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Abstract

The increasing prevalence of antimicrobial resistance and biofilm-associated infections
highlights the need for alternative strategies to control pathogenic microorganisms.
Probiotics have emerged as promising candidates due to their ability to inhibit pathogen
growth. However, their potential ways of application in human medicine remain
insufficiently understood. Here we investigate the antimicrobial and antibiofilm activity of
selected probiotic strains, Lactiplantibacillus plantarum Fibro 1 and Lacticaseibacillus
rhamnosus Fibro 2, against clinically relevant pathogens, with the aim of generating insights
to support the design of improved probiotic-based systems for wound infection treatment.
Probiotics were investigated for their growth, lactic acid production, and biofilm formation
in different media. A range of in vitro antimicrobial activity assays were employed, including
growth inhibition and antibiofilm assays. In addition to free probiotics, probiotics
incorporated into electrospun fiber mats were investigated in in vitro biofilm models.
Probiotics exhibit strain- and condition-dependent inhibitory effects, influencing both
planktonic growth and biofilm development of pathogens, while metabolic analysis showed
marked medium-dependent glucose utilization and lactate production. Probiotics
incorporated into fiber mats retain measurable metabolic activity after encapsulation and
preserve their antibiofilm activity. Overall, this study provides a deeper understanding of
probiotic effects on pathogens and identifies key factors influencing antimicrobial efficacy.
These findings support the rational design of enhanced probiotic-based formulations for

applications in infection control and wound care.

Keywords: probiotics; antimicrobial; functionality; growth conditions; microenvironment

Introduction

The excessive use of antibiotics and the lack of globally agreed stewardship have resulted in

increasing pathogen resistance to common antibiotics. This overuse has turned into a
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serious health threat causing significant morbidity and mortality worldwide. Accordingto the
World Health Organization, antibiotic resistance is one of the top public health and

development threats, and was responsible for 1.27 million global deaths in 2019 [1].

An additional major challenge is that bacteria, especially pathogenic bacteria, have a
tendency to form biofilms, which are three-dimensional microbial communities embedded
in an extracellular matrix. Biofilm formation significantly increases bacterial tolerance to
antibiotics [2, 3] and host immune defenses [4]. Therefore, there is an urgent need for new
and more effective antimicrobial agents and their delivery systems that can combat

pathogens and their biofilms.

Microorganisms are a natural source of antimicrobial compounds, which they produce as
part of competitive survival strategies in complex microbial environments. Probiotics are
defined as live microorganisms that, when administered in sufficient quantities, are
beneficial to health [5]. Not every bacterium can be considered as probiotic [6]. Most
probiotics belong to the highly diverse families Lactobacillus spp. and Bifidobacterium spp.
[71, which are important in human nutrition and biotechnology due to their ability to produce
antimicrobial peptides (AMPs) and other biologically active substances, such as organic
acids and hydrogen peroxide. It has been established that AMPs produced by probiotics have
many benefits, including a broad spectrum of antimicrobial activity, activity against biofilms,
and a lower probability of resistance formation [8, 9]. Typically, bacteria produce multiple
antimicrobial compounds simultaneously, which broadens their overall antimicrobial
spectrum. Probiotics exhibit antimicrobial properties against both Gram (+) and Gram (-)
bacteria [10, 11], can promote human dermal fibroblast’ migration, and play a major role in
wound healing [12]. Although probiotics have demonstrated antimicrobial activity against a
range of pathogens, their mechanism of action remains incompletely understood. There is
still limited understanding of how wound-relevant environmental conditions (e.g. pH,

temperature, nutrients) influence their functionality and therapeutic potential.

The wound environmentis very dynamic and differs from standard in vitro culture conditions.
Chronic wounds typically have elevated pH, reduced oxygen availability, nutrient
fluctuations, and polymicrobial biofilms [13, 14]. These conditions promote pathogen
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persistence and reduce the effectiveness of antimicrobial therapies [3]. At the same time,
wound healing is associated with a shift toward a more acidic and oxygen-rich environment
that supports tissue regeneration and limits pathogen growth [15, 16]. Importantly,
probiotics have potential to actively influence the wound environment through the
production of antimicrobial compounds, including organic acids, hydrogen peroxide,
bacteriocins, and other bioactive metabolites. These molecules can inhibit the growth of
wound-associated pathogens, disrupt biofilms [17], lower the local pH [18], thereby creating
conditions that may support tissue repair and regeneration. In addition, probiotic-derived
metabolites, may influence fibroblast activity and contribute to the improved wound healing
[19, 20] by reducing infection while simultaneously promoting conditions that support tissue

repair [21] and regeneration [22].

The antimicrobial activity of probiotics is strongly influenced by their cultivation
microenvironment. Optimization of factors such as pH, temperature, growth phase, nutrient
availability, and oxygen availability can modulate the production of antimicrobial
substances and thereby enhance antimicrobial activity [23, 24]. The production of
antimicrobial metabolites generally reaches its maximum during the late exponential growth
phase and the early stationary phase, although the exact timing is strain and cultivation-
dependent, and biomass production does not necessarily correlate with antimicrobial
metabolite production [25]. In addition to optimizing cultivation conditions, incorporation of
probiotics into advanced delivery systems may improve their stability and therapeutic
functionality [26]. Such systems are designed to protect probiotics from harsh
environmental conditions encountered during storage and after administration (e.g. in the
human body), while preserving biological activity [27-30]. One promising approach is
microchip electrospinning technology [31], which allows the production of fiber mats
composed of fibers incorporating semi-solid agarose beads encapsulating living probiotics.
The system can protect microorganisms while allowing nutrient exchange and release of
bioactive compounds. However, encapsulation also creates a distinct local
microenvironment around the probiotics, which may alter their metabolism, stress

response, and antimicrobial functionality.
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The aims of this study are two-fold: (i) to investigate the antimicrobial properties of two
different probiotics, namely Lactiplantibacillus plantarum Fibro 1 (LP) and
Lacticaseibacillus rhamnosus Fibro 2 (LR), under varying growth and environmental
conditions and (ii) to compare their antimicrobial activity in free form and when incorporated
into electrospun fiber mats as an advanced delivery system. To address these aims, we
systematically evaluated the effects of selected cultivation and microenvironmental
conditions on probiotic growth and antimicrobial activity and assessed whether
antimicrobial functionality was retained following incorporation into the electrospun
delivery system. This approach provides a framework for understanding how both the
cultivation environment and the delivery system influence probiotic functionality, with the
aim of supporting the rational development of probiotic-based antimicrobial formulations

for future wound-care applications.

Materials and Methods

Bacterial strains and culture conditions

Two probiotic strains, both lactic acid bacteria (LAB), were used in this study:
Lactiplantibacillus plantarum Fibro 1 and Lacticaseibacillus rhamnosus Fibro 2 (Bioprox
Healthcare, France). The pathogenic strains Escherichia coli DSM 1103, Staphylococcus
aureus DSM 2569, Pseudomonas aeruginosa DSM 1117, Pseudomonas aeruginosa PAO1,
and Staphylococcus epidermidis DSM 28319 (DSMZ, Germany), were used to assess the

antimicrobial activity of LAB.

All bacterial strains were stored at -80°C (pHcbi, Japan) in a liquid BD Difco™ Luria-Bertani
(LB) (BD Bioscience, USA) or De Man-Rogosa-Sharpe (MRS) (BD Bioscience, USA) selected
medium supplemented with 20% [v/v] glycerol (AppliChem GmbH, Germany) for pathogens
and LAB strains, respectively. They were revived in the respective medium before each

experiment as specified below.
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Heat-treated (HT) LAB samples as controls were prepared as follows: bacteria were pre-
cultured on MRS agar plates at 37°C for 24 h. Bacterial suspensions were made and then
adjusted to ODgy, 0.1 in phosphate-buffered saline (1 x PBS). Suspensions were heated at
100°C for 10 min. The complete loss of viability was confirmed by plating 10 pL of the
suspension on MRS agar and incubating at 37°C for 24 h. For the inoculum preparation, LAB
strains were pre-cultured on MRS agar plates, and pathogenic bacteria on LB agar plates at
37°C for 24 h prior to each experiment. Both bacterial suspensions were prepared and

adjusted to ODg, 0.1.

Electrospun fiber mats

The LAB-incorporated fiber mats were prepared as described previously [31], using a
solution containing 12% [w/w] poly(L-lactide-co-glycolide) (PLC) and 0.3% [w/w]
polyethylene oxide (PEO) in Me,CO, and in situ microchip electrospinning. Microcapsules
were prepared using a 0.625% [w/w] aqueous agarose solution as the dispersed phase.
Polymeric fiber mats with incorporated agarose microcapsules, but without probiotics
(pristine fiber mats) were used as controls. In the in vitro biofilm inhibition model assays,
electrospun gelatine-glucose (Gel-Glu) fiber mats were used as an artificial skin and were

prepared as described previously [32, 33].

PDMS substrates

The polydimethylsiloxane (PDMS) disks were used as an abiotic substrate in biofilm
formation and inhibition assays. PDMS disks were prepared by mixing the curing agent and
base polymer at a mass ratio of 1:10 using a SYLGARD™ 184 Silicone Elastomer Kit. The
mixture (18 g) was homogenized and poured into 90 mm diameter Petri dishes, achieving a
thickness of 3 mm. The PDMS mix was then cured overnight in a vacuum oven at 60°C,
followed by shaping it into disks of 6 mm diameter using biopsy punches. To remove
unreacted surface residues, the PDMS disks were immersed in 100% ethanol for 2 h,

followed by sterilization in 70% [v/v] ethanol (Sigma-Aldrich, Merck, Germany) for 15 min.
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Afterwards, the disks were air-dried in a biosafety cabinet and kept in a sterile plate until

further use.

