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Abstract

Staphylococcus aureus colonizes the skin and nasal orifices of both humans and animals. Biofilm-related
infections and acquired antimicrobial resistance render this bacterium a major health concern. This
study examined the biofilm-forming capacity of eight S. aureus isolates originating from humans, sheep,
and food matrices in northern Algeria. The efficiency of sanitizers (povidone—iodine [PVI], peracetic acid
[PAA], quaternary ammonium compounds [QACs] and chlorhexidine [CHX]) in inhibiting and detaching
biofilms was also assessed. Biofilm-production ability was assessed using a tissue culture plate. The
minimal inhibitory concentration (MIC) and minimal bactericidal concentration were measured for each
sanitizer, and antibiotic susceptibility profiles were determined by performing the Kirby-Bauer disk
diffusion assay. All S. aureus isolates demonstrated the ability to produce biofilms, and among these,
food and sheep mastitis isolates exhibited a strong capacity for biofilm formation. CHX exhibited the
highest efficacy in bacterial biofilm inhibition and was considered more potent than the other sanitizers
(P < 0.0001). Further, it exhibited lower MIC interval values (0.98-1.9 ug/g). However, MIC interval
values for PVI, PAA, and QACs were 3125-25000, 39.06-156.25, and 0.98-3.9 mg/L, respectively. PVI
did not affect biofilm detachment at different concentrations. All isolates were sensitive to methicillin
(with mecA/mecC genes not detected), gentamicin, sulfamethoxazole—trimethoprim, vancomycin,
and amikacin; however, two isolates were resistant to erythromycin and clindamycin. These findings
demonstrated the biofilm-forming potential of S. aureus isolates and confirmed the effectiveness of
sanitizers against S. aureus isolated from different sources.

Keywords: Staphylococcus aureus, Biofilm, Sanitizers, Antimicrobial Resistance, Chlorhexidine, Peracetic Acid,

Quaternary Ammonium

INTRODUCTION

Staphylococcus aureus is a Gram-positive
opportunistic pathogen, frequently found as
a commensal colonizer of the skin and nares
in both humans and animal species.? It causes
different diseases, including minor suppurative
skin infections, food poisoning outbreaks, and
toxic shock syndrome. Further, it produces several
virulence factors, including pathogenic antigens,
enzymes, and toxins. Staphylococcal enterotoxins
play a crucial role as primary toxins associated with
food poisoning.?

Staphylococcus aureus can colonize
different surfaces and produce robust biofilms.?
Biofilms consist of microorganisms embedded in
an extracellular polymer matrix, and this facilitates
strong attachment to surfaces.* These biofilms,
which are composed of polysaccharides, proteins,
and organic materials, can adhere to medical
devices, industrial equipment, and food processing
components, leading to significant issues.® Biofilms
that form on implants within human tissues are
associated with a wide range of chronic infections.
In the food industry, microbial contamination and

biofilm formation are critical threats to food safety
and human health.®

The firm adherence ability of S. aureus to
living and inert surfaces is due to the production
of a polysaccharide extracellular matrix and the
presence of proteins that promote adherence
to tissues and abiotic surfaces. Consequently,
these biofilms exhibit significant resilience to
both physical disruption and chemical agents.”
A notable feature of S. aureus is the expression
of various adhesins, specifically microbial
surface components recognizing adhesive matrix
molecules (MSCRAMMs), adhesion proteins that
bind collagen (cna), fibronectin-binding proteins
(fnb), and other analogous adhesion proteins.®
Importantly, although multiple factors influence
biofilm development, polysaccharide intercellular
adhesins (PIAs), encoded by the ica operon, play a
critical role in synthesis of the extracellular matrix,
facilitating cell-to-cell adhesion and structural
stability within the biofilm.?

Bacterial biofilms exhibit greater
tolerance and resistance to antimicrobial agents
than free-floating suspended bacteria.'® The
biofilm matrix surrounds the bacterial cells,
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making antibiotic treatments and chemical agents
less effective owing to reduced penetration or
complete impermeability.'! Furthermore, previous
investigations have established that the S. aureus
exopolysaccharide matrix provides the physical
integrity of the biofilm, acting as a barrier that
increases tolerance to diverse antimicrobial
agents, such as antibiotics and sanitizers.’*** To
address this issue, effective disinfectants must be
applied at the appropriate concentrations. Low
concentrations risk the development of resistance,
whereas high concentrations increase costs
and environmental impacts.* Additionally, this
inefficiency is facilitated by a highly plastic genome,
which allows for the continuous acquisition of
resistance determinants through genetic exchange
and evasion of the innate host immune system.
Three primary approaches are used to eradicate
biofilms: (i) altering the surface characteristics to
prevent biofilm formation, (ii) modulating cell-to-
cell signaling to inhibit biofilm assembly, and (iii)
using physical interventions to disrupt established
biofilms.*

The use of sanitizers to inhibit bacterial
growth and biofilm formation is a well-established
method of microbial control. These agents are
widely used in healthcare, the food industry, and
households to minimize microbial contamination.
The choice of sanitizer depends on several
factors, including its spectrum of activity,
efficacy, cost, surface compatibility, residue
formation, and rinsing requirements.® Selecting
an appropriate sanitizer is crucial for ensuring
both safety and effectiveness in controlling the
presence of bacteria. The most commonly used
sanitizers are alcohols, quaternary ammonium
compounds, chlorine-based agents, and hydrogen
peroxide, each with varying levels of efficacy and
applications.”

