According to the definition provided by the Interna-
tional Scientific Association for Probiotics and Prebiotics 
(ISAPP), probiotics are “live microorganisms that, when 
administered in adequate amounts, confer a health benefit 
on the host” [2]. However, the quality of probiotic products 
is determined by several critical factors, including accurate 
strain identification, genetic and phenotypic stability, sur-
vival during gastrointestinal transit, and the ability to exert 
functional effects at the target site [3]. Notably, strain-spe-
cific variability, even within the same species, can substan-
tially influence these properties and, consequently, clinical 
efficacy.

Safety assessment represents an additional cornerstone 
of probiotic evaluation and requires verification of strain 
identity, purity, and the absence of harmful traits, including 
transferable antibiotic resistance. This aspect is particularly 
relevant for vulnerable populations, where host-related fac-
tors may increase susceptibility to adverse effects. Although 
international guidelines [4] and EFSA guidance documents 
provide a framework for the quality and safety assessment of 
microorganisms used in the food chain [5], probiotic evalu-
ation still requires particular attention, as safety, technologi-
cal, and functional traits are often strain-specific. Accurate 
strain identification and detection are consequently critical, 
particularly in complex food matrices and multi-strain for-
mulations. The International Dairy Federation (IDF) has 
also emphasized the significance of reliable methods for 
probiotic strain-level identification [6], even though cur-
rent methodological guidelines may quickly become out-
dated due to the continuous advancement of molecular and 
genomic technologies [7].

Despite increasing regulatory attention, the absence of 
harmonized analytical frameworks remains a major limi-
tation in the probiotic field. Current evaluation strategies 
often focus on isolated parameters and rely heavily on con-
ventional culture-based methods, which may underestimate 
viable cell populations, and fail to provide information on 
genomic stability, safety-related traits, and functional attri-
butes [1, 8, 9]. Indeed, bacterial populations may include 
cells that remain viable and metabolically active but are 
unable to form colonies on laboratory media due to the 

viable but non-culturable (VBNC) status [10]. Since live/
dead cell counting by flow cytometry relies on cell mem-
brane integrity, while plate counting relies on cell growth 
on agar plates, this can result in counting differences 
between the two methods, usually with higher quantifica-
tions in flow cytometry. Although these limitations are well 
recognized, fewer studies have simultaneously evaluated 
how commercial formulations containing the same probi-
otic strain may differ in viability status, functional activity, 
gastrointestinal resistance, and metabolic signatures. This 
limitation is further amplified by the growing complexity 
of probiotic products, including multi-strain formulations 
and incorporation into diverse food matrices, where inter-
actions between microorganisms and formulation compo-
nents can significantly affect stability and functionality [11]. 
These considerations underscore the need for integrated and 
standardized evaluation frameworks that combine scientific 
validation with quality control criteria and industrial perfor-
mance metrics. Rather than representing a routine analysis 
to be applied in full to every commercial batch, such frame-
works may serve as targeted tools for product development, 
advanced quality control, and regulatory assessment, partic-
ularly when conventional enumeration alone is insufficient 
to characterize complex probiotic formulations.

In response to these challenges, advanced analytical tools 
have been increasingly adopted to support probiotic char-
acterization, viability assessment, and safety evaluation. 
Molecular approaches, viability profiling techniques, func-
tional assays, metabolomics, and in vitro digestion models 
have contributed to a more comprehensive understanding 
of probiotic performance under conditions relevant to pro-
duction, storage, and gastrointestinal transit. Among these 
approaches, metabolomics represents a valuable comple-
ment to microbial taxonomic, functional, and viability 
assessments, as metabolite profiles reflect the biochemical 
activity and physiological state of a system and provide 
insight into the microbial phenotype and its response to 
environmental conditions [12, 13]. Untargeted metabolo-
mic approaches, in particular, allow the parallel detection 
of a broad range of metabolites, enabling the identification 
of subtle biochemical differences and functional signatures 
that may remain undetected using exclusively taxonomic or 
targeted methods. Previous studies have shown that metabo-
lomics can reveal strain-dependent metabolic signatures in 
fermented milk products, as well as metabolic differences 
among multi-strain probiotic formulations related to manu-
facturing conditions [14, 15]. However, these tools are often 
applied independently, and their integration into a coherent 
quality assessment framework remains limited.

Species belonging to the genus Lactobacillus have a 
long history of probiotic applications, including Lactoba-
cillus acidophilus [16]. Accordingly, L. acidophilus LA-5® 
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was selected as a case study. This strain is widely used in 
commercial probiotic formulations and has been exten-
sively characterized for its safety, metabolic adaptability, 
and tolerance to gastrointestinal conditions, supporting its 
relevance as a representative model for probiotic quality 
assessment [17].

The primary aim of this work was to establish a proof 
of concept for a targeted and modular workflow supporting 
the quality and functional assessment of probiotic formula-
tions. To this end, four key quality criteria (QC) were evalu-
ated: (QC-1) taxonomic identity, functional potential, and 
safety to ensure correct labeling, assessed by whole-genome 
sequencing (WGS) and digital droplet PCR (ddPCR); 
(QC-2) cell viability and quantification by flow cytom-
etry; (QC-3) antimicrobial activity profiling in relation to 
product formulation and production technology; and (QC-
4) culture-dependent assessment of probiotic viability and 
metabolic changes following co-administration with foods 
possessing their own microbial populations, using in vitro 
digestion assays and proton nuclear magnetic resonance 
spectroscopy (1H-NMR).

Materials and Methods

Sample Collection

Four commercial probiotic products containing Lactobacil-
lus acidophilus LA-5®  were selected to represent differ-
ent formulation types, delivery matrices, and production 
technologies (Table  1). Product 1 was a multi-strain oro-
dispersible supplement marketed for supporting intestinal 
microbiota balance. Product 2 was a single-strain capsule 
supplement positioned for the maintenance of intestinal 
microbiota balance. Product 3 was a single-strain granu-
lated preparation intended for use in the dairy sector and 
associated with digestive and intestinal microbiota support. 

Product 4 was a multi-strain fermented milk product mar-
keted as a probiotic yogurt for supporting intestinal micro-
biota balance. Overall, the selected products were primarily 
positioned for intestinal microbiota and digestive support, 
providing the rationale for assessing viable cell status, gas-
trointestinal survival, and functional activities potentially 
related to probiotic performance. Antimicrobial activity was 
not intended to reflect a specific anti-infective claim but was 
included as a functional screening assay commonly used 
to explore potential inhibitory interactions associated with 
probiotic strains and formulations.

