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Essential oils (EOs) have long been studied for their antimicrobial properties, yet
most investigations rely on simplistic models, limited strain panels, and anecdotal
interpretations—failing to meet the standards expected of modern anti-infective
agents. Advancing beyond this tradition, we implement a framework developed
over several years of systematic investigation. Using this approach, we assessed
the antibiofilm activity of Rosmarinus officinalis L. and Thymus vulgaris L. EOs
against a panel of clinical Staphylococcus aureus isolates obtained from non-
healing wounds. By applying infection-relevant conditions, such as wound-
mimicking media and surfaces, strain-level resolution, and both contact and
volatile exposure, we revealed substantial inter-strain variability in susceptibility,
challenging the notion of EOs as uniformly effective agents. This variability was
quantified using robust statistics, lending confidence to the reproducibility and
translational relevance of the findings. These results underscore the need for
essential oil stewardship: a reproducible, interdisciplinary framework for EO testing,
interpretation, and clinical translation. Our work demonstrates that such approach
is feasible and sets the foundation for its broader adoption. The key message from
this study is that EOs cannot meaningfully support or complement antibiotics
and antiseptic agents in combating infections unless they are evaluated with the
same methodological rigor.

KEYWORDS

rosemary essential oil, thyme essential oil, biofilm resistance, chronic wound,
Staphylococcus aureus, essential oils, biofilm, non-healing wound infection

1 Introduction

Antimicrobial resistance (AMR) is no longer a hypothetical future concern—it is a present
and escalating global health crisis. According to the report published in 2022, AMR was directly
responsible for an estimated 1.27 million deaths in 2019 and was associated with nearly 5
million more. Forecasts indicate that drug-resistant infections could claim up to 10 million lives
annually by 2050, surpassing cancer as the leading cause of death worldwide. Such projections
underscore the declining effectiveness of antibiotics and the resulting urgency to develop
alternative strategies to support them (GBD 2021 Antimicrobial Resistance Collaborators, 2024).

One such strategy has involved the topical antiseptic agents as the defense in the
management of localized skin infections, non-healing wounds or mucosal membranes.
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Their appeal stemmed from several advantages: direct topical
application, reduced systemic exposure, and a low likelihood of
resistance development due to a broad, rapid mode of action
(Punjataewakupt et al., 2019). Compounds such as povidone-
iodine, chlorhexidine, octenidine, or polyhexanide became central
to clinical protocols across Europe and beyond. However,
povidone-iodine, though highly potent, is associated with
contraindications in certain patient populations (Eggers, 2019). In
turn, chlorhexidine has faced increasing scrutiny due to reports of
emerging resistance and hypersensitivity reactions (Kampf, 2016;
Opstrup et al,, 2019). As chlorhexidine use declined, octenidine
emerged as a preferred alternative across both hospital and
community settings. However, early evidence of reduced
susceptibility in certain pathogens towards this antiseptic has
already been reported (Kampf, 2018). This highlights that extensive
and sustained antiseptic use imposes evolutionary selective
pressure, driving the development of microbial resistance in a
manner analogous to what has been documented for antibiotics.
Thus, one of the emerging directions in the search for sustainable
antimicrobial solutions has been a renewed exploration of natural
products, particularly those evolved by plants as part of their own
defense systems.

Among these, essential oils have attracted considerable interest
due to their complex, multicomponent nature and broad biological
activity. Unlike conventional (obtained via chemical synthesis)
antiseptic products, which typically rely on a single active compound,
EOs are composed of dozens of constituents (Swamy et al., 2016).
These mixtures do not act solely as antimicrobials; many components
exhibit anti-inflammatory, antioxidant, and modulatory properties,
offering a multifaceted therapeutic profile (Spisni et al., 2020).
Importantly, their antimicrobial mechanisms of action are nonspecific,
targeting, among others, bacterial membranes, enzymes, and signaling
pathways simultaneously—thereby reducing the likelihood of
resistance development. This stands in contrast to the reductionist
paradigm that has long dominated XIX and XX-century medicine:
one pathogen, one drug, one target (KKon and Rai, 2012).

EOs represent a different antimicrobial strategy. Their chemically
diverse composition functions as an evolutionarily selected form of
broad-spectrum preparedness, offering concurrent activity against
multiple microbial targets without prior pathogen-specific adaptation
(Kon and Rai, 2012). Such approach may now offer valuable
inspiration for the post-antibiotic era. An additional advantage of EOs
lies in their dual-phase activity: they can act both in the liquid and
volatile phase (Bunse et al, 2022). This allows EOs to reach
microenvironments that are otherwise inaccessible to topically applied
liquids, such as the deeper layers of biofilms or poorly perfused
wound niches.

Given these appealing properties (broad-spectrum antimicrobial
activity, low cytotoxicity, and physicochemical versatility), EOs are
often portrayed as ideal candidates for adjunctive or alternative anti-
infective therapies (Hyldgaard et al., 2012; Ju et al., 2020). Yet despite
the frequent repetition, the methodological quality underpinning
these statements remains inconsistent. Many studies rely on
low-resolution assays, single reference strains, or simplistic viability
readouts that fail to capture the interactions between EO components,
microbial physiology, and the complex microenvironment of the
infection sites, further complicated by the ongoing host-
pathogen interplay.

Frontiers in Microbiology

10.3389/fmicb.2025.1668594

Such studies often disregard both the physicochemical
heterogeneity of EOs and the complexity of their targets. A particularly
problematic example is the aromatogram—a crude adaptation of the
classical disc diffusion method, in which multiple EOs or different
concentrations of the same EO are applied onto the same agar plate
(Calvo et al., 2011; Meroni et al., 2020; Chama et al., 2022). The
resulting zones of inhibition are difficult to interpret and virtually
impossible to standardize. They do not reflect the activity of any single
oil but are shaped by an uncontrolled combination of liquid-phase
diffusion and airborne transfer of volatile fractions (Brozyna
et al., 2020).

Another limitation in EOs research is the lack of alignment
between experimental models and the physiological realities of
infection sites. Standard antimicrobial assays often rely on nutrient-
rich laboratory media, polystyrene surfaces, and planktonic cell
suspensions—i.e., conditions that poorly reflect the landscape of
actual infectious niches (Thaarup and Bjarnsholt, 2021).

Non-healing wounds represent a particularly illustrative example
of this mismatch. These environments are defined by fluctuating
oxygen tension, persistent inflammation, polymicrobial consortia, and
dense biofilms embedded within polymeric, protective matrices
(Goswami et al., 2023). Testing EO activity solely in tryptic soy broth,
on plastic surfaces, and against planktonic microbial cells fails to
account for virtually all of these clinically relevant factors (Thaarup
and Bjarnsholt, 2021).

Yet it is precisely within such complex wound environments that
EOs may offer unique advantages—combining antibiofilm activity
with immunomodulatory effects, and the capacity to penetrate tissue
structures through both liquid diffusion and volatile dispersion.

To realize this potential, however, experimental
in vitro/ex vivo/in vivo systems must be deliberately designed to reflect
the wound milieu: not only in terms of medium composition, but also
across all of the aforementioned experimental variables—including
surface material, medium composition, incubation conditions, and
spatial cell distribution.

Equally critical is the need to account for strain-level variability in
microbial susceptibility to EOs. Even within a single species,
individual isolates can differ dramatically in their biofilm architecture,
metabolic activity, resistance phenotypes, and responsiveness to plant-
derived compounds. Our studies and those of others have
demonstrated that EO efficacy can span from near-complete
eradication to functional resistance, depending on the strain tested.
Also, the use of a single reference strain, however genetically tractable,
cannot substitute for a representative panel encompassing clinical and
environmental diversity. Moreover, a strain that appears susceptible to
an EO under one set of laboratory parameters may exhibit tolerance
under another (Ben Abdallah et al., 2020; Brozyna et al., 2021). No
single test system can fully capture the complexity of real wound
infections. Contrary, only a comparative approach, using multiple
complementary models, can reveal patterns that would remain
obscure in a reductionist setup and can provide translational outcomes.

Because integration of EOs into evidence-based antimicrobial
practice remains a complex challenge, our group has already taken
several key steps in this direction. In 2020, we introduced the
AntiBioVol assay (Brozyna et al., 2020), which provided an
experimental setup for testing volatile fractions in EO-mediated
biofilm inhibition and exposed the interpretational flaws of classical
aromatograms. In 2021, we demonstrated that S. aureus strains differ
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substantially in their susceptibility to EOs, emphasizing the need for
broad strain panels (Brozyna et al., 2021). In 2022, we explored the
biphasic (liquid and vapor) activity of EOs in structured, cellulose-
based Pseudomonas biofilm models, underscoring how exposure
format impacts antimicrobial efficacy (Brozyna et al., 2022). Most
recently, we showed that the wound milieu itself—its fluid composition
applied can dramatically alter EO performance, revealing context
dependence at multiple biological levels (Brozyna et al., 2024). These
studies are now complemented by the next work of ours (Brozyna
etal,, 2025), which examines the inter- and intraspecies variability of
EO responses across diverse test systems.

