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Abstract

Geraniol exhibits strong antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA) in
both in vitro and in vivo; yet its underlying mechanism remains incompletely understood. Our study system-
atically characterized the antibacterial mode of action of geraniol using flow cytometry, fluorescence spec-
troscopy, electron microscopy, and molecular dynamics simulations. The results showed that geraniol readily
partitions into the lipid bilayer and disrupts membrane integrity, with 81.95% of cells exhibiting membrane
damage at 1.380 mg/mL. Consistently, geraniol treatment increased membrane fluidity, as indicated by a
reduction in fluorescence polarization from 0.410 to 0.380, and was associated with conformational alter-
ations in membrane proteins. These membrane perturbations were accompanied by extensive downstream
damage, including leakage of intracellular components, with extracellular levels increasing by 9.61-fold for
DNA, 11.82-fold for RNA, and 15.92-fold for proteins. Additionally, ultrastructural analyses revealed cell wall
thinning from 0.037 pm to 0.026 um and marked DNA condensation. Collectively, these findings indicate that
the MRSA cell membrane represents a primary target of geraniol, with subsequent structural damage likely
resulting from severe membrane dysfunction and disruption of cellular homeostasis. This study provides
mechanistic insights supporting the potential development of geraniol as a membrane-targeting antibacterial
agent.

Keywords: cell wall, geraniol, membrane damage, molecular dynamics, MRSA

ISSN 1757-837X online, DOI 10.15586/qas.v18i2.1629 249



LinK et al.

Introduction

Staphylococcus aureus is a clinically significant pathogen
associated with a broad range of severe diseases, includ-
ing skin and soft tissue infections (Hatlen & Miller, 2021),
bacteremia (Tabah & Laupland, 2022), osteomyelitis
(Song et al., 2025), and toxic shock syndrome (Mele &
Madrenas, 2010). Beyond clinical settings, this organism
is also a prominent cause of foodborne illness, contribut-
ing substantially to both sporadic cases and outbreaks of
food poisoning (Cheung et al., 2021; Nunes Nascimento
et al., 2025). In the United States alone, S. aureus is
responsible for approximately 241,000 cases of foodborne
infection annually, leading to over 1,000 hospitalizations
and several fatalities (Scallan et al., 2011). The increas-
ing prevalence of methicillin-resistant S. aureus (MRSA),
particularly in meat and dairy products, has further exac-
erbated public health concerns, presenting an ongoing
challenge to both food safety and infection control (Ning
etal., 2023; Yu et al., 2023).

Chemical preservatives, such as sodium benzoate,
sorbic acid, and sodium dehydroacetate, are widely
employed in the food industry to inhibit microbial
growth and prolong shelf life (Ekhtelat et al., 2020; Selim
et al., 2022; Wu et al., 2025). Notwithstanding their
effectiveness, increasing attention has been directed
toward their potential adverse effects on human health,
including gastrointestinal, respiratory, and neurological
disturbances, as well as possible carcinogenic and tera-
togenic risks (Novais et al., 2022). These concerns have
prompted heightened regulatory scrutiny and under-
scored the need for safer alternatives with improved
biocompatibility and reduced toxicological burden
(Mamur et al., 2012). In this regard, naturally derived
compounds, such as geraniol, citral, and citronellal,
have attracted growing interest as multifunctional food
additives capable of enhancing flavor, extending shelf
life, and mitigating microbial contamination (D’Souza
et al., 2017; Olszewska et al., 2020; Ribeiro-Santos et al.,
2017; Teshome et al., 2022).

Among these natural compounds, geraniol has gar-
nered attention due to its broad-spectrum antibacterial
activity against various pathogens, including S. aureus
(Gu et al., 2022), Acinetobacter baumannii (Kim et al.,
2022), Listeria monocytogenes (Friedman et al., 2002),
Escherichia coli (Feng et al., 2022), and Pseudomonas
aeruginosa (Li et al., 2023), and its potentiating effects
on the efficacy of B-lactam antibiotics against MRSA
(Kannappan et al., 2019). In addition to its antimicro-
bial properties, geraniol exerts diverse bioactive effects,
including anti-inflammatory (Jayachandran et al,
2015), anticancer (Silva et al., 2022), antioxidant (Pavan
et al., 2018), hepatoprotective (F El Azab et al., 2020),
and neuroprotective activities (Bagheri et al., 2022).

Together with its favorable safety profile, these features
highlight its considerable potential for food preservation
and therapeutic applications.

