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Background: The rising incidence of Candida-associated infections and
persistent antifungal resistance, driven by biofilm formation, highlight the need
for alternative therapies. Essential oils offer promise as multi-targeted natural
antifungals. This study evaluates the antifungal activity of Pelargonium graveolens
essential oil (PGEO), obtained by hydrodistillation of aerial parts from the Edough
region (Annaba, Algeria), against various Candida species and its effects on
human cells.

Methods: PGEO (yield: 0.23 + 0.04% w/w) was characterized by GC-MS. Its
antifungal activity was tested against five clinical Candida isolates (C. albicans, C.
kefyr, C. krusei (syn. Pichia kudriavzevii), C. lusitaniae, C. tropicalis) and reference
strain C. albicans ATCC 10231. Effects on virulence enzymes (secreted asparty!
protease, phospholipase, esterase, hemolysin) were assessed via Pz/Hz indices on
solid media. Anti-biofilm activity was assessed using crystal violet staining and
metabolic viability assays. Cytotoxicity was evaluated in HEK-293 human
embryonic kidney cells.

Results: PGEO comprised mainly citronellol (28.68%), geraniol (5.35%),
isomenthone (5.44%), and linalool (3.15%). It showed broad-spectrum antifungal
activity (minimum inhibitory concentrations: 0.312-2.5 mg/mL; minimum
fungicidal concentration/minimum inhibitory concentration ratios: 2), including
against fluconazole-resistant C. krusei. At sub-inhibitory concentrations
(minimum inhibitory concentration/4 to minimum inhibitory concentration/2);
PGEOQ inhibited enzyme secretion by 21.30 to 65.00% depending on enzyme class
and species ranging from 21.30% (esterase, C. krusei) to 65.00% (hemolysin, C.
albicans ATCC 10231), reducing Candida adhesion and invasion. PGEO inhibited
biofilm formation (48.7-97.8%) and metabolic activity (43.2-82.1% reduction at
minimum inhibitory concentration). Cytotoxicity in HEK-293 cells yielded a CCsg
of 3.99 + 0.12 mg/mL, with selectivity indices of 1.59-12.79 (SI = CCso/MIC).
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Conclusions: The essential oil of Pelargonium graveolens exhibits potent
fungicidal, antibiofilm, and multi-target antivirulence activities against clinically
relevant Candida species, including fluconazole-resistant C. krusei, while
maintaining acceptable cytotoxicity toward normal mammalian cells (CCsq =
3.99 + 0.12 mg/mL; SI: 1.59-12.79). Its simultaneous inhibition of growth, key
virulence enzymes, and biofilm formation at sub-inhibitory concentrations
positions PGEO as a promising natural candidate for topical or adjunctive

treatment of biofilm-associated candidiasis, pending in vivo validation.

KEYWORDS

anti-virulence, biofilm, Candida, geranium essential oil, phospholipase, secreted
aspartyl protease, selectivity index

1 Introduction

Invasive and superficial infections caused by Candida species
are considered a serious global public health threat. According to
current estimates from the mycological literature, fungal infections
are responsible for approximately 3.8 million deaths worldwide
each year, predominantly affecting immunocompromised individ-
uals, patients in intensive care and post-surgical units, as well as
those with medical devices such as central venous catheters and
prosthetic joints (World Health Organization (WHO), 2022;
Talapko et al., 2021; Amann et al., 2025).

In addition to biofilm production, Candida species also produce
virulence enzymes, such as secreted aspartyl proteases (SAPs),
phospholipases, esterases, and hemolysins. The functions of those
virulence factors include adhesion, tissue invasion, nutrient acqui-
sition, and evasion of the host immune response. Interestingly,
Candida biofilms are also resistant to most antifungal agents, with
resistance up to 1,000-fold greater than that of their planktonic
counterparts, which explains treatment failures and relapse cases
(Ramage et al., 2023; Li et al., 2025). Resistance to first-line
antifungal drugs (azoles, echinocandins, amphotericin B) is emerg-
ing. It is detected in a significant number of clinical isolates, often
belonging to non-albicans Candida species (C. krusei (syn. Pichia
kudriavzevii), C. tropicalis, C. parapsilosis, C. auris). The spread of
hospital strains carrying fluconazole-resistant clones necessitates
the evaluation of alternative therapeutic approaches.

In light of the limitations of existing antifungal therapies —
including their narrow spectrum, fungistatic rather than fungicidal
activity, and increasing resistance burden — plant-derived essential
oils (EOs) have emerged as promising alternative or adjunctive
candidates for the management of Candida infections, with a low
risk of developing resistance, and preferably low toxicity to human
beings and the environment (Nazzaro et al., 2017).

The constituents in EOs, such as monoterpenes, sesquiterpenes,
and phenylpropanoids, could disrupt fungal membranes, interfere
with the expression of virulence factors, inhibit the adhesion of
fungal propagules to surfaces, and modulate the expression of key
genes involved in pathogenicity (Hou and Huang, 2024).

Pelargonium graveolens is a fragrant greenhouse crop distrib-
uted worldwide, mainly in North Africa. Essential oils obtained
from the leaves of P.graveolens are rich in citronellol, geraniol,
linalool, and menthone. Citronellol oil, commonly known as rose
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geranium oil, has been studied for its pharmacological activities.
The results obtained have demonstrated fungistatic activity against
a wide variety of fungal species, including human pathogenic
dermatophytes and Candida albicans (Dzamic et al.,, 2014;
Mahboubi and Valian, 2019; Giongo et al., 2016). Moreover, studies
conducted on oil have revealed anti-inflammatory and antioxidant
activity. However, most previous studies are often limited to basic
antifungal activity without a simultaneous assessment of anti-
virulence and anti-biofilm effects and, above all, cytotoxicity
towards normal human cells.

The evaluation of cytotoxicity in the human embryonic kidney
cell line (HEK-293) is particularly relevant because these cells are
widely used as a standard model for assessing the selectivity and
toxic potential of natural antifungal agents (Sadeghi et al., 2013;
Asker and Al Haidar, 2024). A high selectivity index (SI) between
antifungal activity and cytotoxicity in HEK-293 cells is essential for
further development as a topical or adjuvant treatment.

The present study aimed to provide the first simultaneous
evaluation of antifungal, antibiofilm, and antivirulence activities
combined with cytotoxicity assessment in HEK-293 cells, for an
Algerian PGEO against clinical Candida isolates including fluco-
nazole-resistant strains.

2 Material and methods
2.1 Plant material and extraction

Fresh aerial parts (leaves and young stems) of Pelargonium
graveolens L'Her. (Geraniaceae) were collected at the full flowering
stage from the Edough region (Annaba, north-eastern Algeria, 36°
52’N, 7°39’E), at an altitude of ~700 m above sea level, in May 2023.

The taxonomic identification of the species was carried out by
Prof. Tarek Hamel (University of Annaba). A voucher specimen
was deposited in the herbarium of Badji Mokhtar-Annaba
University under accession number Pg 19-25: (Prof. Gérard de
Bélair’s herbarium).

The essential oil was extracted by hydrodistillation from 100 g
of air-dried, finely ground plant material. The operation was
conducted using a Clevenger-type apparatus, in accordance with
the recommendations of the European Pharmacopeia (Council of
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Europe, 2023) and based on the protocol described by Elyemni et al.
(2019), with optimized operating parameters.

The yield was expressed as a percentage of dry plant material
according to the equation:

Yield (%) = (mass of essential oil/mass of dry plant material)
x 100.

2.2 Chemical analysis of essential oil

The chemical composition of the essential oil was determined
by GC-FID and GC-MS. The identification of the constituents was
based on comparisons of linear retention indices (RIs) obtained on
columns with complementary polarities and mass spectra with data
from the literature and reference spectral libraries. Where available,
co-injections with authentic standards were used to confirm com-
pound identification. Linear retention indices (LRI) were calculated
for all identified compounds relative to a homologous series of n-
alkanes (Cg—Cyg), using the Van den Dool and Kratz equation (Van
Den Dool and Kratz, 1963), and compared with published values
from the literature (Adams, 2007; National Institute of Standards
and Technology (NIST), 2017; Olascuaga-Castillo et al.,, 2024;
Benzaid et al., 2021).

GC-FID analyses were performed on a MASTER GC DANI
system equipped with a split/splitless injector, an autosampler, and an
FID detector. Separation was carried out on an HP-5MS capillary
column (30 m x 0.25 mm, 0.25 um film thickness; 5% phenyl-95%
dimethylpolysiloxane). The oven temperature program was as fol-
lows: 60 °C (8 min), ramp at 2 °C/min to 240 °C, followed by a 10-
min isothermal hold. The injector and detector temperatures were
250 °C and 260 °C, respectively. Nitrogen was used as the carrier gas
at a flow rate of 0.5 mL/min. A volume of 0.2 uL was injected in split
mode (50:1). Electron ionization (EI) was performed at 70 eV, and
mass spectra were acquired in the range m/z 35-450.Mass spectra
were acquired under standard analytical conditions.

2.3 Evaluation of antifungal activity

The antifungal activity of Pelargonium graveolens essential oil
(PGEO) was evaluated in vitro against: C. albicans, C. kefyr, C.
krusei, C. lusitaniae, and C. tropicalis. The clinical isolates, derived
from fecal samples of patients hospitalized in the medical intensive
care unit, were provided by the medical microbiology laboratory at
Annaba University Hospital (Algeria). At the same time, the
reference strain C. albicans ATCC 10231 was obtained from the
Pasteur Institute of Algeria.

Antifungal activity was determined using the agar diffusion
method as described by Benzaid et al. (2019) according to CLSI
guidelines with modifications for essential oils (Clinical and
Laboratory Standards Institute (CLSI), 2018).