Together, these efforts form the basis for a developing framework
we refer to as essential oil stewardship—an adaptable approach to
studying and applying EOs in a scientifically grounded and
translationally meaningful way. The present study serves as a practical
demonstration of how EOs can be investigated using a structured,
reproducible, and application-oriented setup, with the same
methodological rigor expected of other anti-infective agents by
examining strain-specific responses of Staphylococcus aureus to
Rosmarinus officinalis L. and Thymus vulgaris L. EOs.

2 Materials and methods
2.1 Microorganisms

Staphylococcus aureus clinical (isolated from non-healing wounds)
and reference strains were selected for the research. The strains were
classified based on the analysis with MALDI-TOF (matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry)
ultrafleXtreme spectrometer (Bruker, Billerica, United States) and
identification with the Biotyper platform. All strains were previously
deposited in the Strain and Line Collection of the Platform for Unique
Models Application, Department of the Pharmaceutical Microbiology
and Parasitology, Medical University of Wroclaw. The clinical ones
were collected according to the bioethical approval of the following
number: Bioethical Committee of Wroctaw Medical University,
protocol #8/2016. In the first line of the experiment, for the biofilm
mass and metabolic analysis, S. aureus ATCC 6538 (American Type
Culture Collection) and 25 clinical strains were tested. The clinical
strains included 12 MSSA (methicillin-susceptible Staphylococcus
aureus) strains and 13 MRSA (methicillin-resistant Staphylococcus
aureus) isolates. The resistance mechanism was evaluated according
to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) 2022 guidelines. For this purpose, the disc-diffusion
method with cefoxitin was performed. Zone diameter breakpoint was
established at 22 mm. The results were confirmed using the Vitek 2
system (Biomerieux, France). Moreover, strains’ sensitivity to selected
antibiotics (erythromycin, clindamycin, gentamicin, ciprofloxacin,
tetracycline) and phenotype of resistance to macrolides, lincosamides
and streptogramin B were assessed with the disc-diffusion test.

2.2 Essential oils
The antibiofilm activity of two commercial essential oils was

characterized: rosemary essential oil (REO, camphor chemotype,
obtained from Rosmarinus officinalis L. leaves, Institute of

Frontiers in Microbiology

10.3389/fmicb.2025.1668594

Aromatherapy, Poland, batch number 1167/E4/74/T) and thyme
essential oil (TEO, thymol chemotype, obtained from the leaves of
Thymus vulgaris L., Institute of Aromatherapy, Poland, batch number
33667/1/DW/46).

2.3 Culture conditions

Two different conditions were applied for biofilm culturing:
medium and growth surface.

The used media included standard microbiological tryptic soy
broth (TSB, Merck KGaA, Germany) and a medium reflecting the
wound environment-in vitro wound milieu (IVWM).

Medium IVWM was prepared in compliance with the protocol
developed by Kadam et al. (2021):

Sterile, heat-inactivated fetal bovine serum (Biowest, France, Cat.
No. S181H) constituted 70% (v/v) of the medium volume. Other
components were prepared as stock solutions, filtered with a 0.22 pm
syringe filter or purchased sterile and added at the proper volume to
reach the following final concentrations: 200-400 pg/mL fibrinogen
from human plasma [Sigma-Aldrich, United States, Cat. No. F3879;
10 mg/mL stock solution in 0.9% (w/v) sodium chloride (Stanlab,
Poland)], 20-30 pg/mL human lactoferrin [Sigma-Aldrich,
United States, Cat. No. L4040; 2 mg/mL stock solution in Dulbecco’s
phosphate buffered saline (Sigma-Aldrich, United States)], 30-60 pg/
mL human plasma fibronectin (Sigma-Aldrich, United States, Cat. No.
FCO010; 1 mg/mL stock solution in autoclaved distilled water),
10-12 pg/mL collagen from bovine skin (concentration 2.9-3.2 mg/
mL, Sigma-Aldrich, United States, Cat. No. C4243), and 11-12 mM
lactic acid (Sigma-Aldrich, United States, Cat. No. W261114; 11.4 M
stock solution).

After combining all the components mentioned above, 0.9% (w/v)
sodium chloride was added, constituting 19.5% (v/v) of the
medium volume.

The medium was protected from light and stored at 2-8 °C for a
maximum of seven days.

Two different surfaces were compared for biofilm growth:
polystyrene (PS) or biocellulose (BC). In two performed tests
[AntiBioVol (ABYV, antibiofilm activity of volatile compounds method)
and antibiofilm dressing’s activity measurement (A.D.A.M.)], biofilms
were cultured on agar (A) instead of PS. 48-well polystyrene plates
with the wells’ diameters of 11 mm (Wuxi Nest Biotechnology, China)
served as the PS surface, and 2% (w/v) bacteriological lab agar
(Biomaxima, Poland) was used to prepare agar discs (diameter
11 mm). Biocellulose discs (diameter 11 mm) were prepared in
48-well plates according to the following protocol.

Komagataeibacter xylinus ATCC 53524 strain was cultured in the
Herstin-Schramm medium (Junka et al., 2017). 50 pL of bacterial
culture was added to the plates’ wells with 500 pL of the medium and
incubated at 28 °C for 7 days (under static conditions). After the
formation of BC discs, they were removed from the wells and washed
with a 0.1 M NaOH (Chempur, Poland) solution until all unadhered
cells and cell debris were completely removed. Next, the BC discs were
washed with double-distilled water until the pH neutralization.
Sterilized in an autoclave, BC discs of the weight ranging from 0.15 g
to 0.2 g and 4 mm in height were applied as the surface for biofilm
growth. Prior to the experiments, sterility of the BC discs was
confirmed as described in our earlier work (Krzyzek et al., 2020).
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2.4 Assessment of EOs’ chemical
composition

The percentage composition of the EOs was evaluated using gas
chromatography-mass spectrometry (GC-MS). The analysis was
performed as described in our previous study (Brozyna et al., 2024).

2.5 Biofilm culturing

For the experiments, staphylococcal biofilms were cultured
according to the following procedure. Overnight bacterial cultures,
incubated at 37 °C in a specific medium (TSB or IVWM), were used
for the preparation of suspensions for inoculation. A densitometer
(DEN-1B, SIA Biosan, Latvia) was used to adjust the suspensions in
saline to 0.5 MF [McFarland, 1.5 x 10° CFU/mL (colony-forming
unit)]. Next, they were diluted to 1.5 x 10° CFU/mL in the medium
(TSB or IVWM) and added at a volume of 500 pL (unless otherwise
stated) per well. For the test with PS as the growth surface, suspensions
were poured directly into the wells of 48-well plates. For the two other
surface types, the BC and A discs were previously soaked for 24 h in
500 pL of an appropriate medium. The inoculated plates were then
incubated at 37 °C for 24 h under static conditions (Brozyna
etal., 2024).

2.6 Biofilm features assessment

The staphylococcal biofilms were characterized by the assessment
of the biomass (evaluated with crystal violet staining), metabolic
activity (assessed with tetrazolium chloride staining), and the number
of viable biofilm cells (evaluated with quantitative culturing). For the
latter two tests, four variable conditions were applied: two types of
media (TSB or IVWM) and two different surfaces (PS or BC). Due to
methodological constraints, biofilm mass was assessed in both media
but only on the polystyrene surface. The biofilms were cultured as
described in the “Biofilm culturing” section.

2.6.1 Biofilm mass evaluation

The test was performed in TSB or IVWM media on a polystyrene
surface. Once the biofilms were formed, the medium was removed,
and 500 pL of 20% (v/v) crystal violet (Chempur, Poland) water
solution was added for 10 min (room temperature). Next, the dye was
gently pipetted out, and its excess was removed by one-step washing
with 500 pL of saline. The plates were dried at 37 °C for 10 min, and a
500 pL of 30% (v/v) acetic acid (Chempur, Poland) water solution was
poured into the stained biofilm. The plates were shaken at 450 rpm
(Mini-shaker PSU-2 T, SIA Biosan, Latvia) for 30 min at room
temperature. Four samples, each at a volume of 100 pL, were taken
from a separate testing well and transferred to the wells of 96-well
plates (Wuxi Nest Biotechnology, China) for absorbance measurement
at 550 nm with a spectrophotometer (MultiScan Go, Thermo Fisher
Scientific, United States). The absorbance of the blank (medium
incubated, stained, and extracted identically as the biofilms) was
subtracted from the values of the tested samples. The mean of the four
measurements was considered as a technical repetition. The
experiment was performed in six technical repetitions and two
biological repeats for each strain for a particular condition.
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2.6.2 Biofilm metabolic activity evaluation