Recent investigations into the antibacterial mecha-
nism of geraniol have largely focused on damage to the
bacterial cell envelope, particularly the cell membrane
(Murbach Teles Andrade et al., 2016; Singh & Katoch,
2020). Ultrastructural studies have shown that geraniol
induces pronounced morphological injury in multiple
bacterial species, including MRSA, with characteristic
features such as membrane deformation and cell wall dis-
ruption (Guimaraes et al., 2019; Murbach Teles Andrade
et al., 2016). However, current evidence is predominantly
derived from endpoint morphological observations and
lacks continuous, time-resolved analysis of the dam-
age process. Quantitative characterization of critical
membrane-associated functions, including membrane
integrity, membrane fluidity, and membrane protein
alterations, has also remained limited. More importantly,
the temporal sequence of cellular events following gera-
niol exposure, specifically the distinction between mem-
brane disruption as an initiating event and as a secondary
consequence of general cellular deterioration, has not
been systematically established. Furthermore, the causal
relationship between membrane damage and down-
stream structural alterations, such as cell wall thinning
and DNA condensation, remains poorly defined.

This study applied an integrated, multidisciplinary
approach to systematically define the antibacterial mech-
anism of geraniol against S. aureus. Dynamic changes in
key membrane functional properties were quantitatively
assessed following geraniol exposure, together with con-
tinuous evaluation of cell surface morphology, subcellular
organization, and ultrastructural alterations. Molecular
dynamics simulations were further conducted to charac-
terize the interaction between geraniol and the bacterial
lipid bilayer. Collectively, these analyses provided a more
robust and quantitatively supported mechanistic frame-
work for the antibacterial action of geraniol and estab-
lish a theoretical basis for the further development of this
naturally derived compound as a membrane-targeting
antibacterial agent.

Materials and Methods
Strains and chemicals

Staphylococcus aureus ATCC 43300 was obtained from
the American Type Culture Collection (Manassas, VA,
USA) and stored at —80°C. The bacteria were plated on
nutrient agar (Aoboxing, Beijing, China) and incubated at
37°C overnight. Mueller—Hinton agar (MHA), Tryptone
soy broth (TSB), and Mueller—Hinton II broth (MHB II)
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were purchased from Beijing Solarbio Technology Co.,
Ltd. (Solarbio, Beijing, China). Geraniol (CAS: 106-24-1,
purity > 98%) and glutaraldehyde (CAS: 111-30-8) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Nile Red (CAS: 7385-67-3), Hoechst 33342 (CAS: 23491-
52-3), 1,6-diphenyl-1,3,5-hexatriene (DPH, CAS: 1720-
32-7), and potassium iodide (KI, CAS: 7681-11-0) were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA).

Growth curve assay

The growth curve assay was performed according to a
previously described method (Huo et al., 2022), with
slight modifications. Briefly, a single colony of S. aureus
was suspended in sterile saline and adjusted to a turbidity
equivalent to a 0.5 McFarland standard. This suspension
was inoculated into MHB II containing varying concen-
trations of geraniol in a 96-well plate. The plate was incu-
bated at 37°C for 24 h, and the OD,,, was measured at
1 h intervals using a multimode plate reader (Bioscreen
C Pro, Oy Growth Curves Ab Ltd., Helsinki, Finland).
Wells containing the bacterial suspension served as the
positive control, and wells with MHB II only served as
the negative control. All experiments were performed in
triplicate.

Time-kill curve assay

Time-kill kinetics were evaluated in accordance with
the Clinical and Laboratory Standards Institute (CLSI)
guideline M26-A and previously described procedures
(Wang et al., 2023), with minor modifications. In brief, to
obtain cells in the logarithmic growth phase, diluted bac-
terial suspensions were incubated at 37°C with shaking
at 200 rpm until the OD,; reached 0.60, which occurred
after approximately 4 h. These cells were then exposed to
geraniol at a final concentration of 1.380 mg/mL. During
the subsequent 5 h of incubation at 37°C, aliquots were
collected at 10, 20, 40, 90, 120, 150, 180, 210, 240, 270,
and 300 min, serially diluted, and spread on MHA plates
for the determination of viable counts. Untreated cells,
processed in parallel, served as controls. All experiments
were conducted in triplicate.