Fungal inocula were prepared from 18-24 h cultures and
adjusted to an optical density of 0.08-0.1 at 600 nm (corresponding
to approximately 1-5 x 10° CFU/mL, equivalent to a 0.5 McFarland
standard), measured spectrophotometrically for each species inde-
pendently. Suspensions were uniformly spread onto Sabouraud
dextrose agar (SDA, Merck Millipore) using sterile cotton swabs
in three directions to ensure a homogeneous lawn. All species were
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processed in parallel under identical conditions (Li et al., 2023; Gaur
et al., 2023). Sterile paper discs (6 mm diameter) were impregnated
with 10 pL of PGEO and then placed on the surface of the
inoculated media. Plates were incubated at 37 °C for 48 h (as
recommended by CLSI M44-A2 guidelines for yeasts in disk-
diffusion assays), in aerobic conditions. Inhibition zone diameters
(DZIs, mm) were measured using a digital caliper, including the
diameter of the disk (6 mm), from the inner edges of the inhibition
zone on the agar surface. DMSO was used as a negative control,
while Fluconazole (25 pg/disc) served as a positive control. All
assays were performed in triplicate.

2.4 Determination of minimum inhibitory
concentrations and minimum fungicidal
concentrations

Minimum inhibitory concentrations (MIC) and minimum
fungicidal concentrations (MFC) were determined by broth
microdilution according to standardized protocols the Clinical
and Laboratory Standards Institute (Clinical and Laboratory
Standards Institute (CLSI), 2023; Gaur et al., 2023; Duarte et al,,
2005). Fungal inocula were adjusted to a 0.5 McFarland standard (1
x 108 CFU/mL), then diluted in Sabouraud broth (Merck Millipore)
to achieve a final concentration of 1-2 x 10> CFU/mL.

Serial 2-fold dilutions of the essential oil were prepared in sterile
96-well microplates. Each well contained 100 pL of essential oil
solution and 100 pL of fungal inoculum, for a final volume of
200 pL.

Experimental controls included a growth control (medium +
inoculum), a sterility control (medium alone), a solvent control, and
a positive control (Fluconazole). After incubation at 37 °C for 48 h,
fungal growth was assessed by measuring optical density at 600 nm.
The MIC was defined as the lowest concentration at which no
detectable growth was observed.

To determine the MFC, aliquots from wells showing no
apparent growth were sub-cultured onto Sabouraud agar (Merck
Millipore) and incubated for 48 h. The MFC corresponds to the
lowest concentration resulting in a 299.9% reduction of the ini-
tial inoculum.

2.5 Inhibition of biofilm formation

The capacity of PGEO to inhibit Candida biofilm formation was
evaluated using a co-incubation assay in polystyrene tubes, adapted
from Negreiros et al. (2016). Fungal suspensions were prepared in
Sabouraud broth (Merck Millipore) and adjusted to an optical
density of 0.4 at 600 nm (approximately 1 x 10" CFU/mL). Equal
volumes (500 pL) of PGEO solution and fungal suspension were
mixed to yield final PGEO concentrations corresponding to MIC,
MIC/2, MIC/4, and MIC/8, and incubated under static conditions
at 37 °C for 24 h to allow simultaneous cell adhesion and
biofilm development.

At the end of incubation, the tubes were stained with crystal
violet (0.1%, w/w) for 45 min. After removing excess dye, the fixed
crystal violet was solubilized using an ethanol-acetone mixture (1:3,
v/v). Biofilm biomass was quantified by measuring absorbance at
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570 nm using a SECOMAM spectrophotometer. The percentage of
biofilm formation inhibition was determined using the follow-
ing equation:

% inhibition = [(Abs_control — Abs_test)/Abs_control] x 100.

2.6 Evaluation of biofilm metabolic activity
(XTT assay)

Biofilm metabolic activity was quantified using the XTT assay,
(2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide). The assay was performed according to Seddiki et al.
(2010); Kuhn et al. (2003) and Pierce et al. (2008),
with modifications.

A stock solution of XTT (Sigma Chemical Co., St. Louis, MO)
was prepared (0.5mg/mL) in sterile PBS and filtered. Menadione
solution (I mM in acetone) was added as an electron-coupling
agent (final concentration: 1 uM). A total of 100 uL of XTT-
menadione solution was added to each well. Plates were incubated
in the dark at 37 °C for 2-3 h.

The reduction of XTT produce an orange-colored formazan,
which was quantified by measuring absorbance at 490 nm using a
microplate reader.

The percentage of inhibition of metabolic activity was calcu-
lated from the mean optical densities of the treated samples and the
control, according to the following equation:

% inhibition = [(Abs_control — Abs_test)/Abs_control] x 100.

2.7 Evaluation of the inhibitory activity on
virulence-associated enzymes

The virulence of Candida spp. is strongly associated with the
secretion of hydrolytic enzymes, including phospholipases, secreted
aspartyl proteases (SAPs), esterases, and hemolysins, all of which
contribute to host tissue invasion and immune evasion (Naglik
et al., 2003; Schaller et al., 2005). Four reference agar-diffusion
assays were performed to evaluate the inhibitory potential of the
PGEO on these enzymatic activities at a sub-inhibitory concentra-
tion (% MIC).

2.7.1 phospholipase activity

Phospholipase activity was assessed using the egg yolk precip-
itation method described by Price et al. (1982) and subsequently by
Kantarcioglu and Yticel (2002).

The base medium was prepared by dissolving Sabouraud
dextrose agar (SDA, 13 g), NaCl (11.7 g), and CaCl, (0.11 g) in
184 ml of distilled water, followed by autoclaving at 120 °C for 20
minutes. After cooling to 50 °C, 20 ml of egg yolk supernatant
sterilized by filtration — obtained by centrifugation at 3,000 x g for
10 minutes at 4 °C — was added aseptically. CaCl, is an essential
component of the medium because it promotes the visible precip-
itation of fatty acids released by phospholipase activity. PGEO was
incorporated into the medium at % MIC before pouring the plates.
The inoculates were prepared at a concentration of 10°® cells/mL in
sterile physiological saline, and 10 pL aliquots were dispensed into
the center of the agar surface. The plates were incubated at 37 °C for
72 hours.
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2.7.2 Assay of secreted aspartyl protease activity

SAP activity was assessed using the bovine serum albumin
(BSA) (Himedia) hydrolysis method described by Riichel (1981),
as modified by Naglik et al. (2003). SAPs are acidic aspartyl
proteases that constitute primary virulence determinants enabling
tissue invasion in Candida (Naglik et al., 2003). The active protease
degrades the BSA incorporated into the medium, creating a
transparent clearing zone on an otherwise opaque surface.

The test medium (pH 3.5, the optimal pH for SAP activity) was
prepared by dissolving the following in 60 ml of distilled water:
MgSO, (0.04 g), K,HPO, (0.5 g), NaCl (1 g), yeast extract (0.2 g),
glucose (4 g), and BSA (0.5 g). The pH was adjusted to 3.5 with
0.1 N HCl. As BSA undergoes irreversible denaturation during
autoclaving, the complete solution was sterilized by filtration
through 0.22 um membranes (Millex®-GV, Merck Millipore,
Burlington, MA, USA) and added aseptically to 140 ml of molten
agar equilibrated at 52 °C. PGEO was added at % MIC concentra-
tions before pouring the plates. Inocula at 10° cells/mL were
dispensed (10 pL per spot), and the plates were incubated at
37 °C for 7 days, as SAP production by Candida occurs gradually
under these conditions (Naglik et al., 2003).

2.7.3 Esterase activity assay

Esterase activity was assessed using the Tween 80 (Sigma-
France) opacity method described by Sierra (1957), as applied to
Candida by Buzzini and Martini (2002).

The culture medium was prepared by dissolving peptone (10 g),
NaCl (5 g), CaCl, (0.1 g), and agar (15 g) in 1 L of distilled water,
followed by autoclaving at 121 °C for 20 min. After cooling to 50 °C,
Tween 80 (5 mL) was pre-sterilized by filtration through 0.22 um
membranes. The PGEO was incorporated at 4MIC concentration
before pouring. Inocula at 10°-107 cells/mL were spotted (10 L per
spot), and the plates were incubated at 37 °C for 10 days, a duration
sufficient to allow full development of Ca®" precipitate halos.

2.7.4 Hemolysin activity assay

Hemolysin activity was assessed using the sheep blood agar
method described by Luo et al. (2001). SDA was prepared and
autoclaved at 121 °C for 20 min. After cooling to 45-48 °C, 7% (v/v)
fresh defibrinated sheep blood was added aseptically, together with
the PGEO at % MIC concentrations. Inoculate at 10° cells/mL was
spotted (10 L per spot), and the plates were incubated at 37 °C for
48 h. Candida hemolysins—including candidalysin encoded by
ECEI and various SAP-related hemolytic proteins lyse erythrocytes
and contribute to vascular invasion (Moyes et al., 2016). Complete
lysis (B-hemolysis) produces a translucent, clear halo, partial
oxidative lysis (o-hemolysis) produces a greenish discoloration,
and the absence of any halo (y-reaction) indicates a non-hemo-
lytic phenotype.

2.7.5 Measurement parameters

Enzyme activity was quantified using the Pz index (for phos-
pholipase, SAP and esterase) or Hz index (for hemolysin) as defined
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by Price et al. (1982): Pz or Hz = d_c/(d_c + d_h) where d_c is the
colony diameter and d_h is the diameter of the halo.

% Inhibition =
Index_control] x 100.

[(Index_control — Index_treated)/

Activity was classified as follows:

Pz = 1.00, negative (no activity);

0.64 < Pz < 1.00, weak (+);

0.40 < Pz < 0.64, moderate (++);

Pz < 0.40, strong (+++) (Price et al., 1982).

Data are expressed as the mean +* standard deviation (SD) of
three independent experiments.

