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Abstract

Background/Objectives: The rising prevalence of antibiotic-resistant bacteria, particularly within
biofilms, presents a critical challenge in treating hospital-acquired infections. Staphylococcus aureus
is a clinically significant pathogen, notorious for its ability to form biofilms that drastically reduce
antimicrobial susceptibility. This study aimed to characterize the metabolic response of S. aureus in
both planktonic and biofilm states to understand resistance mechanisms better. A key objective was
to optimize methodologies for large-scale biofilm production and high-yield RNA extraction,
providing a vital tool for subsequent transcriptomic analyses. Methods: To reach our goals, we
investigated two strains with differing resistance profiles: a methicillin-sensitive reference strain
(ATCC 6538) and a methicillin-resistant clinical isolate (MRSA pHUAS585). Biofilm morphology was
characterized, and the response to vancomycin was assessed. To facilitate RNA extraction, we
optimized a large-scale biofilm production method using a solid membrane support on agar plates,
followed by RNA purification via an enhanced phenol/chloroform protocol. Results: Our results
revealed distinct biofilm architectures between the strains, with differences in thickness and the
distribution of nucleic acids and polysaccharides. Vancomycin exhibited a concentration-dependent
inhibitory effect on both, though the response varied, suggesting strain-specific biofilm formation
mechanisms and matrix composition. Furthermore, we successfully standardized the scaled-up
biofilm production and obtained high-quality RNA. However, under the conditions tested, biofilms
from both strains showed low expression of the icaA gene, a key mediator of polysaccharide
intercellular adhesion, potentially indicating growth condition dependencies or biofilm maturity
state. Conclusions: In summary, this work establishes a methodological foundation for biofilm
research and provides crucial insights into the strain-specific phenotypic and potential genetic
determinants that underline antibiotic tolerance in S. aureus biofilms.

Keywords: Staphylococcus aureus (S. aureus) biofilms; antibiotic profile; biofilm characterization;
RNA extraction

1. Introduction

Bacterial infections are a public health problem, which has been aggravated by the increase in
antibiotic resistance developed by bacteria, as well as by the greater difficulty in treating infections
caused by bacteria that form biofilms [1], which are responsible for most clinical infections [2,3] and
are more difficult to treat than planktonic bacteria. Staphylococcus aureus is an opportunistic
pathogenic Gram-positive bacterium that forms biofilms and is often found in clinical isolates [4-6].
Biofilms are surface-associated bacterial communities enclosed in a self-produced extracellular
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polymeric matrix of polysaccharides, proteins, signaling molecules, extracellular nucleic acids,
among others [7], which can develop on different surfaces, whether inert or alive, such as implants,
catheters, pacemakers, mechanical heart valves and also in chronic wounds or lungs [4-6,8]. Biofilms
allow the entrapment of essential minerals and nutrients [9] and provide protection against external
agents such as the innate defenses of the host and antimicrobial agents [8,10]. They decrease the
susceptibility to antibiotics and other antimicrobial compounds, as the high bacterial density in the
biofilms leads to the accumulation of residues and to an altered microenvironment, with reduced pH,
low pO2, high pCO2, low hydration, among others, which limits the action of antimicrobial agents [8].
For example, reduced oxygen levels compromise the action of aminoglycosides [11]. In addition,
antimicrobial agents diffuse hardly through the extracellular matrix [12-14] and biofilms are also
responsible for promoting horizontal gene transfer and altered metabolic activity that could affect
the response to antibiotics [7,8,15,16]. There is also the formation of persister cells (slow or
nongrowing bacteria), especially in the deeper regions of the biofilm, leading to a lower susceptibility
to antimicrobial agents, which are more efficient against growing cells [8]. Thus, these bacteria are
able to reconstitute the biofilm after stopping therapy.

The formation of biofilms is triggered by the need for bacteria to adapt to environmental
conditions [8] and involves an initial reversible attachment of planktonic bacteria to a surface, the
growth and maturation of the biofilm within a matrix and finally the detachment and dispersion of
the cells that will colonize other surfaces, when nutrients are depleted, or waste products accumulate
[7], which makes it hard to efficiently eradicate biofilm-related infections.

Given this complexity associated with complex infections, it is increasingly clear that
understanding and combating biofilm-mediated resistance requires a multifaceted methodological
approach. Relying on a single model system or analytical technique risks providing an incomplete or
misleading information. Methodologies that are effective for assessing planktonic susceptibility, such
as broth microdilution, often fail to predict antibiotic efficacy against biofilms [17]. Conversely,
models that generate high biomass may select for specific biofilm phenotypes that are not
representative of all clinical scenarios [18,19]. Therefore, correlating data from various methods, from
high-throughput metabolic assays and advanced microscopy to molecular profiling, is essential to
discriminate between different resistance mechanisms and to link biofilm structure with function
[4,20].

In this context, the present study employs an integrated methodological strategy to explore
biofilm formation and antibiotic response in two S. aureus strains with distinct resistance profiles: a
methicillin-sensitive reference strain (ATCC 6538) and a clinical methicillin-resistant isolate
(pHUASS85). We specifically investigate their response to vancomycin, a relevant antibiotic [21],
comparing planktonic susceptibility to tolerance within mature biofilms. A central goal of this work
is the optimization of robust methods, including a high-biomass biofilm model and high-quality RNA
extraction protocols, to enable a reliable transcriptomic analysis. By applying and correlating these
diverse methodologies, we aim to provide a more comprehensive understanding of the phenotypic
and genotypic adaptations that underpin biofilm-mediated antibiotic tolerance in S. aureus.