Microscope observation

Morphological and ultrastructural alterations in S. aureus
cells following geraniol treatment were examined using
scanning electron microscopy (SEM, JSM-IT700HR,
JEOL Ltd., Tokyo, Japan), transmission electron micros-
copy (TEM, JEM-1400FLASH, JEOL Ltd., Tokyo, Japan),
and super-resolution structured illumination microscopy
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(SR-SIM, N-SIM E, Nikon Corporation, Tokyo, Japan).
Experimental procedures were conducted according to
previously established protocols (Hou et al., 2022; Jensen
et al., 2020; Shi et al., 2018). Specifically, S. aureus cul-
tures adjusted to 0.5 McFarland were treated with gera-
niol at 0.690 mg/mL or 0.345 mg/mL, with PBS-treated
cultures included as controls, for 10, 40, 90, 180, and 300
min. Cells were harvested by centrifugation at 5,000 x g
for 10 min at 4°C and subsequently washed three times
with PBS. For SEM and TEM analyses, cell pellets were
fixed in 2.5% glutaraldehyde for 6 h. For SR-SIM anal-
ysis, samples were stained at room temperature with
Nile Red for membrane visualization, WGA-488 for
cell wall labeling, and Hoechst 33342 for DNA stain-
ing (Supplementary Table S1). Stained samples were
mounted on agarose pads prepared with 1.2% agarose in
PBS and observed using SR-SIM.

Cell volume was quantified using Fiji (v1.54f) according
to published protocols (Jensen et al., 2020), based on the
formula V = 4/3mab® where a and b represent the major
and minor axes, respectively. At least 50 cells were ana-
lyzed at each time point. Additionally, cell wall thickness
was measured from TEM images acquired at 12,000x
magnification using Image]J software (v1.54, USA).

Molecular dynamics simulations

Molecular dynamics simulations were conducted using
GROMACS (v5.1.5) (Hess et al., 2008). The three-
dimensional structure of geraniol was obtained from
PubChem (http://pubchem.ncbi.nlm.nih.gov). System
construction and simulation parameters were defined
according to established methodology (Kim et al., 2020).
The bacterial membrane model consisted of a mixed lipid
bilayer containing 88 neutral 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) lipids and 40 negatively charged
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) lip-
ids, corresponding to an approximate 7:3 ratio, and was
parameterized using Berger’s lipid force field (Kim et al.,
2018). Simulations were conducted under NPT condi-
tions at 1 atm and 300 K, with periodic boundary con-
ditions applied in all directions and a time step of 2 fs.
Following equilibration of the solvated bilayer for 500 ns,
geraniol was introduced into the aqueous phase above the
membrane. After an additional 100 ns re-equilibration
period, the compound was released, and the system
was subjected to a 50 ns production run (Creighton
etal., 2016).

Cell constituent assays

Leakage of intracellular and extracellular nucleic acids
and proteins was quantified according to previously
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established protocols (Song et al., 2020; Yuan et al.,
2019). Bacterial cultures were exposed to different con-
centrations of geraniol for 0.5, 1, 2, 4, and 6 h. At each
time point, samples were collected and centrifuged at
5,000 x g for 10 min at 4°C to separate supernatants from
cell pellets. The supernatants were collected before son-
ication for the assessment of geraniol-induced leakage
of extracellular components. Cell pellets were washed,
resuspended in PBS, and subjected to ultrasonic disrup-
tion using a VCX750 sonicator (Sonics, Newtown, CT,
USA). The resulting lysates were centrifuged at 5,000 x g
for 10 min at 4°C to obtain intracellular fractions. Nucleic
acid concentrations in both extracellular and intracellular
fractions were quantified using a TGem Pro spectropho-
tometer (Tiangen Biotech, Beijing, China), whereas pro-
tein concentrations were determined using a Bradford
Assay Kit (Solarbio, Beijing, China). Untreated samples
collected at corresponding time points served as con-
trols. All experiments were conducted in triplicate.

Flow cytometry analysis

Bacterial membrane integrity was assessed using a LIVE/
DEAD°® BacLight™ Bacterial Viability Kit (Invitrogen,
Thermo Fisher Scientific, USA) according to a proto-
col adapted from previous research (Bai et al., 2015). In
brief, exponential S. aureus cells were harvested by cen-
trifugation at 5,000 x g for 10 min at 4°C, washed, and
resuspended in 0.85% sterile saline to a density of 1 x 10°
CFU/mL. The bacterial suspension was incubated with
geraniol at 37°C for 30 min. After treatment, cells were
washed and diluted to 1 x 10° CFU/mL with 0.85% saline.
The suspension was stained with a mixture of 10 pM
SYTO9 and 60 pM propidium iodide (PI) in the dark at
room temperature for 15 min. Stained cells were ana-
lyzed using an ACEA NovoCyte flow cytometer (Agilent
Technologies, San Diego, CA, USA). Fluorescence sig-
nals for SYTO9 and PI were collected at 525 nm and
620 nm, respectively, with 50,000 events recorded per
sample. Untreated cells and cells treated with 70% iso-
propyl alcohol served as negative and positive controls,
respectively.

