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Abstract

The development of multifunctional topical antiseptic formulations incorporating microbial-
derived bioactive compounds represents a promising strategy for improving antimicrobial 
and antibiofilm performance. This study aimed to develop and comparatively evaluate 
chitosan- and Carbopol®  940-based antiseptic polymeric gels containing a Lactiplantibacillus 
plantarum-derived postbiotic. The postbiotic preparation was obtained through fermenta-
tion, cell removal, membrane filtration, and lyophilization and subsequently incorporated 
into polymeric gel formulations. The developed systems were characterized in terms of 
physicochemical and rheological properties, antimicrobial activity using agar well diffusion 
and minimum inhibitory concentration (MIC) assays, inhibitory effects on biofilm formation 
against Staphylococcus aureus and Pseudomonas aeruginosa, and antioxidant activity using the 
DPPH radical scavenging assay. Both formulations exhibited homogeneous appearances 
and shear-thinning behavior, supporting their potential suitability for topical application. 
The chitosan-based postbiotic formulation generally demonstrated superior antimicrobial 
performance, producing inhibition zones of up to 22.4 mm and achieving a two-fold reduc-
tion in MIC values compared with the non-formulated postbiotic. Concentration-dependent 
antibiofilm activity was observed, with the chitosan-based formulation achieving maximum 
biofilm inhibition of 62.5% against S. aureus and 59.3% against P. aeruginosa. Antioxidant 
evaluation further demonstrated enhanced radical scavenging activity following postbiotic 
incorporation, with the chitosan-based formulation reaching 72.0% DPPH inhibition and 
exhibiting the most favorable IC50  among the postbiotic-containing systems. The findings 
highlight the influence of polymeric matrix composition on the biological performance 
of postbiotic-containing polymeric gels and identify chitosan as a promising carrier for 
multifunctional topical antiseptic formulations. Further standardized antiseptic efficacy 
and safety studies are required to establish their practical applicability.

Keywords: Lactiplantibacillus plantarum; postbiotic; chitosan; Carbopol; antiseptic polymeric 
gel; antimicrobial activity; antibiofilm activity; antioxidant activity

1. Introduction
Polymeric gels have emerged as versatile platforms for topical and biomedical appli-

cations due to their ability to incorporate bioactive compounds while providing desirable 
physicochemical properties, including spreadability, bioadhesion, local retention, and tun-
able rheological behavior. The polymeric matrix can influence the stability, diffusion, avail-
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ability, and biological performance of incorporated substances. Consequently, polymers 
with intrinsic biological properties may contribute directly to formulation functionality 
rather than serving solely as inert carriers [1–3]. Postbiotics have attracted increasing in-
terest as microbial-derived bioactive preparations that do not require the maintenance of 
viable microorganisms in the final formulation. According to the International Scientific 
Association for Probiotics and Prebiotics (ISAPP), postbiotics are preparations of inanimate 
microorganisms and/or their components that confer a health benefit on the host [4,5]. 
This definition emphasizes that postbiotics are complex preparations rather than individual 
purified metabolites and distinguishes them from probiotics, which require viable microor-
ganisms. Their biological properties depend on the microbial strain, cultivation conditions, 
inactivation procedures, and downstream processing, which may influence the presence 
and activity of microbial components and associated metabolites [4,6–8].

Among lactic acid bacteria, Lactiplantibacillus plantarum represents a promising source 
of biologically active postbiotic preparations. Previous studies have demonstrated that L. 
plantarum-derived postbiotics exhibit antimicrobial and antioxidant activities, although 
their effectiveness varies according to the bacterial strain, cultivation medium, and prepa-
ration method. Chang et al. (2021) reported strain-dependent biological activities, while 
Khakpour et al. (2024) demonstrated the production of antimicrobial preparations using 
different culture media, including MRS broth, milk, and whey [9,10]. Further investiga-
tions have confirmed the multifunctional potential of these preparations [11,12]. Karaca 
et al. (2023) and Shaaban et al. (2025) reported antimicrobial and antibiofilm activities 
of L. plantarum-derived preparations against clinically relevant microorganisms, including 
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli [13,14]. These findings, 
together with previous observations of biofilm inhibition [15], support the investigation of 
L. plantarum postbiotics as potential agents for controlling planktonic microbial growth and 
biofilm formation. The biological performance of postbiotic-containing formulations may 
be influenced by the polymeric carrier. Chitosan is a biodegradable, biocompatible, cationic 
polysaccharide with gel-forming, bioadhesive, antimicrobial, and antibiofilm properties. Its 
antimicrobial effects are commonly associated with electrostatic interactions between proto-
nated amino groups and microbial surfaces [1,16]. Previous studies have demonstrated 
the feasibility of incorporating L. plantarum-derived postbiotics into chitosan-based sys-
tems while retaining biological functionality [15,16]. In contrast, Carbopol is a crosslinked 
poly(acrylic acid) polymer primarily used to improve the consistency, viscosity, and spread-
ability of semisolid pharmaceutical formulations [17–19]. Comparing these distinct poly-
meric matrices may therefore provide insight into formulation-dependent differences in 
postbiotic activity. In our previous study, Soyer and Öztürk (2026) developed chitosan- and 
Carbopol-based gel-serums incorporating Lacticaseibacillus casei-derived postbiotic and para-
probiotic fractions and demonstrated polymer-dependent differences in physicochemical, 
rheological, antimicrobial, antibiofilm, and antioxidant properties [20]. However, these find-
ings cannot be directly generalized to L. plantarum, as postbiotic composition and biological 
activity depend on the producing microorganism and preparation conditions. Further-
more, differences in MIC values and inhibition zones may indicate formulation-associated 
effects but do not independently establish antimicrobial synergy [21–23]. The inclusion 
of corresponding blank formulations is therefore important for interpreting the contribu-
tion of the polymeric matrix. The potential application of postbiotic-containing polymeric 
gels in topical microbial control is supported by studies investigating lactobacilli-derived 
preparations in skin-related experimental models [24]. In addition to antimicrobial activity, 
inhibition of biofilm formation and antioxidant properties may contribute to the multifunc-
tional potential of these formulations [6,9]. However, direct comparative investigations of 
chitosan- and Carbopol-based polymeric gels containing the same L. plantarum-derived 
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postbiotic remain limited, particularly when antimicrobial, antibiofilm, and antioxidant 
activities are evaluated alongside corresponding blank formulations [25]. Accordingly, 
this study aimed to develop and comparatively evaluate chitosan- and Carbopol-based 
polymeric gels containing an L. plantarum-derived postbiotic. Antimicrobial activity was 
assessed using agar well diffusion and minimum inhibitory concentration (MIC) assays, 
while inhibition of biofilm formation against S. aureus and P. aeruginosa was evaluated 
using concentration-dependent assays and MBIC50  determination. Antioxidant activity 
was investigated using DPPH and ABTS radical scavenging assays [26]. The study aimed 
to determine how polymer composition influences the observed biological performance 
of postbiotic-containing polymeric gels and to explore their potential as multifunctional 
topical antiseptic formulations.

Although our previous research investigated Lacticaseibacillus casei-derived postbiotic 
and paraprobiotic preparations incorporated into polymeric gel formulations, the present 
study addresses a distinct scientific question by focusing on the formulation-dependent 
biological performance of Lactiplantibacillus plantarum-derived postbiotics. Given the strain-
dependent composition and functional properties of postbiotic preparations, findings ob-
tained using L. casei cannot necessarily be extrapolated to L. plantarum. Therefore, this 
study aimed to investigate whether incorporation of an L. plantarum-derived postbiotic 
into chitosan- and Carbopol-based formulations influences its antimicrobial, antibiofilm, 
and in vitro antioxidant activities. We hypothesized that the physicochemical characteris-
tics and overall composition of the two formulations would result in different biological 
responses compared with the purified postbiotic. By integrating physicochemical, rheologi-
cal, and biological evaluations, this study provides a formulation-specific assessment of L. 
plantarum-derived postbiotics as potential candidates for topical applications.

2. Materials and Methods
2.1. Materials

The Lactiplantibacillus plantarum-derived postbiotic was prepared as described in the 
following section. High-molecular-weight chitosan (Sigma-Aldrich, St. Louis, MO, USA; 
molecular weight: 310–375 kDa; degree of deacetylation: >75%; product no. 419419) and 
Carbopol®  940 (Zag Kimya, Istanbul, Türkiye) were used as gel-forming polymers. Citric 
acid monohydrate, polyethylene glycol 400 (PEG 400), urea, triethanolamine, and ammo-
nium benzoate (Merck, Darmstadt, Germany), together with sorbitol, polysorbate 20, and 
sodium salicylate (Sigma-Aldrich, St. Louis, MO, USA), were used as formulation com-
ponents. Ultrapure water was used for all aqueous preparations.The test microorganisms 
included Bacillus subtilis NRRL B-4378, Staphylococcus aureus ATCC 29213, Escherichia coli 
ATCC 35218, Pseudomonas aeruginosa ATCC 27853, Candida albicans ATCC 90028, and Candida 
krusei ATCC 6258. S. aureus and P. aeruginosa were additionally used for antibiofilm assays. 
De Man, Rogosa, and Sharpe (MRS) broth and agar (Merck, Darmstadt, Germany) were 
used for L. plantarum cultivation and viability assessment. Mueller–Hinton agar (MHA) 
and Mueller–Hinton broth (MHB) (Merck, Darmstadt, Germany) were used for antibacte-
rial assays. Sabouraud dextrose agar (SDA), Sabouraud dextrose broth (SDB), and RPMI 
1640 medium (Merck, Darmstadt, Germany) were used, as appropriate, for antifungal 
testing.Ciprofloxacin and amphotericin B (Sigma-Aldrich, St. Louis, MO, USA) served 
as antibacterial and antifungal reference agents, respectively. Crystal violet, phosphate-
buffered saline (PBS), and acetic acid (Sigma-Aldrich, St. Louis, MO, USA) were used for 
biofilm quantification. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich, St. Louis, 
MO, USA) and methanol (Merck, Darmstadt, Germany) were used for antioxidant analysis, 
with gallic acid (Sigma-Aldrich, St. Louis, MO, USA) as the reference antioxidant. Unless 
otherwise specified, all reagents were of analytical grade.
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2.2. Preparation of Lactiplantibacillus plantarum Postbiotic
The Lactiplantibacillus plantarum postbiotic was prepared using a modified cell-free 