2. Materials and Methods

2.1. S. aureus Clinical Isolate Identification and Antibiotic Susceptibility Profiling

The pHUAS585 methicillin-resistant Staphylococcus aureus clinical isolate was collected from a
patient and the strain was identified with matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) spectrometry using the VITEK MS system (bioMérieux) according with the protocol
described by us [22]. Inoculation loops were used to select and smear the isolate onto the sample
spots/target slide. Then 1 pL VITEK mass spectrometry a-cyano-4-hydroxycinnamic acid (MS-
CHCA) matrix was applied over the sample and air dried (1-2 min). The target slide was loaded into
the VITEK MS system to acquire the mass spectra of whole bacterial cell protein (which is mainly
composed of ribosomal proteins). After this, the mass spectra acquired for each sample was compared
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to the mass spectra contained in the database. Finaly the pHUAS585 was subjected to an in vitro
antimicrobial susceptibility testing by employing the Kirby-Bauer disc diffusion method, following
the EUCAST January 2023-defined breakpoints to interpret susceptibility data [23]. For that, bacterial
suspensions were prepared in physiological saline solution (0.85% NaCl) and adjusted to a 0.5
McFarland standard, corresponding to approximately 108 CFU/mL. These suspensions were
uniformly spread (“carpet cultures”) onto MHA plates. The following antimicrobials were tested:
Penicillins ~ (Benzylpenicillin, Oxacillin), Fluoroquinolones (Levofloxacin, Moxifloxacin),
Aminoglycosides (Gentamicin), Glycopeptides and lipoglycopeptides (Teicoplanin, Vancomycin),
Macrolides, Lincosamides and Streptogramins (Erythromycin), Tetracyclines (Tetracycline),
Oxazolidinones  (Linezolid), Fusidic acid, Nitrofurantoin, Rifampicin, Trimethoprim-
sulfamethoxazole and Mupirocin. As a control, the reference strain S. aureus ATCC 6538 was also
tested for susceptibility to some of these antibiotics.

2.2. Culture Conditions and Preparation of Bacterial Suspension

Bacterial stocks were prepared, from overnight cultures on MHA, in MHB with 20% (v/v)
glycerol and stored at -80 °C until further use. For each assay, fresh cultures were obtained by
streaking from frozen stocks onto MHA and incubating for 18-20 h at 37 °C. To prepare the inoculum
for the different assays, the optical density (OD) at 600 nm (ODsoonm) was adjusted to an absorbance
of 0.14-0.16 which corresponds to a cell density of 1x108 CFU/mL. The necessary dilutions were made:
i) 5x10° CFU/mL in MHB for the growth curves; ii) 1x10” CFU/mL for the RNA extraction assays, iii)
and 1x10¢ CFU/mL for the observation of the biofilms by confocal laser scanning microscopy and
reduction of resazurin fluorometric kinetic assay in tryptic soy broth (TSB) (BD), supplemented with
0.25% (w/v) glucose, previously filtered with a filter of 0.20-0.22 um.

2.3. Determination of Bacterial Growth Curves Using Optical Density (OD) Readings

For each strain of S. aureus, 1x10¢ CFU/mL suspensions in MHB were inoculated in a 96 U-well

plate (Orange Scientific) (final volume of 200 uL), and 100 puL of different concentrations of the
antibiotic Vancomycin were added: 0 mg/L, 0.78 mg/L, 1.56 mg/L, 3.12 mg/L, 6.25 mg/L, 12.5 mg/L,
25 mg/L and 50 mg/L.
The final bacterial cell density in each well was 5x10° CFU/mL. Each Vancomycin concentration was
tested using technical triplicates. The optical density at 600 nm was measured as a function of time
in a microplate reader (SPECTROstar Nano, BMG LABTECH) at 37 °C and set to take measures every
10 minutes for 136 cycles, with 100 flashes per well and cycle. The OD was plotted against time.

2.4. Reduction of Resazurin Fluorometric Kinetic Assay

Bacterial suspensions of each strain with 1x10¢ CFU/mL in TSB+0.25% (w/v) glucose were added
to a 96-well flat-bottomed plate (Costar) (final volume 200 uL per well) and were incubated for 24
hours at 37 °C to form mature biofilms and later evaluate their susceptibility to Vancomycin. After
incubation, the medium was removed and different concentrations of Vancomycin were added,
prepared from a stock solution of 200 mg/L: 0 mg/L, 3.12 mg/L, 6.25 mg/L, 12.5 mg/L, 25 mg/L, 50
mg/L. The biofilms were incubated for another 24 hours. Each concentration was tested using
technical triplicates. After incubation with Vancomycin, a resazurin reduction fluorometric based-
assay was performed [12] to determine the effect of Vancomycin treatment on the metabolic activity
of 24 h-pre-formed biofilms treated for 24 hours. Resazurin, the active compound in PrestoBlue
(Thermo Fisher Scientific) is a blue compound that is reduced by metabolically active cells to
resorufin, a pink fluorescent intermediate. The biofilms were rinsed with TSB to remove non-
adherent bacteria and resazurin was added at a final concentration of 5% (v/v) in TSB to each of the
biofilm samples in the 96-well plate. The production of resorufin was followed every 10 minutes for
a total of 4 hours by measuring the fluorescence intensity of resorufin, excitation and emission
wavelength were set at 530 and 590 nm, respectively, and the fluorescent intensity was recorded at
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37 °C in a microplate reader (FLUOstar Optima, BMG LABTECH). A sample with completely
reduced resazurin was used as positive control, obtained by autoclaving the TSB supplemented with
5% (v/v) resazurin for 15 minutes, which was used to perform the equipment gain adjustment
(according to the manufacturer’s instructions). The negative control used was a TSB sample with 5%
(v/v) resazurin.

2.5. Visualization of Biofilms by Confocal Laser Scanning Microscopy (CLSM)

In an 8-well uncoated chambered coverslips (Ibidi GmbH) (final volume 200 pL per well), 1x10¢
CFU/mL bacterial suspensions were added in duplicate and incubated at 37 °C for 24 hours for
biofilm formation. After incubation, the medium was removed from each of the wells and a 3 uM
SYTO 9 solution (Thermo Fisher Scientific) in PBS was added to each well, incubating 30 minutes in
the dark at room temperature. After incubation, the unbound dye was removed, and the biofilms
were rinsed with PBS. Then, the biofilms were stained with 1 pg/mL WGA-Alexa 633 (Thermo Fisher
Scientific) in PBS for 15 minutes in the dark at room temperature and were rinsed again with PBS.
After this step, the biofilms were visualized by CLSM using a Leica TCS SP5 inverted microscope
with 63x water apochromatic objective (1.2 numerical aperture). The laser lines used were 488 nm Ar*
(emission collected at 500-590 nm) and 633 nm He-Ne (emission collected at 640-795 nm) for SYTO 9
and WGA-Alexa 633, respectively.

Biofilm thickness was determined as previously described [24].