Membrane fluidity analysis

Cell membrane fluidity was determined by measuring
fluorescence polarization with the hydrophobic probe
1,6-diphenyl-1,3,5-hexatriene (DPH), following a pre-
viously described method (Royce et al., 2013). Briefly,
S. aureus cells (OD,, = 0.6) were treated with geraniol at
0.690 mg/mL or 0.345 mg/mL and incubated at 37°C for
1 h. The cells were then harvested, washed twice in PBS
(pH 7.0), adjusted to 0.5 McFarland, and incubated with
1 uM DPH (D20800, Sigma-Aldrich) at 37°C for 30 min.

Fluorescence polarization was immediately recorded
on a FlexStation 3 multifunctional microplate reader
(Molecular Devices, USA), with excitation and emission
wavelengths set at 360 nm and 430 nm, respectively,
employing slit widths of 5.0/5.0 nm. Fluorescence polar-
ization was calculated as follows:

P = (Ivv - IvhQG) / (Ivv + IVvhG)

where P is the fluorescence polarization, G is the instru-
ment grating factor, Ivh is the intensity of the horizontally
emitted beam, and Ivv is the intensity of the vertically
emitted beam.

Fluorescence analysis of membrane proteins

Fluorescence emission spectra of membrane proteins
were analyzed according to previously reported meth-
ods (Wei et al., 2021; Wu et al., 2016). Cells in the log-
arithmic growth phase were washed with 0.85% saline,
resuspended, and adjusted to 0.5 McFarland. The bacte-
rial suspension was then exposed to different concentra-
tions of geraniol or KI at 25°C for 1 h. Emission spectra
were recorded using the same multifunctional microplate
reader described above, with the excitation wavelength
fixed at 258 nm and the emission wavelengths scanned
from 280 nm to 400 nm.

Statistical analysis

All biological experiments were performed in triplicate.
Data are presented as mean * standard deviation (SD).
Statistical comparisons were conducted using one-way
analysis of variance (ANOVA) in GraphPad Prism v8.0.
A p-value of less than 0.05 was deemed statistically
significant. Significance levels are indicated by *p < 0.05,
*p <0.01, ***p < 0.001, and ****p < 0.0001.

Results
Antibacterial activity of geraniol against S. aureus

Our previous study demonstrated strong antibacterial
activity of geraniol against multiple S. aureus strains,
including ATCC 43300 (Sun et al., 2018), which served
as the reference strain in the present study. Against this
strain, the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of gera-
niol were 0.690 mg/mL and 1.380 mg/mL, respectively.
Antibacterial efficacy was further evaluated by monitor-
ing growth dynamics across a concentration gradient of
geraniol. As shown in Figure 1, treatment with 0.173 mg/
mL produced no significant change in bacterial growth
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Figure 1.
are presented as means from three independent experiments.

relative to the control. In contrast, 0.345 mg/mL mark-
edly suppressed proliferation and prolonged the lag
phase by 2 h, indicating a clear delay in bacterial growth.
Further increases in concentration to 0.518 mg/mL and
0.690 mg/mL completely abolished detectable growth of
S. aureus. Collectively, these data demonstrated a pro-
nounced concentration-dependent inhibitory effect of
geraniol against MRSA.

Bactericidal activity of geraniol

The bactericidal efficacy of geraniol was further eval-
uated through time-kill curve assays. As shown in
Figure 2, in the untreated control group, the bacterial
count remained stable at approximately 8.38 log,, CFU/
mL. However, upon exposure to 1.380 mg/mL geraniol,
viable cell counts began to decline rapidly, dropping to
7.34 log,, CFU/mL within 10 min. The count further
decreased to 5.10 log;, CFU/mL after 40 min and reached
3.10 log,o CFU/mL after 2 h. These findings indicate that
geraniol exerts bactericidal activity and rapidly reduces
viable S. aureus counts.