Isolation, Identification, and Enumeration of Viable 
Cells by Plate Counting

Selective media, including Homo-fermentative Hetero-
fermentative Differential (HHD) medium (Biolife Itali-
ana Srl), Transgalactosylated Oligosaccharide Propionate 
(TOS-propionate) agar (Merck Millipore, Billerica, MA, 
USA) supplemented with mupirocin (100 mg/L), de Man, 
Rogosa and Sharpe (MRS) medium (Difco™, BD, Sparks, 
MD, USA) supplemented with vancomycin (10 µg/mL), 
and MRS medium supplemented with sodium acetate (25 
g/L) and oxgall bile (1.5 g/L), pH 5.4, were used for the 
isolation, identification, and enumeration of viable cells of 
the different bacterial strains present in the four commer-
cial products. These media were used in combination with 
specific dilution buffers (Table 2 and Table S1) designed to 
minimize osmotic stress and cell aggregation, as previously 
reported [18]. Each product was left at room temperature for 
30 min prior to serial ten-fold dilutions. The initial dilution 
was prepared by suspending 1 g of sample in 9 mL of Mit-
suoka buffer at pH 6.5 (Tale S1) [19], followed by a 30 min 
incubation at room temperature and homogenization using a 
stomacher (2 min, 230 rpm). Subsequent dilutions were pre-
pared in Buffered Peptone Water (BPW, Table S1) (Oxoid, 
Basingstoke, UK) at pH 7.0. Both buffers were pre-heated at 

Com-
mercial 
product

Type of formulation Microbial species included Claimed 
daily dose
(log CFU)

Claimed con-
centration 
(log CFU g−1 
or mL−1)

Product 1 Orodispers-
ible, lyophilized, 
multi-strain

Lactobacillus acidophilus LA-5®

Heyndrickxia coagulans
Bifidobacterium animalis subsp. lactis
Lacticaseibacillus paracasei

9.00
7.60
9.00
7.60

8.91
7.50
8.91
7.50

Product 2 Capsule, lyophi-
lized, single-strain

Lactobacillus acidophilus LA-5® 9.00 8.92

Product 3 Granules, lyophi-
lized, single-strain

Lactobacillus acidophilus LA-5® NA* 11.00

Product 4 Fermented milk 
product, viable 
cells, multi-strain

Lactobacillus acidophilus LA-5®

Bifidobacterium animalis subsp. lactis
Lactobacillus delbrueckii subsp. 
bulgaricus
Streptococcus thermophilus

8.00
9.30
NA**

NA**

6.00
7.20
9.19
7.15

Table 1  Commercial products 
evaluated in the study and 
their microbial composition as 
retrieved by the product label

*Not available: business-to-
business product. **Not avail-
able: strains employed as starter 
cultures in the production of the 
fermented product
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40 °C for 30 min, prior to use. All analyses were performed 
in triplicate on the same batch of each product within the 
declared shelf life.

Colonies grown on selective media were first identified 
at the species level by Sanger sequencing of PCR amplicons 
targeting the 16 S rRNA gene and selected species-specific 
genetic markers, following total DNA extraction as previ-
ously described [19–21], and subsequently enumerated. 
Primer sequences and amplification conditions are reported 
in Table S2.

Absolute Quantification by Flow Cytometry

Flow cytometry (FC) was used for the absolute quantifica-
tion of viable and non-viable cells in the four commercial 
probiotic products, following the ISO 19344:2015 [24] 
procedure with minor modifications. Samples were diluted 
in BPW (pH 7.0) to maintain an event rate between 2,000 
and 5,000 events per second in unstained conditions. Stain-
ing was performed using 0.1 µM SYTO24™ (Thermo 
Scientific, Italy) and 0.2 µM propidium iodide (PI) (Sigma-
Aldrich, Italy) in a final volume of 1 mL with PBS (pH 7.4), 
followed by incubation in the dark at 37 °C for 15 min. After 
incubation, 50 µL of CountBright™ Plus Absolute Count-
ing Beads (49,000 beads/50 µL) were added prior to the 
quantification of active fluorescent units (AFU) and non-
active fluorescent units (nAFU).

FC analysis was performed using a C6 Plus flow cytom-
eter (BD Biosciences, Milan Italy) equipped with a 488 nm 
excitation laser. Thresholds were set at 3,000 for FSC and 
1,000 for SSC. Green and red fluorescence signals were 
collected in channels FL1 (530  nm ± 30  nm) and FL3 
(> 670 nm), respectively. All parameters were recorded on a 
logarithmic scale. Samples were acquired at a medium flow 

rate (35 µL/min), and the number of events in a total volume 
of 50 µL was recorded for each sample.

Data were analyzed using BD Accuri™ C6 Plus software 
version 1.0 (BD Biosciences, Milan, Italy). AFU/µL and 
nAFU/µL values were calculated according to the manufac-
turer instruction of CountBright™ Plus Absolute Counting 
Beads (Thermo Scientific, Italy).

All analyses were performed in triplicate on the same 
batch of each product within the declared shelf life. Statisti-
cally significant differences between absolute quantification 
and cultivability data for each product were evaluated using 
unpaired t-tests.

DNA Extraction from Isolated Pure Cultures, Whole-
Genome Sequencing and Bioinformatic Analyses

Pure cultures of L. acidophilus LA-5®, isolated from each 
investigated product, were used to inoculate MRS broth and 
incubated overnight at 37 °C. Genomic DNA was extracted 
from 1 mL of liquid culture using the MasterPure™ Gram 
Positive DNA Purification Kit (Biosearch Technologies, 
Novato, CA, USA). DNA concentration was measured 
using a Qubit™ 4 Fluorometer with the Qubit™ dsDNA HS 
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), 
and DNA quality was assessed by electrophoresis on a 0.8% 
agarose gel.

WGS was performed using both short- and long-read 
technologies, namely the Illumina NovaSeq 6000 platform 
(paired-end 250 bp) and the PacBio Sequel II (CLR mode), 
respectively. Raw short reads were quality-filtered and 
adapters were removed using Trimmomatic (v0.39) [25]. 
Raw long reads in.bam format were converted to.fastq using 
SAMtools [26]. Hybrid genome assembly was performed 
using Unicycler (v0.5.1) [27] to obtain complete genome 
sequences. Assembly quality was evaluated using QUAST 
(v5.3.0) [28].

Taxonomic identification was performed using average 
nucleotide identity (ANI) and digital DNA–DNA hybrid-
ization (dDDH) through OAT [29] and TYGS [30], respec-
tively. The presence of plasmids and genes of concern, 
including antibiotic resistance genes (ARGs) and virulence 
factors (VFs), was assessed using ABRicate (v1.0.1) [31], 
as previously described [32], applying EFSA thresholds 
(%identity ≥ 80% and %coverage ≥ 70%) [33].

DNA Extraction from Commercial Products, Primer 
Design and ddPCR Assay Development

One gram of each sample was suspended in 9 ml of BPW 
(pH 7.0) and left at room temperature for 30 min, followed 
by vortex mixing. From this suspension, 1 mL was collected 
for DNA extraction using a bead-beating FastPrep-24® 

Table 2  Culture media and incubation conditions used for the cultiva-
tion of all the microorganisms present in each commercial product
Culture medium Incubation 

conditions
Cultivable 
microorganisms

HHD agar 37 °C, 72 h, 
anaerobiosis
50 °C, 24 h, 
anaerobiosis***

L. acidophilus
L. paracasei
H. coagulans

TOS-propionate agar supple-
mented with mupirocine (100 
mg/L*)

37 °C, 72 h, 
anaerobiosis

Bifidobacte-
rium spp.

MRS agar supplemented 
with vancomycin (10 µg/µL)

37 °C, 72 h, 
anaerobiosis

vancomycin-
resistant 
lactobacilli

MRS agar supplemented 
with sodium acetate (25 g/L) 
and oxgall bile (1.5 g/L), pH 
5.4**

37 °C, 72 h, 
anaerobiosis

bile-resistant 
lactobacilli

* [22]; ** [23]; ***spores and vegetative cells of H. coagulans (Fig. S1)
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system (MP Biomedicals, USA) with Lysing Matrix E tubes 
(6.5 m/s for 50 s). Samples were then centrifuged at 12,000 
× g for 15 min, and the supernatant was purified using the 
Genomic DNA Clean & Concentrator™−10 kit (Zymo 
Research, Irvine, CA, USA). DNA concentration and qual-
ity were assessed as previously described.