2.8 Cytotoxicity assay

Cytotoxicity was assessed using the MTT assay according to the
protocol by Saleh et al. (2014), adapted for lipophilic natural
extracts, using human embryonic kidney cells (HEK-293, ATCC
CRL-1573) as a model of normal human cells. Briefly, cells were
seeded at 1 x 10* cells/well into 96-well plates and incubated for
48 h to allow adhesion. The cells were then treated with different
concentrations of essential oil (7.8-8,000 pg/mL) for 48 h. DMSO
(1%, v/v) served as the negative control, whereas doxorubicin (10
uM) (Sigma-Aldrich, D1515) was used as the positive control. After
treatment, the cells were washed twice with PBS, then an MTT
solution (0.5 mg/mL) (Sigma-France) was added and incubated for
4 hours. The resulting formazan crystals were dissolved in acidified
isopropanol, and absorbance was measured at 570 nm with a
reference at 630 nm using a microplate reader (FilterMax F5,
Molecular Devices). Cell viability (%) was calculated relative to
untreated controls Nine wells per concentration (3 technical x 3
biological replicates) were used. The half-maximal cytotoxic con-
centration (CCsy) was determined by nonlinear regression analysis
using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA). The selectivity index (SI) was calculated as the ratio of the
CCsy/MIC.

2.9 Statistical analysis

All assays were performed in triplicate (n = 3 biological
replicates). Data are expressed as mean + SD. Nonlinear dose-
response curves (CCsg) were fitted using four-parameter logistic
regression in GraphPad Prism 9.0(GraphPad Software, San Diego,
CA, USA).

3 Results

3.1 Chemical composition of Pelargonium
graveolens essential oil

Hydrodistillation of 100 g of dried aerial parts of Pelargonium
graveolens using a Clevenger-type apparatus yielded greenish-
yellow essential oil with a yield of 0.23 + 0.04% (w/w, dry
weight basis).

GC and GC-MS analyses identified 58 compounds, represent-
ing 81.5% of the total oil composition, from 70 detected peaks
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(Table 1; Figure 1). The chemical profile is predominantly com-
posed of monoterpenols (37.72%), followed by oxidized
monoterpenes (11.48%), sesquiterpene hydrocarbons (11.41%),
phenylpropanoids/aromatic esters (9.66%), and monoterpene
esters (8.48%). whilst aromatic compounds (0.17%), monoterpene
hydrocarbons (1.95%), oxygenated sesquiterpenes (0.48%), and
other minor oxygenated compounds (0.16%) are present in
lower proportions.

The chemical profile is dominated by monoterpenols, with
citronellol accounting for the largest proportion (28.68%), followed
by geraniol (5.35%) and linalool (3.15%). This dominance reflects a
chemical signature typical of Pelargonium graveolens essential oils,
characterized by a high content of oxygenated compounds
(citronellyl formate, isomenthone) with strong biological activity.
Oxidized monoterpenes are mainly represented by isomenthone
(5.44%), followed by menthone (2.53%) and linalool oxide (2.22%).
Sesquiterpene hydrocarbons constitute another significant fraction,
with -bourbonene (1.03%), germacrene D (1.02%), &-cadinene
(0.99%), germacrene B (2.02%), and guaia-6,9-diene (1.40%) as the
principal identified components.

Phenylpropanoids and aromatic esters are represented by 2-
phenylethyl tiglate (5.35%) and (E)-anethole (4.31%), collectively
accounting for 9.66% of the oil. Monoterpene esters are dominated
by geranyl tiglate (4.07%), geranyl formate (1.56%), citronellyl
propionate (1.08%), suggesting a significant contribution of these
esterified derivatives to the overall profile.

Finally, minor oxygenated compounds, such as geranial
(0.12%), dihydromyrcenol (0.09%), and 10-epi-y-eudesmol
(0.05%), were identified. Aromatic compounds are poorly repre-
sented overall, with p-cymene (0.17%) as the main de-
tected constituent.

3.2 Antifungal activity

The antifungal activity of PGEO was evaluated using comple-
mentary approaches, including measurement of inhibition zone
diameters (DZI, mm) as a qualitative indicator and determination
of minimum inhibitory concentrations (MIC, pg/mL) and minimum
fungicidal concentrations (MFC) as quantitative parameters of anti-
fungal activity. These last two criteria allow, respectively, for the
estimation of the inhibitory and lethal effects of the essential oil
against the tested strains. All results are presented in Table 2; Figure 2.

The MFC/MIC ratio was used to classify the mode of action of
PGEO: a ratio < 4 indicates a fungicidal effect, while a ratio > 4
indicates a fungistatic effect (Gaur et al., 2023; Floyd et al., 2024).

A fungicidal effect is preferred clinically, as it reduces the risk of
relapse following treatment discontinuation.

Diameters of inhibition zones (DZIs, mm) produced by PGEO
(10 pL/disk) against six Candida strains: C. albicans ATCC 10231
(reference strain), C. albicans (clinical isolate), C. kefyr, C. krusei, C.
lusitaniae, and C. tropicalis. Plates were incubated at 37 °C for 48 h
on Sabouraud dextrose agar. For each species, untreated control
plates (DMSO 1% solvent control) confirmed the formation of a
dense, confluent growth lawn (denoted +++ in Table 2), validating
the inoculum viability and the absence of solvent-related inhibition
for all six tested species. Results are expressed as mean + standard
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TABLE 1 Chemical composition of Pelargonium graveolens essential oil from the Edough region (Annaba, Algeria), determined by GC-FID and GC-MS

10.3389/ffunb.2026.1868001

analyses.

N° RT Compound LRI % Class

1 2.50 3-Methyl-1-butanol 736 0.05 Other oxygenated

2 4.20 (Z)-3-Hexen-1-ol 855 0.11 Other oxygenated

3 6.19 o-Pinene 938 0.61 Monoterpene HC

4 8.02 cis-Rose oxide 1110 0.10 Oxidized monoterpene
5 8.16 B-Myrcene 991 0.24 Monoterpene HC

6 8.26 2-Menthene 1006 0.09 Monoterpene HC

7 8.68 o-Phellandrene 1004 0.06 Monoterpene HC

8 9.54 p-Cymene 1025 0.17 Aromatic monoterpene
9 9.85 Dihydromyrcenol 1069 0.09 Monoterpenol

10 10.16 (E)-B-Ocimene 1050 0.14 Monoterpene HC
11 10.64 8-3-Carene 1011 0.10 Monoterpene HC

12 11.86 cis-Linalool oxide 1074 0.27 Oxidized monoterpene
13 13.41 Linalool 1098 3.15 Monoterpenol

14 13.92 trans-Linalool oxide 1088 2.22 Oxidized monoterpene
15 16.25 Menthone 1153 2.53 Oxidized monoterpene
16 16.93 Isomenthone 1162 5.44 Oxidized monoterpene
17 17.88 Menthol 1171 0.15 Monoterpenol

18 18.37 ¥-Terpineol 1199 0.30 Monoterpenol

19 21.48 Citronellol 1228 28.68 Monoterpenol

20 21.68 (Z)-B-Ocimene 1037 0.26 Monoterpene HC
21 22.86 Geraniol 1255 5.35 Monoterpenol

22 23.92 Citronellyl formate 1274 0.76 Monoterpene ester
23 24.07 Linalyl formate 1218 0.11 Monoterpene ester
24 24.25 (E)-Anethole 1284 4.31 Phenylpropanoid
25 25.37 Geranyl formate 1300 1.56 Monoterpene ester
26 27.92 a-caryophyllene) 1454 0.43 Sesquiterpene HC
27 29.45 o-Cubebene 1351 0.39 Sesquiterpene HC
28 29.99 B-Bourbonene 1387 1.03 Sesquiterpene HC
29 30.32 Geranyl acetate 1381 0.16 Monoterpene ester
30 30.51 B-Elemene 1390 0.16 Sesquiterpene HC
31 32.02 (E)-B-Caryophyllene 1418 1.00 Sesquiterpene HC
32 32.60 Epi_Bicyclosesquiphellandrene 1422 0.10 Sesquiterpene HC
33 33.27 o-Guaiene 1439 0.45 Sesquiterpene HC
34 33.65 Isolongifolene 1407 0.52 Sesquiterpene HC
35 33.86 Citronellyl propionate 1453 1.08 Monoterpene ester
36 34.46 Allo-aromadendrene 1460 0.26 Sesquiterpene HC
37 35.30 Calamenene 1521 0.26 Sesquiterpene HC
38 35.71 Germacrene D 1481 1.02 Sesquiterpene HC
39 35.96 B-Selinene 1490 0.16 Sesquiterpene HC
40 36.57 trans-Rose oxide 1125 0.80 Oxidized monoterpene
41 36.95 o-Muurolene 1500 0.13 Sesquiterpene HC
42 37.70 Y-Muurolene 1478 0.16 Sesquiterpene HC
43 38.01 o-Copaene 1376 0.12 Sesquiterpene HC
44 38.28 §-Cadinene 1522 0.99 Sesquiterpene HC
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TABLE 1 Continued

N° RT Compound LRI % Class

45 38.75 Citronellyl butyrate 1531 0.88 Monoterpene ester

46 40.15 Geranyl butyrate 1562 0.48 Monoterpene ester

47 40.55 Geranial (citral b) 1267 0.12 Oxidized monoterpene
48 40.72 Caryophyllene oxide 1581 0.15 Oxygenated sesquiterpene
49 41.66 Neryl propionate 1490 0.12 Monoterpene ester

50 4191 B-Eudesmol 1649 0.14 Oxygenated sesquiterpene
51 4277 1-Cadinol 1640 0.10 Oxygenate sesquiterpene
52 43.13 o-Cadinol 1652 0.09 Oxygenated sesquiterpene
53 43.54 p-Menth-1-ene 1019 0.45 Monoterpene HC

54 44.49 Neryl isovalerate 1583 0.50 Monoterpene ester

55 57.97 Germacrene B 1559 2.02 Sesquiterpene HC

56 58.36 2-Phenylethyl tiglate 1591 5.35 Aromatic ester

57 67.71 Geranyl tiglate 1696 4.07 Monoterpene ester

58 67.84 Guaia-6,9-diene 1442 1.40 Sesquiterpene HC

Chemical composition (%) of Pelargonium graveolens essential oil from the Edough region (Annaba, Algeria) analyzed by GC-FID and GC-MS. The Table presents retention times (RT),
compound names, and relative percentages. Major compounds are highlighted in bold. Total identified compounds represent 81.5% of the oil. See Figure 1 for the GC-MS chromatogram..
LRI calculated according to Van Den Dool and Kratz (1963) on HP-5 column relative to a homologous series of n-alkanes (Cg—C,g); LRI ref = literature values (Adams et al., 2007; National

Institute of Standards and Technology (NIST), 2017).

deviation (n = 3). (GraphPad Prism 9.0, GraphPad Software, San
Diego, CA, USA). All assays were performed in triplicate across
three independent biological replicates (n = 3, i.e., 9 total measure-
ments per data point). Data are expressed as mean * standard
deviation (SD). Statistical comparisons were performed using two-
way ANOVA followed by Tukey’s HSD post-hoc test (GraphPad
Prism 9.0). Significance levels: ns = p > 0.05; * p < 0.05; ** p < 0.01;
P p < 0.001; *** p < 0.0001.