Effects of geraniol on bacterial morphological changes
revealed by SEM

To further evaluate the morphological effects of geraniol
on S. aureus cells, SEM was performed on cells exposed to
0.690 mg/mL and 0.345 mg/mL geraniol for 10, 40, 90, 180,
and 300 min. As shown in Figure 3A, untreated cells dis-
played a typical smooth surface and normal morphology.
In contrast, after 10 min of geraniol treatment, S. aureus

1
14

16 18 20 22 24

Growth curves of S. aureus ATCC 43300 cultured in MHB Il containing different concentrations of geraniol. Values

cells retained an overall smooth surface, but early wrinkles
and shallow surface depressions became apparent, with
shrinkage increasing in a concentration- and time-depen-
dent manner (Figure 3B-C). After 40 min of exposure to
0.690 mg/mL geraniol, most cells exhibited significant
dents or collapsed structures (Figure 3C-2). Furthermore,
extensive cell lysis was observed after 90 min of treatment
with 0.690 mg/mL geraniol and 300 min of treatment
with 0.345 mg/mL geraniol (Figure 3C-3 and 3B-5). These
observations suggest that geraniol induces surface shrink-
age within the first 10 min, followed by progressive cell
rupture, indicating that membrane damage and leakage of
cellular contents may be central to the antibacterial activ-
ity of geraniol against S. aureus.

Effects of geraniol on bacterial morphological changes
revealed by SR-SIM

SR-SIM imaging was conducted to characterize the
structural effects of geraniol on S. aureus, with WGA-
488 staining the cell wall green, Nile Red labeling the
membrane red, and Hoechst 33342 staining DNA blue.
As shown in Figure 4A, untreated cells exhibited smooth
cell walls and membranes and uniformly distributed
cytoplasmic DNA. Following 10 min of geraniol treat-
ment, intense fluorescence signals appeared adjacent to
the inner cell membrane, and cells became progressively
smaller with increasing exposure time, suggesting cell
membrane invagination. After 300 min (Figure 5), the
mean cell volumes were reduced to 0.750 + 0.20 um®
in the 0.345 mg/mL group and 0.530 = 0.12 um® in the
0.690 mg/mL group, both significantly smaller than the
mean cell volume in the control group (0.850 + 0.23 pm?).
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Figure 2. Time-kill curves of geraniol against S. aureus ATCC 43300. Values are presented as means * standard deviation (SD)

from six independent experiments.

Figure 3. SEM images of S. aureus at 30,000x magnification. Untreated cells (A), cells treated with 0.345 mg/mL geraniol (B),
and cells treated with 0.690 mg/mL geraniol (C). Panels A1, B1, and C1 correspond to 10 min; A2, B2, and C2 correspond to
40 min; A3, B3, and C3 correspond to 90 min; A4, B4, and C4 correspond to 180 min, and A5, B5, and C5 correspond to 300 min.

Scale bars, 500 nm.

These findings suggest that geraniol is associated with
cell membrane invagination and a reduction in S. aureus
cell volume over time.

In addition, the fluorescence signal from the cell wall
decreased or dissipated following treatment, suggest-
ing that geraniol induces cell wall alterations, such as
thinning and rupture. Notably, DNA condensation was
observed after 10 min of treatment with 0.690 mg/mL
geraniol (Figure 4C, 10 min).

Effects of geraniol on bacterial morphological changes
revealed by TEM

TEM was used to further define ultrastructural dam-
age in S. aureus following geraniol exposure. As
shown in Figure 6A, untreated cells preserved nor-
mal morphology throughout the observation period,
with clearly delineated cell walls, intact membrane
architecture, and evenly distributed cytoplasmic con-
tents. In contrast, geraniol-treated cells showed early
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Figure 5. Effects of geraniol on cell volume of S. aureus. At least 50 cells were analyzed at each time point. Error bars

represent SD.

ultrastructural abnormalities within 10 min, most
notably detachment between the cell wall and the
cell membrane (Figures 6B-1 and 6C-1). With contin-
ued exposure, cytoplasmic electron density progres-
sively declined and became clearly reduced by 40 min
(Figures 6B-2 and 6C-2). By 90 min, severe structural
injury was evident, including rupture of the cell wall
and pronounced membrane disruption (Figures 6B-3
and 6C-3).

Quantitative assessment of cellular integrity based on
TEM observations (Table 1) further supported these
morphological findings. The control group maintained
100% normal cells at all examined time points, whereas

geraniol treatment produced a progressive increase in
the proportion of damaged cells in both a time- and
concentration-dependent manner. At 10 min, dam-
aged cells represented 1% and 3% of the populations
exposed to 0.345 mg/mL and 0.690 mg/mL geraniol,
respectively. By 300 min, these values increased to 26%
and 40%. These data demonstrate a continuous loss
of cellular integrity during geraniol treatment and the
progressive destabilization of S. aureus ultrastructure
over time.