supernatant (CFS) approach based on previously described postbiotic preparation proce-
dures [6,20]. Briefly, L. plantarum was initially activated in MRS broth at 37 °C for 18–24 h 
under static conditions. The activated bacterial culture was standardized to approximately 
1 × 108  CFU/mL and subsequently inoculated into fresh MRS broth at 2% (v/v). The culture 
was incubated at 37 °C for 48 h to promote the accumulation of extracellular microbial 
metabolites. Following fermentation, the bacterial culture was centrifuged at 10,000× g 
for 15 min at 4 °C to separate bacterial cells from the culture supernatant. The collected 
supernatant was subjected to a second centrifugation under the same conditions to further 
remove residual cellular material. The clarified supernatant was then passed through a 
sterile 0.22-μm membrane filter under aseptic conditions to obtain a cell-free postbiotic 
fraction. Cell-free supernatant preparation and verification of the absence of viable cells 
were performed with modifications from the procedure described by Almahbashi and 
Gunes Altuntas (2025) [6]. To confirm the absence of viable L. plantarum cells, 100 μL of the 
filtered preparation was spread onto MRS agar and incubated at 37 °C for 48 h. The absence 
of colony formation after incubation was considered confirmation that the preparation 
contained no detectable viable bacterial cells. A comparable culture-based viability control 
has been used for CFS-derived postbiotic preparations. The cell-free preparation was subse-
quently frozen at −80 °C and lyophilized to obtain a dry postbiotic powder. The lyophilized 
material was weighed and stored in sterile, light-protected containers at −20 °C until further 
use. Before formulation preparation and biological assays, the lyophilized postbiotic was 
reconstituted in sterile distilled water at the required concentrations. Concentrations used 
throughout the antimicrobial, antibiofilm, and antioxidant assays were expressed as μg/mL 
based on the dry mass of the lyophilized preparation. The resulting lyophilized preparation 
was considered a complex fermentation-derived postbiotic fraction rather than a chemi-
cally defined active ingredient. Accordingly, the preparation may contain soluble microbial 
metabolites together with residual constituents originating from the culture medium. The 
biological activities evaluated in this study therefore represent the overall effects of the 
recovered preparation rather than those of individually identified metabolites.

2.3. Confirmation of the Absence of Viable Cells
The absence of viable Lactiplantibacillus plantarum cells in the postbiotic preparation 

was verified using a culture-based viability assay, with modifications from previously de-
scribed procedures for postbiotic preparation [6,20,27]. Following the inactivation and 
preparation process, 100 μL of the postbiotic preparation was aseptically spread onto de 
Man–Rogosa–Sharpe (MRS) agar plates. The plates were incubated at 37 °C for 48 h. Un-
treated viable L. plantarum culture was inoculated onto MRS agar under the same conditions 
and used as a positive growth control, whereas uninoculated MRS agar served as a sterility 
control. After incubation, the plates were visually examined for bacterial colony formation. 
The complete absence of colony growth was considered confirmation that no culturable 
viable L. plantarum cells remained in the postbiotic preparation. Only preparations showing 
no detectable growth were used for subsequent formulation and biological activity studies. 
Culture-based viability testing was performed using 100 μL of the filtered cell-free super-
natant collected before lyophilization. The sample was assessed for detectable microbial 
growth under the specified culture conditions. The final lyophilized and reconstituted 
preparation was not separately subjected to viability testing.
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2.4. Selection of Polymer Concentrations for Antiseptic Gel Formulation
Prior to preparation of the final postbiotic-containing formulations, high-molecular-

weight (HMW) chitosan and Carbopol were each screened at concentrations of 0.5, 1.0, and 
1.5% (w/w) to identify gel systems with suitable consistency and spreading characteristics 
for topical application. Chitosan was gradually dispersed in an aqueous citric acid solution 
under continuous magnetic stirring until complete hydration and a visually homogeneous 
gel were obtained. Carbopol was dispersed in purified water, allowed to hydrate, and subse-
quently neutralized to induce gel formation. The preliminary formulations were evaluated 
for visual homogeneity, gel consistency, ease of spreading, visible polymer aggregates, 
and phase separation. Polymer concentrations providing the most appropriate balance 
between gel consistency, homogeneity, and spreadability were selected for further studies. 
The selected concentration of each polymer was maintained in the corresponding blank 
and Lactiplantibacillus plantarum postbiotic-containing polymeric gels to assess the effect of 
postbiotic incorporation on physicochemical characteristics and biological activity.

2.5. Preparation of Carbopol® - and Chitosan-Based Antiseptic Polymeric Gels
Carbopol®  940 and high-molecular-weight (HMW) chitosan were used as gel-forming 

polymers at a final concentration of 1.5% (w/w), as selected during the preliminary for-
mulation studies. For preparation of the Carbopol® -based polymeric gels, Carbopol®  940 
was gradually added to purified water under magnetic stirring and allowed to hydrate 
completely. Sorbitol, polyethylene glycol 400 (PEG 400), glycerol, sodium salicylate, ammo-
nium benzoate, and polysorbate 20 were subsequently added in sequence, and mixing was 
continued to obtain a homogeneous base dispersion. The dispersion was then neutralized 
by controlled addition of triethanolamine (TEA) under stirring to promote gel formation. 
For preparation of the chitosan-based polymeric gels, citric acid monohydrate was first 
completely dissolved in purified water to provide an acidic medium for chitosan dissolution. 
HMW chitosan was gradually added to this solution under magnetic stirring to prevent 
agglomeration. Stirring was continued until a homogeneous appearance was obtained, after 
which the dispersion was allowed to equilibrate at room temperature to ensure complete 
polymer hydration. Sorbitol, PEG 400, glycerol, HPMC (0.25%, w/w), sodium salicylate, 
ammonium benzoate, and polysorbate 20 were subsequently incorporated under stirring to 
obtain a homogeneous gel base. The Lactiplantibacillus plantarum-derived postbiotic prepa-
ration was added to the respective gel bases at a final concentration of 5.0% (w/w) and 
mixed at low speed until a macroscopically homogeneous distribution was obtained. Corre-
sponding blank polymeric gels were prepared without postbiotic. Purified water was used 
to bring each formulation to its final mass. Following preparation, formulation pH was 
checked, and all polymeric gels were visually inspected for homogeneity, consistency, visible 
aggregates, and phase separation. The formulations were transferred to tightly closed con-
tainers and stored until subsequent physicochemical characterization and biological activity 
studies [28–31]. Both postbiotic-loaded chitosan and Carbopol polymeric gels contained 
5% (w/w) lyophilized Lactiplantibacillus plantarum-derived postbiotic. The concentrations of 
postbiotic-containing formulations used in the biological assays were expressed as postbi-
otic dry-mass equivalents (μg/mL), rather than total gel mass. Accordingly, the required 
formulation quantities were calculated based on the 5% (w/w) postbiotic loading. For exam-
ple, a postbiotic concentration of 3125 μg/mL corresponded to a total gel concentration of 
62,500 μg/mL. This normalization ensured that the purified postbiotic and postbiotic-loaded 
formulations were compared at equivalent nominal postbiotic concentrations.
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2.6. Physicochemical and Rheological Characterization of Postbiotic-Containing Antiseptic 
Polymeric Gels

The physicochemical characteristics of the chitosan- and Carbopol® -based formulations 
were evaluated to assess differences between the polymeric matrices and changes associated 
with incorporation of the Lactiplantibacillus plantarum-derived postbiotic preparation. The 
blank and postbiotic-containing polymeric gels were characterized in terms of macroscopic 
appearance, pH, rheological behavior, and spreadability. These parameters are commonly 
used to evaluate semisolid topical formulations, as formulation composition may influence 
gel homogeneity, viscosity, flow behavior, and spreading characteristics. Unless otherwise 
stated, all quantitative measurements were performed in triplicate, and the results were 
expressed as mean ± standard deviation [28,32–35].

2.6.1. Determination of Formulation pH
The pH of the formulations was determined after dispersion in distilled water using 

a literature-based procedure [32,33,36]. An accurately weighed amount of each gel (1 g) 
was dispersed in distilled water (10 mL) under identical conditions for all formulations. 
Measurements were performed at room temperature using a digital pH meter calibrated 
with standard buffer solutions prior to analysis. After equilibration, the electrode was 
immersed in the dispersion, and the pH was recorded once the reading had stabilized. The 
electrode was rinsed with distilled water and gently blotted between measurements. Each 
formulation was analyzed in triplicate, and the results were expressed as mean ± standard 
deviation. The reported values represent the pH of the aqueous dispersions under the 
specified measurement conditions.

