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Abstract 22 

The increasing prevalence of antimicrobial resistance and bioƱlm-associated infections 23 

highlights the need for alternative strategies to control pathogenic microorganisms. 24 

Probiotics have emerged as promising candidates due to their ability to inhibit pathogen 25 

growth. However, their potential ways of application in human medicine remain 26 

insuƯiciently understood. Here we investigate the antimicrobial and antibioƱlm activity of 27 

selected probiotic strains, Lactiplantibacillus plantarum Fibro 1 and Lacticaseibacillus 28 

rhamnosus Fibro 2, against clinically relevant pathogens, with the aim of generating insights 29 

to support the design of improved probiotic-based systems for wound infection treatment. 30 

Probiotics were investigated for their growth, lactic acid production, and bioƱlm formation 31 

in diƯerent media. A range of in vitro antimicrobial activity assays were employed, including 32 

growth inhibition and antibioƱlm assays. In addition to free probiotics, probiotics 33 

incorporated into electrospun Ʊber mats were investigated in in vitro bioƱlm models. 34 

Probiotics exhibit strain- and condition-dependent inhibitory eƯects, inƲuencing both 35 

planktonic growth and bioƱlm development of pathogens, while metabolic analysis showed 36 

marked medium-dependent glucose utilization and lactate production. Probiotics 37 

incorporated into Ʊber mats retain measurable metabolic activity after encapsulation and 38 

preserve their antibioƱlm activity. Overall, this study provides a deeper understanding of 39 

probiotic eƯects on pathogens and identiƱes key factors inƲuencing antimicrobial eƯicacy. 40 

These Ʊndings support the rational design of enhanced probiotic-based formulations for 41 

applications in infection control and wound care. 42 

 43 

Keywords: probiotics; antimicrobial; functionality; growth conditions; microenvironment  44 

 45 

Introduction 46 

The excessive use of antibiotics and the lack of globally agreed stewardship have resulted in 47 

increasing pathogen resistance to common antibiotics. This overuse has turned into a 48 
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serious health threat causing signiƱcant morbidity and mortality worldwide. According to the 49 

World Health Organization, antibiotic resistance is one of the top public health and 50 

development threats, and was responsible for 1.27 million global deaths in 2019 [1]. 51 

An additional major challenge is that bacteria, especially pathogenic bacteria, have a 52 

tendency to form bioƱlms, which are three-dimensional microbial communities embedded 53 

in an extracellular matrix. BioƱlm formation signiƱcantly increases bacterial tolerance to 54 

antibiotics [2, 3] and host immune defenses [4]. Therefore, there is an urgent need for new 55 

and more eƯective antimicrobial agents and their delivery systems that can combat 56 

pathogens and their bioƱlms. 57 

Microorganisms are a natural source of antimicrobial compounds, which they produce as 58 

part of competitive survival strategies in complex microbial environments. Probiotics are 59 

deƱned as live microorganisms that, when administered in suƯicient quantities, are 60 

beneƱcial to health [5]. Not every bacterium can be considered as probiotic [6]. Most 61 

probiotics belong to the highly diverse families Lactobacillus spp. and BiƱdobacterium spp. 62 

[7], which are important in human nutrition and biotechnology due to their ability to produce 63 

antimicrobial peptides (AMPs) and other biologically active substances, such as organic 64 

acids and hydrogen peroxide. It has been established that AMPs produced by probiotics have 65 

many beneƱts, including a broad spectrum of antimicrobial activity, activity against bioƱlms, 66 

and a lower probability of resistance formation [8, 9]. Typically, bacteria produce multiple 67 

antimicrobial compounds simultaneously, which broadens their overall antimicrobial 68 

spectrum. Probiotics exhibit antimicrobial properties against both Gram (+) and Gram (-) 69 

bacteria [10, 11], can promote human dermal Ʊbroblast’ migration, and play a major role in 70 

wound healing [12]. Although probiotics have demonstrated antimicrobial activity against a 71 

range of pathogens, their mechanism of action remains incompletely understood. There is 72 

still limited understanding of how wound-relevant environmental conditions (e.g. pH, 73 

temperature, nutrients) inƲuence their functionality and therapeutic potential. 74 

The wound environment is very dynamic and diƯers from standard in vitro culture conditions. 75 

Chronic wounds typically have elevated pH, reduced oxygen availability, nutrient 76 

Ʋuctuations, and polymicrobial bioƱlms [13, 14]. These conditions promote pathogen 77 
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persistence and reduce the eƯectiveness of antimicrobial therapies [3]. At the same time, 78 

wound healing is associated with a shift toward a more acidic and oxygen-rich environment 79 

that supports tissue regeneration and limits pathogen growth [15, 16]. Importantly, 80 

probiotics have potential to actively inƲuence the wound environment through the 81 

production of antimicrobial compounds, including organic acids, hydrogen peroxide, 82 

bacteriocins, and other bioactive metabolites. These molecules can inhibit the growth of 83 

wound-associated pathogens, disrupt bioƱlms [17], lower the local pH [18] , thereby creating 84 

conditions that may support tissue repair and regeneration. In addition, probiotic-derived 85 

metabolites , may inƲuence Ʊbroblast activity and contribute to the improved wound healing 86 

[19, 20] by reducing infection while simultaneously promoting conditions that support tissue 87 

repair [21] and regeneration [22]. 88 

The antimicrobial activity of probiotics is strongly inƲuenced by their cultivation 89 

microenvironment. Optimization of factors such as pH, temperature, growth phase, nutrient 90 

availability, and oxygen availability can modulate the production of antimicrobial 91 

substances and thereby enhance antimicrobial activity [23, 24]. The production of 92 

antimicrobial metabolites generally reaches its maximum during the late exponential growth 93 

phase and the early stationary phase, although the exact timing is strain and cultivation-94 

dependent, and biomass production does not necessarily correlate with antimicrobial 95 

metabolite production [25]. In addition to optimizing cultivation conditions, incorporation of 96 

probiotics into advanced delivery systems may improve their stability and therapeutic 97 

functionality [26]. Such systems are designed to protect probiotics from harsh 98 

environmental conditions encountered during storage and after administration (e.g. in the 99 

human body), while preserving biological activity [27–30]. One promising approach is 100 

microchip electrospinning technology [31], which allows the production of Ʊber mats 101 

composed of Ʊbers incorporating semi-solid agarose beads encapsulating living probiotics. 102 

The system can protect microorganisms while allowing nutrient exchange and release of 103 

bioactive compounds. However, encapsulation also creates a distinct local 104 

microenvironment around the probiotics, which may alter their metabolism, stress 105 

response, and antimicrobial functionality. 106 
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The aims of this study are two-fold: (i) to investigate the antimicrobial properties of two 107 

diƯerent probiotics, namely Lactiplantibacillus plantarum Fibro 1 (LP) and 108 

Lacticaseibacillus rhamnosus Fibro 2 (LR), under varying growth and environmental 109 

conditions and (ii) to compare their antimicrobial activity in free form and when incorporated 110 

into electrospun Ʊber mats as an advanced delivery system. To address these aims, we 111 

systematically evaluated the eƯects of selected cultivation and microenvironmental 112 

conditions on probiotic growth and antimicrobial activity and assessed whether 113 

antimicrobial functionality was retained following incorporation into the electrospun 114 

delivery system. This approach provides a framework for understanding how both the 115 

cultivation environment and the delivery system inƲuence probiotic functionality, with the 116 

aim of supporting the rational development of probiotic-based antimicrobial formulations 117 

for future wound-care applications. 118 

 119 

Materials and Methods 120 

Bacterial strains and culture conditions 121 

Two probiotic strains, both lactic acid bacteria (LAB), were used in this study: 122 

Lactiplantibacillus plantarum Fibro 1 and Lacticaseibacillus rhamnosus Fibro 2 (Bioprox 123 

Healthcare, France). The pathogenic strains Escherichia coli DSM 1103, Staphylococcus 124 

aureus DSM 2569, Pseudomonas aeruginosa DSM 1117, Pseudomonas aeruginosa PAO1, 125 

and Staphylococcus epidermidis DSM 28319 (DSMZ, Germany), were used to assess the 126 

antimicrobial activity of LAB.  127 

All bacterial strains were stored at -80°C (pHcbi, Japan) in a liquid BD Difco™ Luria-Bertani 128 

(LB) (BD Bioscience, USA) or De Man–Rogosa–Sharpe (MRS) (BD Bioscience, USA) selected 129 

medium supplemented with 20% [v/v] glycerol (AppliChem GmbH, Germany) for pathogens 130 

and LAB strains, respectively. They were revived in the respective medium before each 131 

experiment as speciƱed below.  132 
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Heat-treated (HT) LAB samples as controls were prepared as follows: bacteria were pre-133 

cultured on MRS agar plates at 37°C for 24 h. Bacterial suspensions were made and then 134 

adjusted to OD₆₀₀ 0.1 in phosphate-buƯered saline (1 × PBS). Suspensions were heated at 135 

100°C for 10 min. The complete loss of viability was conƱrmed by plating 10 µL of the 136 

suspension on MRS agar and incubating at 37°C for 24 h. For the inoculum preparation, LAB 137 

strains were pre-cultured on MRS agar plates, and pathogenic bacteria on LB agar plates at 138 

37°C for 24 h prior to each experiment. Both bacterial suspensions were prepared and 139 

adjusted to OD₆₀₀ 0.1. 140 

 141 

Electrospun Ʊber mats 142 

The LAB-incorporated Ʊber mats were prepared as described previously [31], using a 143 

solution containing 12% [w/w] poly(L-lactide-co-glycolide) (PLC) and 0.3% [w/w] 144 

polyethylene oxide (PEO) in Me₂CO₃ and in situ microchip electrospinning. Microcapsules 145 

were prepared using a 0.625% [w/w] aqueous agarose solution as the dispersed phase. 146 

Polymeric Ʊber mats with incorporated agarose microcapsules, but without probiotics 147 

(pristine Ʊber mats) were used as controls. In the in vitro bioƱlm inhibition model assays, 148 

electrospun gelatine-glucose (Gel-Glu) Ʊber mats were used as an artiƱcial skin and were 149 

prepared as described previously [32, 33]. 150 

 151 

PDMS substrates 152 

The polydimethylsiloxane (PDMS) disks were used as an abiotic substrate in bioƱlm 153 

formation and inhibition assays. PDMS disks were prepared by mixing the curing agent and 154 

base polymer at a mass ratio of 1:10 using a SYLGARD™ 184 Silicone Elastomer Kit. The 155 

mixture (18 g) was homogenized and poured into 90 mm diameter Petri dishes, achieving a 156 

thickness of 3 mm. The PDMS mix was then cured overnight in a vacuum oven at 60°C, 157 

followed by shaping it into disks of 6 mm diameter using biopsy punches. To remove 158 

unreacted surface residues, the PDMS disks were immersed in 100% ethanol for 2 h, 159 

followed by sterilization in 70% [v/v] ethanol (Sigma-Aldrich, Merck, Germany) for 15 min. 160 
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Afterwards, the disks were air-dried in a biosafety cabinet and kept in a sterile plate until 161 

further use. 162 

 163 

Viability and morphological characterization of probiotics 164 

To determine the viability and morphology of probiotics, an overnight culture of LAB grown in 165 