Cell wall thickness measurements revealed significant
structural thinning after geraniol treatment. As shown in
Figure 7, treatment with 0.690 mg/mL geraniol reduced
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Figure 6. TEM images of S. aureus at 25,000 magnlflcatlon. Untreated cells (A), cells treated with 0.345 mg/mL geraniol (B),
and cells treated with 0.690 mg/mL geraniol (C). Panels A1, B1, and C1 correspond to 10 min; A2, B2, and C2 correspond to
40 min; A3, B3, and C3 correspond to 90 min; A4, B4, and C4 correspond to 180 min, and A5, B5, and C5 correspond to 300 min.

Scale bars, 500 nm.

Table 1. Changes in cell lysis rate of S. aureus after treatment with geraniol (n = 100).
Time (min) 0.345 mg/mL geraniol 0.69 mg/mL geraniol
Damaged cells Normal cells Damaged cells Normal cells

0 - 100% - 100%
10 1% 99% 3% 97%
40 11% 89% 16% 84%
90 15% 85% 24% 76%
180 20% 80% 30% 70%
300 26% 74% 40% 60%

the mean cell wall thickness from 0.037 + 0.005 pm to
0.026 + 0.004 um at 300 min. Relative to the control
group, geraniol induced progressive thinning of the cell
wall, consistent with marked impairment of envelope
integrity. Collectively, these results suggest that gera-
niol severely disrupts the ultrastructural organization of
S. aureus and promotes progressive deterioration of the
bacterial envelope.

Molecular dynamics analysis of geraniol interactions with
the cell membrane

To explore the mechanism by which geraniol dis-
rupts bacterial membranes, molecular dynamics sim-
ulations were performed using a model lipid bilayer.
The simulations predicted rapid penetration of gera-
niol into the membrane interface within 1 ns, with

strong interactions between its hydroxyl group and the
hydrophobic tails of the membrane lipids (Figure 8).
Following initial insertion, geraniol remained pre-
dominantly within the outer leaflet and subsequently
migrated toward the bilayer interior, where it persisted
for the remainder of the simulation. This behavior
induced localized disorder within the lipid matrix and
disrupted bilayer organization, indicating substantial
perturbation of membrane architecture. These predic-
tions suggest that geraniol directly interacts with the
cell membrane, destabilizes lipid bilayer organization,
and alters membrane structure.

Geraniol-induced release of cellular constituents

Extracellular and intracellular levels of nucleic acids and
proteins were measured to assess membrane-associated
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5ns

Figure 8. Representative molecular dynamics snapshots of interaction between geraniol and cell membrane, showing initial
state, membrane penetration, and equilibrium state from left to right.

leakage after geraniol exposure. As shown in Figures 9A,
9C, and 9E, exposure to 1.380 mg/mL geraniol for 6 h
increased extracellular DNA and RNA levels by 164.94
ng/mL and 132.81 ng/mL, respectively, while extracel-
lular protein content reached a level 15.92-fold higher
than that of the control group. In parallel, intracellular
DNA, RNA, and protein contents were significantly
reduced after treatment (Figures 9B, 9D, and 9F). These
findings indicate that geraniol exposure promotes
substantial leakage of nucleic acids and proteins from
S. aureus cells.

Effects of geraniol on cell membrane integrity

The impact of geraniol on membrane integrity in S
aureus was evaluated using a Live/Dead Bacterial Viability
Kit combined with flow cytometry (Witkowska et al.,
2013). Density plots separated cells into two regions:
R1, representing dead cells or those with compromised
membrane integrity, and R2, representing live cells or
those with intact cell membranes. As demonstrated in
Figure 10A, the negative control contained 99.10% live
cells, with only 0.44% exhibiting membrane damage. In
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contrast, in the positive control group treated with 70%
isopropyl alcohol, 96.70% of cells exhibited compromised
membrane integrity, and only 0.67% remained viable
(Figure 10B). As shown in Figure 10C-F, geraniol induced
a concentration-dependent decline in the proportion of
live cells, from 91.52% at 0.173 mg/mL to 20.22% at 1.380
mg/mL, accompanied by an increase in membrane-com-
promised cells from 7.25% to 81.95%. These findings indi-
cate that geraniol disrupts membrane integrity in S. aureus
cells in a concentration-dependent manner.