2.6.2. Flow Behavior and Rheological Properties
The rheological properties of the formulations were evaluated using a rotational 

rheometer at 25 ± 1 °C. Each gel was carefully loaded onto the measuring system while 
avoiding air bubbles and allowed to equilibrate before measurement. Flow measurements 
were performed over a predetermined shear-rate range, and the corresponding shear stress 
and apparent viscosity values were recorded. Flow behavior was assessed using shear 
stress–shear rate and apparent viscosity–shear rate curves. The experimental data were 
fitted to the Herschel–Bulkley model using the instrument software to obtain the consistency 
index, flow behavior index, and yield stress. The software-reported confidence of fit (CoF) 
was also recorded. A flow behavior index below unity was interpreted as shear-thinning 
behavior. Model-derived apparent viscosities at 50, 100, and 300 s−1  were calculated within 
the measured shear-rate range. The apparent viscosity ratio between 50 and 300 s−1  and 
the percentage decrease in apparent viscosity over this interval were calculated to quantify 
shear-dependent thinning. Rheological measurements were performed in triplicate, and 
the blank and postbiotic-containing polymeric gels were compared to assess formulation-
associated differences in flow properties [28,33,37].

2.6.3. Organoleptic Properties and Physical Homogeneity
The macroscopic characteristics of the prepared formulations were evaluated by visual 

examination under standardized laboratory conditions. Each formulation was inspected 
for color, appearance, consistency, homogeneity, visible aggregates or particulate matter, 
and evidence of phase separation. The blank polymer matrices and their corresponding 
postbiotic-containing formulations were compared to identify visible changes associated 
with incorporation of the L. plantarum postbiotic. Macroscopic homogeneity was assessed 
by examining different portions of each formulation for uniform appearance and the ab-
sence of visible polymer agglomerates or particulate clusters. Syneresis and visible phase 
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separation were also recorded. These observations provided a preliminary assessment of 
the macroscopic uniformity of the prepared polymeric gels [32,33].

2.7. Antimicrobial Activity
2.7.1. Agar Well Diffusion Assay

The antimicrobial activities of the Lactiplantibacillus plantarum postbiotic and the poly-
meric formulations were initially evaluated using the agar well diffusion method [20,38]. 
The test microorganisms included the Gram-positive bacteria Bacillus subtilis and Staphylo-
coccus aureus, the Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa, and 
the yeasts Candida albicans and Candida krusei. Fresh bacterial cultures were suspended in 
sterile 0.85% (w/v) NaCl and adjusted to a 0.5 McFarland turbidity standard, corresponding 
to approximately 1–2 × 108  CFU/mL. Yeast suspensions were separately prepared from 
fresh cultures and standardized to 0.5 McFarland before use. For the diffusion assay, 100 μL 
of each standardized microbial suspension was uniformly distributed over the surface of 
the corresponding agar medium. MHA was used for bacterial strains, whereas SDA was 
used for Candida spp. After inoculation, 6-mm-diameter wells were aseptically prepared 
in the agar using a sterile cork borer. The L. plantarum postbiotic, chitosan blank formula, 
Carbopol blank formula, chitosan + L. plantarum postbiotic formula, and Carbopol + L. 
plantarum postbiotic formula were tested at 12,500 μg/mL. An aliquot of 100 μL of each 
sample was transferred into the corresponding well. Ciprofloxacin was used as the an-
tibacterial positive control, whereas amphotericin B was used as the antifungal positive 
control. After allowing the samples to diffuse into the agar for approximately 15–30 min, 
bacterial plates were incubated at 35–37 °C for 18–24 h and yeast plates were incubated 
under the corresponding incubation conditions for 24–48 h. Following incubation, the 
total diameter of the inhibition zone, excluding the 6-mm well diameter, was measured in 
millimeters. The results were expressed as mean ± standard deviation (SD). To quantify the 
change in diffusion-based antimicrobial activity following incorporation of the postbiotic 
into the polymeric formulations, inhibition-zone enhancement was calculated relative to 
the non-formulated postbiotic as follows (Equation (1)):

Zone enhancement (%) =
Zf − Zp

Zp
× 100 (1)

where Zf  is the mean inhibition-zone diameter of the postbiotic-containing formulation 
and Zp  is the mean inhibition-zone diameter of the non-formulated L. plantarum postbiotic. 
Zone enhancement was used as a comparative index of formulation-associated changes in 
agar diffusion activity and was not considered evidence of antimicrobial synergy.

2.7.2. Minimum Inhibitory Concentration (MIC)
The MICs of the L. plantarum postbiotic and polymeric formulations were determined 

using the broth microdilution method in sterile 96-well microplates according to the general 
principles of the Clinical and Laboratory Standards Institute (CLSI) reference methods 
for aerobic bacteria and yeasts [39]. MICs were determined using a broth microdilution 
method based on the general principles of CLSI M07 for bacteria and CLSI M27 for yeasts, 
with modifications according to the experimental conditions. The L. plantarum postbiotic, 
chitosan blank formula, Carbopol blank formula, chitosan + L. plantarum postbiotic for-
mula, and Carbopol + L. plantarum postbiotic formula were evaluated separately. For 
bacterial MIC determination, fresh colonies were suspended in sterile 0.85% (w/v) NaCl 
and adjusted to 0.5 McFarland, corresponding to approximately 1–2 × 108  CFU/mL. The 
standardized suspension was subsequently diluted in MHB to obtain a working inoculum 
of approximately 1 × 106  CFU/mL. Following addition to the test wells at a 1:1 ratio, the 
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final bacterial density was approximately 5 × 105  CFU/mL. Two-fold serial dilutions of each 
test sample were prepared to obtain final concentrations of 12,500, 6250, 3125, 1562.5, and 
781.25 μg/mL. Briefly, 100 μL of the 2× sample solution was combined with 100 μL of the 
bacterial working inoculum in each well, resulting in a final assay volume of 200 μL. Thus, 
the final sample concentrations ranged from 781.25 to 12,500 μg/mL and the final bacterial 
inoculum was approximately 5 × 105  CFU/mL. For C. albicans and C. krusei, fresh yeast 
suspensions were adjusted to 0.5 McFarland and subsequently diluted in the appropriate 
broth according to the CLSI M27 broth microdilution principle to obtain a final inoculum of 
approximately 0.5–2.5 × 103  CFU/mL in each well. As in the bacterial assay, 100 μL of the 
2× sample dilution was mixed with 100 μL of the standardized yeast inoculum, giving a 
final volume of 200 μL per well and final sample concentrations of 781.25–12,500 μg/mL. 
Growth controls containing microbial inoculum without test sample and sterility controls 
containing uninoculated broth were included in each experiment. In addition, sample-
specific blanks containing the corresponding concentration of the postbiotic or polymeric 
formulation without microbial inoculum were included to account for intrinsic turbidity 
associated with the formulations. Ciprofloxacin and amphotericin B were used as antibacte-
rial and antifungal reference compounds, respectively. Bacterial microplates were incubated 
at 35–37 °C for 18–24 h, whereas yeast microplates were incubated at approximately 35 °C 
and evaluated after 24 h, with further incubation when required for adequate growth of the 
control. The MIC was defined as the lowest tested concentration that inhibited microbial 
growth relative to the corresponding growth control. When inhibition was not achieved 
within the tested concentration range, the MIC was reported as greater than the highest 
relevant concentration evaluated rather than extrapolated beyond the experimental range. 
To quantitatively compare the antimicrobial activity of the postbiotic-loaded formulations 
with that of the non-formulated postbiotic, MIC fold improvement was calculated as follows 
(Equation (2)):

MIC fold improvement =
MICp

MICf
(2)

where MICp  represents the MIC of the non-formulated L. plantarum postbiotic and MICf 
represents the MIC of the corresponding postbiotic-loaded polymeric formulation. A value 
greater than 1 indicated a reduction in MIC following incorporation into the polymeric 
matrix. Exact fold improvement was not calculated when an MIC was expressed only as 
greater than the highest concentration tested.

2.8. Antibiofilm Activity
The antibiofilm activities of the free Lactiplantibacillus plantarum postbiotic and the 

corresponding polymeric formulations were evaluated against Staphylococcus aureus and 
Pseudomonas aeruginosa using a 96-well microplate crystal violet assay. The experiments 
were designed to evaluate the inhibition of biofilm formation. The L. plantarum postbiotic, 
chitosan blank formula, Carbopol blank formula, chitosan + L. plantarum postbiotic formula, 
and Carbopol + L. plantarum postbiotic formula were evaluated separately.

2.8.1. Biofilm Formation Inhibition Assay
The ability of the test samples to inhibit biofilm formation was determined using a 

crystal violet microplate assay [40,41]. It should be noted that the crystal violet assay quan-
tifies attached biofilm biomass without distinguishing viable cells, non-viable cells, and 
extracellular matrix components. Therefore, the observed reductions should be interpreted 
as inhibition of biofilm formation or decreases in attached biomass rather than direct killing 
or eradication of biofilm-associated microorganisms. Complementary viability-based and 
imaging assays would be valuable for further characterizing the antibiofilm effects of these 
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formulations. Fresh cultures of S. aureus and P. aeruginosa were suspended in sterile 0.85% 
(w/v) NaCl solution and adjusted to a 0.5 McFarland turbidity standard, corresponding to 
approximately 1–2 × 108  CFU/mL for bacterial suspensions. The standardized suspensions 
were subsequently diluted in the appropriate growth medium to obtain a working bacterial 
suspension of approximately 2 × 106  CFU/mL. Two-fold serial dilutions of each test sample 
were prepared to obtain final concentrations of 12,500, 6250, 3125, 1562.5, and 781.25 μg/mL. 
Test solutions were prepared at twice the desired final concentration. Briefly, 100 μL of each 
2× sample dilution was transferred into the corresponding wells of a sterile flat-bottom 
96-well microplate. Subsequently, 100 μL of the bacterial working suspension was added to 
each well, resulting in a final assay volume of 200 μL, a final bacterial density of approxi-
mately 1 × 106  CFU/mL, and the desired final sample concentrations. Growth-control wells 
contained 100 μL of sterile growth medium and 100 μL of the bacterial working suspension 
but no test sample. Sterility controls contained 200 μL of sterile medium without bacteria. 
Because the postbiotic and polymer-containing formulations could contribute to background 
absorbance, sample-specific blank wells containing the corresponding concentration of each 
test sample and sterile medium without bacterial inoculum were included. The microplates 
were incubated statically at 37 °C for 24 h to allow bacterial attachment and biofilm develop-
ment in the presence or absence of the test samples. Following incubation, the planktonic 
phase was carefully aspirated without disturbing the attached biofilm. Each well was gently 
washed twice with sterile phosphate-buffered saline (PBS) to remove non-adherent cells 
and residual test material. The attached biofilms were stained by adding 200 μL of 0.1% 
(w/v) crystal violet solution to each well and incubating the plates at room temperature for 
15 min. The crystal violet solution was subsequently removed, and the wells were gently 
washed with PBS until excess unbound dye was eliminated. The plates were air-dried, after 
which the biofilm-bound crystal violet was solubilized by adding 200 μL of 30% (v/v) acetic 
acid to each well. The absorbance was measured at 570 nm using a microplate reader. For 
each test concentration, the absorbance attributable to the sample itself was corrected using 
the corresponding sample-specific blank. Biofilm inhibition was calculated relative to the 
untreated biofilm growth control according to the following equation (Equation (3)):