MRS broth at 37°C was stained with a green-Ʋuorescent nucleic acid dyes SYTO 9 and 166 

propidium iodide (PI) (Invitrogen, Thermo Fischer, USA) [31]. Next these samples were 167 

analyzed with confocal laser scanning microscopy (CLSM) (LSM710, Carl Zeiss, Germany). 168 

To determine the cell morphology in more detail, probiotic aqueous suspensions adjusted 169 

to OD₆₀₀ 0.1 were centrifuged at 5,000 × g for 5 min and resuspended in 100 µL of 4% 170 

paraformaldehyde, followed by incubation at room temperature for 30 min. The Ʊxative was 171 

then removed, and the samples were dehydrated through a graded ethanol series (30%, 172 

60%, and 90% [v/v]), with each step lasting 10 min. Finally, 10 µL of each sample was 173 

pipetted onto the scanning electron microscopy (SEM) stub for analysis. 174 

 175 

Morphological characterization of the electrospun Ʊber mats and PDMS 176 

substrate 177 

The morphology of electrospun Ʊber mats (Gel-Glu, LAB-incorporated and pristine Ʊber 178 

mats) and PDMS substrate was characterized by SEM, and mean diameter of the Ʊbers was 179 

determined by image analysis of 2-dimensional (2-D) SEM micrographs using ImageJ 180 

software, as described previously [31]. 181 

Growth kinetics of probiotics in diƯerent growth media 182 

Growth kinetics of LAB were tested in diƯerent growth media: BD Difco™ M17 (BD Bioscience, 183 

USA), MRS, MRS with pH 5.5 (adjusted with 1 M HCl (Sigma-Aldrich, USA)), MRS with the 184 

addition of 0.5% and 1% [w/v] of inulin (Thermo Fischer, USA), 1:1 MRS:Mueller-Hinton broth 185 

(MHB, Cation-Adjusted) (BD Bioscience, USA), or with the combination of both factors (Table 186 

1). Prepared probiotic inoculum suspensions were diluted 1:100 in the appropriate media, 187 
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and 200 µL was dispensed into each well of a 96-well plate. The plates were incubated at 188 

37°C for 24 h with shaking. The OD₆₀₀ was measured every hour in a microplate reader 189 

(ClariostarPlus, BMG Labtech, Germany).  190 

 191 

Table 1 Overview of the growth media tested for lactic acid bacteria (LAB) strains. The 192 

bacteria were inoculated into 200 µL of the appropriate medium at starting concentration of 193 

106 CFU/mL and incubated at 37°C for 24 h 194 

Strains Media 

(names used in this article) 
Additives 

L. plantarum 

L. rhamnosus 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

MRS   
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 ModiƱed Eagle Medium; F12 – Ham's F-12 Nutrient Mixture; GMEM 195 

– Glasgow Minimum Essential Medium; GLU – glucose, M17 – basal medium; MHB – Mueller–196 

Hinton Broth; MRS – de Man, Rogosa and Sharpe broth; [w/v] – weight per volume 197 

 198 

LAB strains were also cultured in a cell culture media designed to mimic wound Ʋuid – 199 

Glasgow Minimum Essential Medium (GMEM), Dulbecco's ModiƱed Eagle Medium (DMEM), 200 
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or Dulbecco's ModiƱed Eagle Medium and Ham's F-12 Nutrient Mixture (DMEM F12) (Sigma-201 

Aldrich, USA), with the addition of 10% of fetal calf serum (FCS), with or without 2% [w/v] 202 

glucose (Sigma-Aldrich, USA) and/or initial pH adjustment to 5.5 (adjusted with 1 M HCl 203 

(Sigma-Aldrich, USA) (Table 1). Prepared probiotic inoculum suspensions were diluted 1:100 204 

in the appropriate media and incubated in the test media at 37°C for 24 h. The procedure 205 

was proceeded as described previously. After incubation, serial dilutions were prepared 206 

from each sample and plated on MRS agar plates, incubated at 37°C for 24 h. CFUs were 207 

determined. The pH of the growth media was measured before and after incubation with pH-208 

meter (Hanna instruments, USA).  209 

 210 

Determination and quantiƱcation of metabolites produced and 211 

substances consumed by probiotics 212 

The concentration of metabolites produced (e.g. production of lactic acid) and substances 213 

consumed were determined in samples with free LAB strains or those incorporated into the 214 

fibers. For free probiotic samples, LAB inoculum was freshly prepared and diluted 1:100 in 215 

5 mL of appropriate media. For fiber-incorporated LAB samples, 1 x 6.5 cm pieces of fiber 216 

mat, containing an average of 106 probiotic cells, were cut and incubated in 5 mL of 217 

appropriate media at 37°C for 24 h under aerobic or anaerobic conditions (Table 2). The 218 

anaerobic conditions were established using AnaeroGen™ anaerobic gas-generating 219 

sachets (Oxoid, Thermo Fisher Scientific, UK). 220 

 221 

Table 2 Overview of media and growth conditions tested for lactic acid production by 222 

probiotics 223 

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 – 224 

glucose, HT_LP – heat-treated L. plantarum Fibro 1, HT_LR – heat-treated L. rhamnosus 225 

Fibro 2; in fibers – probiotics encapsulated into the fibers via microchip electrospinning; 226 

pristine fiber mat – control fiber mat not consisting any probiotics and prepared via 227 

microchip electrospinning 228 

 229 

After incubation, samples were centrifuged for 15 min at 4°C and 4600 × g, and then the 230 

supernatants were filtered through 0.22 μm filter into sterile tubes. Samples were at -80°C 231 

for 24 h and then lyophilized at -40°C, 0.2 mbar for 24 h. The concentration of substances 232 

produced and consumed was revealed using nuclear magnetic resonance (NMR) assay. 233 

Lyophilized samples were each reconstituted in 600 µL of a buffer containing, per liter, 100 234 

mL D2O, 900 mL H2O, 10.48 g Na2HPO4 (73.82 mM), 0.602 g 3-(trimethylsilyl)propionic-235 

2,2,3,3-d4 acid sodium salt (TSP-d4) (3.49 mM) as internal standard and 0.398 g NaN3 (6.12 236 

mM) and adjusted to pH 7.43 with the addition of 3% HCl. A pooled sample was prepared by 237 

combining 10 μL of each sample for metabolite assignment. 1H NMR spectra were recorded 238 

on Bruker 600 MHz Bruker Avance III NMR spectrometer (Bruker BioSpin, Coventry, United 239 

Kingdom) equipped with a 5 mm 1H, 13C, 15N TCI Prodigy Probe and a cooled sample changer 240 

with all samples kept at 4°C. The 1D spectra were acquired under automation at a 241 

temperature of 25°C using Noesygppr1d which is a standard 1D nuclear Overhauser effect 242 

spectroscopy (NOESY) pulse sequence. The parameters of spectra acquisition are 32 243 

transients, a spectral width of 20.83 ppm and 65,536 datapoints. For assignment of 244 

metabolite peaks additional spectra, Total correlation spectroscopy (TOCSY), 1H-13C 245 

heteronuclear single quantum correlation spectroscopy and J-resolved spectroscopy 246 

(JRES), were acquired from a pooled sample containing a small volume of all prepared 247 

samples (s.f. Table 2). All spectra were Fourier transformed (FT) in Bruker software and 248 

adjusted using automatic baseline correction and phasing in Bruker TopSpin 4.1.4. 249 

Chenomx NMR suite software (Chenomx Inc, Canada) was used for assignment and 250 

quantification of metabolites with calibration to the concentration of TSP-d4 present in the 251 
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sample and adjusted for dilution by D2O. NMR assignments were performed as previously 252 

reported [34, 35]. 253 

L-lactic acid assay kit (Megazyme, Ireland) was used to quantify the lactic acid content in 254 

prepared samples (s.f. Table 2). Freeze-dried samples were reconstituted in distilled water 255 

to their original volume, and lactic acid content was measured following manufacturer's 256 

instructions for microplate assay procedure. The calibration curve for quantitative analysis 257 

was prepared with 5 different lactic acid standard solution concentrations. Absorption was 258 

measured at 340 nm using CLARIOstar Plus microplate reader (BMG Labtech, Germany). 259 

 260 

Characterization of probiotics for bioƱlm formation 261 

BioƱlm cultivation (static conditions) on PDMS substrates in droplet bioƱlm 262 

model 263 

Few LAB colonies of overnight culture were collected and resuspended in MHB or in 264 

DMEM/F12+GLU pH 5.5 medium and adjusted to an OD₆₀₀ 0.1. S. aureus DSM 2569 was 265 

used as a control bacterium in the PDMS droplet bioƱlm model. Then, 50 µL droplet of 266 

bacterial suspension was applied onto the surface of each PDMS disk placed in a 24-well 267 

plate. To minimize evaporation during incubation, 200 µL of sterile PBS was added to the 268 

bottom of each well. Plates were incubated at 37°C for 24 h. To quantitatively determine 269 

colony forming units (CFUs) in the bioƱlm, after incubation, each PDMS disk was gently 270 

washed three times with 500 µL of sterile 1 × PBS to remove loosely attached cells. The wash 271 

solutions were pooled and CFUs quantiƱed. The washed PDMS disk was transferred into 272 

500 µL sterile 1 × PBS and sonicated for 5 min to detach adherent bioƱlm cells, followed by 273 

vortexing at maximum speed for 15 s. The resulting suspensions were serially diluted and 274 

plated onto LB agar plates for pathogenic bacteria and MRS agar plates for LAB counting. 275 

Plates were incubated overnight at 37°C, and CFUs were enumerated to determine the 276 

number of viable cells. The experiment was performed in triplicate. 277 

To determine the biomass of the bioƱlms, at the end of bioƱlm incubation, PDMS disks were 278 

processed by gently washing each disk as described above. Then, 900 µL of 0.5% (w/v) 279 
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crystal violet (CV) solution was added to fully cover the disk surface. After 15 min at room 280 

temperature, the staining solution was removed, and disks were washed three times with 281 