Viability and morphological characterization of probiotics

To determine the viability and morphology of probiotics, an overnight culture of LAB grown in
MRS broth at 37°C was stained with a green-fluorescent nucleic acid dyes SYTO 9 and
propidium iodide (Pl) (Invitrogen, Thermo Fischer, USA) [31]. Next these samples were

analyzed with confocal laser scanning microscopy (CLSM) (LSM710, Carl Zeiss, Germany).

To determine the cell morphology in more detail, probiotic aqueous suspensions adjusted
to ODgy 0.1 were centrifuged at 5,000 x g for 5 min and resuspended in 100 pL of 4%
paraformaldehyde, followed by incubation at room temperature for 30 min. The fixative was
then removed, and the samples were dehydrated through a graded ethanol series (30%,
60%, and 90% [v/v]), with each step lasting 10 min. Finally, 10 yL of each sample was

pipetted onto the scanning electron microscopy (SEM) stub for analysis.

Morphological characterization of the electrospun fiber mats and PDMS
substrate

The morphology of electrospun fiber mats (Gel-Glu, LAB-incorporated and pristine fiber
mats) and PDMS substrate was characterized by SEM, and mean diameter of the fibers was
determined by image analysis of 2-dimensional (2-D) SEM micrographs using Imagel

software, as described previously [31].

Growth kinetics of probiotics in different growth media

Growth kinetics of LAB were tested in different growth media: BD Difco™M17 (BD Bioscience,
USA), MRS, MRS with pH 5.5 (adjusted with 1 M HCL (Sigma-Aldrich, USA)), MRS with the
addition of 0.5% and 1% [w/v] of inulin (Thermo Fischer, USA), 1:1 MRS:Mueller-Hinton broth
(MHB, Cation-Adjusted) (BD Bioscience, USA), or with the combination of both factors (Table

1). Prepared probiotic inoculum suspensions were diluted 1:100 in the appropriate media,
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and 200 pL was dispensed into each well of a 96-well plate. The plates were incubated at
37°C for 24 h with shaking. The OD,,, was measured every hour in a microplate reader

(Clariostar™s, BMG Labtech, Germany).

Table 1 Overview of the growth media tested for lactic acid bacteria (LAB) strains. The
bacteria were inoculated into 200 uL of the appropriate medium at starting concentration of
10°CFU/mL and incubated at 37°C for 24 h

Strains Media Additives
(names used in this article)

L. plantarum MRS

L. rhamnosus MRS pH 5.5
MRS (0.5% [w/v] inulin) +0.5% [w/v] inulin
MRS pH 5.5 (0.5% [w/v] inulin) +0.5% [w/v] inulin
MRS (1% [w/v] inulin) +1% [w/v] inulin
MRS pH 5.5 (1% [w/v] inulin) +1% [w/v] inulin
MRS:MHB
M17
M17 pH 5.5
GMEM
GMEM (GMEM + GLU) +2% [w/v] GLU
GMEM (GMEM pH 5.5)
GMEM (GMEM+GLU pH 5.5) +2% [w/v] GLU
DMEM
DMEM (DMEM +GLU) +2% [w/v] GLU
DMEM (DMEM pH 5.5)
DMEM (DMEM+GLU pH 5.5) +2% [w/v] GLU
DMEM/F12
DMEM/F12 (DMEM/F12 + GLU) +2% [w/v] GLU
DMEM/F12 (DMEM/F12 pH 5.5)
DMEM/F12 (DMEM/F12+GLU pH 5.5) +2% [w/v] GLU

Key: DMEM - Dulbecco's Modified Eagle Medium; F12 - Ham's F-12 Nutrient Mixture; GMEM
— Glasgow Minimum Essential Medium; GLU - glucose, M17 - basal medium; MHB — Mueller-
Hinton Broth; MRS — de Man, Rogosa and Sharpe broth; [w/v] - weight per volume

LAB strains were also cultured in a cell culture media designed to mimic wound fluid -

Glasgow Minimum Essential Medium (GMEM), Dulbecco's Modified Eagle Medium (DMEM),
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or Dulbecco's Modified Eagle Medium and Ham's F-12 Nutrient Mixture (DMEM F12) (Sigma-
Aldrich, USA), with the addition of 10% of fetal calf serum (FCS), with or without 2% [w/V]
glucose (Sigma-Aldrich, USA) and/or initial pH adjustment to 5.5 (adjusted with 1 M HCL
(Sigma-Aldrich, USA) (Table 1). Prepared probiotic inoculum suspensions were diluted 1:100
in the appropriate media and incubated in the test media at 37°C for 24 h. The procedure
was proceeded as described previously. After incubation, serial dilutions were prepared
from each sample and plated on MRS agar plates, incubated at 37°C for 24 h. CFUs were
determined. The pH of the growth media was measured before and after incubation with pH-

meter (Hanna instruments, USA).

Determination and quantification of metabolites produced and
substances consumed by probiotics

The concentration of metabolites produced (e.g. production of lactic acid) and substances
consumed were determined in samples with free LAB strains or those incorporated into the
fibers. For free probiotic samples, LAB inoculum was freshly prepared and diluted 1:100 in
5 mL of appropriate media. For fiber-incorporated LAB samples, 1 x 6.5 cm pieces of fiber
mat, containing an average of 10° probiotic cells, were cut and incubated in 5 mL of
appropriate media at 37°C for 24 h under aerobic or anaerobic conditions (Table 2). The
anaerobic conditions were established using AnaeroGen™ anaerobic gas-generating

sachets (Oxoid, Thermo Fisher Scientific, UK).

Table 2 Overview of media and growth conditions tested for lactic acid production by
probiotics

MRS pH 5.5, AE

MRS pH 5.5, AN

DMEM/F12+GLU pH 5.5, AE

L. plantarum free

L. plantarum free

L. plantarum free

L. rhamnosus free

L. rhamnosus free

L. rhamnosus free

L. plantarum in fibers

L. plantarum in fibers

L. plantarum in fibers

L. rhamnosus in fibers

L. rhamnosus in fibers

L. rhamnosus in fibers

Control 1 (sterile medium)

Control 1 (sterile medium)

Control 1 (sterile medium)
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Control 2 (pristine fiber mat) Control 2 (pristine fiber mat) Control 2 (pristine fiber mat)

Control 3 (HT_LP) Control 3 (HT_LP) Control 3 (HT_LP)

Control 4 (HT_LR) Control 4 (HT_LR) Control 4 (HT_LR)

Key: AE — aerobic conditions, AN — anaerobic conditions, free — planktonic probiotics; GLU -
glucose, HT_LP — heat-treated L. plantarum Fibro 1, HT_LR - heat-treated L. rhamnosus
Fibro 2; in fibers — probiotics encapsulated into the fibers via microchip electrospinning;
pristine fiber mat — control fiber mat not consisting any probiotics and prepared via
microchip electrospinning

After incubation, samples were centrifuged for 15 min at 4°C and 4600 x g, and then the
supernatants were filtered through 0.22 um filter into sterile tubes. Samples were at -80°C
for 24 h and then lyophilized at -40°C, 0.2 mbar for 24 h. The concentration of substances
produced and consumed was revealed using nuclear magnetic resonance (NMR) assay.
Lyophilized samples were each reconstituted in 600 pL of a buffer containing, per liter, 100
mL D,O, 900 mL H,0, 10.48 g Na,HPO, (73.82 mM), 0.602 g 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid sodium salt (TSP-d4) (3.49 mM) as internal standard and 0.398 g NaN; (6.12
mM) and adjusted to pH 7.43 with the addition of 3% HCL. A pooled sample was prepared by
combining 10 pL of each sample for metabolite assignment. '"H NMR spectra were recorded
on Bruker 600 MHz Bruker Avance lll NMR spectrometer (Bruker BioSpin, Coventry, United
Kingdom) equipped with a5 mm 'H, '*C, >N TCI Prodigy Probe and a cooled sample changer
with all samples kept at 4°C. The 1D spectra were acquired under automation at a
temperature of 25°C using Noesygppr1d which is a standard 1D nuclear Overhauser effect
spectroscopy (NOESY) pulse sequence. The parameters of spectra acquisition are 32
transients, a spectral width of 20.83 ppm and 65,536 datapoints. For assignment of
metabolite peaks additional spectra, Total correlation spectroscopy (TOCSY), 'H-"°C
heteronuclear single quantum correlation spectroscopy and J-resolved spectroscopy
(JRES), were acquired from a pooled sample containing a small volume of all prepared
samples (s.f. Table 2). All spectra were Fourier transformed (FT) in Bruker software and
adjusted using automatic baseline correction and phasing in Bruker TopSpin 4.1.4.
Chenomx NMR suite software (Chenomx Inc, Canada) was used for assignment and

quantification of metabolites with calibration to the concentration of TSP-d4 presentin the

10
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sample and adjusted for dilution by D.O. NMR assighments were performed as previously
reported [34, 35].

L-lactic acid assay kit (Megazyme, Ireland) was used to quantify the lactic acid content in
prepared samples (s.f. Table 2). Freeze-dried samples were reconstituted in distilled water
to their original volume, and lactic acid content was measured following manufacturer's
instructions for microplate assay procedure. The calibration curve for quantitative analysis
was prepared with 5 different lactic acid standard solution concentrations. Absorption was

measured at 340 nm using CLARIOstar Plus microplate reader (BMG Labtech, Germany).