Povidone—iodine (PVI) is effective against
various microorganisms, including antibiotic-
resistant bacteria. It targets Gram-negative
pathogens such as Klebsiella pneumoniae and
Gram-positive strains such as methicillin-resistant
S. aureus (MRSA) and Escherichia coli.*® Peracetic
acid (PAA) is attracting increasing research interest
because of its applications in the medical and food
industry.’® As membrane-active agents, quaternary
ammonium compounds (QACs) represent a
primary class of sanitizers characterized by their

strong and broad-spectrum antimicrobial activity,
and they are known for their adaptability across
consumer and industrial applications. Their broad-
spectrum efficacy against bacteria, viruses, and
fungi makes them critical tools in public health
and infection control strategies.?® Chlorhexidine
(CHX) is a potent broad-spectrum sanitizer with
strong bactericidal action. It targets the microbial
cellmembrane, inducing irreversible permeability
and the subsequent leakage of cytoplasmic
components, disrupting essential protein functions
and causing the crystallization of macromolecules
within the cytoplasm, ultimately leading to cell
death. In addition to its bactericidal effects,
CHX also exhibits bacteriostatic properties by
interfering with ATPase activity, which inhibits
prokaryotic cell division.%212

The aim of this study was to characterize
the ability of S. aureus to form biofilms on abiotic
surfaces and assess the comparative efficacy
of various sanitizers, including PVI, PAA, QACs,
and CHX, for the prevention and eradication of
these microbial biofilms. Importantly, this study
compared the efficacy of these sanitizers against
S. aureus isolates of diverse origins, providing
critical insights into how environmental and clinical
sources influence biofilm-formation and resistance
mechanisms. Finally, the susceptibility of S. aureus
isolates to various antibiotics was examined to
provide insights into their resistance profiles and
potential correlations with biofilm formation.

MATERIALS AND METHODS

Origins of isolates

This study was carried out on eight S.
aureus strains from a collection of staphylococci
isolates collected from different samples. Animal
isolates (521 and S22) originated from the milk of
sheep with mastitis. Food isolates were obtained
from raw milk or minced beef ( F13, F15, and F29).
Additional isolates were collected from the nasal
swabs of individuals with high occupational animal
exposure, including farm staff and veterinary
professionals (N1, N9, and N18). Microbial
sampling was performed in two provinces in
Northern Algeria (Medea and Ain Defla). Bacterial
species were identified using matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry. DNA microarrays were used to

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Karim et al | J Pure Appl Microbiol. 2026;20(3):2429-2446. https://doi.org/10.22207/JPAM.20.3.36

characterize clonal complex (CC) lineages and
provide relevant information on various virulence
factors, specifically genes associated with exotoxin
and enterotoxin production, immune-evasion
factors, biofilm formation-associated genes,
sanitizer-resistance genes, MSCRAMMs, antibiotic-
resistance determinants, and other target genes
for typing such as species, SCCmec, capsule, and
agr group typing markers.?24

Assessment of biofilm production

Biofilm formation was induced on
polystyrene surfaces using a tissue culture plate.
The biofilm-producing capacity of the eight isolates
was assessed following a previous protocol.?
Overnight bacterial cultures in tryptic soy broth
(TSB)-1% glucose broth (Merck, Germany) were
incubated at 37 °C. The cultured suspensions
were standardized to an optical density (OD) at
625 nm of 0.08-0.1 (cell concentration ~102 CFU/
mL). Sterile microtiter plates (Greiner Bio-One,
Germany) were prepared by filling the wells with
100 pL of the bacterial suspension; then, 100 pL of
fresh TSB 1% glucose was added to each well. For
the negative controls, 200 pL of TSB supplemented
with 1% glucose was added to the designated
wells. To ensure repeatability, all isolates were
tested in triplicate. For each assay, two microtiter
plates were prepared, one incubated for 24
hrs and the other incubated for 48 hrs at 37 °C.
Following incubation, the culture medium was
aspirated and the wells were washed three times
with sterile phosphate-buffered saline (PBS, pH
7.4) to eliminate non-adherent cells. Microtiter
plates were drained in an inverted position before
fixing the attached bacteria. The adherent bacteria
were exposed to hot air at 60 °C for 60 min for
heat fixation. The adherent biofilm that formed
in each well of the microtiter plates was stained
with 150 pL of 0.1% crystal violet (Sigma-Aldrich,
Merck, Darmstadt, Germany) for 15 min. After
the staining procedure, the well contents were
aspirated and the plates were rinsed three times
with sterile distilled water to eliminate residual
stain. The microtiter plate wells were dried at room
temperature. To solubilize the crystal violet, each
well was treated with 150 uL of 96% ethanol and
incubated without agitation for 30 min. Finally,
absorbance was measured at 625 nm using a
microplate reader (800TS Agilent, BioTek, USA).

The cutoff OD value was defined as
three standard deviations above the mean OD
of the negative control. Based on the OD,,,
values calculated previously herein, bacterial
isolates were classified into the following biofilm-
production categories: non-biofilm producer (OD
lower than the negative control), weak biofilm
producer (WBP: OD higher than the negative
control but lower than twice this value), moderate
biofilm producer (MBP: OD between two and
four times the negative control), or strong biofilm
producer (SBP: OD higher than four times the
negative control, as recommended by Stepanovic¢
etal.).”