Biofilm inhibition (%) =
ODcontrol − ODtreated

ODcontrol
× 100 (3)

where ODcontrol  represents the absorbance of the untreated bacterial biofilm and ODtreated 
represents the blank-corrected absorbance of the biofilm formed in the presence of the 
corresponding test sample. The results were expressed as percentage biofilm inhibition at 
each tested concentration.

2.8.2. Determination of MBIC50 
In addition to reporting concentration-dependent biofilm inhibition, the concentra-

tion required to inhibit biofilm formation by 50% (MBIC50 ) was determined from the 
concentration–response data obtained in the biofilm formation inhibition assay. When 50% 
inhibition occurred between two consecutive tested concentrations, MBIC50  was calculated 
by linear interpolation according to Equation (4):

MBIC50 = C1 +
50 − I1
I2 − I1

(C2 − C1) (4)

where C1  and C2  represent the consecutive concentrations immediately below and above 
50% biofilm inhibition, respectively, and I1  and I2  represent the corresponding percentage 
biofilm inhibition values. When 50% biofilm inhibition was not achieved at the highest 
concentration tested (12,500 μg/mL), the MBIC50  was reported as >12,500 μg/mL. Values 
outside the experimentally evaluated concentration range were not extrapolated. Thus, 

https://doi.org/10.3390/polym18222802

https://doi.org/10.3390/polym18222802


Polymers 2026, 18, 2802 10 of 29

biofilm inhibition (%) represented the experimentally observed response at each individual 
concentration, whereas MBIC50  provided a single quantitative parameter enabling com-
parison of the concentration-dependent antibiofilm activities of the free postbiotic and 
polymeric formulations. MBIC50  values were evaluated by linear interpolation between the 
two experimentally tested concentrations immediately below and above 50% biofilm inhibi-
tion. These values were considered approximate results rather than precisely determined 
inhibitory concentrations, given the limited number of concentrations evaluated.

2.9. Determination of Antioxidant Activity by the DPPH Assay
The antioxidant activity of the Lactiplantibacillus plantarum postbiotic and the polymeric 

formulations was determined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging assay with modifications to the method described by Brand-Williams et al. 
(1995) [42–45]. A 0.1 mM DPPH solution was freshly prepared in methanol and protected 
from light until use. The chitosan blank formula, Carbopol blank formula, L. plantarum 
postbiotic, chitosan + L. plantarum postbiotic formula, and Carbopol + L. plantarum post-
biotic formula were evaluated at final concentrations of 781.25, 1562.5, 3125, 6250, and 
12,500 μg/mL. Gallic acid was used as the positive antioxidant control. For the assay, 100 μL 
of each sample prepared at twice the desired final concentration was mixed with 100 μL 
of 0.1 mM DPPH solution in a 96-well microplate, resulting in a final reaction volume of 
200 μL. The reaction mixtures were incubated at room temperature for 30 min in the dark, 
after which absorbance was measured at 517 nm using a microplate reader. The DPPH 
control consisted of 100 μL of methanol and 100 μL of DPPH solution. To minimize potential 
interference from the intrinsic color or turbidity of the postbiotic and polymeric formula-
tions, sample-specific blanks containing the corresponding sample without DPPH were 
included [38,46]. The absorbance of each sample blank was subtracted from the respective 
sample reading before calculation of radical scavenging activity. DPPH radical scavenging 
activity was calculated according to the following equation (Equation (5)) [47]:

DPPH inhibition =
A0 − As

A0
× 100 (5)

where A0  represents the absorbance of the DPPH control and As  represents the blank-
corrected absorbance of the test sample.

The IC50  value, defined as the concentration required to achieve 50% DPPH radical 
inhibition, was determined from the concentration–response data by linear interpolation 
between the two consecutive concentrations immediately below and above 50% inhibition. 
IC50  values were not extrapolated beyond the experimentally evaluated concentration 
range. Accordingly, samples showing less than 50% inhibition at the highest concentration 
tested were reported as IC50  > 12,500 μg/mL, whereas samples exhibiting more than 50% 
inhibition at the lowest concentration were reported as IC50  < 781.25 μg/mL. The results 
were expressed as mean ± standard deviation (SD).

2.10. Determination of Antioxidant Activity by ABTS Assay
The antioxidant activity of Lactiplantibacillus plantarum-derived postbiotic and postbiotic-

loaded chitosan and Carbopol polymeric gels was evaluated using the ABTS radical scav-
enging assay, following the method of Re et al. (1999) [48] with slight modifications. The 
ABTS radical cation (ABTS•+) was generated by mixing 2.5 mL of 7 mM ABTS solution 
with 44 μL of 140 mM potassium persulfate (K2 S2 O8 ) and incubating overnight in the dark. 
The solution was subsequently diluted with deionized water to obtain an absorbance of 
0.700–0.750 at 734 nm. Samples were diluted 1:10 and evaluated at postbiotic concentrations 
ranging from 781.25 to 12,500 μg/mL. Blank chitosan and Carbopol polymeric gels were 
also included as controls. Briefly, 100 μL of each sample was mixed with 1 mL of ABTS•+ 
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working solution, and absorbance was measured at 734 nm after 2.5 min. ABTS radical 
scavenging activity was calculated as follows (Equation (6)) [48]:

ABTS inhibition (%) = [(Acontrol − Asample )/Acontrol ] × 100 (6)

where Acontrol  and Asample  represent the control and blank-corrected sample absorbances, 
respectively. Trolox was used as the reference standard, and antioxidant capacity was 
expressed as mmol Trolox equivalents per gram of postbiotic (mmol TE/g) based on the 
calibration curve.

All concentrations used in the DPPH and ABTS assays were expressed on the basis of 
postbiotic dry mass (μg/mL). For postbiotic-loaded formulations, the tested concentrations 
were normalized to the actual postbiotic content rather than the total gel mass, ensuring 
equivalent postbiotic exposure across the purified postbiotic and postbiotic-containing 
formulations. Trolox equivalent antioxidant capacity (TEAC) was calculated using the 
Trolox calibration curve and expressed as mmol Trolox equivalents per gram of postbiotic 
dry mass (mmol TE/g postbiotic).

2.11. Statistical Analysis
Experimental results were expressed as mean ± standard deviation (SD). Differences 

among the purified Lactiplantibacillus plantarum-derived postbiotic, postbiotic-containing 
chitosan and Carbopol formulations, and their corresponding blank formulations were 
evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s multiple 
comparison test, where applicable. For concentration-dependent antimicrobial, antibiofilm, 
and antioxidant assays, comparisons were performed separately at each tested concentra-
tion. Statistical significance was established at p < 0.05. Minimum inhibitory concentration 
(MIC) values were defined as the lowest tested concentrations preventing visible micro-
bial growth. The minimum biofilm inhibitory concentration required to inhibit 50% of 
biofilm formation (MBIC50 ) was calculated by linear interpolation between consecutive 
tested concentrations surrounding 50% inhibition, using the untreated biofilm control as 
the reference. Similarly, DPPH half-maximal inhibitory concentration (IC50 ) values were 
calculated by linear interpolation from the concentration–response data. Values outside 
the investigated concentration range were reported as below or above the tested limits 
without extrapolation. DPPH and ABTS radical scavenging activities were expressed as 
percentage inhibition. Trolox equivalent antioxidant capacity (TEAC) was calculated from 
the ABTS inhibition values using the Trolox calibration equation and expressed as mmol 
Trolox equivalents per gram of postbiotic dry mass (mmol TE/g postbiotic). Concentrations 
of purified postbiotic and postbiotic-containing formulations were normalized to postbiotic 
dry-mass equivalents (μg/mL), rather than total formulation mass. The reported IC50  and 
MBIC50  values were considered interpolation-based results, and no confidence intervals 
were assigned to these values.

3. Result and Discussion
The present study compares two complete formulation platforms rather than isolating 

the effect of the primary polymer. In addition to chitosan or Carbopol, the formulations 
differ in HPMC content, citric acid concentration, and the use of triethanolamine for neutral-
ization. These compositional differences may contribute to the observed physicochemical 
and biological responses. Accordingly, the findings should be interpreted as formulation-
dependent effects and cannot be attributed solely to chitosan versus Carbopol.
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3.1. Selection of Polymer Concentrations
Preliminary screening of HMW chitosan and Carbopol®  940 at 0.5, 1.0, and 1.5% (w/w) 

was used to select polymer concentrations suitable for topical antiseptic gel development. 
Based on the qualitative assessment of consistency, macroscopic homogeneity, and ease 
of spreading, 1.5% (w/w) was selected for both polymers as providing the most suitable 
balance of these properties under the experimental conditions. This selection was specific 
to the investigated formulation systems and should not be regarded as a universally optimal 
polymer concentration. The selected concentration was maintained in the corresponding 
blank and L. plantarum postbiotic-containing polymeric gels for subsequent physicochemical 
and biological evaluation [30,31].

