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Abstract: Recently, a large number of nosocomial infections have been caused by an emerging
pathogen that is rising as a worldwide issue in human health: Candida auris. This yeast is considered
resistant to antifungals of the first-line therapies, and consequently it is related to morbidity and
mortality. Therefore, the aim of this research was to determine the in vitro anti-C. auris activity against
twenty-three resistant clinical strains of different essential oils (EOs), pure or in combination with
traditional antifungal agents, mainly caspofungin, fluconazole, micafungin and 5-flucytosine. Broth
dilution assay was performed to evaluate the fungistatic and fungicidal effectiveness of fifteen EOs
towards all the C. auris isolates. The data demonstrated that EOs were able to prevent C. auris growth,
with MIC values ranging from 0.03 to 1% for the efficacious EOs (thyme, cinnamon, geranium, clove
bud, lemongrass and mentha of Pancalieri), whereas the MICs were >1% for the ineffective ones.
Thereafter, the six most effective EOs were used to perform the checkerboard experiments by assaying
simultaneously the activity of EOs and traditional antifungals towards two selected strains. The
most promising synergic combinations towards C. auris, depending on the isolate, were those with
micafungin and geranium, thyme, cinnamon, lemongrass or clove bud EOs, with fluconazole and
mentha of Pancalieri EO, and with 5-flucytosine and mentha of Pancalieri EO. These EOs and their
combinations with antifungal drugs may provide a useful therapeutic alternative that could reduce
the dose of the individual components, limiting the overall side effects. These associations might be a
prospective option for the future treatment of infections, thus helping to overcome the challenging
issue of resistance in C. auris.

Keywords: Candida auris; drug resistance; essential oils; antifungals; antifungal activity; antifungal
agent combination; synergistic activity

1. Introduction

In 2016, the Centre for Disease Control and Prevention (CDC) of the United States
gave notice of the rise of a new multidrug-resistant Candida species: C. auris [1,2]. It was
discovered in one Japanese and fifteen Korean patients in 2009, and has since been detected in
more than 30 countries and linked to epidemics in health care institutions [3-5]. There have
also been reported C. auris-related hospital outbreaks in Europe, and a consistent escalation
in its recovery has been documented in Italy starting from 2020 [6]. New cases continue to
emerge, and recent findings reveal that isolation rates of C. auris have practically doubled in
the last few years [7]. C. auris—a yeast classified as Saccharomycetes belonging to phylum
Ascomycota—causes severe illness, spreads quickly among patients in hospital and clinical
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settings, and significantly impacts their morbidity and mortality, as well as health care
infrastructure and finance [8]. In fact, C. auris can cause a wide range of pathologies
from superficial skin diseases to more severe, potentially fatal, infections like myocarditis,
meningitis and osteomyelitis [9]. Clinical manifestations of C. auris are frequently non-
specific and comparable to other forms of systemic infections, especially in critically ill
patients in intensive care units [10].

This pathogen shows peculiar growth features, such as thermotolerance and osmo-
tolerance, so it can grow at high temperatures (>40 °C) while being able to accept high
salt concentrations (>10% NaCl), contributing to its long-term persistence and survival on
either biotic or abiotic surfaces [11-13]. The virulence factors of C. auris include the ability
to form large aggregates of pseudohyphal-like cells and to produce biofilm that together
may facilitate the colonisation of the host’s epidermidis [14,15]. Furthermore, C. auris is a
multidrug-resistant yeast which exhibits a variable susceptibility pattern to azoles, being
resistant to fluconazole (FLU; MIC > 128 pg/mL), amphotericin B (AMB) and echinocan-
dins [16,17]. As previously reported in the literature, especially after pre-exposure, this
yeast shows nearly 100%, 30% and 5% resistance to FLU, AMB and echinocandins, respec-
tively [18].