Effects of geraniol on membrane fluidity

Membrane fluidity in S. aureus following geraniol treat-
ment was assessed using the hydrophobic fluorescent
probe DPH to evaluate changes in the cytoplasmic
membrane. Because DPH fluorescence polarization

is inversely associated with membrane fluidity, lower
polarization values indicate a more fluid membrane
state (He, 2023). Geraniol treatment altered membrane
biophysical properties, with fluorescence polarization
decreasing from 0.410 to 0.380 as the concentration
increased from 0.173 mg/mL to 1.380 mg/mL
(Figure 11), indicating a significant increase in mem-
brane fluidity (p < 0.0001).

Effects of geraniol on membrane proteins

As variation in phenylalanine fluorescence can reflect
interactions between antibacterial agents and mem-
brane proteins (Wang et al., 2017), fluorescence signals
from phenylalanine residues were monitored to evaluate
the effects of geraniol on membrane proteins. As shown
in Figure 12, geraniol induced progressive quenching
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Figure 10. Flow cytometric analysis of SYTO9/PI-stained S. aureus. Untreated cells (A), cells treated with 70% isopropyl alcohol
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cells treated with 0.690 mg/mL geraniol for 30 min (E), and cells treated with 1.380 mg/mL geraniol for 30 min (F). Regions
R1 and R2 represent membrane-damaged or dead cells and live cells, respectively.

of phenylalanine fluorescence in a concentration-
dependent manner, indicating an interaction with mem-
brane proteins.

Discussion

Although geraniol has been reported to possess antibac-
terial activity against S. aureus, the sequence of cellular

events leading to bacterial death and the causal rela-
tionship between membrane damage and downstream
structural alterations remain poorly defined (Albano
et al., 2016; Lertsatitthanakorn et al., 2010). In particu-
lar, it is unclear whether membrane disruption serves as
an initiating event or a secondary consequence of gen-
eral cellular deterioration. This study applied a time-
resolved analytical framework to investigate the dynamic
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progression of morphological, biophysical, and ultra-
structural changes in S. aureus following geraniol expo-
sure, with the aim of clarifying the temporal order of key
damaging events.

Antibacterial activity of geraniol

The MIC and MBC of geraniol against MRSA ATCC
43300 were determined to be 0.690 mg/mL and 1.380
mg/mL, respectively. These values are similar to those
reported by Castro et al., (2025) and Aiemsaard et al.,
(2011) across multiple S. aureus strains, indicating repro-
ducible antibacterial activity. Growth curve and time-kill
assays further demonstrated that geraniol at concentra-
tions > 0.518 mg/mL completely suppressed bacterial
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Figure 11. Effects of geraniol on membrane fluidity of
S. aureus. Values are presented as means * SD from three
independent experiments. *p < 0.05, **p < 0.01, **p < 0.001,
and ***p < 0.0001.
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proliferation, and at 1.380 mg/mL reduced viable counts
by > 5 log;, CFU/mL within 2 h, confirming rapid bacte-
ricidal action.

Temporal evidence of membrane damage, structural
alterations and barrier dysfunction

Electron microscopy (SEM, TEM, and SR-SIM) revealed
that geraniol induced surface shrinkage and separation
of the cell membrane from the cell wall within 10 min
of exposure. In contrast, significant cell wall thinning
and DNA condensation occurred at later time points
(40-300 min). This temporal ordering suggests that
membrane injury precedes downstream structural dam-
age rather than being a nonspecific consequence of cell
death. To further test causality, future experiments using
membrane stabilizers, for example, glycine betaine, could
determine whether preserving membrane integrity con-
currently attenuates subsequent wall thinning and DNA
condensation (Wang et al., 2019).

Molecular dynamics simulations provided complemen-
tary evidence for direct membrane targeting. Geraniol
inserted into the lipid bilayer within 1 ns and remained
associated throughout the 50 ns simulation, inducing
localized lipid disordering. This behavior is consistent
with the experimentally observed increase in membrane
fluidity with fluorescence polarization decreased from
0.410 to 0.380, and conformational changes in mem-
brane proteins, as indicated by phenylalanine fluores-
cence quenching. Although the current simulation model
lacks native membrane proteins, future studies incor-
porating representative targets, such as FtsZ or PBP2,
may enhance physiological relevance (Chen et al., 2023;
Knapp et al., 2024).