3.2. Development of Antiseptic Polymeric Gels
Carbopol®  940- and HMW chitosan-based polymeric gels containing 5.0% (w/w) L. 

plantarum-derived postbiotic were developed as candidate topical antiseptic formulations 
(Tables 1 and 2). The two polymers provided distinct formulation environments for evalu-
ating the biological performance of the postbiotic preparation. Carbopol®  940 was selected 
for its gel-forming and rheology-modifying properties following neutralization with tri-
ethanolamine. In the chitosan-based formulations, citric acid facilitated polymer dissolution, 
while HPMC was included as a supplementary viscosity-modifying polymer. The use of 
chitosan together with HPMC and glycerol has previously been investigated in hydrogel 
development, supporting the technological rationale for this combination. Sorbitol and 
glycerol were included as humectants, while PEG 400 served as a hydrophilic formulation 
auxiliary with humectant and cosolvent functions. Polysorbate 20 was incorporated to facili-
tate wetting and uniform dispersion of the formulation components. Sodium salicylate and 
ammonium benzoate were included as part of the intended preservation system; however, 
their presence should also be considered when interpreting antimicrobial activity. Corre-
sponding blank formulations enabled assessment of the contribution of the formulated 
vehicles. Because the chitosan blank and postbiotic-containing polymeric gels differed in 
citric acid concentration, differences between these formulations should be interpreted 
in conjunction with their measured pH rather than attributed exclusively to postbiotic 
incorporation [49–55].

Table 1. Composition of Carbopol® -based antiseptic formulations (% w/w).

Ingredient PL-C-Blank PL-C-PB

Carbopol®  940 1.50 1.50
Sorbitol 3.00 3.00
PEG 400 2.00 2.00
Glycerol 3.00 3.00

Sodium salicylate 0.50 0.50
Ammonium benzoate 0.30 0.30

Polysorbate 20 0.10 0.10
Triethanolamine q.s. q.s.

Postbiotic – 5.00
Purified water q.s. * to % 100.00 q.s. * to % 100.00

* q.s.: sufficient quantity to adjust the pH of the Carbopol-based formulation to a value comparable to 
that of the chitosan-based formulation.
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Table 2. Composition of chitosan-based antiseptic formulations (% w/w).

Ingredient PL-CS-Blank PL-CS-PB

High-molecular-weight chitosan 1.50 1.50
Citric acid monohydrate 0.90 0.30

Sorbitol 1.00 1.00
PEG 400 2.00 2.00
Glycerol 3.00 3.00

Hydroxypropyl methylcellulose 0.25 0.25
Sodium salicylate 0.50 0.50

Ammonium benzoate 0.30 0.30
Polysorbate 20 0.10 0.10

Postbiotic – 5.00
Purified water q.s. * to % 100.00 q.s. * to % 100.00

* q.s.: sufficient quantity to adjust the pH of the chitosan-based formulation to a value comparable to 
that of the chitosan-based formulation.

3.3. Rheological Characterization of Antiseptic Gel Formulations
The postbiotic-containing Carbopol®  and chitosan polymeric gels exhibited shear-

thinning behavior, with flow behavior indices of 0.61 and 0.31, respectively (Table 3; 
Figure 1). The lower flow behavior index of PL-CS-PB indicated a more pronounced shear-
dependent response. The software-reported CoF values were 100.0% for PL-C-PB and 99.3% 
for PL-CS-PB, indicating close agreement between the experimental data and the fitted 
curves within the evaluated range. Model-derived apparent viscosity decreased from 0.111 
to 0.054 Pa·s for PL-C-PB and from 0.122 to 0.039 Pa·s for PL-CS-PB as the shear rate in-
creased from 50 to 300 s−1 . These changes corresponded to viscosity reductions of 51.4% 
and 68.2%, respectively, and apparent viscosity ratios of 2.06 and 3.15 (Table 4). PL-CS-PB 
exhibited a slightly higher apparent viscosity at 50 s−1 , whereas PL-C-PB showed higher 
values at 100 and 300 s−1 . Therefore, the relative viscosity of the formulations depended on 
the applied shear rate. The different flow profiles may reflect the distinct structures and com-
positions of the polymeric matrices. Carbopol®  940 forms a hydrated, crosslinked network 
following neutralization, whereas HMW chitosan develops viscosity through hydration 
and interactions between polymer chains in an acidic medium. HPMC, present only in the 
chitosan formulation, may additionally influence chain interactions and resistance to flow. 
Under increasing shear, rearrangement and alignment of polymer chains may contribute to 
the more pronounced viscosity reduction observed for PL-CS-PB. However, these mecha-
nisms were not directly investigated, and the differences cannot be attributed to polymer 
identity alone because the formulations also differed in their auxiliary components and 
acidification or neutralization conditions. For candidate topical antiseptic polymeric gels, 
shear-thinning behavior may facilitate distribution over the application surface by reducing 
resistance to flow during spreading. The stronger shear-dependent response of PL-CS-PB 
therefore represents a potentially useful application characteristic. Nevertheless, rheological 
findings should be interpreted alongside the measured spreadability and antimicrobial 
results, as they do not independently demonstrate surface coverage, residence time, or 
antiseptic efficacy [56–59]. The observed shear-thinning behavior indicates a decrease in 
apparent viscosity with increasing shear rate. However, this finding alone does not establish 
spreadability, uniform skin coverage, bioadhesion, or residence time. These properties were 
not quantitatively evaluated in this study and remain potential formulation advantages 
requiring further investigation.
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Figure 1. Herschel–Bulkley fits of the flow data for the postbiotic-containing (A) Carbopol®  940 gel (PL-
C-PB) and (B) high-molecular-weight chitosan gel (PL-CS-PB). Red symbols represent experimental 
data, and blue symbols represent fitted values. The ordinate shows shear stress minus the fitted yield-
stress parameter, as displayed by the instrument software. Software-reported confidence of fit (CoF) 
values were 100.0% and 99.3% for panels A and B, respectively; these values do not independently 
establish model appropriateness or the physical validity of the fitted parameters. The negative fitted 
yield-stress parameter in panel B represents a model-fitting limitation rather than a physical yield 
threshold. The fits are therefore interpreted descriptively within the investigated shear-rate range.
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Table 3. Herschel–Bulkley rheological parameters of antiseptic polymeric gels.

Code Consistency 
Index (K)

Flow 
Behavior 
Index (n)

Apparent
Viscosity *

at 50 s−1  (Pa·s)

Apparent
Viscosity *

at 100 s−1  (Pa·s)

Apparent
Viscosity *

at 300 s−1  (Pa·s)
CoF (%) *

PL-C-PB 0.491 0.61 0.111 0.083 0.054 100.0
PL-CS-PB 2.205 0.31 0.122 0.079 0.039 99.3

* Apparent viscosities are approximate values calculated using the complete Herschel–Bulkley fits. 
CoF: software-reported confidence of fit.

Table 4. Summary of shear-dependent flow characteristics of the postbiotic-containing antiseptic 
polymeric gels.

Code Flow Behavior Apparent Viscosity 
Ratio (𝛈50 /𝛈300 ) *

Viscosity Decrease from 
50 to 300 s−1  (%) Rheological Characteristics

PL-C-PB Shear-thinning 2.06 51.4
Less pronounced shear-dependent 

thinning; higher apparent 
viscosity at 100 and 300 s−1 

PL-CS-PB Shear-thinning 3.15 68.2
More pronounced 

shear-dependent thinning; slightly 
higher apparent viscosity at 50 s−1 

* η50  and η300  denote model-derived apparent viscosities at shear rates of 50 and 300 s−1 , respectively. 
Viscosity ratios and percentage decreases were calculated using the complete Herschel–Bulkley fits.

3.4. pH of Antiseptic Gel Formulations
The pH was found to vary between 4.0 and 7.0 range, optimum for the skin treat-

ment [60,61]. The postbiotic-containing Carbopol®  and chitosan formulations exhibited 
acidic pH values of 4.24 ± 0.30 and 4.19 ± 0.10, respectively (Table 5). The similar values 
indicated a comparable acidic environment in both gel dispersions, with PL-CS-PB showing 
a slightly lower mean pH. The acidic profile is consistent with the preparation conditions 
and the potential contribution of fermentation-derived organic acids in the L. plantarum 
postbiotic preparation. Citric acid facilitated chitosan dissolution, while controlled neutral-
ization with triethanolamine enabled formation of the Carbopol®  gel. The resulting pH 
therefore reflects the combined influence of the microbial preparation and the formulation 
components. An acidic environment is relevant to topical formulation development and may 
also contribute to the antimicrobial performance of these candidate antiseptic polymeric 
gels. Previous studies have associated the activity of L. plantarum-derived preparations with 
organic acids and other microbial constituents. Accordingly, the observed pH values pro-
vide a coherent physicochemical basis for the postbiotic antiseptic gel concept and should be 
considered alongside the antimicrobial and formulation performance results [62–64]. These 
values represent the pH of the diluted dispersions and do not independently establish skin 
compatibility. Suitability for topical application depends on the application site, exposure 
duration, and complete formulation composition and requires confirmation through skin 
compatibility studies.

Table 5. pH values of the developed Carbopol® - and chitosan-based antiseptic gel formulations (mean 
± SD, n = 3).