PGEO inhibited all six Candida strains. DZIs at 10 pL ranged
from 15.7 + 0.8 mm C. krusei to 24.5 + 1.2 mm C. albicans ATCC
10231. The DMSO 1% negative control showed no inhibition zone
(0 mm), validating the solvent’s neutrality. Fluconazole (positive
control, 25 ug/disc) yielded DZIs of 24-28 mm for susceptible
strains and 0 mm for C. krusei (intrinsic resistance confirmed). MIC
values ranged from 0.312 mg/mL (C. albicans ATCC 10231) to 2.5
mg/mL (C. krusei). The MFC/MIC ratio was uniformly 2 for all
strains, confirming a fungicidal mode of action (threshold < 4; CLSI
M27 guidelines, 2023) (Gaur et al., 2023; Floyd et al., 2024). PGEO
thus exerts fungicidal activity against C. krusei despite its intrinsic
fluconazole resistance.

The visual differences in colony density observed among the six
Candida species in the disk-diffusion assay (Figure 2) are consistent
with recognized interspecific growth characteristics. C. albicans
(both strains) and C. tropicalis produce dense, opaque, creamy-
white lawns with strong agar adhesion, yielding the most visually
uniform plates. C. kefyr grows more rapidly but spreads more
diffusely, resulting in a thinner lawn despite equivalent inoculum
density. C. lusitaniae produces a smooth but less pigmented colony
surface, and C. krusei is characterized by its flat, spreading, dry-
surface morphotype, which can appear less dense in photographs
but reaches the required inoculum density upon spectrophotomet-
ric adjustment (ODgop = 0.08-0.1; ~0.5 McFarland). These differ-
ences in colonial morphology and surface coverage are intrinsic to
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each species and do not compromise the standardization of the
assay (Talapko et al., 2021; Ramage et al., 2023).

3.3 Inhibition of biofilm formation: crystal
violet biomass assay and metabolic viability

The inhibition of biofilm formation of PGEO against the same six
Candida species was quantified using two independent and comple-
mentary assays: (A) crystal violet (CV) staining, which measures total
biofilm biomass, and (B) 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide) (XTT) reduction, which reflects the
metabolic viability of sessile cells (Figure 3).

Both assays were performed at four PGEO concentrations
(MIC, MIC/2, MIC/4, MIC/8) and compared against fluconazole
at equivalent dilutions.

PGEO exhibited potent antibiofilm activity, reducing biofilm
biomass (crystal violet assay) by 48.67 + 1.55% to 97.80 + 1.47% at
MIC, with the highest inhibition observed against C. albicans ATCC
10231. The XTT assay confirmed a reduction in metabolic activity
of sessile cells ranging from 43.20% to 82.10%.

XTT values at MIC ranged from 43.20 + 1.40% (C. krusei) to
82.10 + 1.40% (C. albicans ATCC 10231). The two assays yielded
congruent, albeit not identical results — the systematically lower
XTT values relative to CV at equivalent concentrations reflect the
methodological distinction between bulk biomass measurement
(CV) and real-time metabolic activity of viable sessile cells (XTT).

A clear, consistent dose-response relationship was observed
across all species and both assays (Figure 3). Inhibition decreased
progressively from MIC to MIC/8 without complete loss of activity,
with residual inhibition of 6.33-18.40% (CV) and 0-10.33% (XTT)
recorded at MIC/8.

A key finding was the significant antibiofilm effect against C.
krusei (= 48.7% biomass and 43.1% metabolic inhibition at MIC),
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FIGURE 1
GC-MS chromatogram of the essential oil obtained from the aerial
parts of Pelargonium graveolens.

whereas fluconazole showed no activity against this strain. This
differential response underscores the therapeutic potential of PGEO
in fluconazole-resistant and biofilm-associated infections.

3.4 Inhibition of Candida virulence
enzymes secretions

The effect of PGEO on four extracellular virulence enzymes—
phospholipase, secreted aspartyl protease (SAP), esterase, and
hemolysin—was assessed for all six Candida species using sub-
strate-specific agar diffusion assays with a % MIC concentration.
Enzyme activity was quantified using the Pz index (phospholipase,
SAP, esterase) and the Hz index (hemolysin), where lower values
indicate stronger enzymatic activity; inhibition was expressed as the
percentage reduction relative to untreated controls. Results are
summarized in Tables 3-6 , Figure 4.

Assay validation. Positive enzyme controls confirmed robust
baseline activity across all four assays (phospholipase: 92.02 +
0.82%; SAP: 89.23 + 1.27%; esterase: 95.03 *+ 1.40%; hemolysin:
100.00 + 0.00%). Negative controls (no essential oil) showed no
inhibition (0.00 £ 0.00% for all enzymes and all strains), confirming
assay specificity and the absence of spontaneous enzyme suppression.

All assays were performed in triplicate across three independent
biological replicates (n = 3, i.e., 9 total measurements per data point).
Data are expressed as mean * standard deviation (SD). Statistical
comparisons were performed using two-way ANOVA followed by
Tukey’s HSD post-hoc test (GraphPad Prism 9.0). Significance levels:
ns=p > 005 * p < 0.05 ** p < 0.01; ** p < 0.001; *** p < 0.0001.

PGEO inhibited phospholipase activity in all six strains, with
inhibition ranging from 27.00 + 1.11% (C. krusei) to 58.00 + 0.82%
(C. albicans ATCC 10231). The post-treatment Pz values for the
two most susceptible strains — C. albicans ATCC 10231 (Pz =
0.231) and C. albicans clinical isolate (Pz = 0.239) — fell below 0.40,
corresponding to strong inhibitory activity according to the classi-
fication of Price et al. (1982). C. kefyr (Pz = 0.399), C. lusitaniae (Pz
= 0.291), and C. tropicalis (Pz = 0.255) also showed strong post-
treatment activity. In contrast, C. krusei exhibited only moderate
inhibition (Pz = 0.584; 0.40 < Pz < 0.64), consistent with its
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intrinsically lower basal phospholipase activity (baseline
Pz = 0.800).

3.4.1 Secreted aspartyl protease inhibition

SAP inhibition followed a similar pattern, with the highest
values recorded for C.albicans ATCC 10231 (62.00 + 1.20%; post-
treatment Pz = 0.198) and the C.albicans clinical isolate (59.07 +
1.70%; Pz = 0.221), both classified as strong inhibition (Pz < 0.40).
Moderate-to-strong inhibition was observed for C.lusitaniae
(53.83 + 2.02%; Pz = 0.277), C.tropicalis (51.13 + 1.60%; Pz =
0.308), and C.kefyr (50.17 £ 1.76%; Pz = 0.324). C.krusei again
showed the lowest susceptibility (23.30 + 1.65%; Pz = 0.629),
remaining in the weak inhibition range (0.64 < Pz < 1.00).

3.4.2 Esterase inhibition

Esterase was the least inhibited enzymatic activity overall, with
inhibition ranging from 21.30 + 1.55% (C.krusei; post-treatment Ez
= 0.669) to 55.00 £ 0.95% (C.albicans ATCC 10231; Ez = 0.261).
Notably, the C.albicans clinical isolate showed markedly lower
esterase inhibition (34.47 £ 1.60%; Ez = 0.472) compared with the
reference strain (55.00 + 0.95%), suggesting strain-level variability
in esterase susceptibility. C.kefyr (44.60 = 1.77%), C.lusitaniae
(43.23 £ 1.75%), and C. tropicalis (41.23 + 1.65%) showed inter-
mediate inhibition levels.

3.4.3 Hemolysin inhibition

Hemolysin was the most consistently inhibited virulence factor
across species. Inhibition ranged from 27.13 + 1.55% (C. krusei; Hz
= 0.568) to 65.00 + 1.30% (C. albicans ATCC 10231; Hz = 0.168).
Strong inhibition (Hz < 0.40) was recorded for C.albicans ATCC
10231 (Hz = 0.168), C. albicans clinical isolate (Hz = 0.183), C.kefyr
(Hz = 0.219), C.lusitaniae (Hz = 0.225), and C. tropicalis (Hz =
0.178). C.krusei remained in the moderate range (Hz = 0.568).

3.5 Cytotoxicity assay

To assess the safety profile of PGEO for potential therapeutic
use, its cytotoxicity was evaluated on normal human embryonic
kidney (HEK-293) cells using the MTT assay. Results are presented
in Table 7, Figure 5.