Evaluation of microbial sanitizer efficacy against
biofilm formation

The effects of the sanitizers PVI, PAA,
QACs, and CHX on limiting bacterial growth (via
the minimum inhibitory concentration [MIC] and
minimum bactericidal concentration [MBC] of
each sanitizer) were investigated. The biofilm-
interference and removal effects of various
sanitizers were also analyzed. PVI (10%) and
QACs (50%) were purchased from a local market.
The PAA (5%) sanitizer was provided by the dairy
industry in the study region, and CHX (1.6%) was
provided by the microbiology laboratory at the
Research Center of Biotechnology of Constantine
in eastern Algeria.

Determination of MICs

The TCP “tissue culture plate” technique,
as previously described (section 2.2), was used
in this section to study the effect of various
sanitizers on inhibiting biofilm formation and to
determine their MICs. The MIC was defined as the
lowest concentration of an antimicrobial agent
that prevents microbial growth after overnight
incubation.?® PVI was tested twice at an initial
concentration of 10%, PAA was tested at 5% and
1%, and CHX was tested at initial concentrations of
0.05% and 0.025%. For the QACs, five trials were
performed using initial concentrations of 50%,
10%, 1%, 0.5%, and 0.25%. To ensure accuracy and
reproducibility, all sanitizer assays were performed
in duplicate. Serial dilutions were performed
according to the Clinical and Laboratory Standards
Institute (CLSI) guideline.?”
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The concentrations of PVI, PAA, and
QACs (in mg/L) were evaluated based on liquid
formulations, whereas CHX values were expressed
as pg/g) to strictly adhere to the manufacturer’s
gravimetric certification of the stock CHX gluconate
paste/solution. The microtiter plate was prepared
by filling the wells with 100 pL of TSB 1%
glucose broth. Serial dilutions were performed,
starting with the initial concentrations mentioned
previously. Then, 100 pL of bacterial inoculum
for each isolate (bacterial concentration of 0.5
McFarland) was added to each well (excluding
negative control). The microtiter plate was covered
and incubated at 37 °C for 24 hrs. The MICs of the
sanitizers were evaluated by visually assessing
the turbidity of each well in comparison with the
negative and positive controls.

Determination of biofilm MBC

The MBC indicates the lowest
concentration of an antimicrobial agent at which
only 0.01% of the bacteria remain viable.?® To
determine the MBC of the tested sanitizers,
aliquots from the wells in the MIC assay were
subcultured onto solid growth media.” Following
MIC determinations, a 10 pL aliquot of the bacterial
suspension was taken from wells showing no visible
growth specifically those with concentrations
meeting or exceeding the MIC and spotted onto
Mueller-Hinton agar plates. The plates were
incubated at 37 °C for 24 hrs. The MBC values
were determined as the lowest concentration of
sanitizer that resulted in no visible colony growth
after subculture on agar plates.

Assessment of inhibitory effect on biofilm
formation

After determining the MIC of each
sanitizer (Section 2.3.1) and after the treatment
period, the well contents were aspirated and
the plates were rinsed three times with sterile
PBS (pH 7.4) to eliminate any remaining non-
adherent bacterial cells. The microtiter plates
were drained in an inverted position before the
attached bacteria were heat-fixed at 60 °C for 60
min. Then, 150 pL of 0.1% crystal violet was added
to each well for 15 min to stain adherent cells. The
contents of the wells were then gently aspirated
and washed three times with sterile distilled water

to eliminate excess stain, and the microtiter plates
were dried at room temperature.

For solubilization of the crystal violet,
150 pL of 96% ethanol was added to each well
without agitation for 30 min. The OD_,. nm
was measured using a microtiter plate reader
(800TS Agilent, BioTek, USA). The OD results of
each well, corresponding to successive sanitizer
concentrations, were compared with the control
OD values (positive and negative controls).

Evaluation of the detachment effect on preformed
biofilms

The detachment evaluation procedure
followed the protocol described by Kose and
Yapar,®* with slight modifications. After biofilm
formation on tissue culture plates, 10 serial two-
fold (double-fold) dilutions of each sanitizer were
prepared in distilled water. Aliquots of 200 uL of
diluted sanitizers (PVI, PAA, QACs, and CHX) were
added to the corresponding wells of the microtiter
plate, except for the controls. Following a 5-30
min incubation at room temperature, the sanitizer
solutions were aspirated from the wells. The wells
were then washed three times with sterile distilled
water and allowed to dry at room temperature.
Staining of the remaining (non-detached) biofilm
cells and solubilization with crystal violet were
performed as described previously (Section 2.3.3).

Antimicrobial susceptibility testing

Antimicrobial susceptibility was
determined for 12 different agents using the Kirby-
Bauer disk diffusion method on Mueller-Hinton
agar following CLSI protocols.?” The antibiotic
disks that were used (Oxoid, Basingstoke, UK)
included the following: oxacillin (5 pg), cefoxitin
(30 pg), doxycycline (30 ug), gentamicin (10
pg), vancomycin (30 pg), erythromycin (15 pg),
trimethoprim-sulfamethoxazole (25 pg), ofloxacin
(5 pg), rifampicin (30 pg), clindamycin (2 ug),
amikacin (30 pg), and fosfomycin (50 ug). Petri
dishes were incubated at 37 °C for 18-24 hrs.
Inhibition zones were measured, and the isolates
were categorized as susceptible (S), intermediate
(1), or resistant (R) according to the established
CLSI breakpoints.?’