Tetrazolium chloride (2,3,5-triphenyl-tetrazolium chloride,
Sigma-Aldrich, United States) solution in the medium (TSB or
IVWM) at the concentration of 0.1% (w/v) was applied as an indicator
of metabolically-active cells and the produced formazan was extracted
from the cells with mixture of methanol (Chempur, Poland) and acetic
acid (9:1 ratio) (Chempur, Poland). For biofilms formed on the PS
surface, the medium was removed from the biofilms, and the cells
were stained with 500 pL of dye solution for 2 h/37 °C. Subsequently,
the dye was removed, and the plates were dried at 37 °C for 10 min.
The extractant was added at a volume of 500 pL directly to the wells
with the biofilms, and the plates were subjected to shaking at 450 rpm
for 30 min at room temperature. For BC samples, the discs were
transferred to fresh 48-well plates prior to the staining process and the
extraction process was performed in 6-well plates (Wuxi Nest
Biotechnology, China) using a 2 mL methanol:acetic acid solution.
Four samples, each at a volume of 100 pL, were taken from a separate
testing well (in PS and BC) and transferred to the wells of 96-well
plates for absorbance measurement at 490nm using a
spectrophotometer. The absorbance of the blank (medium incubated,
stained, and extracted identically as the biofilms) was subtracted from
the values of the tested samples. As the volume of the extracted
solution differed between PS and BC samples, the PS results were
adjusted by a dilution factor based on the calibration curve of the
1,3,5-triphenyltetrazolium formazan (Tokyo Chemical Industry,
Japan) (data not presented). The mean of the four measurements was
considered as a technical repetition. The experiment was performed
in six technical repetitions and two biological repeats for each strain
for a particular condition.

Based on the results of biofilm metabolic activity, 10 S. aureus
strains (five strains of high and five of low metabolic activity) were
selected for further analysis of biofilm viable cell numbers and EOs
antibiofilm activity.

2.6.3 Number of biofilm viable cells

For the quantitative culturing test, 0.1% (w/v) saponin (VWR,
United States) water solution was used. For the PS samples, the
medium was first removed from the biofilms and the plates were
shaken with 500 pL of the saponin solution for 30 s at 600 rpm. The
solution was transferred to an Eppendorf tube (VWR, United States).
Fresh 500 pL of saponin was added to the wells, and the shaking was
repeated. The solution was then transferred to the Eppendorf tube. For
biofilms formed on BC, the discs were transferred to 50 mL Falcon
centrifuge tubes (Fl-Medical, Italy) and shaken for 1 min with 10 mL
of saponin. The decimal dilutions in saline were prepared from each
sample (PS and BC) and cultured at a volume of 10 pL onto tryptic soy
agar (Biomaxima, Poland) Petri dish plates (Noex, Poland). The plates
were incubated for 24 h at 37 °C. Single bacterial colonies were
counted, and the number of viable cells was evaluated by calculating
CFU/mL values. The experiment was performed in three technical
repetitions and two biological repeats for each strain for a
particular condition.

2.7 Antibiofilm activity of EOs evaluation

In the next part of the study, the antibiofilm activity of REO or
TEO against staphylococcal biofilms was assessed using three

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1668594
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Brozyna et al.

complementary methods: the dilution method, AntiBioVol (ABV),
and A.D.A.M. The ABV method evaluated EO activity in the volatile
phase, while the dilution and A.D.A.M. methods assessed activity in
the liquid phase. The biofilms were cultured as described in the
“Biofilm culturing” section. The biofilms were incubated with the EOs
for 24 h at 37 °C under static conditions. The following controls were
prepared: a control of biofilm growth (C*, bacteria with medium or
treated with saline), a control of medium sterility (C~, medium only),
and a utility control (UC, bacteria with the substance of proven
antimicrobial activity). Separate plates were used for each EO and
controls. In all methods, EOs activity was expressed as the percentage
reduction of metabolically active biofilm cells after their staining with
tetrazolium chloride. The mean of the four measurements was
considered as a technical repetition. The biofilm cell reduction was
calculated for each tested sample, with the mean growth control set as
100% cell viability. All tests were performed in three technical
repetitions and two biological repeats for each strain for a
particular condition.

2.7.1 Dilution method

In the experiment, the following three concentrations (v/v) of
each EO were tested: 0.63, 1.25, and 2.5% of REQO; 0.02, 0.04, and
0.08% of TEO. The maximum used EOs concentrations were selected
due to complete or almost complete cell reduction at these
concentrations in TSB/PS settings. The EOs were applied as emulsions
in TSB or IVWM with Tween 20 (VWR, United States). The
preliminary research demonstrated that the addition of Tween 20 at a
concentration of 1% (v/v) did not influence staphylococcal growth
(data not shown). Therefore, in the prepared stock emulsions, the
emulsifier constituted 1% (v/v) of the emulsion volume. The
concentration of REO and TEO in the stock emulsions was 2.5% (v/v)
and 0.08% (v/v), respectively. In the first step of emulsion preparation,
each EO was combined with Tween 20 and mixed with a magnetic
stirrer at 1,000 rpm (IKA RH basic 2, IKA, Germany) for 30 min.
Next, the medium was added in five parts at five-minute intervals.
Once the last part was added, the emulsion was stirred for 1 h. The
consecutive EOs concentrations were prepared by the geometric
dilution of each stock emulsion with the medium (1 min
Vortexing/3,000 rpm). The test was performed in 48-well plates, where
the bacterial suspension was added directly to the wells (PS) or the
wells with BC discs. After biofilm formation, the medium was
removed from above the cells formed on PS and the BC discs were
transferred to fresh 48-well plates. Next, EOs” emulsions were added
at a volume of 500 pL and the settings were incubated. The procedure
of staining and absorbance measurement was carried out according to
the protocol presented in the section Biofilm metabolic activity
evaluation. The Octenisept® (containing 0.1% of octenidine
hydrochloride and 2% of phenoxyethanol, Schiilke & Mayr GmbH,
Germany), diluted in the ratio 1:1 with TSB or IVWM, was used as
the usability control. Bacteria in the medium were the growth control.

2.7.2 AntiBioVol (antibiofilm activity of volatile
compounds) method

The analysis was conducted according to the protocol presented
in our previous study (Brozyna et al., 2020). Firstly, Petri dishes with
5 mm-thick agar and 24-well plates (Wuxi Nest Biotechnology, China)
with the wells containing 1.5 mL of agar were prepared. Next, agar
discs with a diameter of 11 mm were cut with a corkborer from agar
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Petri dishes and from the wells of the 24-well plate (the agar tunnels
were then made in the wells). The early discs were kept and further
used as agar (A) surface, the latter ones were discarded. Next, the agar
discs and BC discs were placed in the wells of 24-well plates and
soaked for 24 h with 500 pL of TSB or IVWM. Next, the discs (A and
BC) were transferred to the agar tunnels in 24-well plates and placed
at the bottom of them. 500 pL of the bacterial suspension was added
to the wells, and the plates were incubated. Subsequently, the medium
was removed from above the established biofilms. 500 pL of the tested
EO was poured into the wells of fresh 24-well plates. Each biofilm-
containing plate was placed upside down above the EO-containing
plates. The plates were tightly sealed with parafilm and incubated for
24 h. Next, the plates were separated, and 400 pL of 0.1% (w/v)
tetrazolium chloride solution was added for 2 h (37 °C). Next, the
plates were opened and placed in the incubator with a fan at 80 °C
until the solution above the biofilm evaporated. The discs were
transferred to 6-well plates, and formazan extraction was performed
with 4 mL of the extraction solution. Three samples, at a volume of
100 pL, were taken from a separate testing well and transferred to the
wells of 96-well plates for absorbance measurement at 490 nm with a
spectrophotometer. The absorbance of the blank (medium incubated,
stained and extracted identically as the biofilms) was subtracted from
the values of the tested samples. 0.9% (w/v) sodium chloride was used
as the growth control; 96% (v/v) ethanol (Chempur, Poland) was used
as usability control.

2.7.3 A.D.A.M. (antibiofilm dressing's activity
measurement) method

The test was performed following the procedure described in our
previous paper (Junka et al., 2017). Biocellulose dressings were applied
as the carriers for EOs. Biocellulose dressings were prepared using the
methodology described in the section “Culture conditions” for BC
disc preparation. However, for the biocellulose dressings, 24-well
plates with 2 mL of the Herstin-Schramm and inoculated with 200 pL
of K. xylinus were used. The biocellulose dressings, weighing between
0.55 g and 0.65 g, were selected. 24 h prior to the application, the
dressings were placed in 24-well plates and soaked with 1 mL of the
EO. Therefore, the concentration of EO after the soaking was
calculated as follows:

EO(%)=[X/0.6+X)]*100

X—a volume of EO (mL).

The plates were sealed with parafilm and stored refrigerated.
Biofilms were cultured in TSB or IVWM and on A or BC surfaces. The
process of surface preparation and biofilm cultivation was presented
in the section “AntiBioVol (antibiofilm activity of volatile compounds)
method” After the biofilm’s development, the medium was gently
removed from above the cells and replaced with 600 pL of fresh
medium. The biocellulose dressings were then placed on top of the
wells, and the plates were incubated. Next, the biocellulose dressings
were discarded, 200 pL of the medium above the biofilm was removed,
and 100 pL of 0.5% (w/v) tetrazolium chloride was added for 2 h (37
°C). The following steps of the AniBioVol methodology were
performed in the same manner. Saline solution was used as the growth
Wound (0.1%
polyhexamethylene biguanide and 0.1% undecylenamidopropyl

control;  Prontosan Irrigation  Solution
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betaine, B. Braun Melsungen AG, Germany) was used as
usability control.