The cytotoxicity profile of PGEO on HEK-293 cells was clearly
dose-dependent, as assessed according to ISO 10993-5
(International Organization for Standardization (ISO), 2009). At
low concentrations (0.25 to 2 mg/mL), cell viability remained above
75% in all cases (97.80%, 94.50%, 89.20%, and 78.50%, respectively),
placing PGEO within the non-cytotoxic category throughout this
range. Viability declined progressively at higher concentrations: at 4
mg/mL it reached 51.20% (slightly cytotoxic, 50-75%), and at 6 and
8 mg/mL it fell to 41.80% and 31.20%, respectively, both classified as
cytotoxic (< 50%). The negative control (DMSO 1%) yielded
100.00 + 3.80% viability, validating the cell model. The positive
control (doxorubicin 10 uM) showed a viability of only 8.50 +
1.47%, corresponding to >90% cell death and confirming the assay’s
sensitivity. The CCso of PGEO on HEK-293 cells, determined by
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TABLE 2 Antifungal activity of the essential oil from Pelargonium graveolens (PGEO) against Candida spp. Strains.

MIC . DZI DZI
. DZI (mm) PGEO MFC (mg/ Ratio MFC/ Growth
Strains (mg/ Effect Fluconazole 25 DMSO
10 pL mL) MIC A & control
mL) ug/disc 1%
.albi AT
ICO‘;I;’;C“”S cc 245+12 0312 0.625 2 Fungicidal 280 +08 Omm | +++(confluent)
C.albicans 228+ 09 0.625 1.25 2 Fungicidal 265+ 1.1 0 mm +++
C.kefyr 193+ 1.0 1.25 2.5 2 Fungicidal 220+0.7 0 mm +++
C.krusei 15.7 + 0.8 25 5.0 2 Fungicidal 0 mm 0 mm +++
C.lusitaniae 216 £ 1.1 0.625 1.25 2 Fungicidal 250+ 0.9 0 mm +++
C. tropicalis 23.1+07 0.625 1.25 2 Fungicidal 245+ 1.0 0 mm +++

DZI, inhibition zone diameter (mm); MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration; PGEO, essential oil from Pelargonium graveolens L’Her. For each
species, untreated control plates (DMSO 1% solvent control) confirmed the formation of a dense, confluent growth lawn (denoted +++ in Table 2), validating the inoculum viability and the
absence of solvent-related inhibition for all six tested species. Results are expressed as mean + standard deviation (n = 3). Fluconazole (25 pg/disc) was used as a positive control according to CLSI
M27 guidelines, 2023. DMSO (final concentration < 1%) served as solvent and negative control. +++, confluent growth (viability control). The difference was not statistically significant

(p > 0.9999).

four-parameter nonlinear regression (GraphPad Prism 9.0), was
3.99 + 0.12 mg/mL (n = 18 wells, three independent experiments).
This value represents the intrinsic cytotoxic potential of PGEO
toward the human cell model, independent of the fungal strain. The
corresponding selectivity indices (SI = CCso/MIC), reflecting the
species-dependent therapeutic window, are reported in Table 8.
The selectivity indices ranged from 1.59 (C.krusei) to 12.78
(C.albicans ATCC 10231). According to Elizondo-Luévano et al.
(2023), PGEO demonstrated excellent selectivity against C.albicans
ATCC 10231 (SI = 12.79; SI > 10), favorable selectivity against
C.albicans (clinical isolate), C.lusitaniae, and C.tropicalis (SI = 6.38
for all three; SI > 4), moderate selectivity against C.kefyr (SI=3.19; 2
< SI < 4), and a narrow therapeutic window against C.krusei

(SI = 1.59; SI < 2). These findings confirm that PGEO is non-
cytotoxic at concentrations < 2 mg/mL (ISO 10993-5), a threshold
that encompasses the MICs of the four most susceptible species
tested (C.albicans ATCC 10231, C.albicans clinical isolate,
C.lusitaniae, and C.tropicalis).

4 Discussion

The present study provides the first integrated assessment of
antifungal, antibiofilm, antivirulence, and cytotoxic activities of
Pelargonium graveolens essential oil (PGEO) sourced from the

C. albicans ATCC
10231

C. krusei

FIGURE 2

C. albicans

C. lusitaniae

Inhibition of Candida spp. growth on solid medium by Pelargonium graveolens essential oil (PGEO) assessed by agar disk diffusion.

C. tropicalis

Frontiers in Fungal Biology

09

frontiersin.org


https://doi.org/10.3389/ffunb.2026.1868001
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org

Benzaid et al.

10.3389/ffunb.2026.1868001
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FIGURE 3

Antibiofilm activity of Pelargonium graveolens essential oil (PGEO) against six Candida species. (A) Inhibition of biofilm biomass (Crystal Violet assay).
(B) Inhibition of metabolic activity (XTT assay). All assays were performed in triplicate across three independent biological replicates (n = 3, i.e,, 9
total measurements per data point). Data are expressed as mean + standard deviation (SD). Statistical comparisons were performed using two-way
ANOVA followed by Tukey's HSD post-hoc test (GraphPad Prism 9.0). Significance levels: ns, p > 0.05; ****p < 0.0001

Edough massif (north-eastern Algeria), against a clinically relevant
panel of Candida species, including the intrinsically fluconazole-
resistant Pichia kudriavzevii (formerly Candida krusei). Our results
delineate a multitarget pharmacological profile of PGEO, with a
clear hierarchy of activity across species and enzymatic targets, and
a selectivity window that supports its further development as a
topical or adjunctive anticandidal agent.

4.1 Chemical composition and chemotype
attribution

The hydrodistillation yielded PGEO at 0.23 + 0.04% (w/w, dry
matter); this value is consistent with previous data, particularly
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those reported by Atailia and Djahoudi (2015) and Wei et al. (2022),
who report yields ranging from 0.23% to 0.25%. This consistency
suggests reproducibility of the extraction process. However, the
essential oil yield remains inherently low and highly dependent on
exogenous factors, such as plant material origin and experimental
2024; Ling et al.,, 2022). The oil
belongs to the citronellol-rich chemotype, typical of the Maghreb

conditions (Dos Santos et al.,

region. The major constituents were citronellol (28.68%), guaia-6,9-
diene (5.94%), isomenthone (5.44%), 2-phenylethyl tiglate (5.35%)
and geraniol (5.35%). These results are in agreement with previous
Algerian reports (Atailia and Djahoudi, 2015; Boukhatem et al.,
2013), and differ markedly from those obtained in Mediterranean
countries and Iran, where geraniol frequently exceeds 20% and

frontiersin.org


https://doi.org/10.3389/ffunb.2026.1868001
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org

Benzaid et al.

10.3389/ffunb.2026.1868001

TABLE 3 Inhibition of phospholipase activity in clinical and reference Candida isolates by Pelargonium graveolens essential oil (PGEO) at sub-inhibitory

concentration (2 MIC).

Strain Pz_basal (untreated)

Pz_PGEO (¥4 MIC)

Inhibition
(%)

Post-treatment activity class

C.albicans ATCC 10231 0.550 + 0.02 0.231 £ 0.01 58.00 + 0.82 Strong (+++)
C.albicans (clinical) 0.570 + 0.02 0.239 + 0.01 58.03 + 0.40 Strong (+++)
C.kefyr 0.700 + 0.03 0.399 + 0.02 43.00 + 1.02 Strong (+++)
C.krusei 0.800 + 0.02 0.584 + 0.02 27.00 + 1.11 Moderate (++)
C.lusitaniae 0.620 + 0.02 0.291 + 0.01 53.02 + 0.80 Strong (+++)
C.tropicalis 0.580 + 0.02 0.255 + 0.01 56.00 + 1.40 Strong (+++)
Reference inhibitor (EDTA,5 .

mM) 0.550 + 0.02 0.985 + 0.01 92.02 + 0.82 Negative (-)

Solvent control (DMSO1%, v/v) 0.550 + 0.02 0.553 + 0.02 0.55 + 0.30 (NS) Strong (+++)
Untreated control 0.550 + 0.02 0.00 + 0.00 Strong (+++)

« Pz index (Price et al., 1982), d-/(dc + d.), where dc is the colony diameter and d is the precipitation halo diameter measured from the colony edge.
« Pz classification; Pz, 1.00 — negative (-); 0.64 < Pz < 1.00 — weak (+); 0.40 < Pz < 0.64 — moderate (++); Pz < 0.40 — strong (+++).

« Inhibition (%) = [(Pz_basal — Pz_treated)/Pz_basal] x 100.

« EDTA (5 mM) was used as the reference inhibitor since phospholipase activity strictly requires Ca®" as a cofactor (Samaranayake et al., 2005).

« NS, not significant vs. untreated control (p <0,0001, two-way ANOVA followed by Tukey’s HSD).

« PGEO, Pelargonium graveolens essential oil; % MIC, one-quarter of the species-specific minimum inhibitory concentration (see Table 2).

Pz indices before and after treatment, percentage of inhibition, and post-treatment activity classification (mean + SD; n = 3 independent experiments performed in triplicate).

citronellol reaches up to 48% (Jaradat et al., 2022). Such geographic
variations are mainly attributed to climatic and edaphic factors,
confirming the existence of distinct chemotypes within the species.

The Algerian oil showed a lower geraniol content (5.35%) and
relatively high levels of isomenthone and citronellyl esters, placing it
within the so-called “African” chemotype (Fleisher and Fleisher,
1985; Verma et al,, 2013). This profile is consistent with several
recent studies reporting similar compositions dominated by oxy-
genated monoterpenes. For instance, Wei et al. (2022) reported
citronellol (23.52%), geraniol (11.01%), geranyl tiglate (4.76%), and
citronellyl formate (3.58%) as major compounds. Likewise, Dos
Santos et al. (2024) reported citronellol (23.00%), cis-geraniol
(21.33%), citronellyl formate (9.74%), and geranyl tiglate (3.46%).
Comparable proportions were also observed by Atailia and

Djahoudi (2015) — citronellol (19.22%), geraniol (14.03%),
citronellyl formate (10.02%) and linalool (5.6%) — and by Lothe
and Verma (2023) — citronellol (32.29%), geraniol (18.20%), and
citronellyl formate (7.84%).