500 µL of sterile 1× PBS, air-dried on sterile well plate lids, and recorded with images for 282 

analysis. To quantify bioƱlm biomass, the CV dye was eluted in 30% acetic acid followed by 283 

absorbance measurement at 590 nm. Additional samples were prepared for CLSM. 284 

 285 

BioƱlm cultivation in Ʋow-through model 286 

The microƲuidic chips were made from PDMS according to the H. Straub et. al. method [36]. 287 

To evaluate the ability of bacteria to adhere to PDMS under static conditions and in the 288 

presence of Ʋow, the glass surface inside the microƲuidic chamber was coated with a thin 289 

PDMS layer (0.1 mm thickness)[37] . The tubing was connected to the device and sealed with 290 

epoxy. Before the experiment, the entire system was sterilized with 70% w/w ethanol. Then, 291 

70% w/w ethanol was carefully replaced with 1 × PBS. The device was mounted onto a 292 

microscope. Few LAB colonies of overnight culture were collected and resuspended in 293 

DMEM/F12+GLU pH 5.5 medium and adjusted to an OD₆₀₀ 0.1. S. aureus DSM 2569 was used 294 

as a control bacterium in the PDMS droplet bioƱlm model. Next, a 10 mL syringe containing 295 

the bacterial (probiotics or S. aureus) suspension was connected to the central channel and 296 

injected into the observation chamber. Bacterial adhesion on the PDMS surface of the 297 

observation channel was recorded at 60× magniƱcation every 2 min. An outlet tube was 298 

connected to collect excess liquid. Using a syringe pump, the bacterial suspension was 299 

introduced into the middle channel at a Ʋow rate of 10 μL/h for 4 h, while the top and bottom 300 

inlet channels were sealed with epoxy. All experiments were performed at 37°C and in 301 

triplicate. The microƲuidic chips were imaged using a fully automated Nikon Ti2E inverted 302 

microscope (Japan). 303 

Antimicrobial activity of probiotics in agar overlay assay after diƯerent pre-304 

cultivation and under diƯerent incubation conditions 305 

The antimicrobial activity of LAB strain probiotics was evaluated using an agar overlay 306 

method [31](Fig. S4). The assay was performed in diƯerent environmental conditions, 307 
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varying the media, temperature, and the presence of oxygen while two diƯerent growth agars 308 

were utilized – MRS with 1.5% [w/v] agar as a base for probiotics, and the top agar composed 309 

of BD Difco™ Mueller-Hinton II medium with 0.5% [w/v] of BD Difco™ Bacto agar (BD 310 

Biosciences, USA) and containing 10⁶ CFU/mL of pathogenic bacteria. For bacterial dilutions 311 

1 × PBS buƯer (pH 7.4) (Corning, USA) was used. Suspension of overnight LAB culture was 312 

prepared in 1 × PBS (with Ʊnal OD600 0.2) and 5 µL of it was spotted onto Petri dishes 313 

containing 15 mL of MRS base agar and incubated for 24 h at 30°C, 33°C or 37°C under 314 

aerobic or anaerobic conditions. After incubation, suspension of pathogenic bacteria was 315 

prepared with OD600 0.1 and diluted 1:100 in soft agar. 100 µL of soft agar with pathogenic 316 

bacteria was pipetted on the 24 h pre-cultured probiotics in the middle of the Petri dish, 317 

covering the LAB growth spot to prevent bacterial spreading, and let to solidify. After that 10 318 

mL of soft agar with pathogenic bacteria was poured over the base agar and let to solidify. 319 

Plates were incubated at 37°C for 24 h, and inhibition zones were measured with ImageJ, the 320 

mean and standard deviation (SD) was calculated. All assays were performed in triplicate. 321 

Anaerobic vs aerobic pre-cultivation conditions for LAB strains. To evaluate the inƲuence of 322 

oxygen in the environment on the antimicrobial activity, LAB bacteria were pre-cultured on 323 

MRS agar plates under diƯerent environmental conditions – aerobic and anaerobic – at 37°C 324 

for 24 h prior to antimicrobial activity assessment in agar overlay assay. 325 

LAB pre-cultivation at diƯerent temperatures. To evaluate the inƲuence of temperature on 326 

the antimicrobial activity, LAB strains were pre-cultured on MRS base agar at diƯerent 327 

temperatures 30°C, 33°C or 37°C for 24 h prior to antimicrobial activity assessment in agar 328 

overlay assay. 329 

LAB pre-cultivation at diƯerent pH. To evaluate the inƲuence of pH on antimicrobial activity, 330 

LAB strains were pre-cultured on MRS agar adjusted to pH 5.5, 6.0, 6.5, 7.0, or 7.5. Agar at 331 

pH 5.5 and 6.0 was prepared by adding 1 M HCl (Sigma-Aldrich, USA) to liquid MRS, while pH 332 

7.0 and 7.5 was obtained by adding 1M NaOH (Sigma-Aldrich, Merck, Germany). UnmodiƱed 333 

MRS (pH 6.5) was used as the control. Final pH values were veriƱed with a calibrated pH 334 

meter (Hanna instruments, USA) before solidiƱcation. Plates were inoculated with LAB and 335 
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incubated at 37°C under aerobic conditions for 24 h prior to antimicrobial activity 336 

assessment in agar overlay assay. 337 

Impact of the inulin addition into the base agar. 1 [w/v] % inulin solution (prebiotic for 338 

probiotics) was prepared in sterile water, then Ʊltered through the 0.22 µm Ʊlter. 2x 339 

concentrated MRS agar was prepared and autoclaved. Then solutions were mixed at 1:1 340 

before MRS solidiƱcation to get Ʊnal concentration of 0.5 [w/v] %. Prepared agar plates were 341 

used as base layers in agar overlay assay.  342 

BuƯers. To evaluate the buƯering capacity of the agar overlay model, diƯerent buƯers 343 

(HEPES (Corning Life Sciences, Mediatech, Inc., USA), and Tris (Sigma-Aldrich, Merck, 344 

Germany)) were tested at diƯerent concentrations (100 mM, 200 mM and 300 mM). 345 

Bromocresol purple (Thermo Fischer, USA) was included as a pH indicator at a 1:50 ratio in 346 

the top agar. The presence of a yellow zone in the top agar layer was investigated. 347 

Furthermore, to investigate the eƯect of buƯered environmental pH on antimicrobial activity, 348 

Tris buƯer was incorporated into the top agar layer during the agar overlay assay at varying 349 

concentrations (100, 200, and 300 mM) and pH values (7.5, 8.0, and 8.8). As a base layer, 350 

MRS agar was used. For each concentration and pH condition, two sample sets were 351 

prepared: one containing pathogenic bacteria in the top layer without the pH indicator, and 352 

another containing the pH indicator but no pathogen. Plates were incubated at 37°C for 24 h 353 

after pipetting the LAB strains and additional 24 h after top layer solidiƱcation. The diameters 354 

of the pH change zones (yellow zones indicating acid production) and inhibition zones (areas 355 

lacking pathogen growth) were measured in millimeters using ImageJ program (Table S1). 356 

Antimicrobial activity in liquid media against planktonic pathogenic bacteria. The inoculum 357 

suspensions of probiotic and pathogenic bacteria were freshly prepared. Pathogenic 358 

bacteria suspensions were diluted 1:1000 in 1 × PBS. HT probiotics samples were prepared 359 

as described previously. 20 µL of probiotic and 20 µL of pathogenic suspensions were added 360 

to 500 µL of mixed 1:1 MRS and MHB or to 500 µL of DMEM/F12+GLU pH 5.5. Eppendorf 361 

tubes were incubated under static conditions at 37°C for 24 h. Serial dilutions were made 362 

and plated on LB and MRS agar plates to evaluate the concentrations of pathogenic bacteria 363 
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and LAB strains, respectively, using CFU counting. The pH of the growth media was 364 

determined before and after incubation with pH-strips (Macherey-Nagel, Germany). 365 

 366 

AntibioƱlm activity of probiotics in in vitro assays  367 

DiƯerent reported bioƱlm models were set up for analyzing probiotics and used for the 368 

characterization to understand the antimicrobial and antibioƱlm activity of LAB strains, 369 

namely: i) in vitro bioƱlm inhibition and treatment models [38] and ii) PDMS droplet bioƱlm 370 

inhibition and treatment models [39]. 371 

In vitro bioƱlm model - inhibition and mature bioƱlm disruption by free 372 

probiotics 373 

BioƱlm inhibition assay. The inoculum suspensions of probiotic and pathogenic bacteria 374 

were prepared. Pathogenic suspensions were diluted 1:1000 in 1 x PBS. HT LAB samples as 375 

controls were prepared as described above. 10 µL of pathogenic bacterial suspension and 376 

10 µL of LAB suspension were added to 250 µL of DMEM/F12+GLU pH 5.5 into the well 377 

containing 3 Ʊlter papers and Gel-Glu Ʊber mat (1 x 1 cm) (according to Lorenz et al. [38]). 378 

Samples without LAB were used as controls. Well plate was incubated at 37°C for 24 h. Then 379 

Gel-Glu Ʊber mats were washed in 1x PBS, put into new Eppendorf, containing 1 mL of 1 × 380 

PBS and homogenized at 8000 rpm for 20 s (Precellys Evolution homogenizer, Bertin 381 

Technologies, France). Serial dilutions were made and plated on LB and MRS agar plates to 382 

evaluate the concentrations of pathogenic bacteria and LAB, respectively, using CFU 383 

counting.  384 

BioƱlm treatment assay. The mature bioƱlm of P. aeruginosa PAO1 and S. aureus were pre-385 

cultured according to Lorenz et al. [38]. 24 h later, the Gel-Glu Ʊber mats were placed into a 386 

new well with 250 µL or into an Eppendorf with 500 µL of DMEM/F12+GLU pH 5.5 (adjusted 387 

with 1M HCl). LAB inoculum suspensions were prepared and 10 µL was added into the well 388 

with pre-grown pathogenic bacteria bioƱlm or suspensions were directly diluted 1:100 in 389 

appropriate media in Eppendorf, respectively. HT LAB samples as controls were prepared as 390 
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described above. Samples were incubated for 24 h, then the samples were processed as 391 

described above in BioƱlm inhibition assay. 392 

 393 

In vitro PDMS droplet bioƱlm model - inhibition and mature bioƱlm disruption 394 

by free probiotics 395 

BioƱlm inhibition assay. For the PDMS droplet bioƱlm inhibition assay, LAB and S. aureus 396 

were incubated simultaneously on the PDMS surface. The LAB inoculums were freshly 397 

prepared as described above. The suspension of pathogenic bacteria was adjusted to OD₆₀₀ 398 

0.001. Bacterial suspensions were mixed 10:1. 50 µL of the mixed suspension was applied 399 

onto PDMS disks, and the samples were incubated under static conditions at 37°C for 24 h 400 

to allow bioƱlm formation. The CFUs were enumerated as described previously.  401 