2.8 Fluorescence microscopy

To illustrate the differences in the antibiofilm effects of rosemary
(REO) and thyme (TEO) essential oils under varying nutritional
conditions, representative MSSA strains S3 and S4 were selected for
fluorescence-based imaging. The strains were selected based on the
AntiBioVol results obtained for TSB medium. S4 was the least
susceptible to REO and TEO on both A and PS surfaces. S3 was
among the most susceptible strains under each condition and EOs.
The biofilms were cultured on PS in two media—TSB or IVWM—and
treated with REO or TEO following the protocols described in the
AntiBioVol section, with minor modifications to accommodate
microscopic analysis. The experiment was conducted using 24-well
plates (Wuxi Nest Biotechnology, China), with 1 mL of bacterial
suspension applied per well (wells without agar tunnels). Following
incubation with essential oils or saline (growth control, C*), the
biofilms were stained using the Filmtracer™ LIVE/DEAD™ Biofilm
Viability Kit (Thermo Fisher Scientific, United States), prepared
according to the manufacturer’s instructions. A volume of 10 pL of the
staining reagent was added to each well and incubated at room
temperature in the dark for 15 min. Subsequently, the wells were
gently rinsed with 200 pL of double-distilled water and fixed with 4%
(v/v) formaldehyde (Chempur, Poland) for 2 h. The analysis was
performed using a fluorescence microscope, Etaluma 600 LumaScope
(object lens with 4 x magnification, Etaluma, United States).

2.9 Analysis of biofilms’ protein profiles

The changes of bacterial proteins after the exposition to EOs’
volatile fractions were detected using mass spectrometry
measurement on a MALDI-TOF ultrafleXtreme spectrometer
(Bruker, United States) and identification with the Biotyper platform.
This procedure identifies microorganisms by comparing the mass
spectra of microbial proteins, extracted from bacterial colonies, with
an extensive library of 8,468 reference spectra. Biofilm culturing and
treatment with EOs were performed in TSB or IVWM medium and
on BC surface, following the protocols described in the AntiBioVol
section with S3 and S4 strains. Subsequently, BC discs with biofilms
treated with EOs or growth control samples (C*) were ground before
the actual extraction. BC were ground using a microtube homogenizer
(D1030-E, BeadBug, Benchmark Scientific, Inc., United States) in a
dedicated tube with 400 puL water and 1 mm diameter glass beads for
2 min at a shaking intensity of 4,000 rpm. Then, the ground BC was
centrifuged for 30s at 4,000 rpm and 4 °C (Centrifuge 5424R,
Eppendorf, VWR, United States). 300 pL of supernatant with
bacterial suspension was further extracted according to the standard
procedure (Dudek et al., 2019). Next, the samples were subjected to
extraction using a mixture of formic acid/acetonitrile (Chempur,
Poland). After proteins extraction 1 pL of sample was spotted on
MALDI target plate, dried and covered with 1 pL of matrix solution
(10 mg/mL HCCA (a-cyano-4-hydroxycinnamic acid, VWR, USA)
in acetonitrile:water:trifluoroacetic acid solution (50:47.5:2.5, v:v:v)
(Chempur, Poland). The investigated bacterial strains were reliably
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identified as Staphylococcus aureus, with a score value of >2.000
serving as the threshold for species identification. The protein profiles
presented as mass spectra were generated from a single
technical repetition.

2.10 Statistical analysis

All statistical analyses and visualizations were conducted using R
(version 4.4.3) via RStudio (2025-02-13), utilizing packages including
ggplot2, dplyr, rstatix, and Dunn’s test. Data preprocessing included
outlier removal based on the standard thresholding method at
1.5 x the interquartile range (IQR). Normality of data distribution and
homogeneity of variance were assessed both visually and using the
Shapiro-Wilk and Leveness tests, respectively.

To evaluate differences in biofilm activity of Staphylococcus aureus
strains across different media and surfaces, the Kruskal-Wallis test
was employed, followed by post-hoc pairwise comparisons using
Dunn’s test with Bonferroni correction. The Bonferroni method was
chosen to reduce the risk of false positives that can arise when
conducting many related statistical tests. The same statistical approach
was applied to assess the antibiofilm activity of essential oils against
S. aureus strains. Statistical significance was considered at p < 0.05.

Correlations between biofilm biomass, metabolic activity, and
viable cell number (CFU/mL) were assessed using correlation plots
with linear regression lines of best fit.

3 Results

3.1 Evaluation of EOs’ chemical
composition

In the initial phase of the investigation, the percentage contents of
specific compounds in the EOs were evaluated using GC-MS
methodology (Supplementary Table S1) and compared to their ranges
specified in the European Pharmacopoeia XI standards. Twenty-nine
compounds were found in REO; four of them constituted 68.38% of
this EO content, a-pinene (21.07%), 1,8-cineole (19.98%), camphor
(18.52%), and camphene (8.81%). The p-cymene content was not
aligned with the European Pharmacopoeia XI standards; however, it
exceeded the indicated level by just 0.26%.

The TEO’s most abundant components were thymol, p-cymene,
g-terpinene, and carvacrol, constituting 50.59, 19.2, 9.06, and 5.56%
of this EO content, respectively. Only two compounds deviated from
the pharmacopeial standards: carvacrol slightly exceeded the upper
limit by 0.15%, while carvacrol methyl ether was not detected.

3.2 Comparison of biofilm features

S. aureus strains’ sensitivity to selected antibiotics and phenotype
of resistance to macrolides, lincosamides and streptogramin B were
evaluated, and the results are presented in Supplementary Table S2.
None of the MSSA strains exhibited resistance to clindamycin,
gentamicin and ciprofloxacin. Two MSSA strains were resistant to
erythromycin and one to tetracycline. Nine of thirteen MRSA strains
exhibited resistance to three classes of antibiotics.
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The ability of S. aureus strains to form biofilms under the tested
conditions was evaluated by analyzing three parameters: biofilm mass,
metabolic activity, and viable cell number. Biofilms were cultured in
two media-TSB and IVWM—and, for the assessment of metabolic
activity and viable cell number, also on two types of surfaces:
polystyrene and bacterial cellulose. Accordingly, these biofilm
parameters were compared under four distinct growth conditions when
both variables (medium and surface) were considered, or grouped into
two conditions when only one variable (either medium or surface) was
compared. Due to methodological constraints, biofilm mass was
assessed in both media but only on the polystyrene surface; for this
parameter, the comparison was limited to the two media. All tested
strains formed biofilms under the applied conditions (Figures 1-3;
Tables 1, 2; Supplementary Figures S1-S3; Supplementary Tables S3-S8).
The
Supplementary Figures S1-S3 and Supplementary Tables S3, S5, and S7.

distributions of each parameter are presented in

The mean level of biofilm mass formed in TSB was four times
higher than in IVWM, with a level of statistical significance of
p <0.0001 (Dunn’s test. Adjusted p-value includes Bonferroni
correction, Figure 1; Supplementary Tables S3, §4).

Biofilm metabolic activity was significantly different between
the four growing conditions (p < 0.0001, Dunn’s test. Adjusted
p-value includes Bonferroni correction. Figure 2; Table I;
Supplementary Tables S5, S6). The highest difference was
observed between TSB/PS and IVWM/PS (7.5 times higher in
TSB/PS). The mean metabolic activity in IVWM/BC was 3 times
higher than in IVWM/PS, and 1.6 times higher in TSB/PS than in
TSB/BC. When comparing surface type regardless of medium,
mean metabolic activity was similar for PS and BC (1.8 vs. 1.6,
respectively). In contrast, when comparing the media regardless
of surface, biofilms cultured in TSB showed approximately
threefold higher metabolic activity than those in IVWM, with
strong statistical significance (p < 0.0001, Dunn’s test. Adjusted
p-value includes Bonferroni correction).

10.3389/fmicb.2025.1668594

Similarly to metabolic activity, the mean number of viable
biofilm cells was lowest under the IVWM/PS condition. Notably,
this was the only condition that differed significantly from all three
remaining growth setups (p < 0.0001, Dunn’s test. Adjusted p-value
includes Bonferroni correction). When grouped by individual
variables, biofilms cultured in TSB contained significantly more
viable cells than those grown in IVWM (p < 0.0001, Dunn’s test.
Adjusted p-value includes Bonferroni correction), and biofilms
formed on BC surfaces showed significantly higher viable cell
numbers than those formed on PS (p <0.0001, Dunn’s test.
Adjusted p-value includes Bonferroni correction, Figure 3; Table 2;
Supplementary Tables S7, S8).