The high proportions of oxygenated monoterpenes (11.48%)
and sesquiterpene hydrocarbons (11.41%) further support the
strong antimicrobial, antioxidant, and enzyme-inhibitory potential
previously documented for Maghreb oils. Evidence from GC-MS
analyses consistently highlights monoterpenoid alcohols as the
dominant fraction, with citronellol and geraniol as the most
abundant constituents across regions, though proportions vary —
higher geraniol in Mediterranean accessions versus higher citronel-
lol in Maghreb oils — due to local climate and harvest stage (Al-
Mijalli et al., 2022; Gusinac-Avdovic et al, 2024). Inter-study

TABLE 4 Inhibition of secreted aspartyl protease (SAP) activity in clinical and reference Candida isolates by PGEO at ¥4 MIC.

Pz_basal (untreated) Pz_PGEO (%2 MIC) :%"b't'on Post-treatment activity class
C.albicans ATCC 10231 0.520 + 0.02 0.198 + 0.01 62.00 + 1.20 Strong (+++)
C.albicans (clinical) 0.540 + 0.02 0.221 £ 0.01 59.07 + 1.70 Strong (+++)
C.kefyr 0.650 + 0.03 0.324 + 0.02 50.17 + 1.76 Strong (+++)
C.krusei 0.820 + 0.03 0.629 + 0.02 23.30 + 1.65 Moderate (++)
C.lusitaniae 0.600 + 0.02 0.277 £ 0.01 53.83 +2.02 Strong (+++)
C.tropicalis 0.630 + 0.02 0.308 + 0.01 51.13 + 1.60 Strong (+++)
Reference inhibitor (Pepstatin A, 10 uM) 0.520 + 0.02 0.972 + 0.01 89.23 £ 1.27 Negative (-)
Solvent control (DMSO 1%, v/v) 0.520 + 0.02 0.524 + 0.02 0.77 £+ 0.45 (NS) Strong (+++)
Untreated control 0.520 + 0.02 — 0.00 + 0.00 Strong (+++)

« Pz index (Price et al., 1982; Naglik et al., 2003), classification thresholds, and inhibition formula: see Table 3.

« Pepstatin A (10 uM) was used as a reference inhibitor of aspartic proteases (Naglik et al., 2003); it specifically targets the catalytic Asp32/Asp215 residues of SAPs.

« Assay conditions: BSA-supplemented medium at pH 3.5 (optimal for SAP activity); 7-day incubation at 37 °C (Naglik et al., 2003; Riichel, 1981).

« NS, not significant vs. untreated control (p <0,0001, Tukey’s HSD).

« The lower susceptibility of C. krusei may reflect preferential expression of SAP4-SAP6 isoforms, which are structurally less accessible to small-molecule terpene-mediated interference.
Pz indices before and after treatment, percentage of inhibition, and post-treatment activity classification (mean + SD; n = 3).
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TABLE 5 Inhibition of esterase activity in clinical and reference Candida isolates by PGEO at ¥4 MIC.

Ez_basal (untreated) Ez_PGEO (%2 MIC) l(%"bltlon Post-treatment activity class

C.albicans ATCC 10231 0.580 + 0.02 0.261 + 0.01 55.00 + 0.95 Strong (+++)

C.albicans (clinical) 0.720 + 0.03 0.472 + 0.02 3447 + 1.60 Moderate (++)

C. kefyr 0.680 % 0.03 0377 % 0.02 44,60 + 1.77 Strong (+++)

C.krusei 0.850 + 0.03 0.669 + 0.02 21.30 + 1.55 Weak (+)

C. lusitaniae 0.700 + 0.03 0.397 £ 0.02 4323 + 1.75 Strong (+++)

C.tropicalis 0.720 + 0.03 0.423 + 0.02 41.23 + 1.65 Moderate (++)

Reference inhibitor (PMSF, 1 mM) 0.580 + 0.02 0.987 + 0.01 95.03 + 1.40 Negative (-)

Solvent control (DMSO 1%, v/v) 0.580 + 0.02 0.582 + 0.02 0.34 + 0.28 (NS) Strong (+++)

Untreated control 0.580 + 0.02 — 0.00 + 0.00 Strong (+++)

« Ez index is calculated identically to the Pz index but applied to esterase opacity halos around colonies on Tween 80-calcium medium (Sierra, 1957; Buzzini and Martini, 2002). Classification
thresholds (negative, weak, moderate, strong) are identical to those of Pz (Price et al., 1982).

« PMSF (phenylmethylsulfonyl fluoride, 1 mM) was used as a reference inhibitor of serine hydrolases including esterases (Buzzini and Martini, 2002).
« Assay conditions: Tween 80 (5 mL/L) supplemented agar with CaCl, (0.1 g/L); 10-day incubation at 37 °C, allowing full development of Ca**-fatty acid precipitate halos.

« NS, not significant vs. untreated control (p<0,0001, Tukey’s HSD).

« The lower esterase inhibition in the C.albicans clinical isolate (34.47%) compared with the reference strain (55.00%) may reflect overexpression of efflux pumps (CDR1/CDR2) reducing

intracellular EO accumulation (De Sousa et al., 2020).

Pz indices before and after treatment, percentage of inhibition, and post-treatment activity classification (mean + SD; n = 3).

discrepancies arise mainly for minor compounds, such as
eudesmols, which are more prominent in North African samples
(M'Hamdi et al., 2024).

4.2 Antifungal activity

PGEO demonstrated broad-spectrum antifungal activity against
the six Candida species tested, with inhibition zone diameters
(DZIs) ranging from 15.7 + 0.8 mm (C.krusei) to 24.5 = 1.2 mm
(C. albicans ATCC 10231). The MIC values obtained for PGEO
(0.312-2.5 mg/mL) and the universally fungicidal MFC/MIC ratio
of 2 represent the central pharmacological findings of this study.

The fungicidal criterion (MFC/MIC < 4, CLSI) was met uniformly
across all six Candida species, indicating that PGEO exerts a direct
lethal effect rather than merely inhibiting fungal growth — a feature
that distinguishes PGEO from fluconazole, which is inherently
fungistatic at standard clinical concentrations. From a mechanistic
perspective, this fungicidal activity is likely mediated by disruption
of fungal cell membranes, leakage of intracellular contents, and
interference with ergosterol biosynthesis, as previously demon-
strated for monoterpene alcohols such as citronellol and geraniol
(Bakkali et al., 2008; Nazzaro et al., 2017).

The clinical relevance of fungicidal activity in invasive candidi-
asis — where mortality reaches 40-50% in intensive-care patients —

TABLE 6 Inhibition of hemolysin activity in clinical and reference Candida isolates by PGEO at ¥4 MIC.

Strain Hz_basal Hz_PGEO (%4 Inhibition  Post-treatment activity
(untreated) MIC) (%) class
C.albicans ATCC 10231 0.480 + 0.02 0.168 + 0.01 65.00 + 1.30 Strong (+++)
C.albicans (clinical) 0.510 + 0.02 0.183 + 0.01 64.10 + 1.60 Strong (+++)
C.kefyr 0.550 + 0.02 0.219 £ 0.01 60.27 £ 1.75 Strong (+++)
C.krusei 0.780 + 0.03 0.568 + 0.02 27.13 £ 1.55 Moderate (++)
C.lusitaniae 0.550 + 0.02 0.225 £ 0.01 59.08 + 1.83 Strong (+++)
C.tropicalis 0.500 + 0.02 0.178 + 0.01 64.31 £ 1.67 Strong (+++)
?gf:f;’;e i T 0.480 + 0.02 1.000 + 0.00 100.00 + 0.00 Negative (-)
Solvent control (DMSO 1%, v/v) 0.480 + 0.02 0.483 £ 0.02 Osz £031 Strong (+++)
Untreated control 0.480 + 0.02 — 0.00 + 0.00 Strong (+++)

« Hz index (Luo et al,, 2001) = dc/(dc + dc), where dc is the colony diameter and dc is the diameter of the hemolytic halo measured from the colony edge.

« Hz classification: Hz = 1.00 — no hemolysis (y-reaction, —); 0.64 < Hz < 1.00 — weak hemolysis (+); 0.40 < Hz < 0.64 — moderate hemolysis (++); Hz < 0.40 — strong hemolysis (+++).
« Heat-inactivation of the inoculum (70 °C, 30 min) was used as the reference inhibitor since it abolishes protein-mediated hemolytic activity (notably candidalysin encoded by ECEI and SAP-
related hemolytic factors); under these conditions no halo forms (dc = 0), yielding Hz, 1.00 by definition.

« Assay conditions: Sabouraud dextrose agar supplemented with 7% (v/v) defibrinated sheep blood; 48 h incubation at 37 °C in 5% CO,.

« NS, not significant vs. untreated control (p <0,0001, Tukey’s HSD).

« Important correction notice: the previously reported value of Hz_basal = 0.00 for the positive control was a typographical error; mathematically, Hz cannot equal 0 since d > 0 (colony always
present). The corrected value Hz = 1.00 reflects the absence of any hemolytic halo upon heat inactivation.
Hz indices before and after treatment, percentage of inhibition, and post-treatment activity classification (mean + SD; n = 3).
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Comparative inhibition of Candida virulence enzyme secretion (phospholipase, SAP, esterase, hemolysin) by Pelargonium graveolens essential oil

has been underscored by Pappas et al. (2018) and the WHO Fungal
Priority Pathogens List (World Health Organization (WHO),
2022), which identify C. albicans, C.tropicalis, and C.krusei as
priority targets requiring novel therapeutic strategies.