Characterization of probiotics for biofilm formation

Biofilm cultivation (static conditions) on PDMS substrates in droplet biofilm
model

Few LAB colonies of overnight culture were collected andresuspended in MHB or in
DMEM/F12+GLU pH 5.5 medium and adjusted to an ODg,, 0.1. S. aureus DSM 2569 was
used as a control bacterium in the PDMS droplet biofilm model. Then, 50 yL droplet of
bacterial suspension was applied onto the surface of each PDMS disk placed in a 24-well
plate. To minimize evaporation during incubation, 200 pyL of sterile PBS was added to the
bottom of each well. Plates were incubated at 37°C for 24 h. To quantitatively determine
colony forming units (CFUs) in the biofilm, after incubation, each PDMS disk was gently
washed three times with 500 pL of sterile 1 x PBS to remove loosely attached cells. The wash
solutions were pooled and CFUs quantified. The washed PDMS disk was transferred into
500 pL sterile 1 x PBS and sonicated for 5 min to detach adherent biofilm cells, followed by
vortexing at maximum speed for 15 s. The resulting suspensions were serially diluted and
plated onto LB agar plates for pathogenic bacteria and MRS agar plates for LAB counting.
Plates were incubated overnight at 37°C, and CFUs were enumerated to determine the

number of viable cells. The experiment was performed in triplicate.

To determine the biomass of the biofilms, at the end of biofilm incubation, PDMS disks were

processed by gently washing each disk as described above. Then, 900 uL of 0.5% (w/v)
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crystal violet (CV) solution was added to fully cover the disk surface. After 15 min at room
temperature, the staining solution was removed, and disks were washed three times with
500 pL of sterile 1x PBS, air-dried on sterile well plate lids, and recorded with images for
analysis. To quantify biofilm biomass, the CV dye was eluted in 30% acetic acid followed by

absorbance measurement at 590 nm. Additional samples were prepared for CLSM.

Biofilm cultivation in flow-through model

The microfluidic chips were made from PDMS according to the H. Straub et. al. method [36].
To evaluate the ability of bacteria to adhere to PDMS under static conditions and in the
presence of flow, the glass surface inside the microfluidic chamber was coated with a thin
PDMS layer (0.1 mmthickness)[37]. The tubing was connected to the device and sealed with
epoxy. Before the experiment, the entire system was sterilized with 70% w/w ethanol. Then,
70% w/w ethanol was carefully replaced with 1 x PBS. The device was mounted onto a
microscope. Few LAB colonies of overnight culture were collected and resuspended in
DMEM/F12+GLU pH 5.5 medium and adjusted to an ODg,,0.1. S. aureus DSM 2569 was used
as a control bacterium in the PDMS droplet biofilm model. Next, a 10 mL syringe containing
the bacterial (probiotics or S. aureus) suspension was connected to the central channel and
injected into the observation chamber. Bacterial adhesion on the PDMS surface of the
observation channel was recorded at 60x magnification every 2 min. An outlet tube was
connected to collect excess liquid. Using a syringe pump, the bacterial suspension was
introduced into the middle channel at a flow rate of 10 uL/h for 4 h, while the top and bottom
inlet channels were sealed with epoxy. All experiments were performed at 37°C and in
triplicate. The microfluidic chips were imaged using a fully automated Nikon Ti2E inverted

microscope (Japan).

Antimicrobial activity of probiotics in agar overlay assay after different pre-
cultivation and under different incubation conditions

The antimicrobial activity of LAB strain probiotics was evaluated using an agar overlay

method [31](Fig. S4). The assay was performed in different environmental conditions,
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varying the media, temperature, and the presence of oxygen while two different growth agars
were utilized - MRS with 1.5% [w/v] agar as a base for probiotics, and the top agar composed
of BD Difco™ Mueller-Hinton Il medium with 0.5% [w/v] of BD Difco™ Bacto agar (BD
Biosciences, USA) and containing 1 0° CFU/mL of pathogenic bacteria. For bacterial dilutions
1 x PBS buffer (pH 7.4) (Corning, USA) was used. Suspension of overnight LAB culture was
prepared in 1 x PBS (with final ODsw 0.2) and 5 L of it was spotted onto Petri dishes
containing 15 mL of MRS base agar and incubated for 24 h at 30°C, 33°C or 37°C under
aerobic or anaerobic conditions. After incubation, suspension of pathogenic bacteria was
prepared with ODey 0.1 and diluted 1:100 in soft agar. 100 pL of soft agar with pathogenic
bacteria was pipetted on the 24 h pre-cultured probiotics in the middle of the Petri dish,
covering the LAB growth spot to prevent bacterial spreading, and let to solidify. After that 10
mL of soft agar with pathogenic bacteria was poured over the base agar and let to solidify.
Plates were incubated at 37°C for 24 h, and inhibition zones were measured with Imagel, the

mean and standard deviation (SD) was calculated. All assays were performed in triplicate.

Anaerobic vs aerobic pre-cultivation conditions for LAB strains. To evaluate the influence of
oxygen in the environment on the antimicrobial activity, LAB bacteria were pre-cultured on
MRS agar plates under different environmental conditions — aerobic and anaerobic —at 37°C

for 24 h prior to antimicrobial activity assessment in agar overlay assay.

LAB pre-cultivation at different temperatures. To evaluate the influence of temperature on
the antimicrobial activity, LAB strains were pre-cultured on MRS base agar at different
temperatures 30°C, 33°C or 37°C for 24 h prior to antimicrobial activity assessment in agar

overlay assay.

LAB pre-cultivation at different pH. To evaluate the influence of pH on antimicrobial activity,
LAB strains were pre-cultured on MRS agar adjusted to pH 5.5, 6.0, 6.5, 7.0, or 7.5. Agar at
pH 5.5 and 6.0 was prepared by adding 1 M HCL (Sigma-Aldrich, USA) to liquid MRS, while pH
7.0 and 7.5 was obtained by adding 1M NaOH (Sigma-Aldrich, Merck, Germany). Unmodified
MRS (pH 6.5) was used as the control. Final pH values were verified with a calibrated pH

meter (Hanna instruments, USA) before solidification. Plates were inoculated with LAB and

13
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incubated at 37°C under aerobic conditions for 24 h prior to antimicrobial activity

assessment in agar overlay assay.

Impact of the inulin addition into the base agar. 1 [w/v] % inulin solution (prebiotic for
probiotics) was prepared in sterile water, then filtered through the 0.22 ym filter. 2x
concentrated MRS agar was prepared and autoclaved. Then solutions were mixed at 1:1
before MRS solidification to get final concentration of 0.5 [w/v] %. Prepared agar plates were

used as base layers in agar overlay assay.

Buffers. To evaluate the buffering capacity of the agar overlay model, different buffers
(HEPES (Corning Life Sciences, Mediatech, Inc., USA), and Tris (Sigma-Aldrich, Merck,
Germany)) were tested at different concentrations (100 mM, 200 mM and 300 mM).
Bromocresol purple (Thermo Fischer, USA) was included as a pH indicator at a 1:50 ratio in
the top agar. The presence of a yellow zone in the top agar layer was investigated.
Furthermore, to investigate the effect of buffered environmental pH on antimicrobial activity,
Tris buffer was incorporated into the top agar layer during the agar overlay assay at varying
concentrations (100, 200, and 300 mM) and pH values (7.5, 8.0, and 8.8). As a base layer,
MRS agar was used. For each concentration and pH condition, two sample sets were
prepared: one containing pathogenic bacteria in the top layer without the pH indicator, and
another containing the pH indicator but no pathogen. Plates were incubated at 37°C for 24 h
after pipetting the LAB strains and additional 24 h after top layer solidification. The diameters
of the pH change zones (yellow zones indicating acid production) and inhibition zones (areas

lacking pathogen growth) were measured in millimeters using ImagelJ program (Table S1).

Antimicrobial activity in liquid media against planktonic pathogenic bacteria. The inoculum
suspensions of probiotic and pathogenic bacteria were freshly prepared. Pathogenic
bacteria suspensions were diluted 1:1000 in 1 x PBS. HT probiotics samples were prepared
as described previously. 20 uL of probiotic and 20 pL of pathogenic suspensions were added
to 500 pL of mixed 1:1 MRS and MHB or to 500 pL of DMEM/F12+GLU pH 5.5. Eppendorf
tubes were incubated under static conditions at 37°C for 24 h. Serial dilutions were made

and plated on LB and MRS agar plates to evaluate the concentrations of pathogenic bacteria
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and LAB strains, respectively, using CFU counting. The pH of the growth media was

determined before and after incubation with pH-strips (Macherey-Nagel, Germany).

Antibiofilm activity of probiotics in in vitro assays

Different reported biofilm models were set up for analyzing probiotics and used for the
characterization to understand the antimicrobial and antibiofilm activity of LAB strains,
namely: i) in vitro biofilm inhibition and treatment models [38] and ii) PDMS droplet biofilm

inhibition and treatment models [39].

In vitro biofilm model - inhibition and mature biofilm disruption by free
probiotics

Biofilm inhibition assay. The inoculum suspensions of probiotic and pathogenic bacteria
were prepared. Pathogenic suspensions were diluted 1:1000 in 1 x PBS. HT LAB samples as
controls were prepared as described above. 10 pyL of pathogenic bacterial suspension and
10 pL of LAB suspension were added to 250 yL of DMEM/F12+GLU pH 5.5 into the well
containing 3 filter papers and Gel-Glu fiber mat (1 x 1 cm) (according to Lorenz et al. [38]).
Samples without LAB were used as controls. Well plate was incubated at 37°C for 24 h. Then
Gel-Glu fiber mats were washed in 1x PBS, put into new Eppendorf, containing 1 mL of 1 x
PBS and homogenized at 8000 rpm for 20 s (Precellys Evolution homogenizer, Bertin
Technologies, France). Serial dilutions were made and plated on LB and MRS agar plates to
evaluate the concentrations of pathogenic bacteria and LAB, respectively, using CFU

counting.