The six primer pairs used for the taxonomic and func-
tional assessment of L. acidophilus LA-5® in the four pro-
biotic products are reported in Table 3. New primers were 
designed using Geneious Prime software (version 2025.2.1) 
based on the four complete genome sequences. All primer 
sets targeted single-copy genes.

ddPCR was performed using the QX200™ Droplet Digi-
tal PCR System (Bio-Rad, Hercules, CA, USA). Primer 
concentrations and annealing temperatures are reported 
in Table 3. Thermal cycling conditions included an initial 
enzyme activation step at 95 °C for 5 min, followed by 45 
cycles of denaturation at 95 °C for 30 s and annealing at the 
optimized primer-specific temperature. The amplification 
ended with a signal stabilization step at 4 °C for 5 min and 
90 °C for 5 min.

All reactions were carried out using QX200™ ddPCR™ 
EvaGreen Supermix (1x) (Bio-Rad, Hercules, CA, USA) in 
a final volume of 20 µL. Singleplex assays were performed 
for the 16–23 S region and bsh2 gene, whereas duplex assays 
were performed for bsh1/cIII and cAsor/slpA gene pairs. 
For each assay, L. acidophilus DSM 20,079T was used as 
a positive control, while nuclease-free water was used as a 
no-template control (NTC). For multi-strain products (Prod-
ucts 1 and 4), DNA from non-target strains was included as 
additional negative controls (Product 1: B. animalis subsp. 
lactis, L. paracasei subsp. paracasei, H. coagulans; Prod-
uct 4: L. delbrueckii subsp. bulgaricus, S. thermophilus, B. 
animalis subsp. lactis). Each assay was performed in tripli-
cate, and a threshold of 10,000 droplets was set for statisti-
cally reliable quantification. Droplets were analyzed using 

a QX200 Droplet Reader and QuantaSoft™ Software (ver-
sion 2.3.1). Results were expressed as gene copies × µL−1.

Antimicrobial Activity Testing

The antimicrobial activity of the four probiotic products 
containing L. acidophilus LA-5® was evaluated using cell-
free supernatants (CFS) obtained from the samples. CFS 
were prepared following the protocol described by Parolin 
et al. [35], with minor modifications. Briefly, probiotic for-
mulations were resuspended in 10 mL of either sterile pep-
tone water (1 g L⁻¹ peptone, 8.5 g L⁻¹ NaCl) or simulated 
intestinal fluid (SIF; 0.1% pancreatin, 0.15% oxgall, pH 7), 
and incubated under anaerobic conditions at 37 °C for 0, 
5, and 15 h at two initial concentrations of L. acidophilus 
LA-5® (10⁸ and 10⁵ CFU mL⁻¹). All reagents, unless other-
wise specified, were purchased from Merck (Milan, Italy). 
Peptone water was sterilized by autoclaving at 110 °C for 30 
min, while SIF was sterilized by filtration through 0.22 μm 
polyethersulfone (PES) membrane filters (Membrane Solu-
tions, LLC, Auburn, WA, USA).

Based on the microbial load declared on product labels 
(confirmed by plate counting), an equivalent of 10⁹ CFU 
was used for each sample; for multi-strain products, the 
content of L. acidophilus LA-5® was used as a reference. 
For Product 4, containing 10⁶ CFU mL−1 of LA-5®, only 
the lower concentration (10⁵ CFU mL−1) was tested. For all 
samples prepared at the lower concentration, appropriate 
dilutions were performed in physiological saline supple-
mented with L-cysteine.

Samples were incubated in anaerobic jars with GasPak™ 
EZ (BD, Milan, Italy). At each time point, CFS were col-
lected by centrifugation at 5,000 × g for 10 min at 4 °C (Sar-
torius Centrisart® D-16 C, Sartorius, Goettingen, Germany) 
and filtered through 0.2 μm membrane filters. Supernatants 
were stored at − 20 °C until use.

Table 3  Primers pairs and ddPCR assays characteristics
Name primer Target gene Sequence (5’−3’) Primer 

concentra-
tion (nM)

Ampli-
con (bp)

Annealing 
temperature 
(°C)

ddPCR assay Refer-
ence

AcidophilusF
AcidophilusR

16–23 S ​C​C​T​T​T​C​T​A​A​G​G​A​A​G​C​G​A​A​G​G​
A​T
​A​C​G​C​T​T​G​G​T​A​T​T​C​C​A​A​A​T​C​G​C

220 129 58 Singleplex [34]

bsh2F
bsh2R

Choloyglycine 
Hydrolase bsh2

​G​C​G​G​A​C​G​T​T​A​C​T​C​C​A​C​A​T​A
​G​G​A​G​T​G​T​G​T​G​C​C​A​A​G​A​C​A​A

135 152 55 Singleplex This 
study

cIIIF
cIIIR

Class III 
Bacteriocins

​C​C​G​G​T​C​A​T​T​A​C​T​A​A​G​T​G​A​G​G
​G​A​T​G​C​A​C​C​A​T​G​T​A​G​T​A​G​C​A​C

45 156 59 Duplex* This 
study

bsh1F
bsh1R

Choloyglycine 
Hydrolase bsh1

​G​A​A​G​A​G​A​G​G​A​G​G​C​T​T​G​C​A​T​T
​G​T​A​T​G​G​C​C​G​G​A​C​T​C​A​A​C​T​A​T

135 195

slpAF
slpAR

Pore forming 
S-layer protein

​A​C​T​G​T​T​A​G​C​G​C​T​G​C​T​A​C​T​A​C
​C​C​A​G​T​A​A​G​G​T​T​A​C​C​G​G​C​A​A​T

35 152 59 Duplex** This 
study

cAsorF
cAsorR

Class A sortase ​G​G​C​C​T​G​C​A​A​G​T​G​G​A​T​A​A​T​T​C
​C​T​G​C​A​C​G​A​T​C​A​C​A​G​G​T​T​A​A​G

135 174

*bsh1 and cIII genes were both quantified in the first duplex assay; **cAsor and slpA genes were both quantified in the second duplex assay
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Antimicrobial activity was assessed against three intes-
tinal pathogens: enterotoxigenic Escherichia coli H10407, 
Salmonella choleraesuis serovar Typhimurium, and Yer-
sinia enterocolitica, following Giordani et al. [36–39]. All 
strains were obtained from the Department of Pharmacy and 
Biotechnology, University of Bologna.

Pathogens were pre-cultured aerobically at 37 °C for 24 h 
in Tryptic Soy Broth (TSB; BBL, Milan, Italy) for E. coli 
and Salmonella, or Brain Heart Infusion (BHI; BBL, Milan, 
Italy) for Yersinia. Working suspensions were prepared by 
calibrating bacterial density based on OD₆₀₀ measurements 
to obtain final concentrations of 2 × 10⁵ CFU mL−1 for E. 
coli and Salmonella, and 2 × 10⁶ CFU mL−1 for Yersinia.