2.6. RNA Extraction Optimization of Planktonic Bacteria and Biofilms

RNA extraction was optimized for planktonic cells in the stationary phase and for biofilm
samples. For that, a pre-inoculum was prepared. For planktonic cells in the stationary phase, the
cultures were inoculated using the pre-inoculum for an initial ODsoonm of 0.05 and grown for 17 hours
at 37 °C and 180 rpm. For the biofilm formation, we optimized a large-scale production in which 30
uL of 1x107 CFU/mL cell suspension of each strain was inoculated in plates with TSA medium on a
FILTER-LAB® Gridded MCE Membrane, with pore diameter 0.22 pum and filter diameter 47 mm, and
incubated for 48h at 37 °C. After the growth of planktonic cells or biofilms, 20 mL of TM stop buffer
(Tris-HCl (Calbiochem) 10 mM pH 7.2, MgClz: (PanReac) 5 mM, NaNs (Sigma Aldrich) 25 mM,
Chloramphenicol (Sigma) 0.5 g/L) were added to 20 mL of each planktonic culture in a Falcon tube
or, for the biofilms, the membranes were transferred to 50 mL Falcon tubes containing the TM stop
buffer and were subjected to vigorous vortex to dislocate the biofilms from the membranes. The
membranes were then removed from the Falcons. The following steps are common for planktonic
cells and biofilms.

The cell suspensions were centrifuged at 4000 rpm for 20 minutes at 4 °C (Eppendorf 5810R) for
pellets’ collection and the supernatant was discarded. Cells were resuspended in 600 pL of lysis
buffer (Tris-HCl (Calbiochem) 10 mM pH 7.2, MgCl: (PanReac) 5 mM, 5 U of Turbo DNase
(Invitrogen) and 1 mg/mL of lysozyme (Sigma)) and were incubated at 37 °C for 5 min. The
suspensions were changed to 2 mL Eppendorf tubes containing 0.5 mL of glass beads (mixture of 2
sizes, <106 um and 425-600 pm in 1:1 ratio), acid washed (Sigma) and 600 pL of acid phenol (Sigma),
pH 4.3. Cells were then lysed in the Tissue Lyser (FastPrep) at speed 6 for 45 seconds (twice), keeping
the samples in ice during the wait periods. For the DNase treatment, the suspensions were
centrifuged at 14000 rpm for 10 minutes at 4 °C. The aqueous phase was taken out into 2 mL
Eppendorf tubes and 50 uL of DNase Buffer 10x and 10 U of Turbo DNase (both from Invitrogen)
were added. The mixture was incubated at 37 °C for 1 hour.

For the RNA extraction, centrifuge was always operated at 14000 rpm and 4 °C. 1 mL of Trizol
(Invitrogen) and 200 puL of CHCls (Honeywell) were added to the Eppendorfs and the solutions were
agitated vigorously for 2 minutes at room temperature and then centrifuged for 10 minutes. The
aqueous phases were taken out to fresh Eppendorf tubes and 200 uL of CHCls:Isoamyl alcohol
(Merck) (24:1) were added. The tubes were again agitated vigorously for 2 minutes at room
temperature and then centrifuged for 15 min. The aqueous phases were taken out to fresh Eppendorf
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tubes and another 200 uL of CHCls:Isoamyl alcohol (24:1) were added, followed by agitation and 15
minutes centrifugation. The aqueous phases were once again collected and 0.1x volume of Sodium
acetate 3 M pH 5.2 and 2.5x volume of cold ethanol 100% were added. RNAs were left to precipitate
overnight at -20 °C. In the following day, the suspensions were centrifuged for 45 minutes at
maximum velocity and 4 °C and the resulting pellets were washed with ethanol 75%. The samples
were centrifuged for 15 minutes at maximum velocity and 4 °C, and the pellets were dried at room
temperature for 15 minutes and resuspended in 100 pL of autoclaved Milli-Q H20. The resulting
RNA was stored at -80 °C for 10 minutes followed by defrosting and up and down pipetting for full
resuspension and then stored at -20 °C until needed. RNA integrity was assessed by agarose gel
electrophoresis and its concentration estimated spectrophotometrically (NanoDrop ND-1000).

2.7. Removal of Contaminating Genomic DNA

To remove the contaminating genomic DNA, RNA samples from biofilms and planktonic cells
(4 samples) were treated using Turbo DNase Kit (Invitrogen). To 5 pg of RNA, 2.5 uL of 10x DNase
buffer and 0.5 uL of Turbo DNase were added and the volume was completed up to 25 puL with
autoclaved Milli-Q H20. The samples were incubated at 37 °C for 60 minutes, after which 2.8 uL of
DNase inactivation reagent was added, incubating for 5 minutes at room temperature. The RNA
samples were then centrifuged for 1.5 minutes at 10000xg and the supernatants were collected. The
RNA concentration of each sample was measured in the NanoDrop ND-1000.

2.8. cDNA Synthesis

To convert RNA to cDNA, the SensiFAST™ cDNA Synthesis kit (Bioline) was used. For each
RNA sample, a solution with 1 ug of RNA, 4 uL of TransAmp 5x buffer, 1 uL of Reverse Transcriptase
and autoclaved Milli-Q H20 to complete 20 pL was prepared. The samples were subjected to a vortex
and a spin and the following program was performed in the thermocycler (BioRad): 10 minutes at 25
°C (primer annealing), 30 minutes at 42 °C (reverse transcription), 5 minutes at 85 °C (inactivation).
cDNA was obtained with a concentration of 50 ng/uL.