Resistance to vancomycin and oxacillin
was confirmed by determining MICs using the
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E-test method. Briefly, a bacterial suspension
standardized to 0.5 McFarland was inoculated
onto Mueller-Hinton agar (Liofilchem, Italy). An
E-test strip (Liofilchem, Italy) was then placed in
the center of the plate, followed by incubation
at 37 °C for 24 hrs. Following incubation, the % P e e e e s
MIC was determined by identifying the point at @
which the elliptical inhibition zone intersected "
the graduated E-test strip. The resulting values 2 2 P o 4 s e
(ug/mL) were interpreted as S, |, or R, according §:° S
to CLSI breakpoints.?’ %
£ -
Statistical analysis .§ S
Statistical analysis was performed using 2
StatView® software (SAS Institute Inc., Cary, NC, 2 2 o
USA) (version 5.0). Data are expressed as means “
t standard deviations. Differences in optical
densities among sanitizer treatments were S b e e e e s s
compared using one-way analysis of variance. é <
Pairwise comparisons between groups were £y
subsequently carried out using Fisher’s Protected % E % b e s 4 e s s s
Least Significant Difference (PLSD) post-hoc tests. @ .8 =
Statistical significance was defined at a P-value §
< 0.05. Detailed comparisons obtained from © < e r e e e e s 5
Fisher’s PLSD post-hoc analyses are included in = 2
Supplementary Tables 1 and 2. g
§ TS D@ o mmm .TE
RESULTS EC@F S ISSvnunoon i:%
£8< 3
Biofilm formation results (TCP assay) -§ é 2 ol A RR33I<S% §
The TCP results of the eight isolates s |°| 33383232 2
are presented in Table 1; all isolates exhibited 93
higher OD values than those observed in the vl acnaanaeaaa g
negative control. (24 hrs: 0.069; 48 hrs: 0.076). " s _ ,% SS3333393 ';
The incubation time affected the development £ % S £ <
of the biofilm matrix, and the potential for 3 = 3 J Moo wdny 5
biofilm development after 24 hrs was higher than 2 e o| dNSYSmeomns o 2
. . O [clcNeNeNeNeNoNo =
that after 48 hrs of incubation. After 24 hrs of 5 £
incubation, 6 of 8 isolates (75%) were classified : . g
as SBPs, and the remaining (25%) were classified “g = MU Nmwe | 2
as MBPs. After 48 hrs of incubation, four of eight 2 | S £ 8838888808 &
isolates (50%) were classified as SBPs, whereas f‘é © =
the remaining isolates were classified as WBPs or %” " - _%
MBPs. Regarding the origin of isolates, S. aureus 3| . oo xxxpEE| 8
isolated from sheep mastitis and the food matrix S| 2g 23232 g g g é é E
showed a higher capacity for biofilm formation E| EF Tex I3Tgoe E
than the nasal swab isolates after 24 hrs or 48 hrs 5| 22208222 >
of incubation. According to the microarray data, S. 2 o o2 g
aureus isolates assigned to clonal complexes CC97, 2| = Qo | &
CC5, CC8, and CC398 exhibited the highest OD e | 2o S22 99 ] =
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values and were classified as SBPs. Thus, isolates
belonging to CC1, CC15, and CC45 had relatively
low OD values.

Table 1 shows the results of biofilm- and
adhesion-related gene detection in S. aureus
isolates. All isolates harbored the intercellular
adhesion operon (icaACD) and genes encoding
fibronectin—fibrinogen-binding adhesins, fnbA
and fnbB. However, two of the eight isolates (N9
and N18) did not harbor the adhesin gene sasG,
and the biofilm-associated protein gene (bap) was
not found in any of the tested isolates. Regulatory
genes (agr and sarA) were also detected in all the
isolates, independent of their capacity to form
biofilms.

Efficacy of microbial sanitizers in reducing biofilm
formation
Determination of MIC and MBC concentrations
Tables 2 and 3 show the sanitizer
efficacy, MIC, and MBC values. MIC results are
summarized as ranging from the lowest to the
highest concentrations observed across the
eight isolates. The results obtained demonstrate
significant variability; CHX showed the highest
efficacy in terms of sanitizer potency, and it had
a lower MIC concentration (0.98-1.90 pg/g) and
MIC90 values (1.9 pg/g), indicating its ability to
effectively inhibit bacterial growth. However, the
MIC90 values of PVI, PPA, and QACs were 25000,

Table 2. The MIC values of different sanitizers

Isolates Sanitizers
PVI PPA QACs CHX

(mg/1) (mg/1) (mg/1) (ne/8)
N1 6250 78.12 0.98 0.98
N9 6250 39.06 1.95 1.90
N18 25000 156.25 1.95 0.98
F13 6250 156.25 0.98 1.90
F15 6250 78.12 1.95 1.90
F29 6250 78.12 1.95 0.98
S21 3125 78.12 3.90 1.90
S22 3125 156.25 3.90 1.90
MIC (3125-  (39.06-  (0.98- (0.98-
interval  25000)  156.25)  3.90) 1.90)

156.25, and 3.9 mg/L, respectively. The results
of MBC show a significant difference between
sanitizers, CHX demonstrated the highest potency,
with lower MBC (0.98-1.90 pg/g) and MBC90
values (1.9 ug/g). PVI, PPA, and QACs exhibited
MBC values of 25000 mg/I, 312, 5 mg/l and 62.50
mg/|, respectively.