Formulation pH

PL-C-PB 4.24 ± 0.3
PL-CS-PB 4.19 ± 0.1
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3.5. Macroscopic Characteristics of Antiseptic Gel Formulations
Both postbiotic-containing formulations exhibited a light brown color, macroscopically 

homogeneous appearance, and gel consistency, with no visible phase separation or precipi-
tation at the time of evaluation (Table 6). The light brown coloration was consistent with 
incorporation of the L. plantarum-derived postbiotic preparation. The uniform appearance 
and absence of visible separation or precipitation support the feasibility of incorporating 
the preparation into both Carbopol® - and chitosan-based matrices [65,66]. These macro-
scopic characteristics provide an initial technological basis for further evaluation of the 
formulations as candidate topical antiseptic polymeric gels.

Table 6. Macroscopic characteristics of antiseptic gel formulations *.

Code Color Homogeneity Phase Separation Precipitation Consistency

PL-C-PB light brown + None None gel
PL-CS-PB light brown + None None gel

* The observed macroscopic homogeneity and absence of visible phase separation describe the formu-
lations only at the time of evaluation and should not be interpreted as evidence of storage stability. No 
systematic stability study under defined storage conditions was performed. Changes in appearance, 
pH, rheological properties, and antimicrobial activity over time require evaluation before practical 
product suitability can be established.

3.6. Antimicrobial Activity
The antimicrobial activities of the purified Lactiplantibacillus plantarum postbiotic and 

the chitosan- and Carbopol-based formulations were evaluated against Gram-positive and 
Gram-negative bacteria and Candida spp. using agar diffusion and broth microdilution 
assays [67,68]. As shown in Figure 2, clear differences were observed among the blank 
polymer formulations, purified postbiotic, and postbiotic-loaded formulations. Overall, 
incorporation of the postbiotic into the polymeric matrices increased diffusion-based an-
timicrobial activity, with the postbiotic-containing chitosan formula showing the highest 
inhibition-zone diameters against most of the tested microorganisms.

Figure 2. Antimicrobial activity of the chitosan blank formula, Carbopol blank formula, purified Lac-
tiplantibacillus plantarum postbiotic, postbiotic-containing chitosan formula, and postbiotic-containing 
Carbopol formula against the tested microorganisms. Results are expressed as inhibition-zone diame-
ter (mm; mean ± SD).

https://doi.org/10.3390/polym18222802

https://doi.org/10.3390/polym18222802


Polymers 2026, 18, 2802 17 of 29

3.6.1. Agar Diffusion Activity
The Lactiplantibacillus plantarum-derived postbiotic exhibited antimicrobial activity 

against all six tested microorganisms, with net inhibition zones ranging from 5.6 ± 0.4 mm 
against Candida krusei to 11.4 ± 0.7 mm against Staphylococcus aureus (Figures 2 and 3). The 
chitosan and Carbopol®  blank formulations exhibited lower inhibitory activity, produc-
ing net inhibition zones of 3.6–6.1 mm and 3.1–5.2 mm, respectively. Incorporation of the 
postbiotic into either polymeric matrix increased the inhibition zones against all tested 
microorganisms. The chitosan-based postbiotic gel showed the greatest activity against 
Bacillus subtilis (22.4 ± 1.1 mm), S. aureus (20.5 ± 1.0 mm), and Pseudomonas aeruginosa 
(18.8 ± 0.9 mm), whereas the corresponding Carbopol®  formulation produced inhibition 
zones of 20.7 ± 1.0, 16.3 ± 0.8, and 16.3 ± 0.8 mm, respectively. The chitosan-based formula-
tion also produced larger inhibition zones against both Candida species. However, the Car-
bopol® -based formulation exhibited greater activity against Escherichia coli (12.3 ± 0.7 mm) 
than the chitosan-based formulation (10.5 ± 0.6 mm). All inhibition-zone values represent 
net diameters after subtraction of the 6 mm agar well diameter.

The antimicrobial activity of the postbiotic preparation is consistent with previous find-
ings demonstrating the inhibitory potential of L. plantarum-derived metabolites. Chang et al. 
(2021) reported antimicrobial activity in postbiotic preparations obtained from different L. 
plantarum strains and characterized their organic acid composition, highlighting the possi-
ble contribution of fermentation-derived metabolites to microbial inhibition [9]. Similarly, 
Butrungrod et al. (2023) demonstrated that postbiotic metabolites from L. plantarum PD18 
exhibited activity against periodontal pathogens and affected biofilm-associated virulence 
characteristics [15]. These findings support the biological plausibility of the antimicrobial 
effects observed in the present study. Nevertheless, the specific compounds responsible 
for the activity of the current postbiotic preparation were not chemically identified, and 
their individual contributions cannot be established from agar diffusion results alone. The 
greater inhibition-zone diameters obtained with the chitosan-based postbiotic gel may 
be associated with the antimicrobial characteristics of chitosan in addition to the activity 
of the incorporated postbiotic. Chitosan is a cationic polysaccharide whose protonated 
amino groups can interact with negatively charged microbial surfaces, potentially affecting 
cell envelope integrity and permeability. Its antimicrobial properties are influenced by 
several factors, including molecular weight, degree of deacetylation, concentration, and 
environmental pH [69]. Furthermore, Thirupathi et al. (2023) highlighted the potential 
of chitosan-based hydrogels as antimicrobial and antibiofilm delivery systems [1]. In the 
present study, the chitosan blank formulation itself exhibited measurable inhibitory activ-
ity, suggesting that the polymeric formulation may contribute to the overall antimicrobial 
response. However, the greater inhibition zones of the postbiotic-containing gel do not 
independently establish a synergistic interaction between chitosan and the postbiotic. The 
difference between the chitosan- and Carbopol® -based formulations was not uniform across 
microorganisms. Notably, E. coli showed a larger inhibition zone with the Carbopol® -based 
postbiotic gel, despite the generally greater activity of the chitosan-based system. Agar 
diffusion assays are influenced by the diffusion of antimicrobial constituents through the 
agar matrix, meaning that inhibition-zone diameter does not necessarily reflect intrinsic 
antimicrobial potency alone [70]. Consequently, differences in polymer composition, release 
behavior, and diffusion characteristics may have contributed to the observed microorganism-
dependent responses. Because release kinetics and diffusion coefficients were not measured, 
these possibilities require further investigation. The results demonstrate that incorporation 
of the L. plantarum-derived postbiotic into polymeric gels increased agar diffusion-based 
antimicrobial activity, with the chitosan formulation exhibiting the most consistent enhance-
ment across the tested microorganisms. These findings support further investigation of 
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postbiotic-containing polymeric gels for potential topical antiseptic applications. However, 
the results should be interpreted together with broth microdilution and antibiofilm find-
ings, since agar diffusion activity alone does not establish antiseptic efficacy under practical 
application conditions.

Figure 3. Representativeagar well diffusion assay images illustrating the antimicrobial activity of 
purified Lactiplantibacillus plantarum-derived postbiotic (PL-PB), chitosan-based postbiotic formula-
tion (PL-PB-CS), Carbopol-based postbiotic formulation (PL-PB-C), and their corresponding blank 
formulations against (A) Bacillus subtilis, (B) Staphylococcus aureus, (C) Pseudomonas aeruginosa, (D) Es-
cherichia coli, (E) Candida albicans, and (F) Candida krusei. Inhibition-zone diameters are expressed 
as mean ± standard deviation (SD) in millimeters (mm). Black double-headed arrows indicate the 
inhibition zones. Well-diameter-corrected inhibition zone (mm), calculated by subtracting the 6 mm 
well diameter from the total inhibition-zone diameter.

It should be noted that inhibition-zone diameters are influenced not only by antimicro-
bial activity but also by the diffusion of active constituents through agar and their release 
from the polymeric formulations. Therefore, larger inhibition zones do not necessarily 
indicate greater intrinsic antimicrobial potency. These findings should be interpreted along-
side the MIC results, considering the potential contributions of the postbiotic preparation, 
polymer matrices, and other formulation components to the observed antimicrobial effects.
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3.6.2. Minimum Inhibitory Concentration
The minimum inhibitory concentration (MIC) results demonstrated distinct antimi-

crobial responses depending on the polymeric matrix and target microorganism. The Lac-
tiplantibacillus plantarum-derived postbiotic exhibited MIC values of 3125 μg/mL against 
all four bacterial strains and 6250 μg/mL against both Candida species. Incorporation into 
the chitosan-based gel reduced these values to 1562.5 and 3125 μg/mL, respectively, corre-
sponding to a two-fold improvement in MIC against all six microorganisms. In contrast, 
the Carbopol® -based postbiotic formulation exhibited bacterial MIC values of 3125 μg/mL, 
identical to those of the postbiotic preparation alone, while the MICs against both Candida 
species were reported as >3125 μg/mL. The blank polymer formulations exhibited sub-
stantially higher MIC values, indicating limited inhibitory activity within the evaluated 
concentration ranges. As expected, ciprofloxacin and amphotericin B showed considerably 
lower MIC values than the postbiotic-containing formulations (Table 7).

Table 7. Minimum inhibitory concentrations (MICs, μg/mL) of the blank polymer formulations, puri-
fied Lactiplantibacillus plantarum postbiotic, postbiotic-containing chitosan and Carbopol formulations, 
and reference antimicrobial agents against the tested microorganisms.