2.9. RT-qPCR Calibration Curve

Calibration curves were made for the housekeeping gene (16S rRNA) and for the gene of interest
(icaA), which is involved in the control of biofilm production [25,26], both using the cDNA
synthesized from the RNA samples taken from the biofilms, in order to evaluate the amplification
efficiency for each pair of primers [27,28]. For the preparation of the calibration curve of the 165 rRNA
gene, the cDNA sample of the biofilm of the ATCC 6538 strain was used for the dilutions (50 ng/uL)
1:10, 1:30, 1:50, 1:75 and 1:100. For the calibration curve of the icaA gene, four different conditions
were tested: the primers designed for this work (icaA_Forward_1 and icaA_Reverse_1, Table 1) were
tested with cDNA from S. aureus ATCC 6538 biofilm (two attempts), first with the dilutions 1:10, 1:30,
1:50, 1:75 and 1:100 and after with 1:5, 1:10, 1:20, 1:50 and 1:75, and from S. aureus clinical isolate
pHUADS585 biofilm for the dilutions 1:1, 1:2, 1:5, 1:10 and 1:15. Another pair of primers was also tested,
icaA_Forward_2 and icaA_Reverse_2, which showed good results in [25], and for this pair, the cDNA
was from S. aureus pHUASS85 biofilm and the dilutions used were 1:1, 1:2, 1:5, 1:10 and 1:15. For the
experiment, a qPCR Master Mix solution was prepared with 85 uL of SYBR mix (SensiFAST™ SYBR®
No-ROX Kit), 4.25 uL of the Forward primer (10 umol/uL) and 4.25 pL of the Reverse primer (10
pmol/pL), which are described in Table 1, and 55.25 pL of autoclaved Milli-Q H20. Each dilution was
done in triplicate. For each diluted sample of cDNA, 1.25 uL of cDNA was mixed in RT-qPCR tubes
with 8.75 pL of qPCR Master Mix. The negative control used was prepared with 1.25 uL of autoclaved
Milli-Q H20 and 8.75 uL of qPCR Master Mix. The RT-qPCR was performed in qTOWER3/G
(Analytik Jena) with the program: 95 °C for 2 minutes; 40 cycles of 95 °C for 5 seconds, 60 °C for 10
seconds, 72 °C for 15 seconds; 95 °C for 1 second and a Melting curve for 15 seconds to assess the
qPCR specificity.
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Table 1. Primers used in RT-qPCR assays for 16S rRNA and icaA genes.
Target gene Chain Sequence (5'-3") Reference
Forward 5 - GTGGAGGGTCATTGGAAACT -3’
16S rRNA Thi k
65 IRN Reverse 5 - CACTGGTGTTCCTCCATATCTC - 3 s wor
Forward_1 5 - TTTCGGGTGTCTTCACTCTATTT - 3’ This work
o Reverse_1 5 - TGGCAAGCGGTTCATACTT - & s we
Forward_2 5 - ACACTTGCTGGCGCAGTCAA - 3’ 29]
Reverse_2 5 - TCTGGAACCAACATCCAACA -3
3. Results

3.1. Clinical Isolate Identification and Antibiotic Susceptibility Testing

Staphylococcus aureus is an opportunistic pathogen often found in clinical isolates whose
infections are related to its ability to form biofilms in various surfaces, either abiotic (infections
associated with medical devices such as catheters and implants [30]) or biotic (skin, respiratory tract,
other tissues [31,32] and chronic wound infections [5,6]). These biofilms protect the cells from external
conditions, including antimicrobial treatment [33,34], making it challenging to treat these infections.
Here, a S. aureus methicillin-resistant (MRSA) clinical isolate was collected from a patient treated in
a Portuguese medical care unit, and the first part of this work focuses on characterizing the isolate
according to its antibiotic susceptibility. The isolate was first analyzed by MALDI-TOF spectrometry.
It was subsequently assigned the strain code pHUAG585, which will be used to identify it in this study.
Then, it was tested for its susceptibility to various antibiotics, and the results are presented in Table
2, including the comparison with the susceptibility results for the reference strain S. aureus ATCC
6538. The susceptibilities were interpreted according to EUCAST January2023-defined breakpoints
[23].

The antibiotic susceptibility profile of S. aureus ATCC 6538 confirmed its classification as a MSSA
strain, as it was susceptible to all antibiotics tested (Table 2). Furthermore, the two strains exhibited
distinct antibiotic susceptibility profiles. Strain pHUAS585 was resistant to benzylpenicillin, oxacillin,
and moxifloxacin, whereas the other strain remained susceptible to these antibiotics. Antibiotic
susceptibility testing is a critical tool for bacterial characterization and differentiation. These profiles
often serve as a phenotypic fingerprint, helping to distinguish between closely related strains and
guiding taxonomic classification. The resistance of pHUAS585 to benzylpenicillin and oxacillin (both
beta-lactam antibiotics) suggests the possible production of a beta-lactamase enzyme. Notably, its
additional resistance to moxifloxacin (a fluoroquinolone) indicates a broader spectrum of resistance,
which is clinically significant as it limits therapeutic options. The clear contrast between the resistant
pHUAS585 and the susceptible reference strain underscores the phenotypic diversity within the
sample and highlights the importance of profiling individual isolates.

Table 2. Antibiotic susceptibility of the S. aureus isolate pHUAS85, tested in this work, and reference strain
ATCC 6538, from susceptibility testing and from the literature, according to the EUCAST January 2023-defined

breakpoints.

Antibiotic ATCC 6538 pHUAS585
Benzylpenicillin S R
Oxacillin S R
Gentamicin S S
Levofloxacin 1[35] R
Moxifloxacin S R
Erythromycin S [36] R
Clindamycin R [36] *R
Vancomycin S S
Teicoplanin S [37] S
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Linezolid S [38] S
Daptomycin S [39] S
Tetracycline S [36] S

Mupirocin S [40] S

Rifampicin S S
Trimethoprim-sulfamethoxazole S S
Fusidic acid S [41] S

* = AES modification. S — Sensitive; R — Resistant; I — Intermediate resistance.

3.2. Effect of Vancomycin on the Growth Curves of Planktonic Cells

The bacterial growth curve is a fundamental tool for profiling antimicrobial agents, providing
critical data on bactericidal versus bacteriostatic mode of action [42]. This approach is widely used to
characterize novel compounds, such as quinoline derivatives [43].

Although both bacteria are susceptible to vancomycin in standard planktonic assays, evaluating
their growth in its presence remains a critical component of this study. This approach provides a
more nuanced understanding of their phenotypic responses beyond a simple susceptible or resistant
classification. Importantly, this comparison is essential for contextualizing subsequent biofilm
experiments. It is well-established that the biofilm phenotype often exhibits dramatically increased
tolerance to antimicrobials, even when the planktonic form is susceptible. By establishing a baseline
of planktonic growth inhibition for each strain, we create an essential reference point. This will allow
us to directly illustrate the degree of enhanced tolerance conferred by the biofilm mode of growth for
each bacteria. Consequently, we can determine not only if both strains form biofilm, but also which
one develops a more robust or tolerant biofilm community in the face of antibiotic pressure.
Furthermore, Vancomycin was also selected here as a “proof-of-concept” antibiotic due to its
widespread use in clinical and academic settings, facilitating easy comparison with other studies.