The susceptibility order established herein — C.albicans ATCC
10231 > C.albicans (clinical) = C. tropicalis =~ C.lusitaniae > C.kefyr >
C.krusei is largely consistent with previously reported sensitivity
patterns for geranium-derived oils. Boukhatem et al. (2013) demon-
strated that Algerian PGEO exerted greater antifungal activity against
yeasts than bacteria, with C.albicans being the most susceptible
species tested. The MIC of 0.312 mg/mL for C.albicans ATCC
10231 is particularly competitive: Mahboubi et al. (2018) reported

MICs of 1.06-1.48 pL/mL (= 0.93-1.30 mg/mL) for Iranian PGEO
against clinical C. albicans isolates, while Hsouna and Hamdi (2012)
measured MFCs of 0.039-0.625 mg/mL for Tunisian PGEO against
Candida spp. Van Zyl et al. (2006) demonstrated that citronellol is the
most fungicidally active constituent of geranium EO against C.
albicans and C.neoformans, followed by geraniol — a hierarchy
perfectly reflected by the major-compound composition of our
PGEO (citronellol 28.68% > geraniol 5.35%).

The species-specific differences in PGEO sensitivity can be ratio-
nalized in terms of cell-wall and membrane composition, enzyme
expression profiles, and drug-resistance mechanisms. C. albicans
ATCC 10231 exhibited the highest susceptibility (MIC = 0.312 mg/

TABLE 7 Dose-response cytotoxicity of PGEO on HEK-293 cells: cell viability (%) and ISO 10993-5 classification (mean + SD, n = 3).

PGEO conc. (mg/mL)

Cell viability (% + SD)

ISO 10993-5 classification

0.25 97.80 £ 2.94 Non-cytotoxic (> 75%)
0.50 94.50 + 3.55 Non-cytotoxic (> 75%)
1.00 89.20 + 4.66 Non-cytotoxic (> 75%)
2.00 78.50 + 6.37 Non-cytotoxic (> 75%)
4.00 51.20 + 5.02 Slightly cytotoxic (50-75%)
6.00 41.80 + 4.29 Cytotoxic (< 50%)
8.00 31.20 + 3.43 Cytotoxic (< 50%)
DMSO 1% 100.00 + 3.80 Negative control (reference)
Doxorubicin 10 pM 8.50 + 1.47 Positive cytotoxic control (validated)

1SO 10993-5 (2009) classification thresholds: > 75% non-cytotoxic; 50-75% slightly cytotoxic; < 50% cytotoxic.
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FIGURE 5

Dose-response curve of PGEO cytotoxicity on HEK-293 cells (MTT
assay) during 48h exposure. All assays were performed in triplicate
across three independent biological replicates (n = 3, i.e., 9 total
measurements per data point). Data are expressed as mean +
standard deviation (SD). Statistical comparisons were performed
using one-way ANOVA (GraphPad Prism 9.0).

mL; DZI = 24.5 mm), consistent with its ergosterol-rich membrane,
which is highly accessible to monoterpene alcohols such as citronellol
and geraniol (Sharma et al., 2016; Bakkali et al., 2008). The clinical C.
albicans isolate showed slightly reduced susceptibility (MIC = 0.625
mg/mL), likely reflecting efflux-pump overexpression (CDR1/CDR2)
or ERG11 mutations commonly observed in clinical settings (Whaley
et al,, 2017). C. tropicalis and C. lusitaniae showed intermediate MICs
(0.625 mg/mL), consistent with sensitivity patterns previously reported
for oxygenated monoterpene-rich essential oils (Hsouna and Hamdj,
2012). C. kefyr was more resistant (MIC = 1.25 mg/mL), which may
reflect differences in membrane lipid composition or reduced expres-
sion of specific ergosterol-biosynthesis enzymes targeted by geraniol
(Mahboubi et al,, 2018). C. krusei (syn. Pichia kudriavzevii) was the
least susceptible species (MIC = 2.5 mg/mL), consistent with its
constitutive overexpression of Abclp and Abcllp efflux pumps and
reduced azole-class compound accumulation (Lamping et al., 2009;
Pfaller et al, 2010). Nonetheless, PGEO retained fungicidal activity
(MEC/MIC = 2) against this WHO Priority Pathogen, underscoring

10.3389/ffunb.2026.1868001

the advantage of its multi-target mechanism over single-target
antifungals such as fluconazole.

The retained fungicidal activity against intrinsically flucona-
zole-resistant C.krusei (WHO Priority Pathogen) represents a
clinically critical finding. Fluconazole’s mechanism of action via
Ergllp/CYP51 (lanosterol 14c-demethylase) inhibition is ineffi-
cient against this species, which overexpresses membrane efflux
pumps (Abclp, Abcllp) and exhibits reduced azole affinity
(Pappas et al.,, 2018; Whaley et al.,, 2017). PGEO’s multi-target
mechanism likely underlies this retained activity, consistent with
data from Karpinski et al. (2023) showing Lamiaceae EO activity
against azole-resistant non-albicans Candida, and with the prin-
ciple established by Touati et al. (2025) that the multi-target
mechanism of essential oils intrinsically minimizes resistance
selection pressure.

Comparing our findings with previously published antifungal
studies on geranium essential oils and related monoterpene-rich
preparations allows a clearer contextual positioning of PGEO
activity. The MIC of 0.312 mg/mL for C. albicans ATCC 10231
obtained here is markedly lower than the 1.06-1.48 mg/mL (ap-
proximately 0.93-1.30 mg/mL) reported by Mahboubi et al. (2018)
for Iranian PGEO against clinical C. albicans isolates, and within the
range of 0.039-0.625 mg/mL MFCs documented by Hsouna and
Hamdi (2012) for Tunisian PGEO against Candida spp. The lower
MIC observed in our study likely reflects both the higher citronellol
content (28.68% vs. 19-23% in previously cited Algerian oils) and
the fungicidal nature of the activity confirmed by MFC/MIC = 2.
Compared with studies on other essential oils active against non-
albicans Candida species, Dzamic et al. (2014) reported MICs of
0.5-2.0 mg/mL for PGEO against dermatophytes and reference-
strain C. albicans, results broadly consistent with our data. For C.
tropicalis and C. lusitaniae, MIC comparisons with PGEO are
scarcely available, reinforcing the novelty of our dataset for these
clinically relevant non-albicans species. Regarding C. krusei, the
MIC of 2.5 mg/mL obtained here is lower than the 4.0-8.0 mg/mL
reported for thymol-rich or carvacrol-rich oils (Man et al., 2022),
consistent with the superior tolerance of C. krusei to membrane-
active agents but also with the distinct multi-compound composi-
tion of PGEO which may partially overcome single-mechanism
resistance. Collectively, these comparisons position PGEO among

TABLE 8 CCso of PGEO on HEK-293 cells, Selectivity Index (Sl), and cytotoxicity controls (mean + SD, n = 3 independent experiments).

Strain Sl = CCso/MIC Interpretation
C.albicans ATCC 10231 0.312 12.79 Excellent (SI > 10)
C.albicans (clinical) 0.625 6.38 Favorable (SI > 4)
C.kefyr 1.25 3.19 Moderate (2 < SI < 4)
C.krusei 2.50 1.59 Narrow (SI < 2)
C.lusitaniae 0.625 6.38 Favorable (SI > 4)
C.tropicalis 0.625 6.38 Favorable (SI > 4)
DMSO 1% 96.8-98.2% viability — Negative control (p = NS vs untreated)
Untreated cells 100.00 + 0.00% — Baseline reference

CCso (HEK-293) = 3.99 + 0.12 mg/mL (pooled value, n = 18 wells). SI = CCs, (mg/mL)/MIC (mg/mL). SI interpretation criteria: SI > 10: excellent; SI > 4: favorable; 2 < SI < 4: moderate; ST < 2:
narrow (Elizondo-Luévano et al., 2023). ISO 10993-5: viability > 75% at < 2 mg/mL = non-cytotoxic..
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the most active geranium-based essential oils reported for clinical-
isolate Candida species, particularly for azole-resistant strains.

4.3 Antibiofilm activity

In the present study, PGEO exhibited potent antibiofilm activ-
ity, reducing biofilm biomass (crystal violet) by 48.67 + 1.55%
(C.krusei) to 97.80 + 1.47% (C.albicans ATCC 10231) at MIC. The
highest inhibition was observed against C.albicans ATCC 10231
(97.80 + 1.47%) and C.tropicalis (82.10 £ 1.40%), markedly out-
performing fluconazole, which achieved only partial inhibition
against susceptible strains and 0% against C.krusei at all tested
concentrations (Figure 3). Notably, PGEO retained 48.67 + 1.55%
inhibition against C.krusei, while fluconazole was completely inac-
tive (0% at all concentrations), highlighting its therapeutic advan-
tage in azole-resistant scenarios (Pappas et al., 2018; World Health
Organization (WHO), 2022). These results surpass several
Lamiaceae essential oils [60-85% inhibition at MIC; Karpinski
et al. (2023)], and are superior to those previously reported for
Algerian PGEO [72-89%; Boukhatem et al. (2013)].

The complementary XTT assay confirmed these findings,
showing metabolic-viability inhibition ranging from 43.13 *
1.22% to 82.10 + 1.40% at MIC. The systematically lower XTT
values relative to CV at equivalent concentrations (e.g., 82.10 +
1.40% vs. 97.80 + 1.47% for C.albicans ATCC 10231 at MIC) reflect
the inherent methodological difference between the two assays:
crystal violet quantifies total adherent biomass — including extra-
cellular polymeric matrix (B-1,3-glucans, mannoproteins, eDNA)
and dead cells — whereas XTT specifically measures mitochondrial
dehydrogenase activity of viable sessile cells (Kuhn et al., 2003;
Pierce et al, 2008). The persistence of stained biomass despite
reduced metabolic activity therefore suggests that PGEO efficiently
kills sessile cells while only partially dispersing the biofilm matrix.

The evaluation of antibiofilm activity across four concentrations
(MIC to MIC/8) was designed to model pharmacokinetic gradients
encountered in clinical practice: in topical antifungal formulations
(creams, gels, oral rinses), drug concentrations decrease exponentially
from the application surface toward underlying tissue layers, frequently
reaching sub-MIC levels at the site of biofilm attachment (Clatworthy
et al., 2007). The CV inhibition maintained at MIC/8 (6.33-18.40%)
across all strains demonstrates that PGEO retains measurable
antibiofilm efficacy across the full clinically relevant concentration
range, not solely at the pharmacological peak (Kacaniova et al., 2023).