Biofilm treatment assay. The mature biofilm of P. aeruginosa PAO1 and S. aureus were pre-
cultured according to Lorenz et al. [38]. 24 h later, the Gel-Glu fiber mats were placed into a
new well with 250 pL or into an Eppendorf with 500 yL of DMEM/F12+GLU pH 5.5 (adjusted
with 1M HCL). LAB inoculum suspensions were prepared and 10 yL was added into the well
with pre-grown pathogenic bacteria biofilm or suspensions were directly diluted 1:100 in

appropriate media in Eppendorf, respectively. HT LAB samples as controls were prepared as
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described above. Samples were incubated for 24 h, then the samples were processed as

described above in Biofilm inhibition assay.

In vitro PDMS droplet biofilm model - inhibition and mature biofilm disruption
by free probiotics

Biofilm inhibition assay. For the PDMS droplet biofilm inhibition assay, LAB and S. aureus
were incubated simultaneously on the PDMS surface. The LAB inoculums were freshly
prepared as described above. The suspension of pathogenic bacteria was adjusted to OD,
0.001. Bacterial suspensions were mixed 10:1. 50 yL of the mixed suspension was applied
onto PDMS disks, and the samples were incubated under static conditions at 37°C for 24 h

to allow biofilm formation. The CFUs were enumerated as described previously.

Biofilm treatment assay. For the treatment of mature pathogenic bacteria biofilms, S. aureus
was first incubated on PDMS disks at an initial concentration of ODg,, 0.0001 under static
conditions. After 24 h of incubation at 37°C, non-adherent (planktonic) cells were removed
by a washing step. Subsequently, suspensions of both LAB at OD,,, 0.1 were prepared and
50 pL of each were separately added onto the pre-formed S. aureus biofilm. The samples
were then further incubated to assess the effect of LAB on the established biofilm at 37°C

for 24 h. The CFUs were enumerated as described above

In vitro antimicrobial and antibiofilm activity of probiotic-incorporated fiber
mats

Agaroverlay assay. A small disk of LAB-incorporated fiber mat (0.6 cm diameter) was cut out,
placed on MRS base agar and incubated at 37°C for 24 h. Following procedure was the same

as described above.

In vitro biofilm inhibition by probiotics incorporated into the fiber mats. The biofilm inhibition
experiment with ES LAB-incorporated fiber mats was set up as described above in Biofilm
inhibition assay, with modification. 10 pL of the diluted pathogenic bacterial suspension was
applied to the Gel-Glu fiber mat. LAB-incorporated fiber mat (1 x 1 cm) was placed on top of

the Gel-Glu fiber mat and pathogenic bacteria suspension. Fiber mat without LAB was used
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as control. To maintain moisture, a piece of hydrogel matrix (1 x 1 cm; HydroTac® transparent,
Hartmann, Germany) was placed over the LAB-incorporated fiber mat. Finally, a cell culture
insert was positioned above the system to hold all layers firmly in place within the microplate
well. Samples were incubated for 24 h at 37°C. The hydrogel was discarded. Fiber mats with
LAB were put in 1 x PBS buffer and gently vortexed. Then the samples were processed as

described above in Biofilm inhibition assay.

Statistical analysis and creation of visuals

All experiments were performed using at least three independent biological replicates (N =
3), each with three technical replicates. For statistical analysis, the mean of the three
technicalreplicates was treated as a single biological replicate. Results are presented as the
arithmetic mean = standard deviation (SD) of the biological replicates. Parametric analyses
were conducted under the assumption of normally distributed data. Unless otherwise
stated, statistical significance was assessed using one-way analysis of variance (ANOVA),
followed by Bonferroni-adjusted multiple-comparison tests. Statistical significance
thresholds were setat P<0.05 (*) and P <0.01 (**). Values below the limit of detection (LOD
= 2.3) were assigned a value of 2.3 for statistical analysis. Associations between variables
were assessed using Pearson’s correlation analysis. The statistical analyses were
performed, and graphs constructed using GraphPad Prism version 10.0.3 (GraphPad
Software, USA, www.graphpad.com). Images were created with BioRender

(www.biorender.com).

Results

Viability and morphology of the planktonic LAB and LAB-incorporated
fiber mats
The morphology of the LAB cells pre-grown 24 h in MRS medium was analyzed by SEM, while

the size and viability were additionally assessed using CLSM after staining with the
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fluorescent dyes SYTO 9 and PI. L. plantarum Fibro 1 and L. rhamnosus Fibro 2 are Gram (+)
rod-shaped bacteria. The morphology in these conditions shows that L. plantarum Fibro 1 is
slightly larger compared to L. rhamnosus Fibro 2, with the lengths of 1.71 £ 0.35 um and 1.39
%+ 0.15 um, and widths of 0.77 £ 0.21 pm and 0.52 = 0.11 pm, respectively (Fig. 1a). Living
probiotics showed fluorescence only in the green channel, while HT samples exhibited
fluorescence in both the green and red channels. Hence, it was confirmed that probiotics
are dead in the HT samples. No morphological differences were observed between HT (100
°C, 10 min) and untreated LAB cells in SEM analysis, suggesting that HT did not induce

detectable surface structural alterations under the applied conditions (Fig. 1b).

The LAB-incorporated fiber mats exhibit smooth surfaces. SEM micrograph analysis shows
that the fibers in both samples are randomly oriented, forming a network (Fig. 1c). The mean
thickness of fiber mats was 0.15 mm. The mean fiber diameter was 0.49 = 0.37 um for the L.
plantarum-incorporated fiber mat and 0.61 = 0.40 pm for the L. rhamnosus-incorporated
fiber mat. The pore sizes between the fibers appear heterogenous across the fiber mats, with
mean pore surface areas of 0.9 £ 1.1 pm? and 0.8+1.0 ym? for L. plantarum and L.
rhamnosus, respectively, matching with previously reported values [31]. The average
number of probiotics within the electrospun fiber mats was 3.0 x10° per cm?for L. plantarum

and 6.5 x 10° for L. rhamnosus, and viability was 28.8% and 50.9%, respectively.
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Fig. 1 a. The confocal laser scanning microscope (CLSM) and b. scanning electron
microscope (SEM) micrographs of heat-treated, HT (control samples), non-treated
planktonic LAB strains (L. plantarum Fibro 1, L. rhamnosus Fibro 2) pre-grown in MRS for 24
h at 37°C. For SEM imaging the samples were taken up in distilled water. ¢. LAB-incorporated
(L. plantarum Fibro 1, L. rhamnosus Fibro 2) fiber mats. Key: orange scale bar is 5 ym and
purple scale baris 2 um

Evaluation of LAB growth in different media
Before it is possible to evaluate the antimicrobial activity of probiotics in different
environments, it is relevant to understand the growth of LAB in these different conditions.

The growth kinetics of LAB was investigated in different growth media at 37 °C for 24 h. MRS
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medium has been developed for the optimal growth of LAB [40], and for this reason it was
used as acontrol. M17 medium is a specialized growth medium developed for the cultivation
of Lactococcus species, especially Lactococcus lactis [41]. It was used as a lower-
supporting medium. MRS medium, whether modified or not, indeed supported robust

growth of lactobacilli (Figs. 2a and b).
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Fig. 2 Growth curves of lactic acid bacteria (LAB) in different growth media - a. L.
plantarum Fibro 1 and b. L. rhamnosus Fibro 2 in bacterial growth media, c¢. L. plantarum
Fibro 1 and d. L. rhamnosus Fibro 2 in cell culture media - with various modifications.
Samples were incubated at 37°C for 24 h. Optical density at 600 nm (ODegoo) was measured
hourly. Experiments were performed in three biological replicates (N=3); the mean values
were calculated. Key: GLU - glucose, dashed line — pH-adjusted medium (pH 5.5), solid line
— unadjusted medium

The pH of all growth media was measured before probiotic inoculation and after probiotic
growth. All tested probiotics and media combinations, except for M17, demonstrated
comparable acidification performance, which is mainly associated with lactic acid
production. The initial pH of the growth media was approximately 5.5 (adjusted with HCL) or
6.5, whereas the final pH reached approximately 3.8 following growth of both LAB strains
(Table S2). M17 medium proved largely unsuitable as a growth medium for tested probiotics,
showing almost no change in optical density (Figs. 2a and b) nor significant pH changes
throughout the experiment (Table S2). The pH remained relatively stable for both LAB strains
with only minor variations compared to the initial values. Even in modified M17 medium with
initial pH of 5.5, only a slight increase in pH was observed (Table S2). MRS 0.5% [w/v] inulin
gave slightly higher growth speed for both bacterial strains (Figs. 2a and b). The logarithmic
phase of L. plantarum Fibro 1 was between 6 and 12 h and L. rhamnosus Fibro 2 — between

7 and 13 h from the inoculation moment.

The growth of LAB was assessed not only in the optimal growth media (e.g. MRS) but also in
cell culture media that more closely resemble physiological conditions of potentialinfection

sites (Table 3).