BioƱlm treatment assay. For the treatment of mature pathogenic bacteria bioƱlms, S. aureus 402 

was Ʊrst incubated on PDMS disks at an initial concentration of OD₆₀₀ 0.0001 under static 403 

conditions. After 24 h of incubation at 37°C, non-adherent (planktonic) cells were removed 404 

by a washing step. Subsequently, suspensions of both LAB at OD₆₀₀ 0.1 were prepared and 405 

50 µL of each were separately added onto the pre-formed S. aureus bioƱlm. The samples 406 

were then further incubated to assess the eƯect of LAB on the established bioƱlm at 37°C 407 

for 24 h. The CFUs were enumerated as described above  408 

 In vitro antimicrobial and antibioƱlm activity of probiotic-incorporated Ʊber 409 

mats  410 

Agar overlay assay. A small disk of LAB-incorporated Ʊber mat (0.6 cm diameter) was cut out, 411 

placed on MRS base agar and incubated at 37°C for 24 h. Following procedure was the same 412 

as described above. 413 

In vitro bioƱlm inhibition by probiotics incorporated into the Ʊber mats. The bioƱlm inhibition 414 

experiment with ES LAB-incorporated Ʊber mats was set up as described above in BioƱlm 415 

inhibition assay, with modiƱcation. 10 µL of the diluted pathogenic bacterial suspension was 416 

applied to the Gel-Glu Ʊber mat. LAB-incorporated Ʊber mat (1 × 1 cm) was placed on top of 417 

the Gel-Glu Ʊber mat and pathogenic bacteria suspension. Fiber mat without LAB was used 418 



 

17 

 

as control. To maintain moisture, a piece of hydrogel matrix (1 × 1 cm; HydroTac® transparent, 419 

Hartmann, Germany) was placed over the LAB-incorporated Ʊber mat. Finally, a cell culture 420 

insert was positioned above the system to hold all layers Ʊrmly in place within the microplate 421 

well. Samples were incubated for 24 h at 37°C. The hydrogel was discarded. Fiber mats with 422 

LAB were put in 1 × PBS buƯer and gently vortexed. Then the samples were processed as 423 

described above in BioƱlm inhibition assay. 424 

 425 

Statistical analysis and creation of visuals 426 

All experiments were performed using at least three independent biological replicates (N ≥ 427 

3), each with three technical replicates. For statistical analysis, the mean of the three 428 

technical replicates was treated as a single biological replicate. Results are presented as the 429 

arithmetic mean ± standard deviation (SD) of the biological replicates. Parametric analyses 430 

were conducted under the assumption of normally distributed data. Unless otherwise 431 

stated, statistical signiƱcance was assessed using one-way analysis of variance (ANOVA), 432 

followed by Bonferroni-adjusted multiple-comparison tests. Statistical signiƱcance 433 

thresholds were set at P < 0.05 (*) and P < 0.01 (**). Values below the limit of detection (LOD 434 

= 2.3) were assigned a value of 2.3 for statistical analysis. Associations between variables 435 

were assessed using Pearson’s correlation analysis. The statistical analyses were 436 

performed, and graphs constructed using GraphPad Prism version 10.0.3 (GraphPad 437 

Software, USA, www.graphpad.com). Images were created with BioRender 438 

(www.biorender.com).  439 

 440 

Results 441 

Viability and morphology of the planktonic LAB and LAB-incorporated 442 

Ʊber mats 443 

The morphology of the LAB cells pre-grown 24 h in MRS medium was analyzed by SEM, while 444 

the size and viability were additionally assessed using CLSM after staining with the 445 
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Ʋuorescent dyes SYTO 9 and PI. L. plantarum Fibro 1 and L. rhamnosus Fibro 2 are Gram (+) 446 

rod-shaped bacteria. The morphology in these conditions shows that L. plantarum Fibro 1 is 447 

slightly larger compared to L. rhamnosus Fibro 2, with the lengths of 1.71 ± 0.35 µm and 1.39 448 

± 0.15 µm, and widths of 0.77 ± 0.21 µm and 0.52 ± 0.11 µm, respectively (Fig. 1a). Living 449 

probiotics showed Ʋuorescence only in the green channel, while HT samples exhibited 450 

Ʋuorescence in both the green and red channels. Hence, it was conƱrmed that probiotics 451 

are dead in the HT samples. No morphological diƯerences were observed between HT (100 452 

°C, 10 min) and untreated LAB cells in SEM analysis, suggesting that HT did not induce 453 

detectable surface structural alterations under the applied conditions (Fig. 1b). 454 

The LAB-incorporated Ʊber mats exhibit smooth surfaces. SEM micrograph analysis shows 455 

that the Ʊbers in both samples are randomly oriented, forming a network (Fig. 1c). The mean 456 

thickness of Ʊber mats was 0.15 mm. The mean Ʊber diameter was 0.49 ± 0.37 µm for the L. 457 

plantarum-incorporated Ʊber mat and 0.61 ± 0.40 µm for the L. rhamnosus-incorporated 458 

Ʊber mat. The pore sizes between the Ʊbers appear heterogenous across the Ʊber mats, with 459 

mean pore surface areas of 0.9 ± 1.1 μm2 and 0.8 ± 1.0 μm2 for L. plantarum and L. 460 

rhamnosus, respectively, matching with previously reported values [31]. The average 461 

number of probiotics within the electrospun Ʊber mats was 3.0 ×105 per cm2 for L. plantarum 462 

and 6.5 × 105 for L. rhamnosus, and viability was 28.8% and 50.9%, respectively. 463 
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 464 

Fig. 1 a. The confocal laser scanning microscope (CLSM) and b. scanning electron 465 

microscope (SEM) micrographs of heat-treated, HT (control samples), non-treated 466 

planktonic LAB strains (L. plantarum Fibro 1, L. rhamnosus Fibro 2) pre-grown in MRS for 24 467 

h at 37°C. For SEM imaging the samples were taken up in distilled water. c. LAB-incorporated 468 

(L. plantarum Fibro 1, L. rhamnosus Fibro 2) Ʊber mats. Key: orange scale bar is 5 µm and 469 

purple scale bar is 2 µm 470 

 471 

Evaluation of LAB growth in diƯerent media 472 

Before it is possible to evaluate the antimicrobial activity of probiotics in diƯerent 473 

environments, it is relevant to understand the growth of LAB in these diƯerent conditions. 474 

The growth kinetics of LAB was investigated in diƯerent growth media at 37 °C for 24 h. MRS 475 
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medium has been developed for the optimal growth of LAB [40], and for this reason it was 476 

used as a control. M17 medium is a specialized growth medium developed for the cultivation 477 

of Lactococcus species, especially Lactococcus lactis [41]. It was used as a lower-478 

supporting medium. MRS medium, whether modiƱed or not, indeed supported robust 479 

growth of lactobacilli (Figs. 2a and b).  480 
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Fig. 2 Growth curves of lactic acid bacteria (LAB) in diƯerent growth media – a. L. 482 

plantarum Fibro 1 and b. L. rhamnosus Fibro 2 in bacterial growth media, c. L. plantarum 483 

Fibro 1 and d. L. rhamnosus Fibro 2 in cell culture media - with various modiƱcations. 484 

Samples were incubated at 37°C for 24 h. Optical density at 600 nm (OD600) was measured 485 

hourly. Experiments were performed in three biological replicates (N=3); the mean values 486 

were calculated. Key: GLU – glucose, dashed line – pH-adjusted medium (pH 5.5), solid line 487 

– unadjusted medium 488 

 489 

The pH of all growth media was measured before probiotic inoculation and after probiotic 490 

growth. All tested probiotics and media combinations, except for M17, demonstrated 491 

comparable acidiƱcation performance, which is mainly associated with lactic acid 492 

production. The initial pH of the growth media was approximately 5.5 (adjusted with HCl) or 493 

6.5, whereas the Ʊnal pH reached approximately 3.8 following growth of both LAB strains 494 

(Table S2). M17 medium proved largely unsuitable as a growth medium for tested probiotics, 495 

showing almost no change in optical density (Figs. 2a and b) nor signiƱcant pH changes 496 

throughout the experiment (Table S2). The pH remained relatively stable for both LAB strains 497 

with only minor variations compared to the initial values. Even in modiƱed M17 medium with 498 

initial pH of 5.5, only a slight increase in pH was observed (Table S2). MRS 0.5% [w/v] inulin 499 

gave slightly higher growth speed for both bacterial strains (Figs. 2a and b). The logarithmic 500 

phase of L. plantarum Fibro 1 was between 6 and 12 h and L. rhamnosus Fibro 2 – between 501 

7 and 13 h from the inoculation moment.  502 

The growth of LAB was assessed not only in the optimal growth media (e.g. MRS) but also in 503 

cell culture media that more closely resemble physiological conditions of potential infection 504 

sites (Table 3).  505 

Table 3 The measured pH of diƯerent cell culture media with and without modiƱcations and 506 

viable cell concentration of lactic acid bacteria (LAB) before and after incubation at 37°C for 507 

24 h, aerobically with an initial inoculum concentration of 10 6 CFU/mL (N=3). Further details 508 

on the diƯerent media and experimental conditions are provided in the section “Growth 509 

kinetics of probiotics in diƯerent growth media” (Table 1) 510 

Cell culture media  L. plantarum L. rhamnosus 
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Initial 

pH 

Final pH Final log10 

(CFU/mL) 

Final pH Final log10 

(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 

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

 512 

LAB are fastidious organisms that require complex, nutrient-rich media [42] and do not grow 513 

eƯiciently in media with limited nutrient composition, such as serum-supplemented 514 

mammalian cell culture media. The tested media included GMEM, DMEM, and DMEM/F12, 515 

along with their respective modiƱcations (s.f. Table 1 for exact names and media 516 

compositions). Although these media are not designed to support the growth of LAB strains 517 

due to their limited nutrient content, they were selected for their relevance to the wound 518 

environment. As expected, the growth in cell culture media was slower compared to MRS, 519 

given that it is not optimized for LAB cultivation (Figs. 2c and d). Nonetheless, a measurable 520 

increase in both optical density and viable cell count was observed. The growth dynamics of 521 

LAB strains in cell culture media were monitored over time using OD₆₀₀ measurements and 522 