In the next step of the study, we have analyzed the correlation
between the features of biofilms cultured under the tested conditions
(Figures 4-6). The highest and positive linear correlation was observed
for biofilm mass and metabolic activity in IVWM/PS (R* = 0.67,
Figure 4A). However, regardless of the dividing condition, no strong
correlation was demonstrated between the biofilm characteristics.

3.3 Comparison of antibiofilm activity of
the EOs

Subsequently, the antibiofilm activity of rosemary (REO) and
thyme (TEO) EOs was assessed using three complementary
methods: the dilution method, AntiBioVol (ABV), and
A.D.A.M. The ABV method evaluated EO activity in the volatile
phase, while the dilution and A.D.A.M. methods assessed
activity in the liquid phase (Figures 7, 8; Tables 3-7;
Supplementary Figures S4-S6; Supplementary Tables S9-S20). All
tests were performed under four different growth conditions,
combining two media (TSB and IVWM) with two surface types—
polystyrene (for the dilution method) or agar (for ABV and
A.D.A.M.), and bacterial cellulose. Accordingly, comparisons were
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FIGURE 1

Biofilm mass of S. aureus strains (n = 26) cultured on polystyrene (PS) surface and in different media: tryptic soy broth (TSB) or in in vitro wound milieu
(IVWM). Each box displays the interquartile range (IQR; 25th to 75th percentiles), with the bold horizontal line indicating the median. Whiskers extend to
the most extreme data points within 1.5 X IQR from the lower and upper quartiles. Technical repetitions are shown as dots. Differences were
statistically significant, p < 0.0001. Dunn'’s test was performed. Adjusted p-value includes Bonferroni correction (Supplementary Table S4).
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FIGURE 2

Biofilm metabolic activity of S. aureus strains (n = 26) cultured on different surfaces: polystyrene (PS) or biocellulose (BC), and in different media: tryptic
soy broth (TSB) or in in vitro wound milieu (IVWM). (A) Dividing condition: medium and surface. (B) Dividing condition: medium. (C) Dividing condition:
surface. Each box displays the interquartile range (IQR; 25th to 75th percentiles), with the bold horizontal line indicating the median. Whiskers extend
to the most extreme data points within 1.5 X IQR from the lower and upper quartiles. Technical repetitions are shown as dots.
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made across four distinct combinations when both variables
(medium and surface) were considered, or grouped by a single
variable (medium or surface) when assessing isolated effects.

According to all of the performed tests (Figures 7, 8;
Supplementary Tables S9, S12, S13, S16, S17, S19), TEO exhibited
higher antimicrobial activity than REO under all applied conditions.
Complete biofilm eradication was assessed after the treatment with
octenidine hydrochloride and ethanol (usability controls in dilution
and ABV methods, respectively) under all growth conditions. The
following values of biofilm reduction were observed after the exposure
to polyhexanide (usability control in the A.D.A.M. method): 27% in
TSB/A, 17% in TSB/BC, and 19% in IVWM/A and IVWM/
BC settings.

In the dilution method, REO in TSB/BC setting was the most
effective against S. aureus biofilm at each of the tested concentrations,
and the activity was significantly higher than the three other
conditions (p <0.0001, Dunn’s test. Adjusted p-value includes
Bonferroni correction. Figure 7; Table 3; Supplementary Tables §9, S10).
The highest differences in mean biofilm reduction between conditions
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at the same REO concentration were 55% [TSB/BC vs. [IVWM/BC at
0.63% (v/v)]. Antibiofilm activity of REO was also significantly higher
in TSB than in IVWM (p < 0.0001, Dunn’s test. Adjusted p-value
includes Bonferroni correction) and on BC than PS (p <0.01 at
concentration of 0.63% (v/v); p < 0.0001 at concentrations of 1.25%
(v/v) and 2.5% (v/v), Dunn’s test. Adjusted p-value includes Bonferroni
correction), regardless of the concentration.

Analysis of TEO antibiofilm activity under two dividing
conditions revealed the highest biofilm reduction in TSB/BC at all
concentrations (similar to REO) and the lowest in IVWM/BC at
concentrations of 0.04% (v/v) and 0.08% (v/v) (Figure 7; Table 4;
Supplementary Tables S9, S11). Although in these settings not all
differences were statistically significant, the mean biofilm eradication
>96% was assessed at the oil concentration of 0.08% (v/v) and 0.04%
(v/v) in TSB/BC and TSB/PS, while in [IVWM/BC the mean reduction
was 9% and —11% (indicating higher viability of cells treated with the
EO than in the growth control) for 0.08% (v/v) and 0.04% (v/v),
respectively. TEO exhibited significantly higher activity in TSB than
in IVWM at all tested concentrations (p < 0.0001 at concentrations of
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mL, colony-forming unit/mL.

Biofilm viable cell number of S. aureus strains (n = 10) cultured on different surfaces: polystyrene (PS) or biocellulose (BC), and in different media:
tryptic soy broth (TSB) or in in vitro wound milieu (IVWM). (A) Dividing condition: medium and surface. (B) Dividing condition: medium. (C) Dividing
condition: surface. Each box displays the interquartile range (IQR; 25th to 75th percentiles), with the bold horizontal line indicating the median.
Whiskers extend to the most extreme data points within 1.5 x IQR from the lower and upper quartiles. Technical repetitions are shown as dots. CFU/
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0.08% (v/v) and 0.04% (v/v); p <0.001 at concentration of 0.02%,
Dunnss test. Adjusted p-value includes Bonferroni correction).
According to the ABYV, volatile forms of REO displayed low
antibiofilm activity, or the metabolic activity of cells treated with the
oil was higher than in growth control in all applied settings.
Significantly higher mean reduction was observed in IVWM (10%)
than in TSB (—58%) (p <0.0001, Dunn’s test. Adjusted p-value
includes Bonferroni correction), with simultaneously no significant
differences between the A and BC surfaces (Figure 8; Table 5;
Supplementary Tables S13, S14). In all four conditions, TEO reduced
staphylococcal biofilm in at least 88% (TSB/A). The reduction was also
significantly higher in IVWM than in TSB (p < 0.0001, Dunn’s test.
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Adjusted p-value includes Bonferroni correction); however, the equal
level of biofilm reduction was demonstrated regarding the surface (A
or BC) (Figure 8; Table 5; Supplementary Tables S13, S15).

Liquid forms (the A.D.A.M. method) of REO exhibited
significantly higher (p < 0.0001, Dunn’s test. Adjusted p-value includes
Bonferroni correction) activity in TSB/A and TSB/BC than IVWM/A
and IVWM/BC (Figure 8; Table 6; Supplementary Tables S17, S18).
Contrary to the volatile forms, EO’s activity was significantly higher
in TSB than in IVWM (p < 0.0001, Dunn’s test. Adjusted p-value
includes Bonferroni correction). Mean biofilm reductions in these
media were 29% and —76%, respectively. No difference was observed
for the only-surface dividing condition (A vs. BC). TEO completely
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TABLE 1 Summarized statistical differences in biofilm metabolic activity
of S. aureus strains (n = 26) cultured on different surfaces: polystyrene
(PS) or biocellulose (BC), and in different media: tryptic soy broth (TSB) or
in in vitro wound milieu (IVWM).

TSB/PS IVWM/PS TSB/BC IVWM/BC
TSB/PS X s o .
IVWM/PS ok X ok P
TSB/BC stk sk X [
IVWM/BC sk sesksieok stk X

PS X ns

(A) Dividing condition: medium and surface. (B) Dividing condition: medium or surface.
Dunn’s test was performed. Adjusted p-value includes Bonferroni correction. Values of

p <0.05 were considered significant, p < 0.0001 was marked with four asterisks. Ns, no
significant differences; X, not applicable.

TABLE 2 Summarized statistical differences in biofilm viable cell number
of S. aureus strains (n = 10) cultured on different surfaces: polystyrene
(PS) or biocellulose (BC), and in different media: tryptic soy broth (TSB) or
in in vitro wound milieu (IVWM).

TSB/PS IVWM/PS TSB/BC IVWM/BC
TSB/PS X ok ns ns
IVWM/PS HAEE X sk sk
TSB/BC ns kg X ns
IVWM/BC ns kg ns X
(B)

IVWM BC

TSB sokeskok X ‘
PS X sokeok ‘

(A) Dividing condition: medium and surface. (B) Dividing condition: medium or surface.
Dunn’s test was performed. Adjusted p-value includes Bonferroni correction. Values of

p <0.05 were considered significant, p < 0.0001 was marked with four asterisks. Ns, no
significant differences; X, not applicable.

eradicated S. aureus biofilms under all applied growth conditions
(Figure 8; Table 6; Supplementary Table S17).

Comparison of differences in EOs antibiofilm activity between the
ABV and the A.D.A.M. methods revealed statistical significance
(p £0.0001, Dunn’s test. Adjusted p-value includes Bonferroni
correction) under all four conditions (grouped by medium and
surface) in the case of REO. In turn, differences were observed
between TSB/A and TSB/BC conditions for TEO (p < 0.0001, Dunn’s
test. Adjusted p-value includes Bonferroni correction) (Table 7;
Supplementary Table S20).