Antimicrobial assays were performed in 96-well flat-
bottom plates (Corning Inc., Pisa, Italy). Aliquots of 50 µL 
of pathogen suspension was mixed with 50 µL of CFS (in 
triplicate). No pH adjustment or buffering was applied to 
the pathogens growth media during incubation. Controls 
included sterile medium blanks (50 µL of SIF or peptone 
water plus 50 µL of pathogen growth medium) and patho-
gen growth controls (50 µL of pathogen suspension plus 50 
µL of sterile culture medium). Plates were incubated aero-
bically at 37 °C for 24 h (E. coli and Salmonella) or 48 h 
(Yersinia). Bacterial growth was measured by OD₆₀₀ using a 
microplate reader (EnSpire Multimode Plate Reader, Perki-
nElmer Inc., Waltham, MA, USA). Reduction in OD₆₀₀ 
relative to growth controls was considered indicative of 
antimicrobial activity. Statistical analysis was performed 
using two-way ANOVA followed by Bonferroni correction.

In Vitro Static Digestion Assays

The four probiotic formulations were subjected to in vitro 
static digestion according to the INFOGEST protocol [40]. 
Lyophilized formulations were resuspended in phosphate-
buffered saline (PBS) or in two food model systems (com-
mercial UHT apple juice and yogurt drink) used as probiotic 
carriers. Preliminary tests showed that the viability of L. 
acidophilus LA-5® in lyophilized formulations resuspended 
in PBS or food model systems did not change after a rehy-
dration time of 30 min (data not shown). Therefore, lyophi-
lized formulations (Products 1, 2, and 3) were directly 
resuspended in PBS or in the food model systems prior to 
digestion. The multi-strain fermented milk product (Prod-
uct 4) was as such, since L. acidophilus LA-5® was already 
present in the corresponding food matrix. Fresh cells (48 
h cultures) of L. acidophilus LA-5® suspended in sterile 
saline solution (9 g L−1 NaCl) were used as control in each 
digestion experiment using PBS or food model systems as 
carriers.

Based on label information, confirmed by viability 
assays, probiotic formulations were prepared to obtain an 

initial L. acidophilus LA-5® cell density of 8.00 ± 0.50 log 
CFU mL−1.

The viability of presumptive lactobacilli, including the 
LA-5® strain, was evaluated by plate counting on MRS agar 
(VWR International, Darmstadt, Germany) under anaero-
bic conditions (AnaeroGen™ 2.5 L Sachet, Oxoid), before 
digestion and after the gastric and intestinal phases. Cell 
density of total lactobacilli and L. acidophilus LA-5® was 
expressed as log CFU mL−1. Each digestion experiment was 
performed in duplicate.

To discriminate the LA-5® strain among biotypes from 
MRS agar plates, colonies collected at each digestion step 
were analyzed by cluster analysis using IR-biotyping (IR 
Biotyper spectrometer, Bruker Optics-Daltonics GmbH, 
Bremen, Germany), as previously described [41, 42]. L. aci-
dophilus LA-5®, L. acidophilus CNRZ 216, L. acidophilus 
ATCC 4355, and L. acidophilus ATCC 4356 were used as ref-
erence strains. Hierarchical clustering analysis (HCA) was 
performed using IRBT Client Software v4.1.1.59 (Bruker 
Daltonik GmbH, Bremen, Germany). Dendrograms were 
constructed using Euclidian distance and the unweighted 
pair group method with arithmetic mean (UPGMA).

Post-Digestion Metabolomics

Digestates obtained at the end of the intestinal phase were 
analyzed by metabolomics using proton nuclear magnetic 
resonance spectroscopy (1H-NMR). Samples were centri-
fuged at 18,630 × g for 10 min at 4 °C to separate a semi-
solid pellet and a supernatant. Supernatants were directly 
analyzed, whereas pellets (160 mg) were resuspended in 1 
mL of bidistilled water prior to analysis.

For metabolomic analysis, an NMR solution containing 
TSP (3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium 
salt, 10 mmol L−1) and NaN3 (2 mmol L−1) in D2O was 
prepared. TSP was used as an internal standard for chemi-
cal shift calibration, while NaN₃ served as an antimicro-
bial agent. For each sample, 0.7 mL of supernatant was 
mixed with 0.1 mL of the D₂O solution and centrifuged as 
described above.

 1H-NMR spectra were acquired using an AVANCE™ 
III spectrometer (Bruker, Milan, Italy) operating at 600.13 
MHz and 298 K, controlled by TopSpin software (v.3.5). 
Water signal suppression was achieved by presaturation, 
and CPMG filter (total duration 330 ms, 400 echoes, τ = 
400 µs, 180° pulse of 24 µs) was applied to minimize broad 
signals from macromolecules. Spectra were recorded with 
256 scans, a relaxation delay of 5 s, 32,000 data points, 
and a spectral window of 7184 Hz. After phase-adjustment 
in TopSpin, spectra were exported to the R environment 
in ASCII format. Signal assignment was performed using 
Chenomx software (v10; Chenomx Inc., Edmonton, AB, 
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Canada), by comparing multiplicity, shape, and chemical 
shifts with reference libraries and the Human Metabolome 
Database [43]. Metabolite quantification was performed 
using TSP as internal standard, and probabilistic quotient 
normalization (PQN) was applied to correct for differences 
in sample dilution [44]. Signal integration was carried out 
using Global Spectra Deconvolution (GSD) implemented in 
MestReNova software (v14.2.0–26256; Mestrelab research 
S.L., Santiago De Compostela, Spain), using a line broaden-
ing of 0.3 and a limit of quantification (LOQ) of 5. Baseline 
correction was performed using the Whittaker smoother 
algorithm.

For data analysis, mean metabolite concentrations from 
duplicate digestions were used. To isolate the contribution 
of probiotic formulations, metabolite profiles of non-inocu-
lated controls were subtracted from the corresponding pro-
files of samples containing probiotic products. Differences 
between commercial formulations and fresh L. acidophilus 
LA-5® cells were evaluated by identifying metabolites con-
sistently higher or lower than the corresponding from fresh 
cells.

Metabolite datasets (apple juice and yogurt matrices, pel-
let and supernatant fractions) were used to build robust prin-
cipal component analysis (rPCA) models [45]. Results were 
visualized as score plots, representing sample distribution 
in the PCA space, and loading plots, indicating the contribu-
tion of each metabolite to the model.

Results

Cell Viability Assessment

The viability of the four probiotic formulations containing 
L. acidophilus LA-5® was assessed using both plate count-
ing and flow cytometry.

Plate counts were compared with label claims for both 
total viable counts and LA-5®-specific CFU g−1 (Table 4). 
For all products, the quantified LA-5® content was con-
sistent with label declarations, with ratios of measured to 
claimed CFUs exceeding 1. However, discrepancies were 
observed for other strains in multi-strain formulations. In 

particular, Product 4 met LA-5® CFU specifications but 
showed an approximately 1-log lower CFU than declared, 
mainly due to a threefold reduction in B. animalis subsp. 
lactis counts (Table S3). A similar trend was observed for 
Product 1, where overall viability was consistent with label 
claims (Table 4), but species-specific counts of B. anima-
lis subsp. lactis were approximately four-fold lower than 
expected (Table S3).

FC enabled the discrimination between viable cells 
(AFU) and non-viable cells (nAFU), as illustrated in PI ver-
sus SYTO24™ fluorescence density plots (Fig. 1).