CFU/mL counts. Growth varied signiƱcantly depending on medium composition and initial 523 

pH (Figs. 2c and d). The results demonstrate that 24 h later, the highest OD₆₀₀ was detected 524 

in DMEM/F12 pH 5.5 and DMEM/F12+GLU pH 5.5 media for both LAB strains. These media 525 
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also yielded the highest viable bacterial concentrations for both LAB strains. Viable counts 526 

of L. plantarum reached 8.45 ± 1.42 and 7.80 ± 0.14 log10(CFU/mL), whereas L. rhamnosus 527 

reached 7.97 ± 0.57 and 8.36 ± 1.06 log10(CFU/mL) in the respective media. A high viable cell 528 

concentration was detected for L. plantarum in GMEM+GLU pH 5.5 medium. At the same 529 

time, this medium did not support the growth of L. rhamnosus (Table 3). The acidiƱcation 530 

observed in the cell culture media was considerably weaker than in the bacterial growth 531 

medium. The pH of DMEM/F12+GLU (initial pH 5.5) changed only slightly after incubation 532 

with either LAB strain (Table 3). Moreover, GMEM- and DMEM-based media, with or without 533 

supplementation, generally did not support LAB growth, as evidenced by the absence of a 534 

substantial decrease in pH and no increase in viable bacterial counts (Table 3). Overall, 535 

lowering the initial pH of mammalian cell culture media alone was insuƯicient to support the 536 

growth of LAB, indicating that nutrient composition rather than acidity is the primary 537 

determinant of bacterial proliferation. Although, a strong negative correlation was observed 538 

between bacterial growth and Ʊnal pH (Pearson`s r = -0.93, p = 4.23 x 1011), indicating that 539 

greater bacterial growth was associated with stronger acidiƱcation of the medium. 540 

 541 

BioƱlm formation capability of LAB on PDMS  542 

The droplet bioƱlm method was used to assess the intrinsic bioƱlm-forming ability of the 543 

probiotics and its potential contribution to their persistence on surfaces. The PDMS disks 544 

used for this model setup displayed smooth and uniform surface morphology. SEM analysis 545 

revealed only minor irregularities, suggesting low surface roughness, which could impact 546 

initial bacterial adhesion and subsequent bioƱlm development (Fig. 3a).  547 
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Fig. 3 a. SEM micrograph of the PDMS disk surface. b. CLSM micrographs of adhered LAB 549 

strains and S. aureus on PDMS disk surfaces under static conditions in DMEM/F12+GLU pH 550 

5.5 medium, stained with SYTO 9. The concentration of LAB and S. aureus adhered to the 551 

PDMS disks in c. MHB (N=3). and d. DMEM/F12+GLU pH 5.5 media (N=3) under static 552 

conditions after 24 h. e. The adhesion of bacteria in DMEM/F12+GLU pH 5.5 medium in Ʋow-553 

through system at 0, 2 and 4 h. Square inside the dashed lines: zoomed-in view of the 554 

microscope micrograph at the 4 h time point. Key: LP – L. plantarum Fibro 1, LR – L. 555 

rhamnosus Fibro 2, SA – S. aureus DSM2569. P values for statistically signiƱcant diƯerences 556 

are indicated above the brackets. Orange scale bar – 2 µm, white scale bar – 100 µm; size of 557 

the zoomed-in images 100 µm x 100 µm 558 

 559 

The LAB ability to form bioƱlm was conducted on an abiotic surface – PDMS disks in two 560 

diƯerent media – MHB and DMEM/F12+GLU pH 5.5. S. aureus was used as a control 561 

bacterium, as it is known to form bioƱlms under various environmental conditions and 562 

surfaces [3, 43]. The CLSM results showed that in MHB medium, LAB formed only a few 563 

isolated 3D aggregates (Fig. 3b). In contrast, in DMEM/F12+GLU pH 5.5 medium the surface 564 

was evenly covered by a monolayer of bacteria, with no substantial aggregate formation. S. 565 

aureus strain formed much thicker bioƱlm in both growth media (Fig. 3b). While L. plantarum 566 

and L. rhamnosus exhibited similar adhesion capacities, with log₁₀ CFU values/per disk of 567 

5.65 ± 0.61 and 5.72 ± 0.61, respectively, S. aureus reached a substantially higher value of 568 

7.46 ± 0.39 (Fig. 3c). DiƯerences between the strains are statistically signiƱcant. In 569 

DMEM/F12+GLU pH 5.5 medium, bioƱlm formation by S. aureus and probiotic strains is 570 

comparable, indicating that nutrient limitation reduces species-dependent diƯerences (Fig. 571 

3d). Also, diƯerences between microscopy and CFU results may be related to recovery of 572 

loosely associated cells during sonication and variability introduced during the washing 573 

step. In addition to CFU plating, crystal violet (CV) staining was conducted from PDMS 574 

droplet bioƱlm model (Supplementary information) and these results conƱrmed the CFU 575 

ones obtained (Fig. S1). CV staining (Fig. S1) and CFU measurements consistently showed 576 

that S. aureus formed markedly more bioƱlm biomass in MHB medium than the tested 577 

probiotic strains.  578 

 579 



 

27 

 

To further investigate the bioƱlm-forming ability of the probiotics under dynamic conditions, 580 

a Ʋow-through microƲuidic chamber model on PDMS surface was used, with S. aureus 581 

serving as a bioƱlm-forming control. Bacterial cells resuspended in DMEM/F12+GLU pH 5.5 582 

medium with OD₆₀₀ 0.1 were injected into the microƲuidic chip. Both tested probiotic strains 583 

exhibited similar surface adhesion; however, the adhesion was minimal and randomly 584 

distributed compared to S. aureus. Pathogenic S. aureus bacteria adhered to the PDMS 585 

surface faster than the probiotics (Fig. 3e), suggesting it forms bioƱlms more rapidly, as 586 

adhesion is the initial step in bioƱlm formation. 587 

 588 

Determination and quantiƱcation of the produced and consumed 589 

metabolites  590 

To investigate how the growth environment aƯects substrate utilization and metabolic 591 

activity, glucose, acetate, and lactate concentrations were measured in MRS and DMEM/F12 592 

+ GLU pH 5.5 media. Quantitative NMR analysis showed that both substrate consumption 593 

and metabolite production were dependent on the growth medium and the LAB strain (Figs. 594 

4a, b and c). In MRS, glucose concentrations decreased after cultivation with LAB strains 595 

compared to the sterile medium, indicating active carbohydrate utilization. By contrast, 596 

glucose concentrations remained relatively high in DMEM/F12 +GLU pH 5.5, suggesting 597 

considerably lower glucose utilization under these conditions (Fig. 4a). Acetate 598 

concentrations were also higher in MRS samples than in DMEM/F12 +GLU pH 5.5. The 599 

consumption of acetate by L. plantarum was higher than for L. rhamnosus (Fig. 4b).  600 

 601 
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Fig. 4 Quantitative analysis of substrates and metabolites in diƯerent growth media 603 

with and without lactic acid bacteria (LAB) strains. NMR results revealed a. the 604 

concentration of glucose and b. acetate and c. lactate in diƯerent growth media with or 605 

without LAB strains. d. Results of spectrophotometric quantiƱcation assay demonstrating 606 

the concentration of lactic acid in diƯerent growth media after incubation of LAB strains. 607 

Experiments were performed in three biological replicates (N=3). For clarity, statistical 608 

comparisons are reported separately in Supplementary Table S3 609 

 610 

Glucose consumption from the media reƲected the lactate production patterns. Lactate 611 

was detected at the highest concentrations in samples grown in MRS medium under aerobic 612 

conditions for both L. plantarum and L. rhamnosus – 181.08 ± 22.20 mM and 196.64 ± 10.02 613 

mM, respectively. Under anaerobic conditions, the concentration of produced lactate was 614 

only slightly lower – 178.56 ± 61.24 mM for L. plantarum and 186.21± 33.13 mM for L. 615 

rhamnosus. In contrast, only low amounts of lactate were detected in DMEM/F12 +GLU pH 616 

5.5 – 17.13 ± 2.57 mM for L. plantarum and 15.23 ± 4.12 mM for L. rhamnosus (Fig. 4c). 617 

Using a spectrophotometric quantiƱcation method, it was established that both LAB 618 

produce lactic acid in diƯerent growth media. Supporting the NMR results, the lactic acid 619 

concentration was the highest in MRS medium under aerobic conditions for both L. 620 

plantarum and L. rhamnosus – 112.79 ± 73.70 mM and 80.60 ± 16.43 mM, respectively (Fig. 621 

4d). Under anaerobic conditions, the concentrations were slightly lower. The lowest 622 

concentrations were detected in DMEM/F12+GLU pH 5.5 medium – 3.17 ± 1.72 mM for L. 623 

plantarum and 3.84 ± 3.23 mM for L. rhamnosus. It was conƱrmed that HT LAB samples did 624 

not contain any lactic acid. 625 

 626 

Antimicrobial activity of probiotics in agar overlay assay  627 

The eƯect of the LAB pre-growth environment on antimicrobial activity was evaluated using 628 

an agar overlay assay against wound-associated pathogens (Escherichia coli DSM 1103, 629 

Staphylococcus aureus DSM 2569, Pseudomonas aeruginosa DSM 1117 and PAO1, and 630 

Staphylococcus epidermidis DSM 28319; Fig. S2). Neither oxygen availability during pre-631 

incubation nor pre-incubation temperature (30–37 °C) signiƱcantly aƯected antimicrobial 632 
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activity against E. coli or S. aureus (Figs. 5a–d), demonstrating that the antimicrobial eƯicacy 633 

of both probiotic strains remained stable under the tested conditions. Longer incubation 634 

increased inhibition zone size (Fig. S3), and both strains inhibited multiple wound-635 

associated pathogens (Fig. S4). HT controls showed no antimicrobial activity (Fig. S5), 636 

conƱrming that inhibition depends on viable, metabolically active cells. Addition of the 637 

prebiotic inulin to the base agar did not enhance antimicrobial activity (Fig. S6). 638 

LAB typically exhibits optimal growth within a pH range of 5.5 - 6.5 [25, 44–47]. To evaluate 639 

the impact of environmental pH, LAB were pre-cultured on base agars adjusted to pH values 640 

of 5.5, 6.0, 6.5, 7.0 and 7.5. Lower pH conditions signiƱcantly enhanced antimicrobial 641 

activity, as evidenced by larger inhibition zones (Figs. 5e and f). The strongest inhibitory 642 

eƯects were observed at pH 5.5 against E. coli, S. aureus, and P. aeruginosa, whereas 643 

increasing the pH to 7.5 resulted in a signiƱcant reduction in inhibition zone size. The 644 

diƯerences observed were statistically signiƱcant.  645 
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 646 
 647 

Fig. 5 EƯect of pre-incubation and environmental conditions on the antimicrobial 648 

activity of probiotic strains grown on MRS base agar. EƯect of aerobic and anaerobic pre-649 

incubation on the antimicrobial activity of a. L. plantarum Fibro 1 (LP) and b. L. rhamnosus 650 
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Fibro 2 (LR) against E. coli DSM 1103 and S. aureus DSM 2569 at 37°C. No statistically 651 

signiƱcant diƯerences in inhibition zone diameter were observed between aerobic and 652 

anaerobic conditions. EƯects of pre-incubation temperature on the antimicrobial activity of 653 

c. LP and d. LR against E. coli DSM 1103 and S. aureus DSM 2569 at aerobic conditions. 654 