3.4 Biofilm visualization

Microscopic visualization was performed to qualitatively assess
the impact of REO and TEO volatile fractions on established S. aureus
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biofilms grown on PS in either TSB or IVWM media (Figure 9).
Representative strains S3 and S4 were selected for imaging due to
their contrasting susceptibility profiles shown via the ABV method.

The fluorescence staining clearly revealed that both media and EO
treatment significantly influenced biofilm architecture and bacterial
viability. Even in untreated controls (C*, growth control), differences
in biomass density and structure were evident between biofilms grown
in TSB and those cultured in IVWM, supporting earlier quantitative
findings that nutrient composition affects biofilm development. Upon
treatment, both EOs induced visible disruption of the biofilm
structure and increased red fluorescence, indicating compromised
membrane integrity. However, the extent of this effect varied between
oils and was dependent on both the strain and growth conditions. In
general, TEO appeared to exert stronger bactericidal and biofilm-
disrupting activity than REO, particularly against TSB-grown biofilms,
which were thicker and more metabolically active. Conversely,
IVWM-grown biofilms exhibited less biomass but appeared more
resistant to both EOs, particularly in the case of REO treatment. These
findings visually reinforce the notion that essential oil efficacy is
highly context-dependent and influenced by strain-level susceptibility,
growth medium, and initial biofilm architecture.

3.5 Analysis of biofilms' protein profiles

Analysis with a MALDI-TOF ultrafleXtreme spectrometer was
performed to evaluate staphylococcal protein profiles after the biofilms’
exposure to the volatile fractions of REO or TEO. The biofilms were
formed on BC and in TSB or IVWM medium (Figures 10, 11).
However, the high background of IVWM medium (which is rich in
proteins such as fibrinogen, fibronectin and lactoferrin) hindered the
detection of bacterial proteins. The following differences between the
EOs and C + in the profile of the S3 strain cultured in TSB were
observed: the peak at approximately 4,010 m/z was present in the REO
and TEO samples but not in the C*. Peaks at about 3,618 m/z and
6,230 m/z were detected only in TEO-treated samples. In the case of
the S4 strain in TSB, the mass spectra were obtained only for REO and
C* samples. Five peaks (at 2830 m/z;4,056 m/z; 4,317 m/z; 5,045 m/z;
8,111 m/z) appeared in the spectrum of the bacterial profile after REO
treatment. The peak at 6906 m/z was more intense than in the control
sample. Four peaks were detected in the C* spectrum but not in the
REO one (at 2311 m/z; 2,642 m/z; 3,014 m/z; 6,228 m/z).

4 Discussion

The concept of essential oil stewardship emerged from our growing
awareness of the methodological gaps that limit the translational value
of EOs research. Drawing on several years of investigation, our team
has developed and progressively refined a framework that guides the
selection, evaluation, and interpretation of EOs as anti-infective agents
(Brozyna et al., 2020, 2021, 2024). This framework aligns EO testing
with the rigor expected of antibiotics or antiseptics and lays the
foundation for reproducible and translationally relevant studies.

A key component of this framework is the use of pharmacopoeial-
grade EOs, which enhances the relevance of experimental findings. In
this study, both rosemary and thyme oils met the quality standards
defined by the European Pharmacopoeia XI, with only a minor
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FIGURE 4
Scatter plots of correlations of S. aureus strains’ (n = 26) biofilm mass and biofilm metabolic activity. Biofilms were cultured on polystyrene (PS) and in
different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM). (A) Dividing condition: medium. (B) Dividing condition: surface. The points
denote the means for each strain. Data fitted on a linear trend line. The equation for the line of best fit and R?-coefficient of determination are
presented in the top left corners of the respective panels.

deviation observed in one constituent. Within the framework, we also
employed a panel of S. aureus strains, rather than relying on a single
reference strain. This approach reflects microbial heterogeneity and
improves the applicability of the findings.

In the present dataset, variability was evident between isolates
exposed to the same EO. Several interrelated factors are likely to
account for these differences. Even when meeting pharmacopoeial
requirements, EOs remain chemically complex mixtures, and minor
batch-to-batch fluctuations in the proportions of key constituents
(e.g., thymol, 1,8-cineole, camphor) can markedly influence their
biological activity. At the microbial level, strain-specific differences in
biofilm architecture and extracellular matrix composition may affect
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the diffusion and local availability of EO components. Additional
variability may arise from intrinsic bacterial traits, such as differences
in cell envelope properties, efflux capacity, or metabolic status, which
modulate susceptibility. Finally, the physicochemical conditions of the
experiment, including nutrient composition and surface type, can
alter both bacterial physiology and EO stability. Collectively, these
factors indicate that the efficacy of a given EO chemotype should
be regarded not as a fixed property, but as an emergent outcome
shaped by microbial, chemical, and environmental determinants.
Also, biofilm formation was assessed using more than one
parameter, i.e., total biomass (cells and extracellular matrix), metabolic
activity, and viable cell number. These features were in turn compared
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FIGURE 5
Scatter plots of correlations of S. aureus strains’ (n = 10) biofilm mass and biofilm viable cell number (CFU/mL, colony-forming unit/mL). Biofilms were
cultured on polystyrene (PS) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM). (A) Dividing condition: medium.
(B) Dividing condition: surface. The points denote the means for each strain. Data fitted on a linear trend line. The equation for the line of best fit and
R?-coefficient of determination are presented in the top left corners of the respective panels.

across different growth conditions, defined by combinations of two
media (TSB and IVWM) and three surface types (polystyrene,
biocellulose, and agar polymer). Notably, IVWM simulates the
biochemical composition of wound exudate, while biocellulose and
agar polymers provide soft, porous surfaces that mimic the topology
and structure of wound tissue (Birkenhauer et al., 2014; Roberts et al.,
2023). To account for different modes of EO delivery, we applied three
complementary methods — microtitrate plate method (a.k.a. dilution
method), A.D.A.M., and AntiBioVol—allowing us to evaluate EOs’
both contact and vapor-phase activity.

The resulting matrix of variables produced a complex dataset,
requiring robust statistical approaches to detect interactions and

Frontiers in Microbiology

capture strain-level variability. The obtained results revealed consistent
differences between standard laboratory and infection-relevant
settings (Figures 1-3; Tables 1, 2). Across all evaluated parameters—
biomass, metabolic activity and viable cell number—biofilms formed
in standard TSB medium were significantly more developed than
those cultured in IVWM, regardless of the surface used. TSB
promoted robust biofilms with high cell density and metabolic activity.
In contrast, biofilms in IVWM were thinner, less metabolically active
and composed of fewer viable cells. The IVWM, a formulation
mimicking wound exudate, contains host-associated factors such as
lactoferrin and lactic acid. These may act as immunological cues,
prompting bacteria to organize into smaller, protective clusters, as
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FIGURE 6
Scatter plots of correlations of S. aureus strains’ (n = 10) biofilm metabolic activity and biofilm viable cell number (CFU/mL, colony-forming unit/mL).
Biofilms were cultured on different surfaces: polystyrene (PS) or biocellulose (BC), and in different media: tryptic soy broth (TSB) or in in vitro wound
milieu (IVWM). (A) Dividing condition: medium and surface. (B) Dividing condition: medium. (C) Dividing condition: surface. The points denote the
means for each strain. Data fitted on a linear trend line. The equation for the line of best fit and R?-coefficient of determination are presented in the top
left corners of the respective panels.

previously reported (Brozyna et al., 2024). It indicates that the use of
IVWM reveals biofilm phenotypes that standard media obscure.

The next analysis on the relationship between biofilm biomass and
viable cell number was examined to determine whether total biofilm

Frontiers in Microbiology

mass reflects the abundance of living cells. Scatter plot analysis
(Figure 5) revealed no strong correlation between these parameters
across growth conditions. This indicates that high biomass may result
from increased extracellular matrix or dead cell accumulation rather
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and the error lines denote the standard error of measurement.
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polystyrene (PS) or biocellulose (BC) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM), assessed with a dilution method.
(A,B) Dividing condition: medium and surface. (C,D) Dividing condition: medium. (E,F) Dividing condition: surface. The points denote the mean value,
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than solely a dense population of viable cells. Similarly, no meaningful
correlation was found between biomass and metabolic activity
(Figure 4). Not surprisingly, the strongest correlation among the three
parameters was observed between metabolic activity and CFU counts
(Figure 6), consistent across media and surfaces. Such an observation
indicates that metabolic activity is a direct function of both the

Frontiers in Microbiology

number of viable cells and their physiological engagement in
active processes.