To characterized Vancomycin response, cells were incubated with different concentrations of the
antibiotic and the OD at 600 nm was measured for 24 hours and plotted against time as can be seen
in Figure 1a (S. aureus ATCC 6538) and Figure 1b (S. aureus pHUADS585).

As expected, both S. aureus strains under study are susceptible to Vancomycin (Table 2),
confirming the Kirby-Bauer disc diffusion results.

(a) (b)
S. aureus ATCC 6538 S. aureus pHUA585
2.5 3.0
20 2.5
2.0
§ 1.5 §
a a 159
O 104 o
1.0
0.5+ 0.5+
0.0 Iv IA I ’I‘ I I I:M I I I I I 0.0 M‘I I er - IH 1 I I‘ 1 M‘I«“Iwwlw 1
0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
Time (h) Time (h)

Figure 1. Effect of different concentrations of the antibiotic Vancomycin on the growth curves of (a) S. aureus

ATCC 6538 (methicillin-susceptible Staphylococcus aureus, MSSA) and (b) S. aureus pHUAS585 (clinical isolate,

MRSA). Each ODew represents means of the three technical replicates. ¢ S. aureus without Vancomycin; © 0.78

mg/L Vancomycin; ® 1.56 mg/L Vancomycin; ® 3.12 mg/L Vancomycin; ® 6.25 mg/L Vancomycin; ® 12.5 mg/L
Vancomycin; ® 25 mg/L Vancomycin; ® 50 mg/L Vancomycin.
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3.4. Effect of Vancomycin in S. aureus Biofilms Using Reduction of Resazurin Fluorometric Kinetic Assay

The efficacy of Vancomycin against planktonic cells was already demonstrated in several
publications [14] and in this work. Testing the activity of antibiotics against mature biofilms is
essential, given their notorious resistance to conventional antimicrobial treatment [8,14]. For that, we
used PrestoBlue high-throughput cell viability assay based on the principle of cellular metabolism.
Its core mechanism is the use of a resazurin-based solution. The active ingredient, resazurin, is a blue,
cell-permeable, and non-fluorescent compound. Upon entering a living cell, it acts as a substrate for
metabolic enzymes within the cytosol, primarily those involved in reductase reactions (e.g.,
NAD(P)H-dependent cellular reductases). When these active metabolic enzymes reduce resazurin, it
is permanently converted into resorufin, a compound that is highly fluorescent. The key aspect of
this assay is that the rate of this conversion is directly proportional to the number of metabolically
active (viable) cells in the sample. The more viable cells present, the faster resazurin is reduced, and
the stronger the fluorescent signal becomes over a given time.

The PrestoBlue assay is particularly valuable in biofilm research for several reasons that address
the unique challenges posed by these structures. Because it is non-toxic and can be used in a
continuous, PrestoBlue is excellent for monitoring the kinetics of antibiotic action and other drugs
[44]. Thus, it is very helpful to track how quickly an antibiotic shuts down biofilm metabolism,
generating robust dose-response and time-kill curves to determine Minimum Biofilm Eradication
Concentrations (MBEC). PrestoBlue and other resazurin-based methods are extremely sensitive and
can detect a small number of viable cells, which is crucial when testing the efficacy of high-
concentration antibiotic treatments aimed at complete eradication [45]. Furthermore, as it is generally
non-toxic to cells, it allows for the possibility of continuing the culture after measurement for
downstream analyses. Also, it can in part replace the standard Colony Forming Unit (CFU) count
which is labor-intensive, time-consuming (requires 24-48 hours for colony growth), and has low
throughput. The use of PrestoBlue provides results in a short period of time, is amenable to high-
throughput 96-well or 384-well formats, and is not limited to only the cells that can be dispersed and
grown on a plate (which can be problematic for robust biofilms). However, there are some drawbacks
associated with this methodology. The most important is the potential for over-incubation. If the
assay is allowed to proceed for too long, the fluorescent product, resorufin, can be further reduced to
a final, non-fluorescent, and colorless compound called dihydroresorufin [46]. This creates a critical
problem for data integrity, as the signal does not simply plateau but can actually decrease over time,
leading to completely erroneous results.

To mitigate this limitation, we performed a 4-hour kinetic fluorometric assay to measure
resazurin reduction by 24-hour pre-formed biofilms following a 24-hour exposure to various
concentrations of vancomycin. The reduction kinetics, reflecting the metabolic activity of biofilm cells
for strains ATCC 6538 and pHUAS85, are shown in Figures 2a and 2b, respectively. For a direct
comparison of the antibiotic’s effect, the relative fluorescence intensity was used to directly correlate
with cell viability (Figure 2c). For that, we used the value of 10 minutes after resazurin initial
conversion. For an assay to be quantitatively valid, the signal must be proportional to the analyte (in
this case, the number of metabolically active cells). This proportionality exists only in the linear phase
of the reaction. By selecting the 10-minute time point, which our kinetic data confirmed to be within
the linear range for all samples, we ensure that our comparisons (Figure 2c) reflect relative differences
in viability and that for both bacteria we are far away from the saturation point and the formation of
dihydroresorufin.

The resazurin reduction fluorometric kinetic assay showed that Vancomycin acts on biofilms of
both strains in a dose-dependent manner, although it is not able to completely destroy the biofilm,
even using high antibiotic concentrations, up to 50 mg/L. According to the European Medicines
Agency (EMA) guidelines, the recommended dosage for adult patients is 1 g every 12 hours,
equivalent to 15 mg/kg, which produces Vancomycin plas-ma concentrations of 50-60 mg/L after the
treatment [47].
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For lower antibiotic concentrations, the initial fluorescence increase was more pro-nounced,
which indicates that the bacteria metabolized resazurin rapidly. As the concentration of Vancomycin
increases, the increase in fluorescence is slower, as can be seen by the shift in the slope of the curves,
so Vancomycin had limited effect against biofilms which contrast with the results obtained for
planktonic bacteria (Figure 1).

Itis verified that the antibacterial effect is slightly more significant for the reference strain (Figure
2a) since the variation of the slope of the curve with the increase in antibiotic concentration is less
pronounced for the pHUAS85 strain (Figure 2b).