EƯects of MRS base agar pH on antimicrobial activity of e. LP and f. LR against E. coli DSM 655 

1103, S. aureus DSM 2569, and P. aeruginosa DSM 1117 at 37°C under aerobic conditions. 656 

Antimicrobial activity increased with decreasing pH. Key: AE – aerobic environment, AN – 657 

anaerobic environment. Data are presented as mean ± SD of biological replicates (N ≥ 3). 658 

Statistical signiƱcance was assessed using two-way ANOVA, followed by Bonferroni 659 

corrections. P values for statistically signiƱcant diƯerences are indicated above the 660 

brackets. 661 

 662 

To determine the mechanisms underlying the observed antimicrobial eƯect – speciƱcally 663 

whether it resulted from acid production by LAB rather than another mechanism of action – 664 

HEPES buƯer (100 mM, pH 7.5) was added to the soft agar [48]. In addition, the pH of the 665 

base agar was varied to identify optimal conditions to produce antimicrobial compounds. 666 

The addition of HEPES reduced the antimicrobial activity, supporting the conclusion that at 667 

least part of the observed eƯect was attributable to acidiƱcation (Fig. 6a). 668 
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 669 

Fig. 6 a. Comparison of antimicrobial activity of L. plantarum Fibro 1 (LP) and L. rhamnosus 670 

Fibro 2 (LR) at 37°C with and without HEPES buƯer (pH 7.5), aerobically. Results conƱrm the 671 

partial dependence of antimicrobial activity on acid production. b. Relationship between the 672 

antimicrobial activity against E. coli DSM 1103 (diameter of inhibition zone, mm) and the 673 

environmental pH (diameter of yellow color zone, mm). Blue dots represent LP and orange 674 

dots represent LR. Dotted lines indicate linear regression Ʊts. Stronger correlation was 675 

observed for LR (R² = 0.9338) compared to LP (R² = 0.7652). c. Top agar with pathogenic 676 

bacteria, without the pH indicator (for inhibition zone measurements). d. Top agar without 677 

pathogenic bacteria, with the pH indicator (for pH change zone measurements). Key: HEPES 678 

- HEPES buƯer in the top agar, red line - inhibition zone size (diameter, mm). Data are 679 
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presented as mean ± SD of three biological replicates (N = 3). Statistical signiƱcance was 680 

assessed using two-way ANOVA, followed by Bonferroni corrections. P values for statistically 681 

signiƱcant diƯerences are indicated above the brackets 682 

 683 

Initially, HEPES buƯer was applied to limit pH changes. However, inhibition zones were still 684 

observed, indicating that buƯering was insuƯicient to fully prevent acidiƱcation (Fig. S7). To 685 

achieve stronger pH control, Tris buƯer at diƯerent concentrations was used for further 686 

experiments. To better understand the impact of environmental pH on probiotic 687 

antimicrobial activity, the top agar was supplemented with varying concentrations of Tris 688 

buƯer (100 mM, 200 mM and 300 mM, pH 7.5, pH 8.0 and pH 8.8). A pH indicator was used 689 

to visualize pH changes, indicated by the diameter of the yellow zone. These were then 690 

compared with the inhibition zones formed in identical buƯer conditions but inoculated with 691 

probiotics and pathogenic bacteria (E. coli DSM 1103) (Table S1). The incubation took place 692 

at 37°C for 24 h aerobically. As shown in Fig. 6b, a clear correlation was observed between 693 

the diameter of the yellow zone (indicative of acidiƱcation) and the diameter of the inhibition 694 

zone. L. rhamnosus Fibro 2 exhibited a strong linear relationship R² = 0.9338, suggesting that 695 

acid production plays a relevant role in its antimicrobial mechanism. L. plantarum Fibro 1 696 

also demonstrated a positive correlation, although the data had more variation showing R² = 697 

0.7641. These results support the statement that the antimicrobial eƯectiveness of LAB 698 

strains is closely linked to their ability to acidify the environment. This acidiƱcation appears 699 

to enhance their inhibitory impact on pathogenic bacteria, indicating the importance of 700 

environmental pH in LAB-pathogen interactions. 701 

 702 

AntibioƱlm activity of probiotics in in vitro bioƱlm assay  703 

The antimicrobial activity of LAB against planktonic pathogens was initially evaluated (Fig. 704 

S8). Although LAB strains inhibited planktonic growth under certain conditions, the main 705 

objective of this study was to determine their antibioƱlm eƯicacy, including inhibition of 706 

bioƱlm formation and treatment of mature bioƱlms. AntibioƱlm activity of LAB strains was 707 

evaluated in two in vitro bioƱlm experiments using DMEM/F12+GLU (pH 5.5), which 708 
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prevented degradation of the Gel-Glu matrix by P. aeruginosa PAO1 (Fig. S9). First, the ability 709 

of probiotics to prevent the formation of P. aeruginosa PAO1 and S. aureus bioƱlms was 710 

assessed. The formation of P. aeruginosa bioƱlm was inhibited very eƯectively, resulting in 711 

approximately 5 log10 reduction in the presence of LAB (p < 0.0001) (Fig. 7a). Both LAB strains 712 

also signiƱcantly inhibited the bioƱlm development of S. aureus, resulting in a 2.5 log10 713 

reduction compared with the control (p < 0.0004) (Fig. 7a). Next, the treatment eƯect of 714 

probiotics on pre-grown bioƱlm was examined. In a smaller volume of DMEM/F12+GLU pH 715 

5.5 medium (250 µL) the number of pre-grown P. aeruginosa bioƱlm bacteria decreased by 716 

1.5 log10 and 2 log10 in the presence of L. plantarum and L. rhamnosus, respectively (p < 0.02). 717 

The treatment of mature bioƱlm of S. aureus with LAB led to 1.5 log10  reduction, which was 718 

also statistically signiƱcant (p < 0.0009) (Fig. 7b). At the same time, the treatment of the 719 

mature bioƱlm in the larger volume of liquid media (500 µL) did not show any signiƱcant 720 

changes in the number of bioƱlm bacteria (Fig. S10). 721 
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 722 

Fig. 7 a. The antibioƱlm activity of probiotics in DMEM/F12+GLU pH 5.5 medium against the 723 

bioƱlm formation and b. mature bioƱlm of P. aeruginosa PAO1 and S. aureus DSM 2569. Data 724 

are presented as mean ± SD of three biological replicates (N = 3). P values for statistically 725 

signiƱcant diƯerences are indicated above the brackets. Key: HT - heat treated, LP - L. 726 

plantarum Fibro 1, LR - L. rhamnosus Fibro 2, PA - P. aeruginosa PAO1, SA - S. aureus DSM 727 

2569. 2.3 log₁₀ is the LOD 728 

 729 

AntibioƱlm activity of probiotics in PDMS droplet bioƱlm assay 730 

Similarly to the in vitro bioƱlm assay, two sets of experiments were conducted in PDMS 731 

droplet bioƱlm assay. It was seen in bioƱlm inhibition experiments that the co-cultivation of 732 

pathogenic bacteria with probiotics resulted in a signiƱcant reduction of S. aureus biomass 733 

in MHB (Fig. 8a). L. rhamnosus had stronger antimicrobial activity against S. aureus with 734 

decrease in 1.5 log10 CFU, at the same time L. plantarum resulted only in 1 log10 CFU 735 

decrease (Fig. 8A). The inhibitory eƯect of probiotics was lost in DMEM/F12+GLU pH 5.5 736 
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medium, there were no statistically signiƱcant diƯerences between incubation of S. aureus 737 

alone or with probiotics (Fig. 8b).  738 

The treatment of mature S. aureus bioƱlm by probiotics on PDMS surface was conducted in 739 

MHB. There was a slight trend towards CFU reduction, but results between diƯerent samples 740 

do not show any signiƱcant diƯerences (Fig. 8c). In DMEM/F12+GLU pH 5.5 medium there 741 

were no statistically signiƱcant diƯerences between treated and untreated samples (Fig. 8d).  742 

 743 

 744 

Fig. 8 BioƱlm inhibition and treatment of probiotics in the PDMS droplet bioƱlm assay 745 

after 24 h in MHB and DMEM/F12+GLU pH 5.5 media. The bioƱlm inhibition of S. aureus by 746 

LAB in a. MHB and b. DMEM/F12+GLU pH 5.5. The antibioƱlm activity against mature S. 747 

aureus DSM2569 bioƱlm in c. MHB and d. DMEM/F12+GLU pH 5.5 media. Data are 748 

presented as mean ± SD of biological replicates (N = 3). P values for statistically signiƱcant 749 

diƯerences are indicated above the brackets. 2.3 log₁₀ is the LOD. Key: LP - L. plantarum Fibro 750 

1, LR - L. rhamnosus Fibro 2, SA - S. aureus DSM 2569 751 

 752 
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As with the bioƱlm formation assay in the PDMS droplet bioƱlm model, CV staining was also 753 

employed to evaluate bioƱlm inhibition and treatment eƯicacy. However, the results 754 

exhibited considerable variability between biological replicates, and no statistically 755 

signiƱcant diƯerences were observed between the probiotic strains and S. aureus with 756 

respect to bioƱlm inhibition or treatment outcomes (Fig. S1). 757 

 758 

Electrospun probiotic-incorporated Ʊber mat antimicrobial and 759 

antibioƱlm activity in vitro  760 

Fiber-incorporated LAB were able to consume substrates from the environment and produce 761 

metabolites. The NMR quantiƱcation assay revealed that both Ʊber-incorporated LAB strains 762 

were able to consume glucose in MRS medium, which indicates active carbohydrate 763 

utilization (Fig. 9a). The acetate consumption was higher by the L. rhamnosus, than by L. 764 

plantarum in MRS medium under both conditions (Fig. 9b). The NMR quantiƱcation assay 765 

revealed that Ʊber-incorporated probiotics were also able to produce and release lactate 766 

into the surrounding environment. The concentration of lactate in samples containing Ʊber 767 

mats was lower (Fig. 9c) compared to the samples with free (planktonic) bacteria (Fig. 4c). 768 

The experimental setup was designed to provide comparable numbers of viable probiotics 769 

in the free-probiotic and probiotic-incorporated Ʊber mat samples (approximately 10 6 CFU). 770 