Assessment of inhibitory effect on biofilm
formation

The inhibitory effect of sanitizers on
biofilm formation was evaluated by comparing
the OD measurements obtained after crystal violet
staining to a positive control values (isolates that
formed biofilms without sanitizers) (Figure 1).
Each sanitizer resulted in a reduction in S. aureus
bacterial biofilms compared to those with the
untreated isolates. Biofilm formation decreased
significantly in a concentration-dependent manner
when QACs and CHX were applied at all different
concentrations (P < 0.0001), whereas PVI and
PAA resulted in no significant decrease in biofilm
formation when the concentrations were lower
than 1.560-1E3 mg/L and 0.080-1E3 mg/L (P >
0.05), respectively. Regarding the origins, isolates
derived from sheep with mastitis demonstrated
higher sensitivity to sanitizers than isolates
obtained from nasal swabs and food matrices.
Therefore, SBP isolates exhibit higher sensitivity
to sanitizers than MBPs.

Table 3. The MBC values of different sanitizers

Isolates Sanitizers
PVI PPA QACs CHX

(mg/1) (mg/1) (mg/1) (ng/e)
N1 6250 78.12 3.90 0.98
N9 6250 39.06 3.90 1.90
N18 25000 156.25 15.62 0.98
F13 12500 156.25 15.62 1.90
F15 6250 78.12 15.62 1.90
F29 6250 78.12 62.50 0.98
S21 6250 78.12 3.90 1.90
S22 6250 156.25 3.90 1.90
MBC 6250- 39.06- 3.9- 0.98-
interval 25000 312.50 62.50 1.90
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Biofilm detachment effectiveness of sanitizers
Figure 2 illustrates the differences in the
efficacy of various sanitizers (PVI, PAA, QACs, and
CHX) in detaching preformed S. aureus biofilms,
focusing on the influence of the origin of the isolate
(sheep, food, or nasal sources). The detachment
effects of various sanitizers on the biofilms formed
on the microtiter plates were evaluated (Figure
2 and Table 4). QACs demonstrated the greatest
biofilm detachment effect, with a reduction in
biofilm mass at varying concentrations. Notably, a
concentration of 6.25-1E3 mg/L (1/8 of the initial
concentration of 50-1E3 mg/L) was able to remove
71% of the preformed biofilm. CHX concentrations
between 0.4 mg/g and 1.6 mg/g detached 65%-
81% of the bacterial biofilm (P < 0.05); however,
lower CHX concentrations resulted in detachment
below 50%. In contrast, PAA was less effective
with the highest concentration removing only
66% of the biofilm. Lower concentrations of PAA
did not significantly affect biofilm detachment
(P >0.05). PVIshowed nosignificant effect on biofilm
detachment across different concentrations, with
the undiluted sanitizer (25-1E3 mg/L) achieving
only a weak detachment effect (21%, P > 0.8).

C1/512
(38%)
(45%)
(37%)
(36%)

C1/256
(44%)
(30%)
(30%)
(24%)

c1/128
(46%)
(46%)
(37%)
(24%)

c1/64
(48%)
(51%)
(40%)
(30%)

C1/32
(54%)
(51%)
(44%)
(13%)

C1/16
(55%)
(51%)
(41%)
(30%)

C1/8
(51%)
(71%)
(45%)
(18%)

Antimicrobial susceptibly testing

The results of antimicrobial susceptibility
testing are presented in Table 5. All isolates
showed phenotypic resistance patterns that were
different from those of the antimicrobial agents.
Eight isolates were sensitive to methicillin (oxacillin
was used for MRSA detection), gentamicin,
sulfamethoxazole—trimethoprim, vancomycin,
or amikacin. The phenotypic susceptibility
determined using conventional methods, such
as disk diffusion and Escherichia coli testing, was
compared with the results of the DNA microarray
analysis,* which provides information about
resistance determinantsin these S. aureus isolates.
No antimicrobial resistance-associated genes,
namely mecA/mecC, aacA/aphD, dfrA, vanA/
vanB, and aacA, were detected. However, ermB,
which confers resistance to erythromycin and
clindamycin, was found in one isolate. Phenotypic
resistance to doxycycline was found in one isolate
without the associated resistance genes tetK/
tetM. Interestingly, three isolates that were
phenotypically susceptible to fosfomycin harbored
fosB-associated genes.

C1/4
(54%)

0.243+£0.082 0.061+0.004 0.254+0.096 0.262 +0.107 0.257 +0.13 0.261+0.109 0.231+0.135 0.272 +0.098 0.231 +0.077 0.246 +0.104 0.245+0.095 0.216 + 0.088
(19%)

(77%)
0.461+0.118 0.054+0.003 0.212 +0.064 0.245+0.073 0.266 +0.083 0.308 +0.087 0.328+0.079 0.313+0.11 0.308 £0.109 0.344+0.104 0.382+0.09 0.343 +0.091

(58%)
0.40+0.135 0.084+0.008 0.134+0.049 0.127 £0.056 0.175+0.066 0.201+0.07 0.280+0.111 0.281+0.079 0.282+0.068 0.298 +0.109 0.364 +0.114 0.305 +0.131

c1/2
(65%)
(89%)
(59%)
(17%)

c1
(81%)
(88%)
(66%)
(21%)

OD-Negative
control
0.395+0.096 0.060+0.01 0.136+0.048 0.200+0.06 0.228 +0.107 0.252+0.094 0.238 £+0.09 0.240+0.081 0.266 +0.085 0.274 +0.083 0.280+0.07 0.304 + 0.093

Table 4. The OD-CV value * standard deviation and the percentage on biofilm detachment for all S. aureus isolates
OD-Positive
control

Sanitizer
concentrations
CHX (ug/g)
QACs (mg/L)
PAA (mg/L)
PVI (mg/L)
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Table 5. Correlation between phenotypic resistance and genes detection in S. aureus isolates