Table 3 The measured pH of different cell culture media with and without modifications and
viable cell concentration of lactic acid bacteria (LAB) before and after incubation at 37°C for
24 h, aerobically with an initial inoculum concentration of 10 ¢ CFU/mL (N=3). Further details
on the different media and experimental conditions are provided in the section “Growth
kinetics of probiotics in different growth media” (Table 1)

Cell culture media L. plantarum L. rhamnosus
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Initial Final pH Final log+o | Final pH Final log1o

pH (CFU/mL) (CFU/mL)
GMEM 8.90 9.00+0.35 5.13+0.76 8.95+0.24 5.36+1.08
GMEM+GLU 8.23 8.99+0.32 4.30+0.10 8.96 £0.25 5.16 £1.22
GMEM pH 5.5 5.59 6.75+2.10 5.73+1.60 6.82+1.80 6.53+0.19
GMEM+GLU pH 5.5 5.58 4.57+0.13 7.59+0.90 8.51+0.64 5.98 £0.32
DMEM 8.12 9.32+0.02 5.19%0.31 9.32+0.01 4.51+0.37
DMEM+GLU 7.87 8.90+0.03 5.14 £ 0.66 9.30£0.01 4.95 % 0.60
DMEM pH 5.5 5.58 8.90+0.03 5.14 £ 0.66 8.90 £0.05 5.28 £0.87
DMEM+GLU pH 5.5 5.56 8.80+0.15 5.38+1.20 8.74+0.13 5.27+0.82
DMEM/F12 7.54 8.46 +0.05 4.62+0.45 8.49+0.01 5.50 £ 0.89
DMEM/F12+GLU 7.44 8.47 +£0.02 4.41+0.16 8.46 £ 0.01 5.02+0.95
DMEM/F12 pH 5.5 5.57 5.45+0.36 8.45+1.42 5.11+0.52 7.97 £0.51
DMEM/F12+GLU pH 5.5 5.54 5.40 £ 0.54 7.80%0.14 5.09+0.36 8.36 £1.06

511  Key: CFU- colony forming unit; GLU- glucose
512

513 LAB are fastidious organisms that require complex, nutrient-rich media [42] and do not grow
514  efficiently in media with limited nutrient composition, such as serum-supplemented
515 mammalian cell culture media. The tested media included GMEM, DMEM, and DMEM/F12,
516 along with their respective modifications (s.f. Table 1 for exact names and media
517 compositions). Although these media are not designed to support the growth of LAB strains
518 due to their limited nutrient content, they were selected for their relevance to the wound
519  environment. As expected, the growth in cell culture media was slower compared to MRS,
520 giventhatitis not optimized for LAB cultivation (Figs. 2c and d). Nonetheless, a measurable
521 increase in both optical density and viable cell count was observed. The growth dynamics of
522  LAB strains in cell culture media were monitored over time using OD¢,, measurements and
523 CFU/mL counts. Growth varied significantly depending on medium composition and initial
524  pH (Figs. 2c and d). The results demonstrate that 24 h later, the highest OD,, was detected
525 in DMEM/F12 pH 5.5 and DMEM/F12+GLU pH 5.5 media for both LAB strains. These media
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also yielded the highest viable bacterial concentrations for both LAB strains. Viable counts
of L. plantarum reached 8.45 = 1.42 and 7.80 = 0.14 logo(CFU/mL), whereas L. rhamnosus
reached 7.97 £ 0.57 and 8.36 = 1.06 log:o(CFU/mL) in the respective media. A high viable cell
concentration was detected for L. plantarum in GMEM+GLU pH 5.5 medium. At the same
time, this medium did not support the growth of L. rhamnosus (Table 3). The acidification
observed in the cell culture media was considerably weaker than in the bacterial growth
medium. The pH of DMEM/F12+GLU (initial pH 5.5) changed only slightly after incubation
with either LAB strain (Table 3). Moreover, GMEM- and DMEM-based media, with or without
supplementation, generally did not support LAB growth, as evidenced by the absence of a
substantial decrease in pH and no increase in viable bacterial counts (Table 3). Overall,
lowering the initial pH of mammalian cell culture media alone was insufficient to support the
growth of LAB, indicating that nutrient composition rather than acidity is the primary
determinant of bacterial proliferation. Although, a strong negative correlation was observed
between bacterial growth and final pH (Pearson” s r=-0.93, p = 4.23 x 10""), indicating that

greater bacterial growth was associated with stronger acidification of the medium.

Biofilm formation capability of LAB on PDMS

The droplet biofilm method was used to assess the intrinsic biofilm-forming ability of the
probiotics and its potential contribution to their persistence on surfaces. The PDMS disks
used for this model setup displayed smooth and uniform surface morphology. SEM analysis
revealed only minor irregularities, suggesting low surface roughness, which could impact

initial bacterial adhesion and subsequent biofilm development (Fig. 3a).
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Fig. 3 a. SEM micrograph of the PDMS disk surface. b. CLSM micrographs of adhered LAB
strains and S. aureus on PDMS disk surfaces under static conditions in DMEM/F12+GLU pH
5.5 medium, stained with SYTO 9. The concentration of LAB and S. aureus adhered to the
PDMS disks in c. MHB (N=3). and d. DMEM/F12+GLU pH 5.5 media (N=3) under static
conditions after 24 h. e. The adhesion of bacteria in DMEM/F12+GLU pH 5.5 medium in flow-
through system at 0, 2 and 4 h. Square inside the dashed lines: zoomed-in view of the
microscope micrograph at the 4 h time point. Key: LP - L. plantarum Fibro 1, LR - L.
rhamnosus Fibro 2, SA - S. aureus DSM2569. P values for statistically significant differences
are indicated above the brackets. Orange scale bar -2 um, white scale bar—- 100 um; size of
the zoomed-in images 100 um x 100 um

The LAB ability to form biofilm was conducted on an abiotic surface — PDMS disks in two
different media - MHB and DMEM/F12+GLU pH 5.5. S. aureus was used as a control
bacterium, as it is known to form biofilms under various environmental conditions and
surfaces [3, 43]. The CLSM results showed that in MHB medium, LAB formed only a few
isolated 3D aggregates (Fig. 3b). In contrast, in DMEM/F12+GLU pH 5.5 medium the surface
was evenly covered by a monolayer of bacteria, with no substantial aggregate formation. S.
aureus strain formed much thicker biofilm in both growth media (Fig. 3b). While L. plantarum
and L. rhamnosus exhibited similar adhesion capacities, with log,, CFU values/per disk of
5.65 = 0.61 and 5.72 = 0.61, respectively, S. aureus reached a substantially higher value of
7.46 = 0.39 (Fig. 3c). Differences between the strains are statistically significant. In
DMEM/F12+GLU pH 5.5 medium, biofilm formation by S. aureus and probiotic strains is
comparable, indicating that nutrient limitation reduces species-dependent differences (Fig.
3d). Also, differences between microscopy and CFU results may be related to recovery of
loosely associated cells during sonication and variability introduced during the washing
step. In addition to CFU plating, crystal violet (CV) staining was conducted from PDMS
droplet biofilm model (Supplementary information) and these results confirmed the CFU
ones obtained (Fig. S1). CV staining (Fig. S1) and CFU measurements consistently showed
that S. aureus formed markedly more biofilm biomass in MHB medium than the tested

probiotic strains.
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To further investigate the biofilm-forming ability of the probiotics under dynamic conditions,
a flow-through microfluidic chamber model on PDMS surface was used, with S. aureus
serving as a biofilm-forming control. Bacterial cells resuspended in DMEM/F12+GLU pH 5.5
medium with OD,, 0.1 were injected into the microfluidic chip. Both tested probiotic strains
exhibited similar surface adhesion; however, the adhesion was minimal and randomly
distributed compared to S. aureus. Pathogenic S. aureus bacteria adhered to the PDMS
surface faster than the probiotics (Fig. 3e), suggesting it forms biofilms more rapidly, as

adhesion is the initial step in biofilm formation.

Determination and quantification of the produced and consumed
metabolites

To investigate how the growth environment affects substrate utilization and metabolic
activity, glucose, acetate, and lactate concentrations were measured in MRS and DMEM/F12
+ GLU pH 5.5 media. Quantitative NMR analysis showed that both substrate consumption
and metabolite production were dependent on the growth medium and the LAB strain (Figs.
4a, b and c). In MRS, glucose concentrations decreased after cultivation with LAB strains
compared to the sterile medium, indicating active carbohydrate utilization. By contrast,
glucose concentrations remained relatively high in DMEM/F12 +GLU pH 5.5, suggesting
considerably lower glucose utilization under these conditions (Fig. 4a). Acetate
concentrations were also higher in MRS samples than in DMEM/F12 +GLU pH 5.5. The

consumption of acetate by L. plantarum was higher than for L. rhamnosus (Fig. 4b).
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Fig. 4 Quantitative analysis of substrates and metabolites in different growth media
with and without lactic acid bacteria (LAB) strains. NMR results revealed a. the
concentration of glucose and b. acetate and c. lactate in different growth media with or
without LAB strains. d. Results of spectrophotometric quantification assay demonstrating
the concentration of lactic acid in different growth media after incubation of LAB strains.
Experiments were performed in three biological replicates (N=3). For clarity, statistical
comparisons are reported separately in Supplementary Table S3

Glucose consumption from the media reflected the lactate production patterns. Lactate
was detected at the highest concentrations in samples grown in MRS medium under aerobic
conditions for both L. plantarum and L. rhamnosus—181.08 +22.20 mM and 196.64 = 10.02
mM, respectively. Under anaerobic conditions, the concentration of produced lactate was
only slightly lower — 178.56 £ 61.24 mM for L. plantarum and 186.21+ 33.13 mM for L.
rhamnosus. In contrast, only low amounts of lactate were detected in DMEM/F12 +GLU pH

5.5-17.13+2.57 mMfor L. plantarum and 15.23 £ 4.12 mM for L. rhamnosus (Fig. 4c).

Using a spectrophotometric quantification method, it was established that both LAB
produce lactic acid in different growth media. Supporting the NMR results, the lactic acid
concentration was the highest in MRS medium under aerobic conditions for both L.
plantarum and L. rhamnosus - 112.79 £ 73.70 mM and 80.60 + 16.43 mM, respectively (Fig.
4d). Under anaerobic conditions, the concentrations were slightly lower. The lowest
concentrations were detected in DMEM/F12+GLU pH 5.5 medium - 3.17 = 1.72 mM for L.
plantarum and 3.84 = 3.23 mM for L. rhamnosus. It was confirmed that HT LAB samples did

not contain any lactic acid.