The reduced relative fluorescence intensity observed in the MRSA strain at concentrations
exceeding 12.5 mg/L corresponds to a slower conversion rate of resazurin to resorufin. This implies
a greater proportion of metabolically active cells relative to the reference strain (Figure 2c),
demonstrating a lower treatment efficacy.
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Figure 2. Effect of Vancomycin on the viability of the (a) S. aureus ATCC 6538 and (b) S. aureus pHUAS85 24 h-
pre-formed biofilms exposed for another 24 hours to increasing concentrations of antibiotic (¢ S. aureus
without Vancomyecin; ¢ 3.12 mg/L Vancomycin; ® 6.25 mg/L Vancomycin; ¢ 12.5 mg/L Vancomycin; ® 25 mg/L
Vancomycin; ® 50 mg/L Vancomycin; ¢ oxidized species; - reduced species). The effect was measured using a
resazurin reduction fluorometric assay. The positive control is resorufin, a semi-reduced form of resazurin,
obtained after autoclaving the TSB supplemented with resazurin. The negative control is TSB supplemented
with resazurin. (c) Percentage of bacteria viability within the biofilm after 10 minutes relatively to the
untreated sample (J] S. aureus ATCC 6538 biofilm and [ S. aureus pHUAS585 biofilm), to compare the effect of

each Vancomycin concentration on the two strains of S. aureus.

3.3. Visualization of the Biofilms Morphology by CLSM

Our results for vancomycin anti-biofilm treatment (Figure 2) demonstrated that the antibiotic
failed to eradicate biofilms formed by either bacterial strain, with a notably weaker effect against
MRSA (pHUAS85). Given that both strains were susceptible to vancomycin in planktonic culture
(Table 2, Figure 1), we hypothesized that the protective biofilm architecture was responsible for the
observed disparity in treatment efficacy.

To test this, we employed confocal laser scanning microscopy (CLSM) to determine whether
structural differences in the biofilms could explain viability assay results. CLSM is a non-destructive
in situ technique ideal for analyzing biofilm topography using specific fluorescent probes [48,49]. We
visualized 24-hour pre-formed biofilms of S. aureus ATCC 6538 and S. aureus pHUAS585 by sequential
staining with SYTO 9, a green fluorescent nucleic acid dye, and WGA-Alexa 633, which labels
specifically the extracellular polysaccharide (Polysaccharide intercellular adhesin, PIA) present in the
S. aureus biofilm matrix [50]. Representative images obtained for the biofilms of each strain are shown
in Figure 3a. Furthermore, to quantitatively assess morphological differences, we measured biofilm
thickness across the xz plane (Figure 3b).

The biofilm architecture differed significantly between the two strains. S. aureus ATCC 6538
exhibited the characteristic “peaks and valleys” morphology (Figure 3a), with heterogeneous
thickness and uneven bacterial distribution in the xy plane (Figure 3a). In this strain, polysaccharides
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were concentrated on the surface, while nucleic acids were embedded deeper within the biofilm.
Areas with fewer bacteria (indicated by weaker green staining, see the circles in Figure 3a) were
conversely richer in polysaccharides.

In contrast, the S. aureus pHUAS585 biofilm displayed a more uniform distribution of both nucleic
acids and polysaccharides throughout the xy plane. Furthermore, as shown in Figure 3b, the
pHUADS5S85 biofilm was significantly thicker and more homogeneous (average thickness: 22.8 um) than
the ATCC 6538 biofilm (16.6 pm). A dense layer of nucleic acids was observed in the interior of the
pHUADSS5 biofilm, with polysaccharides concentrated at the surface. Also, we observe a higher
intensity than what was verified for S. aureus ATCC 6538 which may indicate that PIA content is more
abundant.

(a)

SYTO 9 WGA-Alexa 633 Overlay - xy Overlay - xz

S. aureus ATCC 6538
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Figure 3. CLSM-based analysis of the 24 h-biofilms of the strains S. aureus ATCC 6538 (MSSA) and S. aureus
pHUAS585 (MRSA) grown in TSB supplemented with 0.25% of glucose. (a) Confocal laser scanning microscopy
images of 24 h-biofilms that were stained with the nucleic acid-binding dye SYTO 9, green channel, and the S.
aureus biofilm polysaccharide intercellular adhesin (PIA) probe WGA-Alexa 633, red channel. The overlay
from the xy and xz planes images is also presented and both biofilm components are identified using arrows.
The circles in this figure highlight regions of S. aureus ATCC 6538 with lower nucleic acid abundance. Panels
(a) show XY images of the biofilm near the coverslip, while the XZ images are orthogonal projections. Figure
(b) depicts the biofilm thickness distribution (z, in um) for each bacterial strain.

3.4. RT-gPCR to Confirm icaA Expression

The CLSM results showed us that there are differences in the biofilm morphologies, and it is
possible that PIA is more abundant on pHUAS585 biofilms. Thus, we decided to try to evaluate the
icaA gene because it encodes a membrane protein with enzymatic activity involved in polysaccharide
intercellular adhesin (PIA) synthesis and its expression depends on growth conditions [51-53], but it
is described as being overexpressed in biofilms of the majority of S. aureus strains [51,54], including
many MRSA isolates [25,55], although not all strains capable of forming biofilms contain or express
the ica operon [25,52,54]. For that, we had to extract first RNA from mature biofilms. The biofilm
models used above are formed at a small scale in 96-well plate and 8-well ibidi chambers and thus
we could not obtain enough quantity of RNA from these biofilms. Thus, we produced biofilms in a
larger scale. In this case, our S. aureus biofilms were formed for the first time on a solid membrane
support on agar plates (Figure 4), similar to biofilm models described in [56]. The solid membrane
acts as a stable, porous scaffold that provides a large, continuous surface area for colonization. Unlike
the confined geometry of a well, this setup allows the biofilm to grow vertically and laterally without
spatial constraints, leading to the formation of thick, multi-layered communities. Also, the agar
substrate serves as a reservoir of nutrients. Through the porous membrane, the biofilm has
continuous, wicking access to these essentials, preventing the nutrient depletion often seen in the
stagnant liquid medium of a 96-well plate. This alteration is critical for long-term biofilm maturation.
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(a) S. aureus ATCC 6538  (b) S. aureus pHUAS85

Figure 4. Representative images of S. aureus biofilms. For larger scale production these biofilms were grown on

a solid membrane support on agar plates.