The functional consequences of membrane disrup-
tion were further quantified using flow cytometry and
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constituent leakage assays. Exposure to 1.380 mg/mL
geraniol for 30 min resulted in 81.95% of cells display-
ing compromised membrane integrity, as determined
by SYTO9/PI staining. Concomitantly, extracellular
levels of DNA, RNA, and protein increased by 9.61-,
11.82-, and 15.92-fold, respectively, while their intra-
cellular counterparts decreased correspondingly.
These results collectively indicate that disruption of
the membrane barrier function represents a dom-
inant and quantifiable phenotype associated with
geraniol action, similar to observations in other Gram-
positive pathogens such as Burkholderia cenocepacia
(Vasireddy et al., 2018).

Cell wall thinning and DNA condensation might be
downstream consequences

Geraniol treatment reduced mean cell wall thickness
from 0.037 pm to 0.026 pum in a time- and concentra-
tion-dependent manner. This thinning is unlikely to be
an independent event; rather, it may result from impaired
cell wall synthesis secondary to membrane dysfunction.
An intact membrane is essential for maintaining ion
gradients, particularly Mg?*, and ATP production. Mg*
serves as a critical cofactor for peptidoglycan synthases,
and ATP drives the synthesis and translocation of pep-
tidoglycan precursors (Munshi et al., 2013; Payandeh

& Pai, 2006). It is therefore hypothesized that geraniol-
induced membrane damage may cause Mg?>* leakage and
energy depletion, which could in turn compromise cell
wall integrity (Caillet et al., 2005; Gill & Holley, 2006).
Direct measurements of intracellular Mg** and ATP
levels are needed to validate this hypothesis.

DNA condensation was observed as early as 10 min at
0.690 mg/mL geraniol, but only after 300 min at the sub-
inhibitory concentration (0.345 mg/mL). This concentra-
tion-dependent delay suggests that DNA condensation
is not a direct effect of geraniol but rather a secondary
response to preceding membrane injury. Potential mech-
anisms include activation of nucleoid-associated pro-
teins following ionic imbalance or induction of the SOS
stress response under energy crisis (Castro et al., 2025;
Natriashvili et al., 2025). Future studies employing SOS
reporter strains and ATP quantification may help distin-
guish among these possibilities.

Translational potential and study limitations

Geraniol is FDA-approved as a food additive and
exhibits a favorable safety profile (Ben Ammar, 2023;
CHO et al., 2016; Lei et al., 2019; Maczka et al., 2020;
Rizzello et al., 2018). However, its strong odor at
higher concentrations may limit direct application in
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food preservation. Future strategies, such as structural
modification (e.g., esterification) or nanoencapsulation
(e.g., cyclodextrin inclusion or liposomal formulations),
could reduce the effective concentration and mitigate
sensory off-effects. Recent studies by De Paula Santos
et al., (2025) and Silva Pontes et al., (2023) have shown
that nanoencapsulation enhances the antibacterial effi-
cacy of geraniol while reducing toxicity, providing a via-
ble path forward.

Several limitations of this study should be acknowl-
edged. The primary experiments were conducted using
a single reference strain (ATCC 43300); therefore, the
generalizability of the proposed mechanism to diverse
clinical MRSA isolates requires further validation. In
addition, the molecular dynamics simulations employed
a simplified lipid bilayer model without native mem-
brane proteins, which may not fully recapitulate the
native bacterial membrane environment (Freeman et al.,
2024; Joodaki et al., 2022). Moreover, the proposed links
between membrane injury, cell wall thinning, and DNA
condensation remain largely correlative. Targeted exper-
iments, including membrane stabilizer intervention,
direct measurement of Mg** and ATP levels, and pho-
toaffinity labeling-based proteomics, are warranted to
establish definitive causality (Igbal et al., 2021; Tian et al.,
2008; Zhu, 2023).

Conclusions

In summary, this study proposes a cascade model in
which geraniol-induced membrane damage serves as
the primary initiating event, followed by secondary cell
wall thinning and DNA condensation in S. aureus. While
direct causal validation is still needed, the integrated
functional, structural, biophysical, and computational
evidence consistently supports the bacterial cell mem-
brane as the principal target of geraniol. This mechanis-
tic framework provides a theoretical basis for the further
development of geraniol as a membrane-targeting anti-
bacterial agent for food preservation and therapeutic
applications.
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Supplementary

Table $1.  Experimental specifications used in SR-SIM.

Laser Type & Power Beam splitter Grating Dyes
405 nm HR Diode — 50mW BP 420-480 + LP 750 23 ym Hoechst
488 nm HR Diode — 50mW BP 495-575 + LP 750 28 uym WGA
561 nm HR Diode — 100mW BP 570-650 + LP 750 34 um Nile Red
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