At the molecular level, Gupta et al. (2021) demonstrated that
geraniol eradicates C.glabrata biofilm by simultaneously targeting
Ras1/cAMP/PKA signaling (inhibiting yeast-to-hypha transition),
ergosterol biosynthesis, the plasma-membrane H'-ATPase, and
CDRI1/CDR2 efflux pumps at sub-MIC concentrations — providing
a coherent mechanistic basis for the polypharmacological
antibiofilm action of PGEO observed here.

4.4 Inhibition of virulence-associated
enzymes

PGEO displayed broad-spectrum antivirulence activity by

simultaneously inhibiting four classes of extracellular hydro-
lytic enzymes.
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4.4.1 Phospholipase inhibition

PGEO significantly reduced phospholipase-associated activ-
ity, with the strongest effect observed against C.albicans ATCC
10231 (58%). Lower inhibition was detected for C.krusei (27%),
suggesting species-dependent susceptibility. These results are in
agreement with Costa et al. (2024) and Shariati et al. (2022), who
reported that monoterpene-rich essential oils (geraniol and
linalool) reduce phospholipase B (PIbl) secretion possibly
through membrane perturbation. In contrast, C.krusei showed
only moderate inhibition (27.00%; Pz = 0.584), consistent with
its intrinsically lower basal phospholipase activity and reduced
membrane susceptibility linked to altered ergosterol composi-
tion (Deorukhkar and Saini, 2013). Other studies have shown
that C.albicans exhibits a high prevalence of phospholipase
activity (93.3% of strains; Kantarcioglu and Yiicel (2002)),
whereas C.parapsilosis shows significantly lower phospholipase
activity (16.08% of isolates; Pakshir et al. (2013)), supporting the
species-dependent enzyme-inhibition patterns observed here.

4.4.2 Secreted aspartyl protease inhibition

SAP inhibition reached 62.00% and 59.07% for C.albicans
ATCC 10231 and the clinical isolate, respectively (Pz = 0.198-
0.221). These values are superior to those reported by Mertas et al.
(2015) for Melaleuca alternifolia essential oil (45-52%). The strong
SAP inhibition is likely attributable to geraniol (5.35%) and citro-
nellol (28.68%), which may impair SAP secretion through mem-
brane integrity disruption rather than direct active-site binding
(Sharma et al., 2016). The lower response in C.krusei (23.30%) may
reflect species-specific differences in SAP expression profiles and
cell-envelope permeability (Naglik et al., 2003).

4.4.3 Esterase inhibition

Esterase was the least affected enzymatic activity (21.30-
55.00%), confirming the general observation that fungal esterases
are less sensitive to essential oils than phospholipases or SAPs
(Ahaik et al., 2026). The lower inhibition observed in the clinical
C.albicans isolate (34.47%) compared with the reference strain may
result from overexpression of efflux pumps (Cdr1/Cdr2) in clinical
isolates, as previously described by De Sousa et al. (2020).

4.4.4 Hemolysin inhibition

Hemolysin inhibition was the most sensitive target, with rates
ranging from 59.08% to 65.00% against C.albicans (both strains),
C.kefyr, C.lusitaniae, and C.tropicalis. These values surpass those
reported by Mogavero et al. (2022) and Hou and Huang (2024) for
other terpene-rich oils, highlighting the particular efficacy of
PGEO against hemolysin-mediated iron acquisition, a critical
virulence factor in invasive candidiasis (Pina-Vaz et al., 2004).
Mechanistically, this strong inhibition may result from interfer-
ence with the Rasl-Cyr1-PKA pathway that controls ECE1-
encoded candidalysin expression and hyphal-associated hemolytic
activity (Moyes et al., 2016).
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4.4.5 Integrated antivirulence perspective

PGEO displayed a broad-spectrum antivirulence action, simul-
taneously targeting four distinct classes of extracellular hydrolytic
enzymes — a feature that distinguishes it from the majority of
plant-derived essential oils reported in the literature, which are
typically evaluated against only one or two virulence determinants
(El-Baz et al., 2021; Kaskatepe et al., 2022). The differential enzyme-
inhibition profiles observed across the six tested strains with
C.albicans ATCC 10231 showing 58-65% inhibition across the
four enzyme classes versus 21-27% for C.krusei — are consistent
with recognized interspecific differences in hydrolytic enzyme
expression: C.albicans is the predominant producer of extracellular
phospholipases and SAPs among clinical Candida species, while
C.krusei exhibits reduced enzymatic virulence, relying instead on
intrinsic drug resistance and biofilm formation as primary
pathogenic strategies (Pappas et al., 2018; Taft et al,, 2013). The
consistently lower susceptibility of C.krusei across all virulence
endpoints — enzyme inhibition, antibiofilm activity, and MIC
reflects this species’ well-documented broad tolerance to mem-
brane-active agents, attributable to constitutive overexpression of
efflux pumps and alterations in membrane sterol composition that
reduce compound accumulation irrespective of chemical class
(Lamping et al., 2009; Pfaller et al., 2010). Although the absolute
enzyme-inhibition values obtained for PGEO did not reach those of
reference inhibitors at equivalent concentrations, its simultaneous
multi-target action at sub-lethal concentrations represents a phar-
macologically distinctive antivirulence strategy: attenuating
Candida pathogenicity without exerting lethal selective pressure
reduces the probability of resistance emergence, an advantage
particularly relevant for recurrent or prophylactic use (Touati
et al., 2025; World Health Organization (WHO), 2022).

4.5 Cytotoxicity and selectivity index:
safety profile

The CCsy of PGEO on HEK-293 cells, determined by four-
parameter nonlinear regression across three independent experi-
ments (n = 18 wells), was 3.99 + 0.12 mg/mL — a single intrinsic
value independent of fungal-strain context, validated by doxorubi-
cin (10 puM; viability 8.50 + 1.47%, > 90% cell death) and DMSO 1%
negative controls (viability 96.8-98.2%; p > 0.05 vs. untreated cells).
Per ISO 10993-5, PGEO is classified as non-cytotoxic at concen-
trations < 2 mg/mL (International Organization for Standardization
(ISO), 2009).

Selectivity indices (SI = CCso/MIC) revealed a species-dependent
therapeutic window: 12.79 (C. albicans ATCC 10231, excellent), 6.38
(C.tropicalis, C.albicans clinical, C.lusitaniae; favorable), 3.19 (C.kefyr,
moderate), and 1.59 (C.krusei, narrow), following the criteria of
Elizondo-Luévano et al. (2023). The narrow SI for C.krusei reflects
its elevated MIC (2.5 mg/mL) due to intrinsic azole-class tolerance
rather than any unusual mammalian toxicity of the oil. These values
compare favorably to phenol-rich essential oils (thymol, carvacrol;
SI = 2-4) associated with greater cytotoxicity and local-irritation risk
(Bravo-Chaucanés et al., 2022; Man et al., 2022), and are consistent
with values reported for Algerian PGEO against cancer cell lines
(Boukhatem et al., 2022).
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These findings suggest that PGEO showed limited cytotoxicity
at concentrations <2 mg/mL encompasses the MICs of the four
most susceptible species (C.albicans ATCC: 0.312 mg/mL; clinical
isolate, C.lusitaniae, C.tropicalis: 0.625 mg/mL). This safety margin
is supported by published data with P.graveolens EO showing no
cytotoxic effect on normal cells at < 2 mg/mL, with selective activity
against A549, MCF-7, and PC3 cancer lines; Jaradat et al. (2022)
similarly reported selective cytotoxicity against MCF-7, Hep3B, and
HeLa (ICso 32-315 pg/mL) with minimal toxicity toward normal
cells — a > 100-fold differential consistent with the higher choles-
terol content of cancer-cell membranes enhancing monoterpene
permeation (Al-Saffar et al., 2017; El-Garawani et al., 2019).

The mechanistic basis for mammalian selectivity lies in the
ergosterol-cholesterol paradigm: citronellol (28.68%) and geraniol
(5.35%) preferentially bind ergosterol, inducing membrane desta-
bilization, increased fluidity, and ergosterol depletion in fungal cells
while sparing cholesterol-rich mammalian membranes (Bravo-
Chaucanes et al., 2022). Geraniol further modulates CaCdrlp
efflux-pump activity (competitive inhibition), is synergistic with
fluconazole without additional mammalian toxicity, and retains
fungicidal activity against.

multidrug-resistant Candida auris — depleting ergosterol,
inhibiting biofilm formation, and demonstrating in vivo efficacy
in Caenorhabditis elegans infection models and enhanced macro-
phage-mediated killing in THP-1 cells (Touati et al., 2025).

Collectively, the SI values, the non-cytotoxic safety margin, and
the multi-target mechanism of action — limiting resistance-emer-
gence probability — position PGEO as a stronger topical or
adjunctive candidate than phenolic-rich oils. Translation into in
vivo pharmacokinetic and tolerability models remains warranted to
establish a definitive systemic-safety profile.

5 Conclusion

This study demonstrates that Pelargonium graveolens essential
oil from northeastern Algeria possesses significant fungicidal,
antibiofilm, and multi-target antivirulence activities against relevant
Candida species, including fluconazole-resistant strains. The oil
effectively inhibited key virulence enzymes and biofilm formation at
sub-inhibitory concentrations while maintaining a favorable selec-
tivity profile toward normal HEK-293 cells (SI up to 12.79). These
findings highlight the therapeutic potential of this Algerian gera-
nium oil as a natural alternative or adjuvant for the management of
biofilm-associated candidiasis. Future in vivo investigations and
pharmaceutical formulation studies are recommended to translate
these promising in vitro results into clinical applications.
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