With the optimized biofilm model, we were able to improve the quantity of nucleic acids that
are necessary for further analysis.

Then, we proceeded with RNA extraction protocol using phenol/chloroform for both planktonic
cells and biofilms. We had to make some modifications to literature protocols, including making two
additions of CHCls:isoamyl alcohol (24:1) instead of only one addition. The aim here was to prevent
RNA contamination with phenol. The extracted RNA was evaluated for its integrity using agarose
gel electrophoresis (Figure 5), and the absorbance ratios A260/A280 nm and A260/A230 nm were
obtained, as well as the RNA concentrations (Table 3).

Biofilms Planktonic cells
ATCC 6538 pHUA585 ATCC 6538 pHUA585

Figure 5. Agarose gel electrophoresis performed to evaluate the integrity of the extracted RNAs from the S.
aureus (a) biofilms and (b) planktonic cells of the strains ATCC 6538 and pHUAS585. 23S, 16S and 5S ribosomal
RNAs are not degraded.

Table 3. RNA concentration (ng/uL) and absorbance ratios A260/A280 nm and A260/A230 nm obtained for
both biofilm and planktonic cell samples of S. aureus ATCC 6538 and pHUAS585 strains.

Strain RNA concentration (ng/ul)  A260/A280 A260/A230
Biofilms ATCC 6538 1318.8 2.14 2.02
pHUAB85 1005.4 2.13 1.76
Planktonic cells ATCC 6538 1349.6 2.14 220
pHUA585 1009.0 2.22 2.03 |

We verified that the ribosomal RNAs were not degraded. The A260/A280 nm ratio should be
~2.0 for RNA and values lower than this may indicate contamination with proteins or phenol [57].
On the other hand, the A260/A230 nm ratio in pure RNA samples should be between 2.0 and 2.2, and
contamination with phenol should decrease this value [57]. The absorbance ratios were within the
expected values for pure RNA.

Meanwhile RT-qPCR was used to evaluate the expression of a gene of interest, icaA, expressed
in mature S. aureus biofilms, using 165 rRNA (Table 1) as a housekeeping gene, whose expression
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does not vary between the samples, that is, is equal for planktonic cells and biofilms and also for the
two strains [28]. The method used to determine the relative number of copies is 2-44CT [58].

The calibration curves were performed in order to evaluate the amplification efficiency for each
pair of primers. The assay was successfully performed for the calibration curves of 16S rRNA gene
using the cDNA from S. aureus ATCC 6538 biofilms. However, for the icaA gene, it was not possible
to obtain any good calibration curve, because the gene was very poorly expressed in the biofilm
samples of both strains.

The RT-qPCR was performed using a pair of primers designed for this work (icaA_Forward_1
and icaA_Reverse_1, Table 1) to amplify cDNA from S. aureus ATCC 6538 for two different sets of
dilutions and from S. aureus pHUAS85, with the same pair of primers, but also with a previously
described pair of primers (icaA_Forward_2 and icaA_Reverse_2, Table 1) [29] that showed good
efficiency in amplifying the target gene. However, we could not obtain any good calibration curve
for any of the concentrations, because the expression of icaA in the biofilms was very low (no
amplification after 1:10 dilution). With the second pair of primers, there was amplification for every
cDNA concentration, but the cycle threshold (CT) was not in the adequate range that corresponds to
a good amplification efficiency.

4. Discussion

In the face of the escalating global antimicrobial resistance (AMR) crisis, moving beyond simple
bacterial identification to thoroughly characterize their antibiotic profiles both in planktonic and
biofilm forms is essential for effective infection control. This process involves two key, interconnected
steps: defining the baseline resistance profile (phenotype and genotype) and precisely measuring the
response to antibiotic challenge.

In this study, we employed this dual approach by comparing a methicillin-susceptible (MSSA)
and a methicillin-resistant (MRSA) strain of S. aureus. We first utilized the Kirby-Bauer disc diffusion
method to establish their distinct baseline resistance profiles, confirming the MRSA strain’s resistance
to multiple 3-lactam antibiotics, as expected (Table 2). Both strains, however, were susceptible to
vancomycin. This made vancomycin an ideal candidate to further discriminate their responses to a
common stressor across different physiological states. Consistent with the disc diffusion assay,
vancomycin was highly effective against planktonic cells of both strains. As shown in Figure 1,
treated samples exhibited no increase in optical density at all concentrations tested, indicating potent
bactericidal activity against free-floating bacteria.

In contrast, the efficacy of vancomycin was markedly reduced against mature 24-hour biofilms,
a finding that aligns with the well-documented tolerance mechanisms of the biofilm mode of growth
[4,59]. To dynamically quantify this response, we used the PrestoBlue assay, a resazurin-based
method that measures metabolic activity. The results revealed a concentration-dependent inhibition
of metabolism. At lower vancomycin concentrations, the rapid conversion of resazurin to fluorescent
resorufin indicated sustained metabolic activity (Figure 2). As the antibiotic concentration increased,
the metabolic rate slowed, evidenced by a clear shift in the slope of the fluorescence curves. The
subsequent decrease in fluorescence intensity at later time points is attributed to the further metabolic
processing of resorufin into non-fluorescent dihydroresorufin in viable cells [16,46,60].

Two key findings emerged from this analysis. First, the transition from the planktonic to the
biofilm state conferred a significant decrease in vancomycin efficacy for both strains, underscoring
the critical challenge biofilms pose to antibiotic therapy. The lower efficacy of antibiotics against
biofilms is related to the insufficient diffusion through the matrix, lower or altered metabolic activity,
formation of persister cells, but some studies suggest that the interactions of the drug with the matrix
constituents and subsequent poor bioavailability also play a role in this [15,61,62].

Second, and more notably, the antibiofilm effect was strain-dependent. The metabolic inhibition
was more pronounced in the MSSA reference strain (Figure 2a) than in the MRSA pHUAS85 strain
(Figure 2b), where the slope of the curve was less affected by increasing vancomycin concentrations.
This suggests that the MRSA strain’s biofilm may possess enhanced inherent tolerance. This
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differential response could be attributed to variations in biofilm architecture, matrix composition, or
the expression of specific resistance determinants between MSSA and MRSA strains, factors known
to influence antibiotic penetration and efficacy [63,64].