Antimicrobial activity of probiotics in agar overlay assay

The effect of the LAB pre-growth environment on antimicrobial activity was evaluated using
an agar overlay assay against wound-associated pathogens (Escherichia coli DSM 1103,
Staphylococcus aureus DSM 2569, Pseudomonas aeruginosa DSM 1117 and PAO1, and
Staphylococcus epidermidis DSM 28319; Fig. S2). Neither oxygen availability during pre-

incubation nor pre-incubation temperature (30-37 °C) significantly affected antimicrobial
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activity against E. colior S. aureus (Figs. 5a-d), demonstrating that the antimicrobial efficacy
of both probiotic strains remained stable under the tested conditions. Longer incubation
increased inhibition zone size (Fig. S3), and both strains inhibited multiple wound-
associated pathogens (Fig. S4). HT controls showed no antimicrobial activity (Fig. S5),
confirming that inhibition depends on viable, metabolically active cells. Addition of the

prebiotic inulin to the base agar did not enhance antimicrobial activity (Fig. S6).

LAB typically exhibits optimal growth within a pH range of 5.5 - 6.5 [25, 44-47]. To evaluate
the impact of environmental pH, LAB were pre-cultured on base agars adjusted to pH values
of 5.5, 6.0, 6.5, 7.0 and 7.5. Lower pH conditions significantly enhanced antimicrobial
activity, as evidenced by larger inhibition zones (Figs. 5e and f). The strongest inhibitory
effects were observed at pH 5.5 against E. coli, S. aureus, and P. aeruginosa, whereas
increasing the pH to 7.5 resulted in a significant reduction in inhibition zone size. The

differences observed were statistically significant.
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648 Fig. 5 Effect of pre-incubation and environmental conditions on the antimicrobial
649  activity of probiotic strains grown on MRS base agar. Effect of aerobic and anaerobic pre-
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incubation on the antimicrobial activity of a. L. plantarum Fibro 1 (LP) and b. L. rhamnosus
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Fibro 2 (LR) against E. coli DSM 1103 and S. aureus DSM 2569 at 37°C. No statistically
significant differences in inhibition zone diameter were observed between aerobic and
anaerobic conditions. Effects of pre-incubation temperature on the antimicrobial activity of
c. LP and d. LR against E. coli DSM 1103 and S. aureus DSM 2569 at aerobic conditions.
Effects of MRS base agar pH on antimicrobial activity of e. LP and f. LR against E. coli DSM
1103, S. aureus DSM 2569, and P. aeruginosa DSM 1117 at 37°C under aerobic conditions.
Antimicrobial activity increased with decreasing pH. Key: AE — aerobic environment, AN —
anaerobic environment. Data are presented as mean = SD of biological replicates (N = 3).
Statistical significance was assessed using two-way ANOVA, followed by Bonferroni
corrections. P values for statistically significant differences are indicated above the
brackets.

To determine the mechanisms underlying the observed antimicrobial effect — specifically
whether it resulted from acid production by LAB rather than another mechanism of action -
HEPES buffer (100 mM, pH 7.5) was added to the soft agar [48]. In addition, the pH of the
base agar was varied to identify optimal conditions to produce antimicrobial compounds.
The addition of HEPES reduced the antimicrobial activity, supporting the conclusion that at

least part of the observed effect was attributable to acidification (Fig. 6a).
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Fig. 6 a. Comparison of antimicrobial activity of L. plantarum Fibro 1 (LP) and L. rhamnosus
Fibro 2 (LR) at 37°C with and without HEPES buffer (pH 7.5), aerobically. Results confirm the
partial dependence of antimicrobial activity on acid production. b. Relationship between the
antimicrobial activity against E. coli DSM 1103 (diameter of inhibition zone, mm) and the
environmental pH (diameter of yellow color zone, mm). Blue dots represent LP and orange
dots represent LR. Dotted lines indicate linear regression fits. Stronger correlation was
observed for LR (R? = 0.9338) compared to LP (R = 0.7652). c. Top agar with pathogenic
bacteria, without the pH indicator (for inhibition zone measurements). d. Top agar without
pathogenic bacteria, with the pH indicator (for pH change zone measurements). Key: HEPES
- HEPES buffer in the top agar, red line - inhibition zone size (diameter, mm). Data are
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presented as mean = SD of three biological replicates (N = 3). Statistical significance was
assessed using two-way ANOVA, followed by Bonferroni corrections. P values for statistically
significant differences are indicated above the brackets

Initially, HEPES buffer was applied to limit pH changes. However, inhibition zones were still
observed, indicating that buffering was insufficient to fully prevent acidification (Fig. S7). To
achieve stronger pH control, Tris buffer at different concentrations was used for further
experiments. To better understand the impact of environmental pH on probiotic
antimicrobial activity, the top agar was supplemented with varying concentrations of Tris
buffer (100 mM, 200 mM and 300 mM, pH 7.5, pH 8.0 and pH 8.8). A pH indicator was used
to visualize pH changes, indicated by the diameter of the yellow zone. These were then
compared with the inhibition zones formed in identical buffer conditions but inoculated with
probiotics and pathogenic bacteria (E. coli DSM 1103) (Table S1). The incubation took place
at 37°C for 24 h aerobically. As shown in Fig. 6b, a clear correlation was observed between
the diameter of the yellow zone (indicative of acidification) and the diameter of the inhibition
zone. L. rhamnosus Fibro 2 exhibited a strong linear relationship R* = 0.9338, suggesting that
acid production plays a relevant role in its antimicrobial mechanism. L. plantarum Fibro 1
also demonstrated a positive correlation, although the data had more variation showing R®=
0.7641. These results support the statement that the antimicrobial effectiveness of LAB
strains is closely linked to their ability to acidify the environment. This acidification appears
to enhance their inhibitory impact on pathogenic bacteria, indicating the importance of

environmental pH in LAB-pathogen interactions.

Antibiofilm activity of probiotics in in vitro biofilm assay

The antimicrobial activity of LAB against planktonic pathogens was initially evaluated (Fig.
S8). Although LAB strains inhibited planktonic growth under certain conditions, the main
objective of this study was to determine their antibiofilm efficacy, including inhibition of
biofilm formation and treatment of mature biofilms. Antibiofilm activity of LAB strains was

evaluated in two in vitro biofilm experiments using DMEM/F12+GLU (pH 5.5), which
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prevented degradation of the Gel-Glu matrix by P. aeruginosa PAO1 (Fig. S9). First, the ability
of probiotics to prevent the formation of P. aeruginosa PAO1 and S. aureus biofilms was
assessed. The formation of P. aeruginosa biofilm was inhibited very effectively, resulting in
approximately 5 logq, reduction in the presence of LAB (p < 0.0001) (Fig. 7a). Both LAB strains
also significantly inhibited the biofilm development of S. aureus, resulting in a 2.5 logio
reduction compared with the control (p < 0.0004) (Fig. 7a). Next, the treatment effect of
probiotics on pre-grown biofilm was examined. In a smaller volume of DMEM/F12+GLU pH
5.5 medium (250 pL) the number of pre-grown P. aeruginosa biofilm bacteria decreased by
1.5logeand 2logieinthe presence of L. plantarum and L. rhamnosus, respectively (p <0.02).
The treatment of mature biofilm of S. aureus with LAB led to 1.5 log, reduction, which was
also statistically significant (p < 0.0009) (Fig. 7b). At the same time, the treatment of the
mature biofilm in the larger volume of liquid media (500 pL) did not show any significant

changes in the number of biofilm bacteria (Fig. S10).
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Fig. 7 a. The antibiofilm activity of probiotics in DMEM/F12+GLU pH 5.5 medium against the
biofilm formation and b. mature biofilm of P. aeruginosa PAO1 and S. aureus DSM 2569. Data
are presented as mean * SD of three biological replicates (N = 3). P values for statistically
significant differences are indicated above the brackets. Key: HT - heat treated, LP - L.
plantarum Fibro 1, LR - L. rhamnosus Fibro 2, PA - P. aeruginosa PAO1, SA - S. aureus DSM
2569. 2.3 log,, is the LOD

Antibiofilm activity of probiotics in PDMS droplet biofilm assay

Similarly to the in vitro biofilm assay, two sets of experiments were conducted in PDMS
droplet biofilm assay. It was seen in biofilm inhibition experiments that the co-cultivation of
pathogenic bacteria with probiotics resulted in a significant reduction of S. aureus biomass
in MHB (Fig. 8a). L. rhamnosus had stronger antimicrobial activity against S. aureus with
decrease in 1.5 logo CFU, at the same time L. plantarum resulted only in 1 log:,c CFU

decrease (Fig. 8A). The inhibitory effect of probiotics was lost in DMEM/F12+GLU pH 5.5
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medium, there were no statistically significant differences between incubation of S. aureus

alone or with probiotics (Fig. 8b).

The treatment of mature S. aureus biofilm by probiotics on PDMS surface was conducted in
MHB. There was a slight trend towards CFU reduction, but results between different samples
do not show any significant differences (Fig. 8c). In DMEM/F12+GLU pH 5.5 medium there

were no statistically significant differences between treated and untreated samples (Fig. 8d).
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Fig. 8 Biofilm inhibition and treatment of probiotics in the PDMS droplet biofilm assay
after 24 hin MHB and DMEM/F12+GLU pH 5.5 media. The biofilm inhibition of S. aureus by
LAB in a. MHB and b. DMEM/F12+GLU pH 5.5. The antibiofilm activity against mature S.
aureus DSM2569 biofilm in e¢. MHB and d. DMEM/F12+GLU pH 5.5 media. Data are
presented as mean = SD of biological replicates (N = 3). P values for statistically significant
differences are indicated above the brackets. 2.3 log,, is the LOD. Key: LP- L. plantarum Fibro
1, LR - L. rhamnosus Fibro 2, SA - S. aureus DSM 2569
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As with the biofilm formation assay in the PDMS droplet biofilm model, CV staining was also
employed to evaluate biofilm inhibition and treatment efficacy. However, the results
exhibited considerable variability between biological replicates, and no statistically
significant differences were observed between the probiotic strains and S. aureus with

respect to biofilm inhibition or treatment outcomes (Fig. S1).