Antibiotics agents Phenotypic Associated Genes carriage
resistance resistance
genes Sensitive Intermediate Resistant
Doxycycline 12.5% tetM 0% 0% 0%
tetkK 0% 0% 0%
Erythromycin 25% msrA 0% 0% 0%
ermA 0% 0% 0%
ermB 0% 0% 12.5%
ermC 0% 0% 0%
Gentamicin 0% aacA-aphD 0% 0% 0%
Oxacillin 0% mecA/mecC 0% 0% 0%
Trimethoprim- 0% dfrA 0% 0% 0%
sulfamethoxazole
Cefoxitin 0% NI NI NI NI
Vancomycin 0% vanA 0% 0% 0%
vanB 0% 0% 0%
Ofloxacin 0% NI NI NI NI
Rifampicin 12.5% NI NI NI NI
Clindamycin 25% ermA 0% 0% 0%
ermB 0% 0% 12.5%
ermC 0% 0% 0%
Amikacin 0% aacA 0% 0% 0%
Fosfomycin 12.5% fosB 37.5% 0% 12.5%
DISCUSSION in Staphylococcus species, against both antibiotics

Staphylococcus aureus is one of the most
common pathogens causing foodborne illnesses
worldwide.?! It forms biofilms on biotic and abiotic
surfaces in natural and clinical environments,
making it the leading cause of biofilm-associated
infections.?? Biofilm formation protects bacteria
against host immune responses, antibiotic
treatments, and various external stressors,
including resistance to sanitizers.?*3* Notably,
the improper use of biocides, such as insufficient
exposure times, sublethal concentrations, or
inadequately designed equipment, can promote
the development and spread of antimicrobial
resistance, thereby posing significant risks to
public health and food safety.343*

Given the capacity of S. aureus to persist
in various environments and develop resistance,
it is essential to regularly assess the efficacy of
commercial sanitizers in food processing and
healthcare settings. Regular testing ensures that
the disinfectants are effective against microbial
contamination. Furthermore, the continuous
surveillance of antimicrobial resistance patterns

and sanitizers, is crucial for the early detection
of resistant strains and for guiding appropriate
control measures. This proactive approach helps
to prevent the establishment of resistant biofilms,
reduces the risk of outbreaks, and protects public
health by ensuring the reliability of both chemical
and pharmaceutical interventions.”3#

In the present study, the biofilm-forming
capacity of eight S. aureus isolates from different
sources, namely food matrices, sheep mastitis,
and nasal swabs, and the efficacy of four types
of sanitizers in inhibiting and detaching biofilms
were evaluated using the in vitro TCP method. All
tested isolates were capable of forming biofilms
on polystyrene surfaces, with the majority (75%)
classified as SBPs after 24 hrs of incubation.
These results corroborate those of earlier studies
showing that S. aureus rapidly colonizes abiotic
surfaces, a trait that underpins its persistence
in both clinical and industrial environments.*
This short persistence of biofilms reflects their
developmental cycle, which involves three
sequential stages, attachment, accumulation/
maturation, and eventual dispersal, a process that
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is essential for bacterial survival, dissemination,
and adaptation to changing environments.*

The present findings indicate the clear
influence of isolate origin on the biofilm-forming
capacity. Staphylococcus aureus isolates from
sheep mastitis and food matrices consistently
demonstrated greater biofilm formation than
isolates originating from nasal swabs, regardless
of the incubation duration. This is in agreement
with the results of Achek et al.,?® indicating that
environmental and clinical isolates of S. aureus are
exposed to greater selective pressure, driving the
evolution of robust adhesion and biofilm-forming
phenotypes.** In this study, S. aureus isolates
collected from sheep mastitis presented high
biofilm-forming capacity, which is in agreement
with previous results for other S. aureus isolates
from sheep mastitis.**4

Several studies have highlighted the
effect of genetic factors on biofilm production.
A key genetic element in this context is the
intracellular adhesion (icaA, icaC, and icaD)
cluster that encodes proteins essential for
polysaccharide intercellular adhesion (PIA)
synthesis. PIA plays a critical role in mediating cell—-
cell adhesion, thereby facilitating S. aureus biofilm
formation.** Some strong biofilm phenotypes are
well documented in the literature, including their
persistence in livestock environments and their
role in potential zoonotic transmission.*®*” The
presented findings of the DNA microarray analysis
showed that all S. aureus isolates harbored icaACD
genes, regardless of their origin. These results are
in accordance with several findings from human
nasal samples,* sheep mastitis,* and isolates
from food matrices.*> However, not all icaACD
gene-carrying isolates had the capacity to produce
biofilms. It has been reported that the correlation
between the presence of ica and biofilm-forming
ability in S. aureus is unpredictable,*® because
the expression of biofilm-dependent genes and
adhesion on surfaces comprise a complex process
of gene regulation that is dependent on several
factors, including nutrients, pH, and surface
characteristics.>>?