In terms of relative abundance, viable cells accounted for 
approximately 75% of total fluorescent units in Products 1 
and 3. Among the formulations, Product 4 showed the high-
est viability (88.33 ± 3.15% AFU and 11.67 ± 3.15% nAFU), 
whereas Product 2 exhibited the lowest proportion of via-
ble cells (58.54 ± 1.52% AFU). Comparison between plate 
counts (log CFU g⁻¹) and FC data (log AFU g⁻¹) revealed 
significant differences for all products (p < 0.001), indicat-
ing the presence of VBNC cell populations.

WGS-Based Taxonomic and Safety Evaluation of the 
Isolated L. Acidophilus LA-5®

In silico taxonomic analysis of the four L. acidophilus 
LA-5® complete genomes revealed ANI and dDDH values 
of 99.92% and 99.80%, respectively, compared to the L. aci-
dophilus type strain DSM 20,079T, confirming their assign-
ment to the L. acidophilus species (Tables S4 and S5). No 
plasmids were detected. In addition, in silico safety assess-
ment showed the absence of genes of concern, with no hits 
above the applied thresholds (%identity ≥ 80% and %cov-
erage ≥ 70%) against the investigated databases (CARD, 
NCBI-AMRFinderPlus, ARG-ANNOT, ResFinder, VFDB).

ddPCR Assays for Taxonomic and Functional 
Assessment

The developed ddPCR assays, including singleplex (targets: 
16–23 S region and bsh2) and duplex (targets: bsh1/cIII and 
slpA/cAsor), showed a clear separation between positive 
and negative droplets across all commercial products and 

Table 4  Results of overall and LA5 cultivability together with absolute quantification’ results of each product by flow cytometry
Commercial 
product

Overall CFU
(Log CFU g−1)

Claimed overall 
CFU
(Log CFU g−1)

CFU of L. aci-
dophilus LA-5®

(Log CFU g−1)

Claimed CFU of 
L. acidophilus 
LA-5®

(Log CFU g−1)

Active fluores-
cent units
(Log AFUg−1)**

Non-active fluores-
cent units
(Log nAFU g−1)

Total fluo-
rescent units
(Log FU 
g−1)

Product 1 9.31 ± 0.02 9.30 9.26 ± 0.02 9.00 10.03 ± 0.02 9.60 ± 0.02 10.17 ± 0.01
Product 2 9.84 ± 0.04 9.00 9.84 ± 0.04 9.00 10.08 ± 0.01 9.93 ± 0.02 10.31 ± 0.01
Product 3 11.03 ± 0.01 11.00 11.02 ± 0.01 11.00 11.13 ± 0.02 10.66 ± 0.02 11.26 ± 0.02
Product 4 9.20 ± 0.01 9.56* 6.20 ± 0.02 6.00 9.37 ± 0.05 8.49 ± 0.09 9.43 ± 0.04
* Including the plate-counts of starter microorganisms (Table S5); **Significant difference (p-value < 0.001) between overall CFU and AFU 
according to unpaired t test
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dilution levels (Figs. S2-S5). Quantification of LA-5® target 
genes obtained by ddPCR was compared with plate counts 
and label claims, expressed as log CFU g−1 (Fig. 2). Among 
the analyzed products, Product 2 consistently showed 
approximately a 1-log higher quantification (10.62 ± 0.08 
log CFU g−1), while Product 4 exhibited an approximately 
2-log increase (6.19 ± 0.02 log CFU g−1) compared to both 
plate counts and label values. In contrast, Products 1 and 
3 showed good agreement between ddPCR quantifica-
tion, plate counts, and label claims, with average values 
of 9.68 ± 0.24 and 11.15 ± 0.12 log CFU g−1, respectively. 
The positive control included in each assay yielded results 
consistent with plate counts (Fig. S6). No amplification was 
observed for non-target strains used as negative controls in 
multi-strain products (Products 1 and 4), confirming assay 
specificity (Fig. S7).

Antimicrobial Activity of Probiotic Cell Free 
Supernatants

No significant antimicrobial activity was observed for pro-
biotic cell-free supernatants (CFS) prepared in simulated 
intestinal fluid (SIF) against the three tested enteropathogens 
(E. coli, S. choleraesuis, and Y. enterocolitica), regardless of 
probiotic cell density, incubation time, or pathogen (Table 
S6). In contrast, CFS prepared in peptone water showed 
detectable antimicrobial activity. The strongest effects were 
observed for the single-strain capsule formulation (Product 
2) and the multi-strain orodispersible formulation (Product 
1). At the higher probiotic cell density (10⁸ CFU mL⁻¹), both 
products exhibited significant inhibitory activity against E. 
coli and S. choleraesuis, but not against Y. enterocolitica. 
This effect was consistently observed in CFS collected after 
5 h and 15 h of anaerobic incubation, resulting in a 40–50% 
reduction in pathogen growth. At time zero (T0), antimicro-
bial activity was detected only against E. coli (Fig. 3).

Fig. 1  Visualization of viable 
(AFU) and damaged/dead 
(nAFU) cells of Product 1 (a), 
Product 2 (b), Product 3 (c), and 
Product 4 (d) by flow cytometry 
using PI and SYTO24 TM as 
fluorescent probes
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For both products, the higher cell density (10⁸ CFU mL−1) 
corresponded to the recommended intake dose reported 
on the product label. Notably, only CFS derived from this 
higher inoculum exhibited significant antimicrobial activity.

In Vitro Static Digestion Test

The in vitro digestion of lyophilized formulations (Products 
1–3) resuspended in PBS showed a complete loss of viable 
L. acidophilus LA-5® after the intestinal phase for Products 
2 and 3, whereas fresh cells survived at approximately 4 log 
CFU mL⁻¹ (Table S7). In Product 1, no viable LA-5® cells 
were detected by IR-biotyping, although total lactobacilli 
decreased from approximately 7 to 5 log CFU mL⁻¹ during 
digestion (Table S7).

When digestion was performed in food model systems, 
different survival patterns were observed. In apple juice 
(Table  5), initial LA-5® counts ranged between 8 and 9 
log CFU mL⁻¹, except for Product 1, where the strain was 
detected only in one replicate. The gastric phase caused 
reductions of 1.9–4.2 log CFU mL⁻¹ for fresh cells and 
Product 3, whereas a reduction of approximately 5 log units 

was observed for Product 2. After the intestinal phase, fresh 
cells showed the highest survival, while Product 2 retained 
approximately 4 log CFU mL⁻¹ in some replicates. In con-
trast, no viable cells were detected for Product 3 or Product 
1.

In yogurt drink (Table 6), initial LA-5® counts were close 
to 8 log CFU mL⁻¹, except for Product 1, where no viable 
cells were detected. The gastric phase reduced viability by 
approximately 4 log units for fresh cells and by 4–5.5 log 
units for Products 2 and 3. After the intestinal phase, only 
fresh cells remained detectable, whereas no viable LA-5® 
cells were recovered from Products 1–3. Total lactobacilli 
showed higher survival than LA-5®across all conditions.

The digestion of the multi-strain fermented milk prod-
uct (Product 4) showed a different pattern. After an initial 
reduction of 5–6 log units during the gastric phase, LA-5® 
cells remained detectable after the intestinal phase at 
approximately 2.8 log CFU mL⁻¹ (Table 6), confirming the 
reproducibility of this result across replicates.