In non-healing wound environments, biofilms may contain large
amounts of matrix with only limited viable cells or cells exhibiting
dormant metabolic states (Thaarup et al., 2022). Therefore, relying
solely on biomass can lead to misinterpretation of biofilm structure
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Antibiofilm activity of rosemary essential oil (REO) or thyme essential oil (TEO) against S. aureus strains (n = 10) cultured on different surfaces: agar

(A) or biocellulose (BC) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM), assessed with an antibiofilm activity of volatile
compounds (ABV) or an antibiofilm dressing's activity measurement (A.D.A.M.) methods. (A,B) Dividing condition: medium and surface. (C,D) Dividing
condition: medium. (E,F) Dividing condition: surface. The points denote technical repetitions.
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TABLE 3 Summarized statistical differences in antibiofilm activity of
rosemary essential oil (REO) against S. aureus strains (n = 10) cultured on
different surfaces: polystyrene (PS) or biocellulose (BC) and in different
media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM),
assessed with a dilution method.

10.3389/fmicb.2025.1668594

TABLE 4 Summarized statistical differences in antibiofilm activity of
thyme essential oil (TEO) against S. aureus strains (n = 10) cultured on
different surfaces: polystyrene (PS) or biocellulose (BC) and in different
media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM),
assessed with a dilution method.

0.63% REO 0.02% TEO
TSB/PS IVWM/PS TSB/BC IVWM/BC TSB/PS IVWM/PS TSB/BC | IVWM/BC
TSB/PS X ns ok ns TSB/PS X ns s ns
IVWM/PS ns X ok * IVWM/PS ns X ok ns
TSB/BC T T— X — TSB/BC S — X p—
IVWM/BC ns # ok X IVWM/BC ns ns s X

1.25% REO 0.04% TEO
TSB/PS = IVWM/PS  TSB/BC IVWM/BC TSB/PS IVWM/PS TSB/BC IVWM/BC
TSB/PS X ns ok ns TSB/PS X ok ns ok
IVWM/PS ns X o ns IVWM/PS Hrk X ok ns
TSB/BC T - X - TSB/BC ns - X .
IVWM/BC ns ns o X IVWM/BC Horik ns o X

2.5% REO 0.08% TEO
TSB/PS IVWM/PS TSB/BC IVWM/BC TSB/PS IVWM/PS  TSB/BC IVWM/BC
TSB/PS X ns ik ns TSB/PS X L ns s
IVWM/PS ns X i ns IVWM/PS L X s s
TSB/BC - . X pr. TSB/BC ns . X -
IVWM/BC ns ns L X IVWM/BC i o i X

(D)

EO concentration

(D)

EO concentration

0.63% TSB ok X 0.02% TSB HkE X
0.63% PS X ok 0.02% PS X *
1.25% TSB ok X 0.04% TSB ok X
1.25% PS X kR 0.04% PS X ns
2.5% TSB ok X 0.08% TSB Ak X
2.5% PS X ok 0.08% PS X ok

(A-C) Dividing condition: medium and surface. (D) Dividing condition medium or surface;
results were compared between the same EO’s concentrations. Dunn’s test was performed.
Adjusted p-value includes Bonferroni correction. Values of p < 0.05 were considered
significant, p < 0.05 was marked with one asterisk, p < 0.01 was marked with two asterisks,
p <0.0001 was marked with four asterisks. Ns, no significant differences; X, not applicable.

and treatment efficacy. The CFU-metabolism correlation highlights
these two measures as key endpoints in evaluating EO-mediated
antibiofilm effects. The differences in biofilm structure and
composition observed under various growth conditions have
translational implications. The TSB/PS (polystyrene) setup,
characterized by high biomass, high metabolic activity, and large
numbers of viable cells, resembles biofilms formed on abiotic medical
devices such as catheters, particularly in immunocompromised

Frontiers in Microbiology

(A-C) Dividing condition: medium and surface. (D) Dividing condition medium or surface;
results were compared between the same EO’s concentrations. Dunn’s test was performed.
Adjusted p-value includes Bonferroni correction. Values of p < 0.05 were considered
significant, p < 0.05 was marked with one asterisk, p < 0.01 was marked with two asterisks,
p <0.001 was marked with three asterisks, p < 0.0001 was marked with four asterisks. Ns, no
significant differences; X, not applicable.

patients or those with diabetes (Brozyna et al., 2024). In contrast, the
IVWM/BC (biocellulose) model produced biofilms with lower
metabolic activity and viable cell counts, and a more clustered
morphology, consistent with observations from non-healing wound
infections (Thaarup et al., 2022).

The inclusion of both simplified (TSB/PS) and clinically-relevant
(IVWM/BC) conditions within the same experimental framework
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TABLE 5 Summarized statistical differences in antibiofilm activity of rosemary essential oil (REO) and thyme essential oil (TEO) against S. aureus strains
(n = 10) cultured on different surfaces: agar (A) or biocellulose (BC) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM),
assessed with an antibiofilm activity of volatile compounds method.

REO TEO
TSB/A IVWM/A TSB/BC  IVWM/BC TSB/A IVWM/A TSB/BC  IVWM/BC
TSB/A X — ns - X — ns .
IVWM/A — X — ns — X . ns
TSB/BC ns — X - ns — X P
IVWM/BC — ns p— X — ns P X
(B)
REO TEO

IVWM BC IVWM BC
TSB — X — X
A X ns X ns

(A) Dividing condition: medium and surface. (B) Dividing condition: medium or surface. Dunn’ test was performed. Adjusted p-value includes Bonferroni correction. Values of p < 0.05 were
considered significant, p < 0.0001 was marked with four asterisks. Ns, no significant differences; X, not applicable.

TABLE 6 Summarized statistical differences in antibiofilm activity of rosemary essential oil (REO) or thyme essential oil (TEO) against S. aureus strains
(n = 10) cultured on different surfaces: agar (A) or biocellulose (BC) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM),

assessed with an antibiofilm dressing’s activity measurement method.

REO TEO
TSB/A IVWM/A TSB/BC = IVWM/BC TSB/A IVWM/A TSB/BC = IVWM/BC
TSB/A X s ns s X ns ns ns
IVWM/A s X s ns ns X ns ns
TSB/BC ns s X s ns ns X ns
IVWM/BC s ns s X ns ns ns X
(B)
REO TEO

IVWM BC VWM BC
TSB s X ns X
A X ns X ns

(A) Dividing condition: medium and surface. (B) Dividing condition: medium or surface. Dunn’s test was performed. Adjusted p-value includes Bonferroni correction. Values of p < 0.05 were

considered significant, p < 0.0001 was marked with four asterisks. Ns, no significant differences; X, not applicable.

enables a more comprehensive understanding of how EOs might
perform in clinically distinct environments. It also allows for better
prediction of EO efficacy depending on the infection niche—ranging
from highly active, surface-associated biofilms to more quiescent,
matrix-rich/dormant communities in non-healing wounds. Notably,
these two structurally and functionally distinct types of biofilms
responded differently to treatment with liquid-phase thyme essential
oil (Figure 7). Despite the TSB/PS system containing more biomass
and viable cells, TEO induced a stronger reduction in both
parameters compared to the IVWM/BC setup. This was unexpected,
as biofilms with higher biomass, cell density and metabolic activity
are generally considered more resistant to antiseptic agents. This
result suggests that the presence of robust biofilm in the TSB/PS
model does not significantly impair the efficacy of TEO. On the
contrary, its activity may be enhanced in metabolically active,

Frontiers in Microbiology

cell-dense environments. It also raises the possibility that TEO
interferes with bacterial metabolism more efficiently than with
structural biofilm components, contributing to greater efficacy in
active biofilms. Alternatively, TEO may possess sufficient lipophilicity
to penetrate matrix-rich biofilms regardless of density. These findings
highlight the need to evaluate EO activity under conditions that
reflect both high-burden infections (e.g., contaminated surfaces) and
low-metabolism chronic niches (e.g., non-healing wounds), as their
performance may differ substantially depending on biofilm
architecture and metabolic state. The observed differences in biofilm
reduction between TEO and REO (Figure 7) may be partly explained
by their distinct chemical compositions and physicochemical
interactions with the biofilm matrix. Essential oils are complex
mixtures of lipophilic compounds, and their efficacy may
be influenced by their ability to partition into hydrophobic biofilm
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TABLE 7 Summarized statistical differences in antibiofilm activity of rosemary essential oil (REO) and thyme essential oil (TEO) against S. aureus strains
(n = 10) cultured on different surfaces: agar (A) or biocellulose (BC) and in different media: tryptic soy broth (TSB) or in in vitro wound milieu (IVWM)
between the results of an antibiofilm activity of volatile method compounds and an antibiofilm dressing’s activity measurement method.