To move beyond metabolic asays and understand the structural basis for the observed tolerance,
we employed confocal laser scanning microscopy (CLSM). This technique was critical for
discriminating key phenotypic differences in biofilm architecture that bulk assays cannot capture. In
the biofilm imaging by CLSM (Figure 3), the extracellular and intracellular nucleic acids are stained
by the membrane-permeable marker SYTO 9 [12,50,65,66]. In addition to extracellular DNA, S. aureus
biofilm matrix also contains proteins and a content enriched in PIA [67-69], which is stained
specifically with labelled wheat germ agglutinins [70,71] (such as WGA-Alexa 633 probe), as
observed in Figure 3 in red. PIA is composed of high percentage of (3-1,6-linked N-acetylglucosamine
residues and an anionic fraction with a lower content of non-N-acetylated D-glucosaminyl residues
that contains phosphate and ester-linked succinate [67].

The CLSM images revealed a striking contrast in biofilm morphology between the two strains
(Figure 3). The MSSA strain formed a thinner and more heterogeneous biofilm characterized by
multi-layered cell aggregates and intricate void spaces, while the MRSA (pHUAS585) biofilm was
significantly thicker, more homogeneous and with possible higher amounts of nucleic acids and PIA.
This thicker structure and composition can be a contributor to antibiotic lower tolerance, as it can
decrease antibiotic penetration and nutrient and oxygen availability, leading also to protected niches
of slow-growing or dormant persister cells [19,72]. For instance, Jefferson et al. [14] reported a low
rate of penetration of the fluorescently-labeled antibiotic Vancomycin due to the overproduction of
extracellular polymeric substances (EPS) matrix by the MN8m strain used in their work.

To further investigate the molecular basis for the observed differences in vancomycin tolerance,
we sought to correlate the phenotypic variations in biofilm architecture with genotypic expression.
Specifically, we tried to quantify the expression of the icaA gene, a key component of the icaADBC
operon responsible for the synthesis of polysaccharide intercellular adhesin (PIA), also known as
poly-N-acetylglucosamine (PNAG) [52].

The success of gene expression studies in biofilms is critically dependent on obtaining high-
quality RNA in sufficient quantity. The complex extracellular matrix can impede efficient cell lysis
and co-purify substances that inhibit downstream enzymatic reactions. To overcome these
challenges, we implemented a robust biofilm model using a solid membrane support on agar plates,
which yielded the substantial biomass necessary for molecular analysis (Figure 4). RNA was
subsequently extracted using a phenol/chloroform-based method, selected for its ability to provide a
comprehensive transcriptome profile, including small RNAs, thereby ensuring high-integrity RNA
for sensitive applications [28], This approach was successful, as confirmed by the high-quality RNA
yields suitable for RT-qPCR (Table 3, Figure 5).

Surprisingly, despite this optimized RNA extraction, our attempts to quantify icaA gene
expression were inconclusive, even with multiple primer sets. Given that icaA is frequently reported
as upregulated in S. aureus biofilms [26,51-53], its negligible expression in our samples, to the extent
that a reliable calibration curve could not be established, suggests that PIA was not a major matrix
component under our specific growth conditions. It is well-established that biofilm composition is
highly responsive to environmental cues [73]. The ica operon is known to be induced by factors such
as high osmolarity, anaerobic conditions, and sub-inhibitory antibiotic concentrations [51,74].
Conversely, our membrane-agar model, utilizing a rich medium like TSB, may have favored an
alternative, ica-independent pathway for biofilm development.

This hypothesis is supported by literature indicating that certain strains, including some MRSA
isolates, form biofilms on rich media like BHI via fibronectin-binding proteins (FnBPA/B) and the
major autolysin (Atl) without significant ica expression [52,75,76].

Therefore, our robust biofilms were likely dependent on a proteinaceous matrix rather than a
polysaccharide one. This represents a significant finding, as it highlights that the widely used
membrane-agar model can select for specific, and potentially clinically relevant, biofilm phenotypes
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[77]. Further optimization, such as adjusting the inoculum size or extending the maturation period to
72-96 hours, could also be explored to see if it triggers a shift in matrix composition.

Therefore, while the molecular trigger remains to be fully elucidated, our findings strongly
suggest that the robust biofilms formed in our model are primarily PIA-independent, highlighting
the critical influence of growth environment on matrix composition and opening new avenues for
researching alternative, protein-mediated biofilm mechanisms in S. aureus.

5. Conclusions

In conclusion, this work underscores the critical importance of integrating multiple
methodologies and biofilm models to fully capture the complex antibiotic response profiles of distinct
S. aureus strains. Our comparative analysis of MSSA and MRSA revealed that while both strains were
susceptible to vancomycin in the planktonic state, their responses diverged significantly within
biofilms, with the MRSA strain exhibiting superior tolerance. This phenotypic disparity was linked
to fundamental differences in biofilm architecture, as visualized by CLSM, with the MRSA strain
forming thicker, more complex structures. Furthermore, the choice of biofilm model proved to be a
decisive factor, not merely influencing biomass yield but fundamentally shaping the genetic pathway
of biofilm development. The inability to detect significant icaA expression in our high-biomass
membrane-agar model suggests it selects for a PIA-independent, likely protein-based biofilm matrix,
highlighting how different growth conditions can unveil alternate and equally relevant genetic
backgrounds for biofilm-mediated resistance. Ultimately, this study demonstrates that a strain’s
antibiotic resistance profile is intrinsically linked to its biofilm phenotype, which is itself a malleable
trait dictated by the environmental context.
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The following abbreviations are used in this manuscript:

AMR antimicrobial resistance

BHI brain heart infusion

CLSM confocal laser scanning microscopy
EMA European Medicines Agency

EPS extracellular polymeric substances
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MALDI-TOF  matrix-assisted laser desorption/ionization time-of-flight

MRSA methicillin-resistant

MS-CHCA mass spectrometry a-cyano-4-hydroxycinnamic acid

MSSA methicillin-susceptible Staphylococcus aureus

OD optical density

PIA polysaccharide intercellular adhesin

RPKM number of reads per kilobase of transcript per million mapped reads
sRNAs small non-coding RNAs

TSB tryptic soy broth
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