Sample B. subtilis S. aureus P. aeruginosa E. coli C. albicans C. krusei

Chitosan + L. plantarum postbiotic formula 1562.5 1562.5 1562.5 1562.5 3125 3125
Carbopol + L. plantarum postbiotic formula 3125 3125 3125 3125 >3125 >3125
Chitosan blank formula >6250 >6250 >6250 >6250 >6250 >6250
Carbopol blank formula >12,500 >12,500 >12,500 >12,500 >12,500 >12,500
L. plantarum postbiotic 3125 3125 3125 3125 6250 6250
Ciprofloxacin ≥1 ≤2 ≥1 ≥0.5 – –
Amphotericin B – – – – ≥1 ≥1

The MIC findings were generally consistent with the agar diffusion results, although 
the magnitude of enhancement differed between the two methods. Relative to the postbiotic 
preparation alone, the chitosan-based formulation increased net inhibition-zone diameters 
by 15.4–121.2%, with the greatest enhancement observed against Pseudomonas aeruginosa 
(121.2%) and Bacillus subtilis (119.6%) (Table 8). The Carbopol® -based formulation also 
increased inhibition-zone diameters by 35.2–102.9%, despite showing no improvement in 
bacterial MIC values. Notably, the Carbopol®  formulation produced a larger inhibition zone 
against Escherichia coli, whereas the chitosan formulation exhibited a lower MIC against this 
microorganism. These findings indicate that diffusion-based inhibition and broth microdi-
lution susceptibility were not directly proportional across the investigated formulations.

Table 8. MIC fold improvement and inhibition-zone enhancement of the postbiotic-containing chitosan 
and Carbopol formulations relative to the purified Lactiplantibacillus plantarum postbiotic.

Microorganism Chitosan Formula MIC 
Fold Improvement a 

Chitosan Formula Zone 
Enhancement b  (%)

Carbopol Formula MIC 
Fold Improvement a 

Carbopol Formula Zone 
Enhancement b  (%)

B. subtilis 2.00× 119.6 1.00× 102.9
S. aureus 2.00× 79.8 1.00× 43.0

P. aeruginosa 2.00× 121.2 1.00× 91.8
E. coli 2.00× 15.4 1.00× 35.2

C. albicans 2.00× 101.6 NC c 51.6
C. krusei 2.00× 107.1 NC c 57.1

a  MIC fold improvement was calculated as MIC of the purified postbiotic/MIC of the corresponding 
postbiotic-containing formulation. b  Zone enhancement (%) was calculated relative to the inhibition-
zone diameter of the purified postbiotic. c  NC, not calculated because an exact MIC value was not 
obtained within the indicated concentration range.

https://doi.org/10.3390/polym18222802

https://doi.org/10.3390/polym18222802


Polymers 2026, 18, 2802 20 of 29

The superior MIC performance of the chitosan-based formulation may be associated 
with the intrinsic antimicrobial properties of chitosan and its contribution to the overall activ-
ity of the postbiotic-containing matrix. Kong et al. (2010) reported that chitosan-mediated 
antimicrobial activity is influenced by polymer characteristics, environmental conditions, 
and microbial susceptibility [69]. In addition, Thirupathi et al. (2023) highlighted the po-
tential of chitosan-based hydrogels for antimicrobial applications [1]. The present findings 
are also consistent with Chang et al. (2021), who demonstrated inhibitory activity of L. 
plantarum-derived postbiotic preparations and identified associations between organic acid 
composition and antimicrobial performance [9]. Nevertheless, the specific contribution of 
individual postbiotic metabolites and their interactions with the polymer matrix were not de-
termined in the present study. The discrepancy between inhibition-zone enhancement and 
MIC improvement, particularly for the Carbopol®  formulation, emphasizes the importance 
of interpreting antimicrobial activity using complementary assays. Balouiri et al. (2016) 
described the methodological differences between diffusion-based and dilution-based sus-
ceptibility tests, including the influence of antimicrobial diffusion on inhibition-zone mea-
surements [70]. Accordingly, the larger inhibition zones observed with certain formulations 
may reflect differences in compound mobility and release from the polymeric matrices 
rather than proportional changes in intrinsic antimicrobial potency. These potential mecha-
nisms require further investigation through release and physicochemical characterization. 
The combined results indicate that the chitosan-based postbiotic formulation provided 
the most consistent antimicrobial enhancement, achieving a two-fold reduction in MIC 
against all six microorganisms alongside increased inhibition-zone diameters. Although 
the Carbopol®  formulation improved diffusion-based inhibition, its bacterial MIC values 
remained unchanged relative to the postbiotic preparation alone. These findings support the 
potential of chitosan as a functional polymeric carrier for developing L. plantarum-derived 
postbiotic polymeric gels with antimicrobial properties. However, the substantially lower 
MIC values of the reference antimicrobial agents indicate that the formulations should be 
considered investigational systems rather than alternatives with demonstrated equivalent 
antiseptic efficacy. The chitosan-based postbiotic formulation exhibited a two-fold lower 
observed MIC than the unformulated postbiotic preparation under the tested conditions. 
However, this difference should not be interpreted as evidence of synergistic antimicrobial 
activity, as the observed response may reflect the combined contributions of chitosan, other 
formulation components, and formulation-dependent physicochemical effects. Therefore, 
the lower MIC represents a difference in the activity of the complete formulation rather 
than an increase in the intrinsic antimicrobial potency of the postbiotic. The antimicrobial 
responses were not uniform across the tested microorganisms or assay methods. Notably, 
the Carbopol-based postbiotic formulation produced a larger inhibition zone against E. 
coli, whereas the chitosan-based formulation exhibited a lower observed MIC against the 
same microorganism. This discrepancy indicates that agar diffusion and broth microdilu-
tion results are not necessarily directly proportional, potentially reflecting differences in 
formulation composition, diffusion, and release characteristics. Therefore, the findings do 
not support the universal superiority of either polymeric formulation.

3.7. Antibiofilm Activity
The Lactiplantibacillus plantarum-derived postbiotic and its polymeric formulations 

exhibited concentration-dependent inhibition of Staphylococcus aureus and Pseudomonas 
aeruginosa biofilm formation (Figure 4A,B). The antibiofilm experiments were designed to 
evaluate inhibition during biofilm formation rather than the eradication of pre-established 
biofilms. Accordingly, the observed reductions in crystal violet-stained biomass indicate an 
inhibitory effect on biofilm development under the tested conditions. These findings do not 

https://doi.org/10.3390/polym18222802

https://doi.org/10.3390/polym18222802


Polymers 2026, 18, 2802 21 of 29

establish the ability of the formulations to eradicate mature biofilms, which would require 
separate experiments involving preformed biofilms. The postbiotic-containing formulations 
consistently demonstrated greater antibiofilm activity than the purified postbiotic and their 
corresponding blank matrices. At the highest concentration tested (12,500 μg/mL), the 
chitosan-based postbiotic formulation achieved biofilm inhibition of 62.5 ± 3.1% against S. 
aureus and 59.3 ± 3.0% against P. aeruginosa, compared with 54.8 ± 2.9% and 53.1 ± 2.8%, 
respectively, for the Carbopol® -based formulation. The purified postbiotic produced inhi-
bition values of 46.2 ± 2.7% and 44.0 ± 2.6%, whereas both blank formulations exhibited 
lower activity (Figure 4). These findings indicate that incorporation into polymeric ma-
trices was associated with enhanced inhibition of biofilm formation, particularly in the 
chitosan-based system.

Figure 4. Concentration-dependent inhibition of biofilm formation by the chitosan blank formula, Car-
bopol blank formula, purified Lactiplantibacillus plantarum postbiotic, chitosan + L. plantarum postbiotic 
formula, and Carbopol + L. plantarum postbiotic formula against (A) Staphylococcus aureus and (B) Pseu-
domonas aeruginosa. Biofilm inhibition was determined using the crystal violet assay and expressed as 
percentage inhibition relative to the untreated biofilm control. Values are presented as mean ± SD.

The concentration–response profiles were further reflected in the MBIC50  values 
(Table 9). The chitosan-based postbiotic formulation exhibited MBIC50  values of 5884 μg/mL 
against S. aureus and 7446 μg/mL against P. aeruginosa, compared with 9696 and 10,655 μg/mL, 
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respectively, for the Carbopol® -based formulation. Neither the purified postbiotic nor the 
blank polymer formulations reached 50% inhibition within the tested concentration range, 
resulting in MBIC50  values >12,500 μg/mL. These results indicate that the chitosan-based 
formulation achieved the 50% biofilm inhibition threshold at lower concentrations than the 
Carbopol® -based formulation.

Table 9. MBIC50  values of the chitosan and Carbopol blank formulations, purified Lactiplantibacillus 
plantarum postbiotic, and postbiotic-containing polymeric formulations.

Sample S. aureus MBIC50 
(𝛍g/mL)*

P. aeruginosa MBIC50 
(𝛍g/mL)*

Chitosan blank formula >12,500 >12,500
Carbopol blank formula >12,500 >12,500
L. plantarum postbiotic >12,500 >12,500
Chitosan + L. plantarum postbiotic 5884 7446
Carbopol + L. plantarum postbiotic 9696 10,655

* MBIC50 , concentration required to inhibit biofilm formation by 50%. Values expressed as “>” indicate 
that the corresponding endpoint was not reached at the highest concentration evaluated.