Regarding adhesion matrix genes, the
bap gene was not found in any of the isolates.
In general, the bap gene, which promotes inert
surface and intracellular adhesion, is rarely
detected in S. aureus,* and its presence has only

been reported in a few S. aureus isolates from
sheep mastitis.>* FnBPA and FNBPB are involved in
biofilm maturation, but not in primary attachment.
They are generally involved in ica-encoded PIA.>®
This function was confirmed by a report in which
a primary attached biofilm was damaged through
fnbAB mutation.*® In this study, fnbA and fnbB were
detected in all S. aureus isolates, and a previous
study reported that fnbB occurred frequently
(99.5%) in S. aureus isolated from humans.”” The
sasG gene (encoding a surface protein of S. aureus)
promotes biofilm formation.*¢ In the present studly,
the sasG gene was detected in all strong biofilm-
producing S. aureus isolates. Furthermore, sasG
promotes strong adhesion affinity, independent of
ica-encoded PIA, with its masking properties.t*>*

In S. aureus, accessory gene regulator
(agr) and staphylococcal accessory regulator (sarA)
loci are critical genetic elements that modulate the
expression of multiple virulence factors.>® Both
sarA and agr serve as key regulatory elements that
influence biofilm formation, either by promoting
or limiting biofilm development. The sarA gene is
strongly associated with polysaccharide poly-N-
acetylglucosamine- dependent biofilm formation
by S. aureus. In the current study, all isolates
carried sarA and agr, independent of their ability
to form biofilms. The detection of sarA is likely
correlated with the detection of icaA, icaC, and
icaD loci, as demonstrated by previous findings.>®

In contrast to antibiotics, which are
chemotherapeutic drugs typically used internally to
control infections and which interact with specific
structures or metabolic processes in microbial
cells,®® antimicrobial disinfectants are used as
primary treatment options against pathogens on
surfaces in healthcare settings, thereby helping to
prevent healthcare-associated infections.®* They
are also widely used on food-contact surfaces®
and play a crucial role in minimizing economic
losses across various industries.®® Biocide agents
encompass chemical substances used to inhibit
growth or kill microorganisms, and they are
safe in food manufacturing industries and on
surfaces.® These products may be composed
of specific formulations containing one or more
active biocidal agents that indiscriminately target
bacterial cell structures.®?

The enhanced resistance of biofilm-
embedded S. aureus cells to sanitizers is a well-
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established phenomenon that is mainly attributed
tothe protective barrier formed by the extracellular
polymeric matrix, which inhibits the penetration
of disinfectants and antibiotics.'>'>!2 In our studly,
CHX and QACs emerged as the most effective
sanitizers, exhibiting the lowest MIC (0.98-1.9 ug/g
and 0.98-3.9 mg/L, respectively) and MBC (0.98-
1.9 pg/g and 3.9-62.5 mg/L, respectively) values
against both planktonic and biofilm-associated
cells. This aligns with the results of previous
studies demonstrating the effectiveness of CHX
and QACs against biofilms formed by both MSSA
and MRSA isolates.® Kuznetsova et al. reported the
significant performance of CHX and QACs against
biofilms, with MICs lower than 1.27 pg/L and 1.5
mg/L, respectively.®® QACs exert their antimicrobial
effects by compromising the integrity of bacterial
cell membranes, thereby increasing membrane
permeability. However, bacterial resistance or
tolerance to QACs can arise through several
mechanisms, such as alterations in membrane
porins, the upregulation of efflux pump systems,
enzymatic inactivation, and the acquisition of
resistance genes via horizontal gene transfer.t”.
In particular, proton-motive force-driven efflux
pumps belonging to the major facilitator
superfamily (MFS) can export monocationic
QACs from the cytoplasm to the extracellular
environment.®® Genes such as gacA and gacB are
among the known MFS determinants associated
with this resistance.” In S. aureus, various efflux
systems (gacA-G) can actively expel QACs from the
membrane, particularly at concentrations below
the MIC, thereby diminishing the efficacy of these
disinfectants and contributing to reduced biocide
susceptibility.”*

In this study, DNA microarray analysis
showed that genes (gacA and gacC) encoding
QAC-resistance proteins A and C were not present
in any of the isolates. However, tet efflux genes
were identified in all isolates. Although these
specific determinants encode tetracycline-specific
transport proteins, rather than those involved
direct QAC efflux, their presence in mobile genetic
elements highlights a significant risk for co-
selection. Mobile genetic elements frequently co-
harbor both tet alleles and non-specific multidrug
or QAC-specific efflux systems (such as gac genes).
Consequently, these findings suggest that although
tet genes do not directly mediate QAC tolerance,

they serve as markers for complex resistance
platforms that can facilitate the co-carriage and
spread of antiseptic and antibiotic resistance
determinants.*7%73

Similarly, CHX has been widely studied
for its effectiveness against biofilms. Wolcott et
al. evaluated the activity of CHX gluconate against
wound biofilms and reported a reduction in
biofilm biomass and bacterial viability.”* CHX also
demonstrated excellent activity against S. aureus
biofilms with an 84% decrease in biofilm viability.”
The uptake by and interaction of CHX with bacteria
were initially investigated by Hugo and Frier
(1969), who observed that the absorption of CHX
by S. aureus was rapid and dependent on both
the concentration and pH level. The antibacterial
mechanism of CHX involves crossing the outer
membrane, likely through passive diffusion, and
subsequently attacking the bacterial cytoplasmic
structures.”® This process damages the delicate
semipermeable membrane, resulting in the
leakage of intracellular constituents.*®