Electrospun probiotic-incorporated fiber mat antimicrobial and
antibiofilm activity in vitro

Fiber-incorporated LAB were able to consume substrates from the environment and produce
metabolites. The NMR quantification assay revealed that both fiber-incorporated LAB strains
were able to consume glucose in MRS medium, which indicates active carbohydrate
utilization (Fig. 9a). The acetate consumption was higher by the L. rhamnosus, than by L.
plantarum in MRS medium under both conditions (Fig. 9b). The NMR quantification assay
revealed that fiber-incorporated probiotics were also able to produce and release lactate
into the surrounding environment. The concentration of lactate in samples containing fiber
mats was lower (Fig. 9c) compared to the samples with free (planktonic) bacteria (Fig. 4c).
The experimental setup was designed to provide comparable numbers of viable probiotics
in the free-probiotic and probiotic-incorporated fiber mat samples (approximately 10 ¢ CFU).
However, variability in viable cell numbers was observed in the fiber mat samples, likely due
to the heterogeneous distribution of probiotics within the fiber mats. In MRS medium, fiber-
incorporated L. plantarum produced lower amounts of lactate under anaerobic conditions
compared with fiber-incorporated L. rhamnosus, reaching 23.34 mM and 74.79 mM,
respectively. Under aerobic conditions, the difference between LAB strains was reduced
with lactate concentrations of 7.72 mM and 18.39 mM, respectively. Inthe DMEM/F12 +GLU

pH 5.5 medium, lactate production remained low despite the availability of glucose.

The spectrophotometric quantification assay showed similar trend to NMR analysis
confirming specifically lactic acid production by fiber-incorporated LAB strains (Fig. 9d).

Lactic acid concentrations were 32.79 = 29.53 mM and 26.91 £ 26.73 mM under aerobic
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781 conditions and 15.30 £ 19.82 mM and 53.29 + 19.66 mM under anaerobic conditions, for L.
782  plantarum and L. rhamnosus, respectively. In DMEM/F12+GLU pH 5.5 medium, no

783  significant difference was detected between LAB samples, the values were 3.36 £ 1.30 mM

784 and 3.84 = 3.23 mM, respectively.
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Fig. 9 Quantitative analysis of metabolites in different growth media with and without
lactic acid bacteria (LAB)-incorporated fiber mats. Results of NMR reveal: a. the
concentration of glucose and b. acetate and c. lactate in different growth media with or
without LAB-incorporated fibers. d. Results of spectrophotometric quantification assay
demonstrating the concentration of lactic acid in different growth media after incubation of
LAB-incorporated fibers. Data are presented as mean = SD of three biological replicates (N
= 3). For clarity, statistical comparisons are reported separately in Supplementary Table S4.
Key: AE- aerobic; AN- anaerobic; DMEM/F12 - Dulbecco's Modified Eagle Medium and Ham's
F-12 Nutrient Mixture; GLU- glucose; MRS - De Man-Rogosa-Sharpe broth

LAB-incorporated fiber mats were used to evaluate the ability of incorporated probiotics to
inhibit the growth of pathogenic bacteria. The results indicate that the fiber mats containing
L. rhamnosus had greater antimicrobial activity compared to those containing L. plantarum
(Fig. 10a). However, the variability of the results was observed, which may be attributed to
the inhomogeneous distribution of probiotics within the fiber mats which should be

considered when developing LAB incorporated fiber mats.

LAB-incorporated fiber mats were used in biofilm inhibition and treatment models similarly
as free probiotics to investigate the influence of incorporation process on the antimicrobial
activity. Results showed that LAB retain their antimicrobial and antibiofilm activity in the

fibers against P. aeruginosa PAO1 (Fig. 10b).
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Fig. 10 a. Antimicrobial activity of LAB-incorporated fiber mats in agar overlay assay against
different pathogens. b. Antibiofilm activity of LAB-incorporated fiber mats against P.
aeruginosa PAO1 in DMEM/F12+GLU pH 5.5 medium. P values for statistically significant
differences are indicated above the brackets. Key: BL — pristine fiber mat, LP — L. plantarum
Fibro 1, LR-L. rhamnosus Fibro 2. Data are presented as mean + SD of biological replicates
(N=3).2.3log,, is the LOD

Discussion

The results of this study indicate that the planktonic L. plantarum and L. rhamnosus exhibit
antimicrobial activity against a broad spectrum of wound-associated pathogens. However,
this activity is strongly dependent on the surrounding environment, particularly nutrient
composition and pH (Figs. 2 and 5, and S4). Among the media tested, MRS agar supports the
highest antimicrobial activity, whereas M17 agar supports bacterial growth without
detectable inhibition and Mueller-Hinton agar (MHA) does support LAB growth. These
findings highlight the importance of optimizing environmental conditions to maximize the
therapeutic potential of probiotic wound treatments.
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One of the principal findings of this study is that environmental pH strongly influences the
antimicrobial activity of both probiotic strains (Figs. 5e and 5f). Antimicrobial efficacy
increases with decreasing pH, while buffering reduces the antimicrobial activity of
probiotics, resulting in increased pathogen growth (Fig. 6). These findings suggest that
environmental acidification is an important contributor to probiotic-mediated pathogen
inhibition and that local wound pH may critically influence probiotic performance. This
interpretation is supported by previous studies demonstrating that acidic conditions can
directly restrict the growth of wound-associated pathogens, including S. aureus, E. coli, and
P. aeruginosa, even in the absence of probiotics [49-52]. Furthermore, the antimicrobial
activity of L. plantarum against wound-associated pathogens is strongly influenced by
organic acid production and environmental acidification [18]. However, the contribution of
other probiotic-derived antimicrobial compounds and pH-dependent mechanisms cannot

be excluded.

NMR analysis and spectrophotometric measurements confirmed active glucose
consumption accompanied by lactate production by both free LAB and LAB-incorporated
fiber mats (Figs. 4 and 9). The production of the lactate depends on both —the bacterial strain
and cultivation medium. L. plantarum and L. rhamnosus exhibited distinct antimicrobial and
antibiofilm activities depending on the experimental conditions (Figs. 6b, 7a and 10b),
despite producing comparable amounts of organic acids (Fig. 4). Neither strain consistently
outperformed the other, suggesting that their antimicrobial functionality is both strain- and
environment-dependent and that different conditions may favor the activity of one strain
over the other. This suggests that additional antimicrobial mechanisms, including
bacteriocins or other bioactive metabolites, contribute to the enhanced activity of L.

plantarum [18, 24].

Besides pH, other environmental factors were investigated to determine whether they
influence probiotic antimicrobial activity. Supplementation with prebiotic inulin does not
enhance antimicrobial activity (Fig. S6), despite previous reports suggesting increased
production of lactic acid and bacteriocins in some LAB strains [53]. Chronic wounds are

often associated with reduced oxygen availability [54] and alkaline microenvironments[16,
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54-56], which both favor the growth of anaerobic pathogenic bacteria [57]. Furthermore, the
temperature of chronic wounds is dynamic and depends on both the stage of healing and
the presence of infection [58]. In this study, neither oxygen availability during pre-incubation
nor pre-incubation temperature (30-37°C) significantly altered antimicrobial activity (Fig. 5).
These findings indicate that, under the tested conditions, environmental pH is the dominant
determinant of probiotic antimicrobial efficacy, whereas oxygen availability, temperature,
and inulin have comparatively minor effects. The observed stability across physiologically
relevant wound temperatures is encouraging for topical wound applications, where wound-

bed temperature varies depending on wound type and healing stages [55].

Retention of probiotics within the wound is considered important for sustained production
of antimicrobial metabolites and prolonged protection against pathogen colonization.
Therefore, the intrinsic biofilm-forming capacity of the LAB strains was investigated.
Compared with S. aureus, both probiotic strains form significantly less biofilm on PDMS
surfaces (Fig. 3), indicating a limited natural capacity to establish dense surface-associated
communities. Medium composition influences bacterial attachment, with visible
aggregation observed in Mueller-Hinton broth and more uniform monolayer-like surface
coverage in DMEM/F12+GLU (pH 5.5). Similar observations were obtained using a
microfluidic model that better mimics fluid movement and nutrient exchange in chronic
wounds. Under continuous flow, LAB again exhibits substantially lower biofilm formation
than S. aureus, confirming that prolonged colonization of wound surfaces is unlikely to occur

through natural biofilm formation alone.

To better simulate wound conditions, biofilm inhibition studies were performed using
DMEM/F12+GLU (pH 5.5), a medium selected to maintain the integrity of the Gel-Glu matrix
while supporting probiotic viability. The medium was supplemented with glucose, as
glucose is the main substrate for lactic acid production by LAB [59]. Although this model
does not fully replicate the complexity of the wound environment, it provides a more
physiologically relevant system than conventional bacterial growth media. Under these
conditions, probiotics effectively inhibit biofilm formation by S. aureus and P. aeruginosa

PAO1, whereas inhibition of pre-established biofilms is less pronounced (Fig. 7). These
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findings suggest that probiotic therapy may be particularly effective as a preventive strategy
against biofilm formation, while still providing some therapeutic benefit against mature
biofilms. Glucose supplementation proved essential for probiotic activity, as P. aeruginosa
degraded the Gel-Glu matrix in glucose-deficient conditions (Fig. S10), emphasizing the
importance of nutrient availability for sustained probiotic metabolism. Biofilm inhibition
assays performed on PDMS further demonstrated that LAB retains inhibitory activity (Fig. 8).
However, this effect is medium-dependent, as biofilm inhibition was observed in MHB but
not in DMEM/F12+GLU pH 5.5 medium, indicating that nutrient composition and

environmental conditions strongly influence probiotic-pathogen interactions on surfaces.