IR-biotyping confirmed the identity of LA-5® colonies 
recovered from digestion experiments (Figs. S8–S14). In 
apple juice and yogurt drink, colonies from Products 2 and 

Fig. 2  ddPCR assays quantification of the taxonomic and functional genes in the four commercial products. Singleplex ddPCR assays for (a) 
16–23 S and (b) bsh2 genes; duplex ddPCR assays for (c) bsh1/cIII and (d) slpA/cAsor
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3 and fresh cells consistently clustered with the LA-5® ref-
erence strain. In contrast, Product 1 showed high variability, 
with multiple lactic acid bacteria clusters and limited detec-
tion of LA-5®. Additional clusters observed in yogurt drink 
samples likely corresponded to starter cultures present in 
the matrix.

Table 5  Mean values of viable cell counts (log CFU mL−1) of pre-
sumptive L. acidophilus LA-5®in apple juice inoculated with broth 
culture, Product 1, 2, or 3 formulations during the INFOGEST diges-
tion process (R1, R2: digestion replicates)
Product Diges-

tion 
phase

Total 
lactobacilli

L. aci-
dophilus 
LA-5®

R1 R2 R1 R2
Product 1 Oral 7.17 ± 0.05 7.13 ± 0.03 6.01 ± 0.03 n.d.*

Gastric 5.87 ± 0.05 5.57 ± 0.07 n.d. n.d.
Intesti-
nal

5.83 ± 0.04 5.43 ± 0.04 n.d. n.d.

Product 2 Oral 8.28 ± 0,18 8.26 ± 0.18 8.28 ± 0,18 8.26 ± 0.18
Gastric 3.54 ± 0.07 3.05 ± 0.07 3.54 ± 0.07 3.05 ± 0.07
Intesti-
nal

4.05 ± 0.11 n.d. 4.05 ± 0.11 n.d.

Product 3 Oral 8.72 ± 0.13 8.80 ± 0.24 8.72 ± 0.13 8.80 ± 0.24
Gastric 4.03 ± 0.11 3.62 ± 0.52 4.03 ± 0.11 3.62 ± 0.52
Intesti-
nal

n.d. n.d. n.d. n.d.

Broth 
culture

Oral 8.13 ± 0.28 7.92 ± 0.28 8.13 ± 0.28 7.92 ± 0.28
Gastric 6.21 ± 0.27 3.69 ± 0.05 6.21 ± 0.27 3.69 ± 0.05
Intesti-
nal

5.15 ± 0.29 2.55 ± 0.11 5.15 ± 0.29 2.55 ± 0.11

*n.d.: not detected; limit of detection of 2.2 log CFU mL−1

Table 6  Mean values of viable cell counts (log CFU mL−1) of total 
lactobacilli and presumptive L. acidophilus LA-5®in a yogurt drink 
inoculated with broth culture, Product 1, 2, and 3, formulations, and 
Product 4 as received, during the INFOGEST digestion process (R1, 
R2: digestion replicates)
Product Diges-

tion 
phase

Total lactobacilli L. acidophilus LA-5®

R1 R2 R1 R2

Product 1 Oral 7.93 ± 0.21 7.67 ± 0.18 n.d.* n.d.
Gastric 5.39 ± 0.03 5.48 ± 0.10 n.d. n.d.
Intesti-
nal

5.68 ± 0.03 5.92 ± 0.05 n.d. n.d.

Product 2 Oral 8.69 ± 0.22 8.55 ± 0.31 8.29 ± 0.31 8.20 ± 0.57
Gastric 2.70 ± 0.05 n.d. 2.70 ± 0,05 n.d.
Intesti-
nal

3.25 ± 0.03 n.d. n.d. n.d.

Product 3 Oral 8.58 ± 0.06 8.52 ± 0.25 7.48 ± 0.01 7.77 ± 0.49
Gastric 5.12 ± 0.03 5.22 ± 0.11 n.d. 3.97 ± 0.03
Intesti-
nal

4.04 ± 0.12 3.50 ± 0.12 n.d. n.d.

Oral 8.00 ± 0.29 8.02 ± 0.22 8.00 ± 0.29 8.02 ± 0.22
Product 4 Gastric 3.04 ± 0.08 n.d.* 3.04 ± 0.08 n.d.

Intesti-
nal

2.86 ± 0.13 2.76 ± 0.07 2.86 ± 0.13 2.76 ± 0.07

Broth 
culture

Oral 8.57 ± 0.33 8.49 ± 0.32 8.37 ± 0.37 8.29 ± 0.41
Gastric 4.77 ± 0.43 4.68 ± 0.33 4.34 ± 0.43 4.22 ± 0.21
Intesti-
nal

4.55 ± 0.36 4.80 ± 0.29 3.80 ± 0.25 4.24 ± 0.21

*n.d.: not detected; limit of detection of 2.2 log CFU mL−1

Fig. 3  Antimicrobial effect of the CFS produced by Products 1 and 
2 in peptone water, against E. coli (a) and Salmonella (b). CFS were 
collected after 0, 5 and 15 h of anaerobic incubation at 37 °C, using 
the initial concentrations of 10⁸ CFU mL-1. Bacterial growth was 
assessed by measuring turbidity (OD₆₀₀) expressed as the ratio of the 

treated sample over the untreated control (dashed red line represents 
untreated controls). Statistical analysis was performed using two-way 
ANOVA followed by Bonferroni correction (*p < 0.033, **p < 0.002, 
***p < 0.001)
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Overall, comparison between PBS and food model sys-
tems showed a limited protective effect of the food matrix 
on LA-5® survival during digestion.

Metabolomic Profiling of Food Matrix Digestates

1H-NMR spectroscopy enabled the identification and quan-
tification of 43 and 45 metabolites in the pellet and super-
natant fractions of apple juice digestates, respectively. 
The detected compounds mainly belonged to amino acids, 
organic acids, carbohydrates, and alcohols, and were asso-
ciated with central metabolic pathways, including glycoly-
sis, pyruvate metabolism, and the tricarboxylic acid (TCA) 
cycle.

In the pellet and supernatant fractions, 16 and 27 metab-
olites, respectively, showed consistent differences between 
samples containing probiotic formulations and non-inoc-
ulated controls. These metabolites were used to build two 
distinct rPCA models (Fig.  4). In both models, samples 
inoculated with fresh cells clustered at negative values 
along PC1, whereas samples containing commercial for-
mulations were distributed on the right side. Among these, 
Product 1 (P1) showed the most pronounced divergence 
from fresh-cell samples, while Products 2 (P2) and 3 (P3) 
exhibited intermediate profiles. In yogurt drink digestates, 
1H-NMR spectroscopy identified and quantified 44 and 43 
metabolites in the pellet and supernatant fractions, respec-
tively, with similar metabolic classes as observed in apple 
juice. A total of 12 (pellet) and 7 (supernatant) metabolites 
were consistently different between probiotic samples and 
controls. These variables were used to generate two rPCA 
models (Fig. 5), which showed a similar clustering pattern: 
samples inoculated with fresh cells were located at negative 
PC1 values, while those containing commercial formula-
tions were positioned on the right side. Product 1 (P1) again 
showed the greatest divergence from fresh-cell samples, fol-
lowed by Product 4 (P4), whereas Products 2 (P2) and 3 
(P3) clustered closer to fresh cells.

These results highlight formulation-dependent differ-
ences in metabolic profiles under simulated gastrointestinal 
conditions.