Regarding the efficacy of PVI against
biofilm formation, our results showed limited
anti-biofilm efficacy against S. aureus isolates;
its MIC90 and MBC90 values were much higher
(25.000 mg/L) than those of other sanitizers, and
it did not significantly inhibit biofilm formation
at concentrations below 1.560 mg/L or detach
established biofilms at any tested concentration.
Several studies have investigated the efficacy of
PVI against biofilms and found that it may not be
effective in combating biofilm formation. Parker
et al. showed that PVI did not significantly reduce
the biofilm biomass or viability of bacterial cells.”
However, both results are in contrast with those
of Oduwole et al., who found that sub-inhibitory
concentrations of PVI (0.17%-0.7%) significantly
inhibited biofilm formation by S. aureus and S.
epidermidis, correlating with the downregulation
of icaADBC operon expression and upregulation of
the expression of the icaR repressor, suggesting a
genetic mechanism for the anti-biofilm effect of PVI
at lower doses.”® A study conducted by Hoekstra et
al. demonstrated that undiluted and even diluted
PVI ointments (down to 10%) could eradicate
MRSA biofilms in vitro after 24 hrs, with an efficacy
superior to that of several other topical agents,
although this effect was less pronounced at lower
concentrations and with mixed-species biofilms.”
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PVI has been shown to exhibit effective antibiofilm
activity in vitro, especially when used at higher
concentrations. In contrast, low concentrations
did not affect biofilm formation. The variability in
study outcomes is likely attributable to differences
in the experimental setups, including the microbial
species tested, PVI concentration, and exposure
time.2°

PAA is one of the most widely used
sanitizers, owing to its broad-spectrum
antimicrobial activity.?*® PAA has been proven
to be highly effective against monospecies and
multispecies biofilms and planktonic cells, with
MIC and MBC values ranging from 39.06-312.50
mg/L. This finding is supported by other in vitro
studies.*®*#* The antimicrobial activity of PPA can
be explained by the non-specific oxidation and
disruption of cell wall permeability.®> Chino et al.
investigated the activity of PAA against biofilms
formed by S. aureus and Pseudomonas aeruginosa
and found that it effectively reduced biofilm
viability and inhibited biofilm formation.2¢

The correlation between antibiotic
resistance and the extent of biofilm formationin S.
aureus has been reported and discussed in several
studies.®” The results of this study emphasize
that S. aureus isolates derived from food may
display a higher rate of biofilm formation and
antimicrobial resistance than those from sheep
mastitis. This supports previous findings that
food-related environments serve as reservoirs for
resistant and biofilm-forming S. aureus.®®% This
may be because food-production environments
harbor more resistant strains, likely due to
repeated exposure to sanitizers and sub-inhibitory
antibiotic concentrations, potentially selecting for
resistant and biofilm-producing S. aureus. Such
environments can facilitate the transmission of
resistant strains to humans through the food chain,
underscoring their public health significance.?**°

The susceptibility profiles of the isolates
in this study are consistent with previously
reported findings. Specifically, the observed
resistance to erythromycin and clindamycin among
the strong biofilm-producing S. aureus isolates is
consistent with previous studies that established
a correlation between robust biofilm formation
and multidrug-resistance.’® In the present
study, 25% of the isolates exhibited resistance
to erythromycin and clindamycin, whereas all

isolates were sensitive to methicillin, gentamicin,
sulfamethoxazole—trimethoprim, vancomycin,
and amikacin. These findings are comparable to
those reported by Vitale et al., who observed
that human-derived S. aureus isolates with strong
biofilm-forming capacities exhibited significant
resistance to erythromycin (50%) and clindamycin
(42.8%), further supporting the association
between biofilm production and resistance to
these antibiotics.®? Similarly, Manandhar et
al. reported that biofilm-producing S. aureus
isolates, particularly methicillin-resistant strains,
demonstrated higher resistance to erythromycin
(78.9%) and clindamycin (80.7%).*

Biofilms act as physical and biochemical
barriers that limit antibiotic penetration and
protect embedded bacteria from host immune
responses. This phenomenon has been highlighted
in multiple studies, including those by Donadu
et al. and Peng et al., who emphasized the role
of biofilms in enhancing bacterial survival under
antimicrobial stress. The observation that isolates
classified as SBPs exhibited high resistance to
erythromycin concurs with the established
relationship between robust biofilm formation and
multidrug-resistance, as biofilms act as physical
and biochemical barriers limiting antibiotic
penetration and protecting embedded bacteria
from host immune responses.?*%3

CONCLUSION

Antimicrobial resistance and biofilm
formation are escalating and intractable challenges
in the health and food safety sectors. This study
investigated the ability of S. aureus to form biofilms
on polystyrene microplates and assessed the
effectiveness of antiseptics and sanitizers (PVI,
PPA, QACs, and CHX) against these isolates. Our
findings demonstrate that S. aureus strains isolated
from various sources, such as food, mastitis, and
nasal swabs, exhibit biofilm-forming capabilities,
with food-derived isolates being particularly
prolific. Susceptibility testing against four sanitizers
revealed MIC ranges of 3125-25000 mg/L for
PVI, 39.06-156.25 mg/L for PAA, 0.98-3.9 mg/L
for QACs, and 0.98-1.9 ug/g for CHX. Significant
variability was observed in sanitizer efficacy with
regard to biofilm inhibition and detachment,
with QACs and CHX markedly reducing biofilm
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formation and detachment. The results showed
significant variability in terms of sanitizer efficacy
for biofilm inhibition and detachment, with biofilm
formation and detachment being significantly
reduced by QACs and CHX. Eight S. aureus
isolates were sensitive to methicillin, gentamicin,
trimethoprim—sulfamethoxazole, vancomycin,
and amikacin; however, some isolates (2/8) were
resistant to both erythromycin and clindamycin.
Screening for specific sanitizer-resistance genes
may help to better understand this complex
phenomenon and guide the development of
new strategies to control and prevent bacterial
resistance to sanitizers.

s N
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