The limited biofilm-forming ability of LAB highlights one of the major advantages of
electrospun probiotic-incorporated wound dressings. Rather than relying on natural
bacterial colonization, fiber mats prepared by microchip electrospinning physically retain
viable probiotics within the wound, enabling prolonged production of antimicrobial
metabolites directly at the wound site. Fiber-incorporated probiotics retain antimicrobial
activity comparable to free bacterial cultures (Fig. 10), demonstrating that the
electrospinning process preserves bacterial viability and functionality. Lower lactate
concentrations were measured in samples containing probiotic-incorporated fiber mats
than in those containing free probiotics (Fig. 9). However, as the preparations were not
normalized to viable bacterial numbers and bacterial distribution within the fiber mats was
heterogeneous, this difference cannot be attributed to reduced probiotic metabolic activity
following incorporation. Importantly, the probiotic-incorporated fiber mats retained their
ability to inhibit pathogen biofilm formation. These findings demonstrate that
electrospinning effectively overcomes one of the main limitations of free probiotic therapy—

poor long-term retention at the wound site—while maintaining antimicrobial functionality.

Overall, this study demonstrates that environmental conditions, especially
microenvironment conditions surrounding probiotics, strongly influence the antimicrobial
performance of probiotic wound therapies, with acidic conditions representing the primary
determinant of efficacy. While the intrinsic biofilm-forming capacity of LAB is limited,

electrospun fiber mats compensate for this limitation by retaining viable probiotics at the
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wound site and sustaining their antimicrobial activity. These findings support electrospun
probiotic-incorporated wound dressings as a promising strategy for localized infection
management and provide a strong foundation for future in vivo studies and clinical

translation.

Conclusions

This study demonstrates that probiotics L. plantarum Fibro 1 and L. rhamnosus Fibro 2
exhibit antimicrobial activity against broad range of wound-associated pathogens, which
efficacyis strongly influenced by environmental conditions. Among the tested factors, acidic
pH was the key determinant of antimicrobial activity, primarily through enhanced organic
acid production. Both LAB strains inhibited pathogenic bacteria biofilm formation and
retained antibiofilm activity after incorporation into the fiber mats. Further studies are
needed to optimize the formulation and evaluate utilization in more clinically relevant

models.
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Figure legends

Fig. 1 a. The confocal laser scanning microscope (CLSM) and b. scanning electron
microscope (SEM) micrographs of heat-treated, HT (control samples), non-treated
planktonic LAB strains (L. plantarum Fibro 1, L. rhamnosus Fibro 2) pre-grown in MRS for 24
h at 37°C. For SEM imaging the samples were taken up in distilled water. ¢. LAB-incorporated
(L. plantarum Fibro 1, L. rhamnosus Fibro 2) fiber mats. Key: orange scale bar is 5 ym and
purple scale baris 2 um

Fig. 2 Growth curves of lactic acid bacteria (LAB) in different growth media - a. L.
plantarum Fibro 1 and b. L. rhamnosus Fibro 2 in bacterial growth media, c. L. plantarum
Fibro 1 and d. L. rhamnosus Fibro 2 in cell culture media - with various modifications.
Samples were incubated at 37°C for 24 h. Optical density at 600 nm (ODsoo) was measured
hourly. Experiments were performed in three biological replicates (N=3); the mean values
were calculated. Key: GLU - glucose, dashed line — pH-adjusted medium (pH 5.5), solid line
— unadjusted medium

Fig. 3 a. SEM micrograph of the PDMS disk surface. b. CLSM micrographs of adhered LAB
strains and S. aureus on PDMS disk surfaces under static conditions in DMEM/F12+GLU pH
5.5 medium, stained with SYTO 9. The concentration of LAB and S. aureus adhered to the
PDMS disks in c. MHB (N=3). and d. DMEM/F12+GLU pH 5.5 media (N=3) under static
conditions after 24 h. e. The adhesion of bacteriain DMEM/F12+GLU pH 5.5 medium in flow-
through system at 0, 2 and 4 h. Square inside the dashed lines: zoomed-in view of the
microscope micrograph at the 4 h time point. Key: LP - L. plantarum Fibro 1, LR - L.
rhamnosus Fibro 2, SA-S. aureus DSM2569. P values for statistically significant differences
are indicated above the brackets. Orange scale bar -2 um, white scale bar- 100 um; size of
the zoomed-in images 100 um x 100 um

Fig. 4 Quantitative analysis of substrates and metabolites in different growth media
with and without lactic acid bacteria (LAB) strains. NMR results revealed a. the
concentration of glucose and b. acetate and c. lactate in different growth media with or
without LAB strains. d. Results of spectrophotometric quantification assay demonstrating
the concentration of lactic acid in different growth media after incubation of LAB strains.
Experiments were performed in three biological replicates (N=3). For clarity, statistical
comparisons are reported separately in Supplementary Table S3

Fig. 5 Effect of pre-incubation and environmental conditions on the antimicrobial
activity of probiotic strains grown on MRS base agar. Effect of aerobic and anaerobic pre-
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incubation on the antimicrobial activity of a. L. plantarum Fibro 1 (LP) and b. L. rhamnosus
Fibro 2 (LR) against E. coli DSM 1103 and S. aureus DSM 2569 at 37°C. No statistically
significant differences in inhibition zone diameter were observed between aerobic and
anaerobic conditions. Effects of pre-incubation temperature on the antimicrobial activity of
c. LP and d. LR against E. coli DSM 1103 and S. aureus DSM 2569 at aerobic conditions.
Effects of MRS base agar pH on antimicrobial activity of e. LP and f. LR against E. coli DSM
1103, S. aureus DSM 2569, and P. aeruginosa DSM 1117 at 37°C under aerobic conditions.
Antimicrobial activity increased with decreasing pH. Key: AE — aerobic environment, AN —
anaerobic environment. Data are presented as mean + SD of biological replicates (N = 3).
Statistical significance was assessed using two-way ANOVA, followed by Bonferroni
corrections. P values for statistically significant differences are indicated above the
brackets.

Fig. 6 a. Comparison of antimicrobial activity of L. plantarum Fibro 1 (LP) and L. rhamnosus
Fibro 2 (LR) at 37°C with and without HEPES buffer (pH 7.5), aerobically. Results confirm the
partial dependence of antimicrobial activity on acid production. b. Relationship between the
antimicrobial activity against E. coli DSM 1103 (diameter of inhibition zone, mm) and the
environmental pH (diameter of yellow color zone, mm). Blue dots represent LP and orange
dots represent LR. Dotted lines indicate linear regression fits. Stronger correlation was
observed for LR (R? = 0.9338) compared to LP (R? = 0.7652). ¢c. Top agar with pathogenic
bacteria, without the pH indicator (for inhibition zone measurements). d. Top agar without
pathogenic bacteria, with the pH indicator (for pH change zone measurements). Key: HEPES
- HEPES buffer in the top agar, red line - inhibition zone size (diameter, mm). Data are
presented as mean = SD of three biological replicates (N = 3). Statistical significance was
assessed using two-way ANOVA, followed by Bonferroni corrections. P values for statistically
significant differences are indicated above the brackets.

Fig. 7 a. The antibiofilm activity of probiotics in DMEM/F12+GLU pH 5.5 medium against the
biofilm formation and b. mature biofilm of P. aeruginosa PAO1 and S. aureus DSM 2569. Data
are presented as mean * SD of three biological replicates (N = 3). P values for statistically
significant differences are indicated above the brackets. Key: HT - heat treated, LP - L.
plantarum Fibro 1, LR - L. rhamnosus Fibro 2, PA - P. aeruginosa PAO1, SA - S. aureus DSM
2569. 2.3 log,, is the LOD

Fig. 8 Biofilm inhibition and treatment of probiotics in the PDMS droplet biofilm assay
after 24 hin MHB and DMEM/F12+GLU pH 5.5 media. The biofilm inhibition of S. aureus by
LAB in a. MHB and b. DMEM/F12+GLU pH 5.5. The antibiofilm activity against mature S.
aureus DSM2569 biofilm in ¢. MHB and d. DMEM/F12+GLU pH 5.5 media. Data are
presented as mean = SD of biological replicates (N = 3). P values for statistically significant

55



1237
1238

1239

1240
1241
1242
1243
1244
1245
1246
1247
1248

1249

1250
1251
1252
1253
1254
1255

1256

1257

differences are indicated above the brackets. 2.3 log,, is the LOD. Key: LP- L. plantarum Fibro
1, LR - L. rhamnosus Fibro 2, SA - S. aureus DSM 2569

Fig. 9 Quantitative analysis of metabolites in different growth media with and without
lactic acid bacteria (LAB)-incorporated fiber mats. Results of NMR reveal: a. the
concentration of glucose and b. acetate and c. lactate in different growth media with or
without LAB-incorporated fibers. d. Results of spectrophotometric quantification assay
demonstrating the concentration of lactic acid in different growth media after incubation of
LAB-incorporated fibers. Data are presented as mean = SD of three biological replicates (N
= 3). For clarity, statistical comparisons are reported separately in Supplementary Table S4.
Key: AE- aerobic; AN-anaerobic; DMEM/F12 - Dulbecco's Modified Eagle Medium and Ham's
F-12 Nutrient Mixture; GLU- glucose; MRS - De Man-Rogosa-Sharpe broth

Fig. 10 a. Antimicrobial activity of LAB-incorporated fiber mats in agar overlay assay against
different pathogens. b. Antibiofilm activity of LAB-incorporated fiber mats against P.
aeruginosa PAO1 in DMEM/F12+GLU pH 5.5 medium. P values for statistically significant
differences are indicated above the brackets. Key: BL — pristine fiber mat, LP — L. plantarum
Fibro 1, LR-L. rhamnosus Fibro 2. Data are presented as mean + SD of biological replicates
(N=3).2.3log,, is the LOD
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