Discussion

Since probiotics are defined as “live microorganisms which, 
when administered in adequate amounts, confer a health 
benefit to the host” [2], the evaluation of probiotic formu-
lation quality must primarily consider microbial viability, 
with particular attention to the target strain Lactobacillus 
acidophilus LA-5®.

Traditionally, cultivability has been used as the stan-
dard parameter to assess microbial viability. However, this 
approach excludes cells that remain structurally intact and 
metabolically active but have lost the ability to replicate 
due to stresses associated with industrial processes such 
as fermentation, biomass concentration, cryopreservation, 
lyophilization, powder grinding, and storage [1]. In this 
study, viability was therefore assessed by combining plate 
counting and flow cytometry, enabling a more comprehen-
sive evaluation of probiotic cell status.

Flow cytometry analysis revealed that viable cells 
accounted for more than 50% of total fluorescent units in all 
formulations, with clear differences among products. In par-
ticular, Product 3 showed the highest proportion of viable 
cells among single-strain formulations, whereas Product 2 
exhibited lower viability despite being within its shelf life. 
Among multi-strain products, Product 4 displayed the high-
est viability, likely due to its fermented matrix, refrigerated 
storage, water activity, and shorter shelf life compared to 
lyophilized formulations.

Comparison between flow cytometry and plate counts 
showed significantly higher viable cell numbers than cultur-
able cells (p < 0.001) in all products, indicating the pres-
ence of viable but non-culturable (VBNC) populations. This 
observation is consistent with previous studies reporting 
that loss of cultivability occurs faster than loss of membrane 
integrity [10] and highlights the importance of integrat-
ing culture-independent approaches in probiotic quality 
assessment.

From a regulatory perspective, the declared bacterial spe-
cies and corresponding concentrations were confirmed in all 
products, except for B. animalis subsp. lactis in the multi-
strain formulations. In all products, L. acidophilus LA-5® 
counts consistently exceeded label claims. This overage is 
likely intentional to ensure that viable cell numbers remain 
above declared levels throughout shelf life [46]. Conversely, 
B. animalis subsp. lactis counts were significantly lower 
than declared, in agreement with the known sensitivity of 
bifidobacteria to environmental stresses, including oxygen 
exposure and freeze-drying, which may compromise their 
survival in commercial products [21].

The genomic and molecular analyses further confirmed 
the robustness of the proposed approach. Whole-genome 
sequencing verified the taxonomic identity of all isolates as 
L. acidophilus and confirmed the absence of genes of con-
cern, supporting the safety of the investigated formulations. 
Although L. acidophilus LA-5® is a well-known probiotic 
strain with established use in food and supplement applica-
tions, the inclusion of WGS in the proposed workflow was 
not intended to re-assess its safety status, but rather to serve 
as a verification step for commercial probiotic products. 
In this context, WGS provides added value by confirming 
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Fig. 4  rPCA models based on the molecules quantified in the pellet 
(a-c) and in the supernatant (d-f) of apple juice digestates. Panels a 
and d show the score plots, while panels c and f show their summaries. 
Panels b and e show the loading plots, only for the molecules with 
a significant correlation concentration-importance. Bars point right 
when molecules are more concentrated in the samples located on the 

right side of the score plot. Green (or red) bars represent molecules that 
are, more (or less) concentrated in all samples added with commercial 
products compared with the non-inoculated counterparts. Yellow bars 
indicate mixed trends relative to the non-inoculated counterparts. Con-
centrations of the metabolites in panels b and e are reported in Figs. 
S15 and S16, respectively
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Fig. 5  rPCA models based on the molecules quantified in the pellet 
(a-c) and in the supernatant (d-f) of yogurt drink digestates. Panels a 
and d show the score plots, while panels c and f show their summaries. 
Panels b and e show the loading plots, only for the molecules with 
a significant correlation concentration-importance. Bars point right 
when molecules are more concentrated in the samples located on the 

right side of the score plot. Green (or red) bars represent molecules that 
are, more (or less) concentrated in all samples added with commercial 
products compared with the non-inoculated counterparts. Concentra-
tions of the metabolites in panels b and e are reported in Figs. S17 and 
S18, respectively
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taxonomic identity, excluding possible misidentification 
or contamination, and verifying the absence of unexpected 
safety-related traits, including acquired antibiotic resistance 
genes, virulence-associated determinants, or mobile genetic 
elements of concern. In addition, genomic analysis can also 
help identify genetic features potentially contributing to pro-
biotic functionality, thus providing information that extends 
beyond basic safety requirements. Moreover, advances in 
WGS technologies now allow comprehensive character-
ization of probiotic strain genomic structures through in-
depth microbial analysis, providing valuable support for 
food safety assessment and regulatory evaluation [5, 47]. 
In this context, EFSA has recognized the value of WGS for 
the assessment of microorganisms intentionally used in the 
food chain, particularly for taxonomic identification, detec-
tion of genetic modifications, and identification of genes of 
concern [5].

The developed ddPCR assays enabled accurate and 
reproducible quantification of target taxonomic and func-
tional genes, with results generally consistent with plate 
counts and label claims. Minor overestimations observed 
in one product likely reflect the detection of DNA from 
non-viable cells, a known limitation of DNA-based meth-
ods. This highlights the potential of ddPCR as a reliable 
tool for strain-specific monitoring in complex probiotic 
formulations.

Beyond viability, probiotic functionality may involve dif-
ferent functional traits. In this context, antimicrobial activity 
assays revealed a strong dependence on both the medium 
and probiotic concentration. No antimicrobial effect was 
observed in simulated intestinal fluid (SIF), whereas signifi-
cant inhibition of E. coli and S. choleraesuis was detected 
in peptone water, particularly for Products 1 and 2 at 
higher cell densities (10⁸ CFU mL⁻¹). These findings sug-
gest that the antimicrobial activity of probiotic supernatants 
is strongly dependent on the experimental matrix and pH 
conditions. While SIF represents a physiologically relevant 
environment, its neutral pH and the presence of bile salts 
and digestive enzymes may attenuate or mask acid mediated 
antimicrobial effects observed in less buffered systems such 
as peptone water.

The lack of inhibition against Y. enterocolitica, a patho-
gen known for increased acid tolerance, further supports the 
contribution of pH dependent and pathogen specific suscep-
tibility to probiotic-derived bioactive compounds. This vari-
ability has been previously reported [16] and underscores 
the importance of evaluating antimicrobial activity against 
multiple targets to define the functional spectrum of probi-
otic formulations.

The gastrointestinal resistance of probiotic formulations 
further emphasizes the impact of formulation and physi-
ological state. In this context, IR-biotyping confirmed the 

strain-level recovery of LA-5® after digestion. This infor-
mation complemented the species-level identification and 
quantification provided by the ddPCR assays developed in 
the first phase of the workflow proposed in this study, fur-
ther supporting the integrated approach used for probiotic 
characterization. Lyophilized products showed substan-
tial viability losses during the gastric phase, often leading 
to complete loss of culturable LA-5® cells after intestinal 
digestion. In contrast, fresh cells and the fermented matrix 
exhibited higher survival rates, indicating that metabolic 
activity and matrix composition play a crucial role in pro-
biotic resilience. These results are consistent with previous 
studies demonstrating improved survival of probiotics in 
fermented matrices and reduced resistance in freeze-dried 
formulations [48–52].