REO TEO
TSB/A IVWM/A TSB/BC  IVWM/BC TSB/A IVWM/A TSB/BC  IVWM/BC
TSB/A s X X X s X X X
IVWM/A X s X X ns X X
TSB/BC X X i X X X i X
IVWM/BC X X X s X X X ns

TSB ns X X X ns X X X
IVWM X ns X ns X

A X ns X ns X
BC X X X ns X X X ns

C+

REO

REO TEO
D

C+ REO TEO

C+ REO TEO

FIGURE 9

Microscopic visualization of S. aureus biofilms (n = 2) grown on polystyrene in tryptic soy broth (TSB) or in in vitro wound milieu medium (IVWM) and
treated with volatile fractions of rosemary essential oil (REO) or thyme essential oil (TEO). C* is a growth control setting, where biofilms were non-
exposed to antimicrobials. (A) S3 strain in TSB. (B) S3 strain in IVWM. (C) S4 strain in TSB. (D) S4 strain in IVWM. All biofilms were stained using the
Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit to assess cell viability. Green fluorescence indicates live cells with intact membranes, while red
fluorescence marks cells with compromised membrane integrity. Images represent a full-well of a 24-well plate tiling acquired using a 4x objective
and ImageJ Software. Microscope Lumascope 620. The well diameter was 15 mm.

components, such as extracellular polysaccharides and proteins (Ben
Arfa et al., 2006).

Thyme oil, which contains a higher proportion of phenolic
compounds like thymol and carvacrol, may interact more strongly
with bacterial membranes and disrupt metabolic processes,
particularly in biofilms with high cell density and metabolic
activity (Memar et al., 2017). In contrast, rosemary oil, dominated

Frontiers in Microbiology

by oxygenated monoterpenes such as 1,8-cineole and a-pinene,
may have weaker interactions with dense matrix structures or
may require different conditions for optimal activity (Kifer
et al.,, 2016).

The interplay between EO lipophilicity, matrix composition, and
bacterial physiology is a promising area for translational research.
Understanding these relationships could help match specific EO
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FIGURE 10
Mass spectra presenting protein profiles of S. aureus S3 strain cultured on biocellulose in tryptic soy broth after the treatment with volatile fractions of
rosemary essential oil (REO), thyme essential oil (TEO), or untreated cells (C*, growth control). MALDI-TOF (Matrix-Assisted Laser Desorption/lonization
Time-of-Flight Mass Spectrometry) ultrafleXtreme spectrometer.

profiles to infection types, optimizing their use as complementary
agents in biofilm-associated infections.

While TEO demonstrated marked differences in antibiofilm
efficacy across conditions, REO showed a relatively uniform, though
less potent, effect. Its performance appeared largely independent of
the growth medium or surface type, suggesting a broader but weaker
activity profile. This could indicate a lower sensitivity of REO to
environmental variability or a mechanism of action less dependent on
specific biofilm phenotypes.

Beyond differences in chemical composition, our results also
revealed divergent activity profiles of REO and TEO depending on
the testing method. TEO demonstrated higher antibiofilm efficacy in
the A.D.A.M. assay, which models gradual diffusion through a
viscous matrix, while REO showed relatively better performance in
the AntiBioVol assay, designed to assess volatile-phase activity
(Figure 8). Volatile REO fractions in TSB-grown biofilms
occasionally increased metabolic activity, suggesting a hormetic
effect. At sub-inhibitory concentrations, certain constituents (e.g.,
1,8-cineole, a-pinene, camphor) may act as environmental stressors,
activating stress-response regulons and redox pathways that
transiently boost metabolism. Such stimulation by sub-MIC

Frontiers in Microbiology

antimicrobials has been reported for S. aureus and highlights the
importance of achieving bactericidal concentrations throughout the
biofilm to avoid unintended enhancement of persistence or virulence
(Kaplan, 2011).

These findings indicate that specific EO constituents may
differ in potency not only because of differences in the
composition/level of antimicrobial substances but also because of
differences in their physicochemical behavior—particularly
volatility and diffusivity—which in turn affects their bioavailability
under different exposure scenarios. For instance, compounds with
higher vapor pressure or lower molecular weight may exhibit
greater activity in vapor-phase assays, while more hydrophobic or
viscous constituents might perform better when directly applied
to biofilms in liquid form.

This has important translational implications. Depending on the
intended route of administration—topical liquid formulations,
impregnated dressings, or vapor-based devices—EOs should
be selected and evaluated using methods that reflect their actual
clinical deployment. The observed method-dependent differences in
REO and TEO activity further underscore the value of employing
multiple, complementary models during EO screening.
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The integrated design of this study—combining pharmacopoeial-
grade oils, clinical strain panels, multiple experimental modalities, and
infection-mimicking conditions—demonstrates a pathway towards
translating EO research into clinically relevant applications. By
aligning experimental models with real-world scenarios (e.g., wound
exudate composition, tissue-like surfaces, and polymicrobial
complexity), we improve the applicability of in vitro findings in real
life as well.

10.3389/fmicb.2025.1668594

(Figure 9), highlight the need to match specific EO compositions
with suitable clinical delivery forms. Although performed as a proof
of concept, the data presented in Figure 10 further demonstrate that
exposing the same S. aureus strain to two different EOs results in
distinct changes in protein expression. Conversely, exposing two
different strains to the same EO also leads to different protein
expression profiles.

Importantly, the demonstrated strain-level variability in biofilm

Moreover, the method-dependent differences in EO  architecture and EO susceptibility emphasizes the need to move beyond
performance, clearly visualized by fluorescence microscopy  generic claims of EO efficacy. Instead, tailored formulations and
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FIGURE 11

spectrometry) ultrafleXtreme spectrometer.

Mass spectra presenting protein profiles of S. aureus S4 strain cultured on biocellulose in tryptic soy broth after the treatment with volatile fractions of
rosemary essential oil (REO) or untreated cells (C*, growth control). MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight mass
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targeted indications, guided by systematic preclinical assessment, may
allow EOs to complement existing anti-infective strategies, particularly
in niches where conventional agents fail or resistance is prevalent (see
Figure 11).

The clinical application of EOs in wound care must consider
concentration-dependent cytotoxicity and potential for dermal
irritation or sensitization. In vitro, the principal phenolics of TEO
(thymol, carvacrol) exhibit cytotoxic effects on keratinocytes and
fibroblasts at concentrations close to those required for
antibacterial activity, underscoring the need for dose optimization
and formulation strategies that limit free monoterpene exposure
(e.g., controlled-release dressings, emulsions). Regulatory safety
assessments (RIFM/IFRA) indicate low sensitization risk at
recommended limits, while human patch testing shows minimal
irritation for rosemary oil at typical cosmetic concentrations. For
cineole-rich chemotypes, higher concentrations or occlusion may
increase irritation risk, emphasizing the importance of adherence
to IFRA category limits. Balancing antibiofilm efficacy with
cytocompatibility thresholds should be a central element of EO
stewardship in wound-healing contexts. Moreover, safety
assessment will be a focus of our future studies, as in vitro
cytotoxicity testing of lipophilic EOs may be influenced by
methodological artefacts (e.g., solvent interactions, micelle
formation), warranting further refinement of testing protocols for
clinically relevant scenarios (Api et al., 2024; Lee et al., 2024;
Surowiak et al., 2025).

Effective clinical use of EOs requires formulations that
stabilize active constituents, improve solubility, and provide
controlled delivery to the infection site. Direct application of
volatile, lipophilic EOs can lead to rapid evaporation, uncontrolled
dosing, and local irritation. Nanoemulsions, liposomes, and
polymeric carriers can enhance aqueous dispersion, protect
against oxidative degradation, and promote penetration into
biofilms and tissue. Hydrogels and EO-loaded wound dressings,
including biocellulose matrices as used in this study, allow
sustained release and prolonged contact, potentially improving
antibiofilm efficacy while maintaining cytocompatibility. Future
development should align formulation parameters (e.g., droplet
size, carrier composition, release kinetics) with the EO chemotype
and wound type to achieve therapeutic concentrations within safe
exposure limits (Alam et al., 2018; De Luca et al., 2021; Bahloul
et al.,, 2024).

Although established antiseptics (octenidine, polyhexanide)
were included in the experimental design, their role in this
study was to serve as pharmacopoeial usability controls,
confirming the validity and reproducibility of the EO testing
framework. The aim of this work was not to perform a head-to-
head efficacy comparison between antiseptics and EOs, but to
demonstrate a structured methodology for EO evaluation under
clinically relevant conditions. Nevertheless, the Results section
reports antiseptic performance alongside EO data, allowing the
reader to contextualize EO activity within the broader
antimicrobial landscape.

Essential oil stewardship, as proposed here, is not a fixed protocol
but a dynamic framework inviting refinement and interdisciplinary
input. We hope that this study will encourage broader adoption of
rigorous EO testing standards and foster collaboration among
microbiologists, pharmacognosists, formulation scientists, and
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clinicians to responsibly develop EOs as adjuvants in the fight against
biofilm-associated infections.

5 Conclusion

Our findings demonstrate that S. aureus biofilm properties are
strongly shaped by the surrounding environment, and that the
antibiofilm activity of essential oils is influenced both by the
delivery method and by the biofilm growth conditions. The study
confirms that pharmacopoeial-grade essential oils can be assessed
within clinically relevant, well-controlled in vitro models, providing
reproducible and interpretable outcomes. Implementation of the
essential oil stewardship framework offers a structured approach for
such evaluations, facilitating the development of application-
oriented EO strategies in infection management.
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