However, variability in viable cell numbers was observed in the Ʊber mat samples, likely due 771 

to the heterogeneous distribution of probiotics within the Ʊber mats. In MRS medium, Ʊber-772 

incorporated L. plantarum produced lower amounts of lactate under anaerobic conditions 773 

compared with Ʊber-incorporated L. rhamnosus, reaching 23.34 mM and 74.79 mM, 774 

respectively. Under aerobic conditions, the diƯerence between LAB strains was reduced 775 

with lactate concentrations of 7.72 mM and 18.39 mM, respectively. In the DMEM/F12 +GLU 776 

pH 5.5 medium, lactate production remained low despite the availability of glucose.  777 

The spectrophotometric quantiƱcation assay showed similar trend to NMR analysis 778 

conƱrming speciƱcally lactic acid production by Ʊber-incorporated LAB strains (Fig. 9d). 779 

Lactic acid concentrations were 32.79 ± 29.53 mM and 26.91 ± 26.73 mM under aerobic 780 
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conditions and 15.30 ± 19.82 mM and 53.29 ± 19.66 mM under anaerobic conditions, for L. 781 

plantarum and L. rhamnosus, respectively. In DMEM/F12+GLU pH 5.5 medium, no 782 

signiƱcant diƯerence was detected between LAB samples, the values were 3.36 ± 1.30 mM 783 

and 3.84 ± 3.23 mM, respectively. 784 
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 785 
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Fig. 9 Quantitative analysis of metabolites in diƯerent growth media with and without 786 

lactic acid bacteria (LAB)-incorporated Ʊber mats. Results of NMR reveal: a. the 787 

concentration of glucose and b. acetate and c. lactate in diƯerent growth media with or 788 

without LAB-incorporated Ʊbers. d. Results of spectrophotometric quantiƱcation assay 789 

demonstrating the concentration of lactic acid in diƯerent growth media after incubation of 790 

LAB-incorporated Ʊbers. Data are presented as mean ± SD of three biological replicates (N 791 

= 3). For clarity, statistical comparisons are reported separately in Supplementary Table S4. 792 

Key: AE- aerobic; AN- anaerobic; DMEM/F12 - Dulbecco's ModiƱed Eagle Medium and Ham's 793 

F-12 Nutrient Mixture; GLU- glucose; MRS - De Man–Rogosa–Sharpe broth 794 

 795 

LAB-incorporated Ʊber mats were used to evaluate the ability of incorporated probiotics to 796 

inhibit the growth of pathogenic bacteria. The results indicate that the Ʊber mats containing 797 

L. rhamnosus had greater antimicrobial activity compared to those containing L. plantarum 798 

(Fig. 10a). However, the variability of the results was observed, which may be attributed to 799 

the inhomogeneous distribution of probiotics within the Ʊber mats which should be 800 

considered when developing LAB incorporated Ʊber mats.  801 

 802 

LAB-incorporated Ʊber mats were used in bioƱlm inhibition and treatment models similarly 803 

as free probiotics to investigate the inƲuence of incorporation process on the antimicrobial 804 

activity. Results showed that LAB retain their antimicrobial and antibioƱlm activity in the 805 

Ʊbers against P. aeruginosa PAO1 (Fig. 10b). 806 
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 807 

Fig. 10 a. Antimicrobial activity of LAB-incorporated Ʊber mats in agar overlay assay against 808 

diƯerent pathogens. b. AntibioƱlm activity of LAB-incorporated Ʊber mats against P. 809 

aeruginosa PAO1 in DMEM/F12+GLU pH 5.5 medium. P values for statistically signiƱcant 810 

diƯerences are indicated above the brackets. Key: BL – pristine Ʊber mat, LP – L. plantarum 811 

Fibro 1, LR – L. rhamnosus Fibro 2. Data are presented as mean ± SD of biological replicates 812 

(N ≥ 3). 2.3 log₁₀ is the LOD 813 

 814 

Discussion 815 

The results of this study indicate that the planktonic L. plantarum and L. rhamnosus exhibit 816 

antimicrobial activity against a broad spectrum of wound-associated pathogens. However, 817 

this activity is strongly dependent on the surrounding environment, particularly nutrient 818 

composition and pH (Figs. 2 and 5, and S4). Among the media tested, MRS agar supports the 819 

highest antimicrobial activity, whereas M17 agar supports bacterial growth without 820 

detectable inhibition and Mueller-Hinton agar (MHA) does support LAB growth. These 821 

Ʊndings highlight the importance of optimizing environmental conditions to maximize the 822 

therapeutic potential of probiotic wound treatments.  823 
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One of the principal Ʊndings of this study is that environmental pH strongly inƲuences the 824 

antimicrobial activity of both probiotic strains (Figs. 5e and 5f). Antimicrobial eƯicacy 825 

increases with decreasing pH, while buƯering reduces the antimicrobial activity of 826 

probiotics, resulting in increased pathogen growth (Fig. 6). These Ʊndings suggest that 827 

environmental acidiƱcation is an important contributor to probiotic-mediated pathogen 828 

inhibition and that local wound pH may critically inƲuence probiotic performance. This 829 

interpretation is supported by previous studies demonstrating that acidic conditions can 830 

directly restrict the growth of wound-associated pathogens, including S. aureus, E. coli, and 831 

P. aeruginosa, even in the absence of probiotics [49–52]. Furthermore, the antimicrobial 832 

activity of L. plantarum against wound-associated pathogens is strongly inƲuenced by 833 

organic acid production and environmental acidiƱcation [18]. However, the contribution of 834 

other probiotic-derived antimicrobial compounds and pH-dependent mechanisms cannot 835 

be excluded.  836 

NMR analysis and spectrophotometric measurements conƱrmed active glucose 837 

consumption accompanied by lactate production by both free LAB and LAB-incorporated 838 

Ʊber mats (Figs. 4 and 9). The production of the lactate depends on both – the bacterial strain 839 

and cultivation medium. L. plantarum and L. rhamnosus exhibited distinct antimicrobial and 840 

antibioƱlm activities depending on the experimental conditions (Figs. 6b, 7a and 10b), 841 

despite producing comparable amounts of organic acids (Fig. 4). Neither strain consistently 842 

outperformed the other, suggesting that their antimicrobial functionality is both strain- and 843 

environment-dependent and that diƯerent conditions may favor the activity of one strain 844 

over the other. This suggests that additional antimicrobial mechanisms, including 845 

bacteriocins or other bioactive metabolites, contribute to the enhanced activity of L. 846 

plantarum [18, 24]. 847 

Besides pH, other environmental factors were investigated to determine whether they 848 

inƲuence probiotic antimicrobial activity. Supplementation with prebiotic inulin does not 849 

enhance antimicrobial activity (Fig. S6), despite previous reports suggesting increased 850 

production of lactic acid and bacteriocins in some LAB strains [53]. Chronic wounds are 851 

often associated with reduced oxygen availability [54] and alkaline microenvironments [16, 852 
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54–56], which both favor the growth of anaerobic pathogenic bacteria [57]. Furthermore, the 853 

temperature of chronic wounds is dynamic and depends on both the stage of healing and 854 

the presence of infection [58]. In this study, neither oxygen availability during pre-incubation 855 

nor pre-incubation temperature (30–37°C) signiƱcantly altered antimicrobial activity (Fig.  5). 856 

These Ʊndings indicate that, under the tested conditions, environmental pH is the dominant 857 

determinant of probiotic antimicrobial eƯicacy, whereas oxygen availability, temperature, 858 

and inulin have comparatively minor eƯects. The observed stability across physiologically 859 

relevant wound temperatures is encouraging for topical wound applications, where wound-860 

bed temperature varies depending on wound type and healing stages [55]. 861 

Retention of probiotics within the wound is considered important for sustained production 862 

of antimicrobial metabolites and prolonged protection against pathogen colonization. 863 

Therefore, the intrinsic bioƱlm-forming capacity of the LAB strains was investigated. 864 

Compared with S. aureus, both probiotic strains form signiƱcantly less bioƱlm on PDMS 865 

surfaces (Fig. 3), indicating a limited natural capacity to establish dense surface-associated 866 

communities. Medium composition inƲuences bacterial attachment, with visible 867 

aggregation observed in Mueller–Hinton broth and more uniform monolayer-like surface 868 

coverage in DMEM/F12+GLU (pH 5.5). Similar observations were obtained using a 869 

microƲuidic model that better mimics Ʋuid movement and nutrient exchange in chronic 870 

wounds. Under continuous Ʋow, LAB again exhibits substantially lower bioƱlm formation 871 

than S. aureus, conƱrming that prolonged colonization of wound surfaces is unlikely to occur 872 

through natural bioƱlm formation alone. 873 

To better simulate wound conditions, bioƱlm inhibition studies were performed using 874 

DMEM/F12+GLU (pH 5.5), a medium selected to maintain the integrity of the Gel-Glu matrix 875 

while supporting probiotic viability. The medium was supplemented with glucose, as 876 

glucose is the main substrate for lactic acid production by LAB [59]. Although this model 877 

does not fully replicate the complexity of the wound environment, it provides a more 878 

physiologically relevant system than conventional bacterial growth media. Under these 879 

conditions, probiotics eƯectively inhibit bioƱlm formation by S. aureus and P. aeruginosa 880 

PAO1, whereas inhibition of pre-established bioƱlms is less pronounced (Fig. 7). These 881 
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Ʊndings suggest that probiotic therapy may be particularly eƯective as a preventive strategy 882 

against bioƱlm formation, while still providing some therapeutic beneƱt against mature 883 

bioƱlms. Glucose supplementation proved essential for probiotic activity, as P. aeruginosa 884 

degraded the Gel-Glu matrix in glucose-deƱcient conditions (Fig. S10), emphasizing the 885 

importance of nutrient availability for sustained probiotic metabolism. BioƱlm inhibition 886 

assays performed on PDMS further demonstrated that LAB retains inhibitory activity (Fig. 8). 887 

However, this eƯect is medium-dependent, as bioƱlm inhibition was observed in MHB but 888 

not in DMEM/F12+GLU pH 5.5 medium, indicating that nutrient composition and 889 

environmental conditions strongly inƲuence probiotic-pathogen interactions on surfaces. 890 

The limited bioƱlm-forming ability of LAB highlights one of the major advantages of 891 

electrospun probiotic-incorporated wound dressings. Rather than relying on natural 892 

bacterial colonization, Ʊber mats prepared by microchip electrospinning physically retain 893 

viable probiotics within the wound, enabling prolonged production of antimicrobial 894 

metabolites directly at the wound site. Fiber-incorporated probiotics retain antimicrobial 895 

activity comparable to free bacterial cultures (Fig. 10), demonstrating that the 896 

electrospinning process preserves bacterial viability and functionality. Lower lactate 897 

concentrations were measured in samples containing probiotic-incorporated Ʊber mats 898 

than in those containing free probiotics (Fig. 9). However, as the preparations were not 899 

normalized to viable bacterial numbers and bacterial distribution within the Ʊber mats was 900 

heterogeneous, this diƯerence cannot be attributed to reduced probiotic metabolic activity 901 

following incorporation. Importantly, the probiotic-incorporated Ʊber mats retained their 902 

ability to inhibit pathogen bioƱlm formation. These Ʊndings demonstrate that 903 

electrospinning eƯectively overcomes one of the main limitations of free probiotic therapy—904 

poor long-term retention at the wound site—while maintaining antimicrobial functionality. 905 