Among the analyzed products, the multi-strain fermented 
milk (Product 4) showed the highest proportion of viable 
cells (active fluorescent units, AFU) and the lowest propor-
tion of non-viable cells, together with the highest ratio of 
measured to declared CFUs. This feature likely contributed 
to the improved gastrointestinal survival of L. acidophilus 
LA-5® in this formulation compared to lyophilized prod-
ucts. Pawlos et al. showed that milk matrix exerted a pro-
tective effect on the viability of probiotic bacteria during 
gastrointestinal digestion, like an oat-based beverage [53]. 
In contrast, lyophilized formulations, particularly Product 
1, showed a high proportion of viable but non-culturable 
(VBNC) cells, which may explain the low cultivability of 
LA-5® observed at the beginning of digestion. These obser-
vations are consistent with previous studies reporting higher 
proportions of damaged cells in freeze-dried probiotic for-
mulations compared to fermented matrices [54]. The vari-
ability of the cell counts values found in few cases among 
different digestion replicates has been already reported in 
literature [55], and it could be linked with the methodol-
ogy, the distribution of the cells within the sample, and the 
physiological state of the cells during digestion. However, 
overall, the gastric phase emerged as the most critical step 
for probiotic survival, whereas cells surviving gastric stress 
generally tolerated intestinal conditions. This behavior has 
been previously reported for L. acidophilus LA-5® and may 
be related to its ability to adapt to acidic environments and 
recover under favorable intestinal conditions [55]. In line 
with previous findings, lactic acid bacteria present in fer-
mented matrices or starter cultures also showed enhanced 
resistance during simulated digestion [56, 57].

Metabolomic analysis further provided insights into pro-
biotic functionality under simulated gastrointestinal condi-
tions. ¹H-NMR profiling revealed that metabolic signatures 
were strongly influenced by both the formulation and the 
food matrix, reflecting the metabolic activity of the strain 
during digestion.
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The metabolites detected in the digestates of apple juice 
and yogurt drink were mainly associated with central carbon 
metabolism, particularly glycolysis and pyruvate metabo-
lism, with minor contributions from intermediates of the tri-
carboxylic acid (TCA) cycle. This metabolic profile reflects 
the characteristic fermentative behavior of L. acidophilus, 
which predominantly utilizes carbohydrates through glycol-
ysis, with pyruvate acting as a key metabolic hub [58, 59].

In apple juice digestates, rPCA models clearly discrimi-
nated samples containing fresh LA-5® cells from those 
containing commercial formulations, indicating a formula-
tion-dependent modulation of the metabolic fingerprint. In 
particular, the lyophilized multi-strain formulation (Prod-
uct 1) showed the most pronounced divergence from fresh 
cells, mainly in terms of carbohydrates, organic acids, and 
amino acids, suggesting differences in substrate utilization 
and metabolic activity. The observed depletion of simple 
sugars, such as glucose and fructose, together with the accu-
mulation of fermentation-related metabolites (e.g., lactate), 
reflects the characteristic glycolytic metabolism of lactic 
acid bacteria, in agreement with previous NMR-based stud-
ies in plant-based matrices [60]. The low buffering capac-
ity and high sugar content of apple juice likely amplify 
these metabolic changes, making them more detectable 
after digestion. Moreover, it is worth noting that increased 
tyrosine levels were observed in the supernatants of apple 
juice digestates for all tested products. This finding may be 
relevant because dietary tyrosine is involved in the synthe-
sis of brain neurotransmitters, particularly catecholamines, 
through precursor availability [61].

In yogurt drink digestates, metabolomic differences were 
less pronounced, likely due to the intrinsic complexity of 
the dairy matrix and the presence of metabolites produced 
by starter cultures. However, multi-strain formulations, par-
ticularly Product 1 and Product 4, clustered separately from 
mono-strain formulations and fresh cells, suggesting that 
interactions among co-occurring microbial species contrib-
ute to shaping the metabolic output. In this matrix, varia-
tions in amino acids and nitrogen-containing compounds 
were more relevant than changes in carbohydrates, indicat-
ing a shift toward proteolytic and amino acid metabolism. 
Similar patterns have been reported in metabolomic studies 
of fermented dairy products, where probiotic-driven effects 
are partially masked by the background metabolic activity 
of starter cultures [62]. Additionally, the increased levels of 
cholates observed in yogurt digestates may reflect changes 
in bile salt metabolism, a process related to probiotic tol-
erance and resistance to bile salts under gastrointestinal 
conditions [63]. This observation may be relevant for food 
matrices, as cholates and related bile acid derivatives have 
been reported to influence intestinal barrier function and epi-
thelial permeability through the regulation of tight junction 

organization and epidermal growth factor receptor (EGFR) 
signaling [64]. The detection of metabolites related to pyru-
vate metabolism and branched-chain amino acid turnover 
further supports the involvement of central metabolic path-
ways in the adaptive response of LA-5® to digestion-related 
stress. Notably, the distinct clustering of samples inoculated 
with commercial formulations compared to fresh cells sug-
gests that technological processing, formulation matrix, and 
the physiological state of the bacteria influence post-diges-
tion metabolic outcomes, as previously reported for freeze-
dried and encapsulated probiotics [58].

The ¹H-NMR metabolomic approach thus represents a 
powerful complementary tool to viability and functional 
assays, enabling the characterization of probiotic–matrix 
interactions and their contribution to the metabolic signa-
ture of digested foods.

Conclusion

This study demonstrates that the quality and functional eval-
uation of probiotic products cannot be reliably addressed 
using single analytical approaches, particularly in complex 
and multi-strain formulations. The integration of culture-
dependent methods with molecular, cytometric, and func-
tional analyses enabled a comprehensive characterization 
of Lactobacillus acidophilus LA-5® commercial products. 
The main contribution of this study is not the confirmation 
that culture-based methods may underestimate viable probi-
otic cells, but the demonstration that different commercial 
formulations containing the same strain can display distinct 
viability profiles, gastrointestinal recovery, antimicrobial 
activity, and metabolic signatures when assessed through an 
integrated workflow.

The combined use of flow cytometry and plate counting 
revealed discrepancies between viability and cultivabil-
ity, highlighting the presence of viable but non-culturable 
populations not captured by conventional CFU-based meth-
ods. In parallel, whole-genome sequencing and ddPCR 
supported taxonomic identification, safety assessment, and 
label compliance, while IR-biotyping confirmed the recov-
ery of LA-5® at the strain level after digestion.Functional 
outcomes, including antimicrobial activity, gastrointestinal 
survival, and metabolomic profiles, were strongly influ-
enced by formulation, concentration, and delivery matrix, 
even when the same strain was used. Differences between 
lyophilized products, fresh cells, and fermented matrices 
underline the critical role of technological and physiological 
factors in probiotic performance. These findings reinforce 
the importance of considering both formulation and matrix 
effects when evaluating probiotic functionality under gas-
trointestinal conditions.
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Overall, this multi-parameter approach provides a proof 
of concept for a targeted and modular workflow to improve 
probiotic quality and functional assessment. By integrating 
complementary quality criteria, the proposed framework 
may support manufacturers in product development, valida-
tion, and advanced quality control, and may also provide 
regulatory bodies, trade associations, and research institu-
tions with a structured basis for harmonized evaluation 
strategies, transparent labeling, and consumer protection.
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