The observed antibiofilm activity is consistent with previous investigations demonstrat-
ing the potential of L. plantarum-derived preparations to interfere with biofilm-associated 
processes. Butrungrod et al. (2023) reported that postbiotic metabolites obtained from 
L. plantarum PD18 exhibited inhibitory effects against periodontal pathogens and biofilm-
related virulence characteristics [15]. Although the microbial species and experimental 
conditions differed from those used in the present study, these findings support the po-
tential contribution of fermentation-derived microbial metabolites to antibiofilm activity. 
Nevertheless, the chemical composition of the present preparation was not characterized 
sufficiently to identify the compounds responsible for the observed effects. The greater 
activity of the chitosan-based formulation may also be associated with the physicochemical 
and antimicrobial properties of chitosan. Kong et al. (2010) described the interactions of 
chitosan with microbial cell surfaces, while Thirupathi et al. (2023) discussed the antimi-
crobial and antibiofilm applications of chitosan-based hydrogels [1,69]. These properties 
may contribute to the inhibitory performance of chitosan-containing systems. However, 
the observed enhancement cannot be attributed exclusively to chitosan–postbiotic inter-
actions, because differences in polymer composition, formulation-associated ingredients, 
and microbial exposure may also influence biofilm inhibition. Furthermore, crystal vio-
let staining primarily quantifies attached biofilm biomass rather than directly measuring 
bacterial viability, and therefore, the results should be interpreted as inhibition of biofilm 
formation rather than confirmed killing of biofilm-associated cells. Although the results 
showed slightly greater inhibition of S. aureus biofilm formation than P. aeruginosa biofilm 
formation, both microorganisms exhibited similar concentration-dependent responses. The 
comparatively lower susceptibility of P. aeruginosa may be related to the protective properties 
of its biofilm matrix and its capacity to tolerate antimicrobial exposure. Flemming et al. 
(2016) emphasized the importance of the extracellular polymeric matrix in biofilm structure 
and protection, while Hall and Mah (2017) described multiple mechanisms contributing to 
antimicrobial tolerance in bacterial biofilms [71,72]. However, these mechanisms were not 
directly investigated in the present study. The findings demonstrate that postbiotic incor-
poration into chitosan- and Carbopol® -based formulations increased inhibition of biofilm 
formation, with the chitosan-based formulation exhibiting the most favorable concentration–
response profile and lowest MBIC50  values against both microorganisms. These results 
support further investigation of L. plantarum-derived postbiotic polymeric gels for potential 
topical applications where inhibition of microbial biofilm formation is desirable.
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3.8. Antioxidant Activity: Comparative Evaluation of DPPH and ABTS Radical Scavenging Assays
The antioxidant activities of the purified Lactiplantibacillus plantarum-derived postbiotic 

and its chitosan- and Carbopol-based formulations were evaluated using DPPH and ABTS 
radical scavenging assays over a concentration range of 781.25–12,500 μg/mL, expressed as 
postbiotic dry mass. These complementary assays were employed to assess the antioxidant 
responses of the formulations under different reaction conditions, considering the potential 
influence of solvent compatibility and polymer-related interference [38,73].

The DPPH assay demonstrated concentration-dependent radical scavenging activity 
(Figure 5A). At 12,500 μg/mL, the postbiotic-containing chitosan formulation exhibited 
the highest inhibition (72.0 ± 3.0%), followed by the Carbopol formulation (65.0 ± 2.9%) 
and purified postbiotic (50.4 ± 3.0%). The corresponding blank chitosan and Carbopol 
formulations showed inhibition values of 34.2 ± 2.2% and 27.1 ± 2.0%, respectively, while 
gallic acid exhibited 82.1 ± 1.0% inhibition. The apparent IC50  values were 2983, 3606, and 
4830 μg/mL for the chitosan formulation, purified postbiotic, and Carbopol formulation, 
respectively (Table 10). Neither blank formulation reached 50% inhibition within the tested 
range (IC50  >12,500 μg/mL). These findings suggest that formulation composition influ-
enced the observed antioxidant response, although the activity of the blank formulations 
indicates that the effect cannot be attributed exclusively to the postbiotic. The ABTS as-
say supported the concentration-dependent antioxidant response observed with DPPH 
(Figure 5B). At 12,500 μg/mL, ABTS inhibition reached 83.4% for the postbiotic-containing 
chitosan formulation, 78.1% for the Carbopol formulation, and 76.2% for the purified postbi-
otic. The blank chitosan and Carbopol formulations exhibited inhibition values of 34.5% and 
25.6%, respectively. The corresponding TEAC values at 781.25 μg/mL were 0.0900, 0.0749, 
and 0.0720 mmol TE/g postbiotic for the chitosan formulation, Carbopol formulation, and 
purified postbiotic, respectively. At 12,500 μg/mL, these values decreased to 0.0178, 0.0164, 
and 0.0159 mmol TE/g postbiotic (Table 11). Although ABTS inhibition increased with 
concentration, the decline in mass-normalized TEAC values may reflect nonlinear assay 
responses and limitations associated with the Trolox calibration range rather than reduced 
intrinsic antioxidant capacity.

Table 10. DPPH IC50  values of gallic acid, blank polymer formulations, purified Lactiplantibacillus 
plantarum postbiotic, and postbiotic-containing chitosan and Carbopol formulations.

Formulation DPPH IC50  (𝛍g/mL)

L. plantarum postbiotic 3606
Chitosan + L. plantarum postbiotic 2983
Carbopol + L. plantarum postbiotic 4830
Gallic acid <781.25
Chitosan blank serum >12,500
Carbopol blank serum >12,500

Table 11. Trolox equivalent antioxidant capacity (TEAC) of L. plantarum-derived postbiotic and 
polymeric gel formulations (mmol TE/g).

Concentration (𝛍g/mL) Purified Postbiotic Postbiotic + Chitosan Postbiotic + Carbopol

781.25 0.0720 0.0900 0.0749
1562.5 0.0583 0.0696 0.0602
3125 0.0440 0.0489 0.0434
6250 0.0264 0.0304 0.0271

12,500 0.0159 0.0178 0.0164
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Figure 5. Concentration-dependent in vitro radical scavenging activity of purified Lactiplantibacillus 
plantarum-derived postbiotic, postbiotic-containing chitosan and Carbopol formulations, and their 
corresponding blank formulations. (A) DPPH radical scavenging activity, including gallic acid as the 
positive control. (B) ABTS radical cation scavenging activity. Values are expressed as mean ± SD.

The differences between the two assays may be associated with their distinct physico-
chemical characteristics. DPPH is generally evaluated in alcohol-containing media, where 
interactions with aqueous polymeric formulations may influence polymer dispersion, tur-
bidity, and radical accessibility [9,42,74]. In contrast, the ABTS radical cation is compatible 
with aqueous environments, providing a complementary approach for evaluating complex 
formulations [73]. Nevertheless, polymer aggregation, diffusion limitations, and potential 
interference from excipients such as PEG 400 and polysorbate 20 may affect the measured 
responses. Sample-specific blanks reduce background absorbance interference but do not 
necessarily eliminate all matrix-related effects. The higher apparent antioxidant activity 
of the chitosan-based formulation may reflect contributions from both the postbiotic con-
stituents and the complete formulation. Previous studies have demonstrated that chitosan 
and its derivatives can exhibit radical scavenging properties depending on their structural 
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characteristics [75]. However, because the formulations differ in composition, the observed 
differences cannot be attributed solely to the principal polymer or interpreted as evidence 
of synergy. Furthermore, DPPH and ABTS assays measure chemical radical scavenging and 
do not establish cellular antioxidant protection or activation of endogenous pathways such 
as Nrf2, SOD, catalase, or glutathione peroxidase. Both assays indicated that the postbiotic-
containing chitosan formulation exhibited the highest apparent in vitro radical scavenging 
activity among the investigated postbiotic preparations. However, the results should be 
interpreted in the context of formulation-dependent matrix effects and analytical limitations. 
Further studies involving validated interference controls and cell-based oxidative stress 
models are required to establish the biological relevance of these findings.

The safety of the formulations for topical application has not been established. Cyto-
toxicity in relevant skin cells, irritation, sensitization, and skin-barrier compatibility were 
not evaluated in this study. These assessments are particularly important given the complex 
postbiotic preparation, preservatives, sodium salicylate, and acidic formulation environ-
ment. Accordingly, the formulations should be regarded as potential topical antiseptic 
candidates requiring further safety evaluation rather than products with demonstrated 
suitability for skin application.

4. Conclusions
This study evaluated Lactiplantibacillus plantarum-derived postbiotic-loaded chitosan- 

and Carbopol-based polymeric gels as potential topical antiseptic candidates. Both formu-
lations exhibited shear-thinning behavior and in vitro antimicrobial, biofilm-inhibitory, 
and radical scavenging activities. The chitosan-based formulation generally showed more 
favorable biological responses, although antimicrobial performance varied with the mi-
croorganism and assay. These findings represent a comparison of two complete formulation 
platforms; differences cannot be attributed solely to the primary polymers, and antimicro-
bial synergy was not established. Biofilm inhibition also does not demonstrate eradication 
of established biofilms. These preliminary findings support further investigation but do not 
establish practical antiseptic efficacy, storage stability, or safety for skin application. Further 
work should address postbiotic composition and batch consistency, standardized antiseptic 
efficacy, formulation stability, and skin safety, including cytotoxicity, irritation, sensitization, 
and barrier compatibility. Quantitative assessment of spreadability, bioadhesion, and local 
retention is also needed to establish the proposed topical advantages.
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Abbreviations
 The following abbreviations are used in this manuscript:

Abbreviation Definition
ANOVA Analysis of Variance
ATCC American Type Culture Collection
CFS Cell-Free Supernatant
CFU Colony-Forming Units
CV Crystal Violet
DPPH 2,2-Diphenyl-1-picrylhydrazyl
IC50 Half-Maximal Inhibitory Concentration
MBIC50 Minimum Biofilm Inhibitory Concentration Required for 50% Biofilm Inhibition
MHA Mueller–Hinton Agar
MHB Mueller–Hinton Broth
MIC Minimum Inhibitory Concentration
MMW Medium Molecular Weight
MRS de Man–Rogosa–Sharpe
NRRL Agricultural Research Service Culture Collection
OD Optical Density
PB Postbiotic
PBS Phosphate-Buffered Saline
PEG Polyethylene Glycol
SD Standard Deviation
v/v Volume per Volume
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