Overall, this study demonstrates that environmental conditions, especially 906 

microenvironment conditions surrounding probiotics, strongly inƲuence the antimicrobial 907 

performance of probiotic wound therapies, with acidic conditions representing the primary 908 

determinant of eƯicacy. While the intrinsic bioƱlm-forming capacity of LAB is limited, 909 

electrospun Ʊber mats compensate for this limitation by retaining viable probiotics at the 910 
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wound site and sustaining their antimicrobial activity. These Ʊndings support electrospun 911 

probiotic-incorporated wound dressings as a promising strategy for localized infection 912 

management and provide a strong foundation for future in vivo studies and clinical 913 

translation. 914 

 915 

Conclusions 916 

This study demonstrates that probiotics L. plantarum Fibro 1 and L. rhamnosus Fibro 2 917 

exhibit antimicrobial activity against broad range of wound-associated pathogens, which 918 

eƯicacy is strongly inƲuenced by environmental conditions. Among the tested factors, acidic 919 

pH was the key determinant of antimicrobial activity, primarily through enhanced organic 920 

acid production. Both LAB strains inhibited pathogenic bacteria bioƱlm formation and 921 

retained antibioƱlm activity after incorporation into the Ʊber mats. Further studies are 922 

needed to optimize the formulation and evaluate utilization in more clinically relevant 923 

models. 924 
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Figure legends 1160 

Fig. 1 a. The confocal laser scanning microscope (CLSM) and b. scanning electron 1161 

microscope (SEM) micrographs of heat-treated, HT (control samples), non-treated 1162 

planktonic LAB strains (L. plantarum Fibro 1, L. rhamnosus Fibro 2) pre-grown in MRS for 24 1163 

h at 37°C. For SEM imaging the samples were taken up in distilled water. c. LAB-incorporated 1164 

(L. plantarum Fibro 1, L. rhamnosus Fibro 2) Ʊber mats. Key: orange scale bar is 5 µm and 1165 

purple scale bar is 2 µm 1166 

 1167 

Fig. 2 Growth curves of lactic acid bacteria (LAB) in diƯerent growth media – a. L. 1168 

plantarum Fibro 1 and b. L. rhamnosus Fibro 2 in bacterial growth media, c. L. plantarum 1169 

Fibro 1 and d. L. rhamnosus Fibro 2 in cell culture media - with various modiƱcations. 1170 

Samples were incubated at 37°C for 24 h. Optical density at 600 nm (OD600) was measured 1171 

hourly. Experiments were performed in three biological replicates (N=3); the mean values 1172 

were calculated. Key: GLU – glucose, dashed line – pH-adjusted medium (pH 5.5), solid line 1173 

– unadjusted medium 1174 

 1175 

Fig. 3 a. SEM micrograph of the PDMS disk surface. b. CLSM micrographs of adhered LAB 1176 

strains and S. aureus on PDMS disk surfaces under static conditions in DMEM/F12+GLU pH 1177 

5.5 medium, stained with SYTO 9. The concentration of LAB and S. aureus adhered to the 1178 

PDMS disks in c. MHB (N=3). and d. DMEM/F12+GLU pH 5.5 media (N=3) under static 1179 

conditions after 24 h. e. The adhesion of bacteria in DMEM/F12+GLU pH 5.5 medium in Ʋow-1180 

through system at 0, 2 and 4 h. Square inside the dashed lines: zoomed-in view of the 1181 

microscope micrograph at the 4 h time point. Key: LP – L. plantarum Fibro 1, LR – L. 1182 

rhamnosus Fibro 2, SA – S. aureus DSM2569. P values for statistically signiƱcant diƯerences 1183 

are indicated above the brackets. Orange scale bar – 2 µm, white scale bar – 100 µm; size of 1184 

the zoomed-in images 100 µm x 100 µm 1185 

 1186 

Fig. 4 Quantitative analysis of substrates and metabolites in diƯerent growth media 1187 

with and without lactic acid bacteria (LAB) strains. NMR results revealed a. the 1188 

concentration of glucose and b. acetate and c. lactate in diƯerent growth media with or 1189 

without LAB strains. d. Results of spectrophotometric quantiƱcation assay demonstrating 1190 

the concentration of lactic acid in diƯerent growth media after incubation of LAB strains. 1191 

Experiments were performed in three biological replicates (N=3). For clarity, statistical 1192 

comparisons are reported separately in Supplementary Table S3 1193 

 1194 

Fig. 5 EƯect of pre-incubation and environmental conditions on the antimicrobial 1195 

activity of probiotic strains grown on MRS base agar. EƯect of aerobic and anaerobic pre-1196 
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incubation on the antimicrobial activity of a. L. plantarum Fibro 1 (LP) and b. L. rhamnosus 1197 

Fibro 2 (LR) against E. coli DSM 1103 and S. aureus DSM 2569 at 37°C. No statistically 1198 

signiƱcant diƯerences in inhibition zone diameter were observed between aerobic and 1199 

anaerobic conditions. EƯects of pre-incubation temperature on the antimicrobial activity of 1200 

c. LP and d. LR against E. coli DSM 1103 and S. aureus DSM 2569 at aerobic conditions. 1201 

EƯects of MRS base agar pH on antimicrobial activity of e. LP and f. LR against E. coli DSM 1202 

1103, S. aureus DSM 2569, and P. aeruginosa DSM 1117 at 37°C under aerobic conditions. 1203 

Antimicrobial activity increased with decreasing pH. Key: AE – aerobic environment, AN – 1204 

anaerobic environment. Data are presented as mean ± SD of biological replicates (N ≥ 3). 1205 

Statistical signiƱcance was assessed using two-way ANOVA, followed by Bonferroni 1206 

corrections. P values for statistically signiƱcant diƯerences are indicated above the 1207 

brackets. 1208 

 1209 

 1210 

Fig. 6 a. Comparison of antimicrobial activity of L. plantarum Fibro 1 (LP) and L. rhamnosus 1211 

Fibro 2 (LR) at 37°C with and without HEPES buƯer (pH 7.5), aerobically. Results conƱrm the 1212 

partial dependence of antimicrobial activity on acid production. b. Relationship between the 1213 

antimicrobial activity against E. coli DSM 1103 (diameter of inhibition zone, mm) and the 1214 

environmental pH (diameter of yellow color zone, mm). Blue dots represent LP and orange 1215 

dots represent LR. Dotted lines indicate linear regression Ʊts. Stronger correlation was 1216 

observed for LR (R² = 0.9338) compared to LP (R² = 0.7652). c. Top agar with pathogenic 1217 

bacteria, without the pH indicator (for inhibition zone measurements). d. Top agar without 1218 

pathogenic bacteria, with the pH indicator (for pH change zone measurements). Key: HEPES 1219 

- HEPES buƯer in the top agar, red line - inhibition zone size (diameter, mm). Data are 1220 

presented as mean ± SD of three biological replicates (N = 3). Statistical signiƱcance was 1221 

assessed using two-way ANOVA, followed by Bonferroni corrections. P values for statistically 1222 

signiƱcant diƯerences are indicated above the brackets. 1223 

 1224 

Fig. 7 a. The antibioƱlm activity of probiotics in DMEM/F12+GLU pH 5.5 medium against the 1225 

bioƱlm formation and b. mature bioƱlm of P. aeruginosa PAO1 and S. aureus DSM 2569. Data 1226 

are presented as mean ± SD of three biological replicates (N = 3). P values for statistically 1227 

signiƱcant diƯerences are indicated above the brackets. Key: HT - heat treated, LP - L. 1228 

plantarum Fibro 1, LR - L. rhamnosus Fibro 2, PA - P. aeruginosa PAO1, SA - S. aureus DSM 1229 

2569. 2.3 log₁₀ is the LOD 1230 

 1231 

Fig. 8 BioƱlm inhibition and treatment of probiotics in the PDMS droplet bioƱlm assay 1232 

after 24 h in MHB and DMEM/F12+GLU pH 5.5 media. The bioƱlm inhibition of S. aureus by 1233 

LAB in a. MHB and b. DMEM/F12+GLU pH 5.5. The antibioƱlm activity against mature S. 1234 

aureus DSM2569 bioƱlm in c. MHB and d. DMEM/F12+GLU pH 5.5 media. Data are 1235 

presented as mean ± SD of biological replicates (N = 3). P values for statistically signiƱcant 1236 
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diƯerences are indicated above the brackets. 2.3 log₁₀ is the LOD. Key: LP - L. plantarum Fibro 1237 

1, LR - L. rhamnosus Fibro 2, SA - S. aureus DSM 2569 1238 

 1239 

Fig. 9 Quantitative analysis of metabolites in diƯerent growth media with and without 1240 

lactic acid bacteria (LAB)-incorporated Ʊber mats. Results of NMR reveal: a. the 1241 

concentration of glucose and b. acetate and c. lactate in diƯerent growth media with or 1242 

without LAB-incorporated Ʊbers. d. Results of spectrophotometric quantiƱcation assay 1243 

demonstrating the concentration of lactic acid in diƯerent growth media after incubation of 1244 

LAB-incorporated Ʊbers. Data are presented as mean ± SD of three biological replicates (N 1245 

= 3). For clarity, statistical comparisons are reported separately in Supplementary Table S4. 1246 

Key: AE- aerobic; AN- anaerobic; DMEM/F12 - Dulbecco's ModiƱed Eagle Medium and Ham's 1247 

F-12 Nutrient Mixture; GLU- glucose; MRS - De Man–Rogosa–Sharpe broth 1248 

 1249 

Fig. 10 a. Antimicrobial activity of LAB-incorporated Ʊber mats in agar overlay assay against 1250 

diƯerent pathogens. b. AntibioƱlm activity of LAB-incorporated Ʊber mats against P. 1251 

aeruginosa PAO1 in DMEM/F12+GLU pH 5.5 medium. P values for statistically signiƱcant 1252 

diƯerences are indicated above the brackets. Key: BL – pristine Ʊber mat, LP – L. plantarum 1253 

Fibro 1, LR – L. rhamnosus Fibro 2. Data are presented as mean ± SD of biological replicates 1254 

(N ≥ 3). 2.3 log₁₀ is the LOD 1255 

 1256 

 1257 
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