Considering that the number of accessible and currently used antifungal chemothera-
peutics is extremely limited while the microbial resistance to these drugs is growing, the
search for new therapeutic alternatives is crucial. The most promising choices compared
to conventional treatment of fungal infections are plant products, such as essential oils
(EOs) [19,20]. These have been employed for centuries for their therapeutic and aromatic
properties. In recent years, in vitro studies have established that some of them are effective
against common pathogenic fungi, including Candida spp., Aspergillus spp. and dermato-
phytes [21-23]. In particular, EOs are shown to be useful in treating infections caused by
moulds and yeasts, displaying a good bioactivity and minimal toxicity when used in low
quantities [24-26]. EOs can prevent the proliferation of these pathogens targeting multiple
cell structures and/or functions, mainly by increasing membrane permeability, thus dis-
rupting the cell membrane and causing the release of essential intracellular components,
as well as interfering with cell metabolism and enzyme kinetics [27-29]. Additionally,
the combination of EOs with antifungal drugs could be a further promising therapeutic
approach in treating difficult drug-resistant infections [30]. According to various studies,
EOs and antifungals can work in a synergic or additive manner, although useful outcomes
can be achieved with combination therapy even when synergism is absent [31-33]. In this
scenario, the use of an association of both antifungal and EO ensures the effectiveness of the
treatment even without necessarily increasing the effects of either component. As a result,
the overall therapeutic dose remains unchanged while the amount of each antifungal/EO
required is reduced [33].

On these grounds, the aims of the present study were to evaluate the susceptibility
pattern of twenty-three C. auris isolates to five antifungal drugs and fifteen EOs, and
afterwards to estimate the promising interaction of the six most effective ones (thyme,
cinnamon, geranium, clove bud, lemongrass and mentha of Pancalieri) with four traditional
antifungals, specifically caspofungin (CAS), 5-flucytosine (5-FL), FLU and micafungin
(MYC), in counteracting the growth of two selected C. auris clinical strains, isolated from a
deep systemic infection and a cutaneous colonisation.

2. Materials and Methods
2.1. Yeast Strains

A total of twenty-three yeast strains were isolated from bilateral axillae and groin
swabs, urinary and endovascular catheters, tracheal aspirates, bronchoalveolar lavages,
sputum and blood cultures of hospitalised patients at Azienda Ospedaliera Universitaria
(A.O.U)) Citta della Salute e della Scienza di Torino—Molinette (Turin, Italy). At the
Microbiology Laboratory of the same hospital, the isolated colonies were identified as
C. auris by matrix-assisted laser desorption/ionisation-time-of-flight (MALDI-TOF) mass
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spectroscopy (Bruker Daltonics GmbH and Co., Brement, Germany), and all strains were
preserved in cryovial tubes (Technical Service Consultants Ltd., Lancashire, UK) at —80 °C.
To ensure the privacy of patients, each C. auris strain was named as Molinette (MOL) or
Turin University Culture Collection (TUCC).

Before the experiments, C. auris strains were streaked on Sabouraud dextrose agar (SAB-
A; Biokar diagnostics, Beauvais, France) and incubated for 24 h at 35 °C to ensure purity.

2.2. Antifungal Drugs and Essential Oils

The antifungal drug powders (>98% purity by HPLC) CAS, FLU, 5-FL and MYC
were purchased from Merck Life Science S.rl. (Milan, Italy). To reach a concentration of
1000/1 pg/mL, CAS, 5-FL and MYC powders were dissolved in 100% dimethylsulfoxide
(DMSO; Merck Life Science S.r.l.), whereas FLU was solubilized in sterile purified water
(Otec, Lyon, France) and stored at —80 °C until use. These standard antifungal drugs were
used to determine the susceptible/resistant profile of the clinical selected yeasts.

The fifteen EOs used in the present research were as follows. Cinnamomum zeylanicum
(cinnamon), Citrus bergamia (bergamot), Citrus limon (lemon), Coffea arabica (Arabica coffee),
Commiphora myrrha (myrrh) Commiphora wildii (Namibian myrrh), Piper nigrum (black pep-
per), Thymus zygis (thyme) and Zingiber officinali roscoe (ginger) EOs were kindly provided
by MANE (www.mane.com). Lavandula officinalis (lavender), Malaeuca alternifolia (tea tree),
Syzygium aromaticum (clove bud), Paerlargonium graveolens (geranium) and Cymbopogon
nardus (lemongrass) EOs were supplied by Primavera, Flora s.r.1. (Lorenzana, Pisa, Italy).
Finally, Mentha x piperita var. officinalis (mentha of Pancalieri) was purchased from Erbe
Aromatiche Essenzialmenta (Pancalieri, Turin, Italy).

2.3. Antimicrobial Assays
2.3.1. European Commission-In Vitro Diagnostic Broth Dilution Test

The European Commission in vitro diagnostic (EC-IVD) broth microdilution method
with Micronaut-AM plate (Bruker Daltonics GmbH and Co.) was used to screen the sus-
ceptibility pattern of all C. auris strains against AMB (range 16-0.03 pg/mL), anidulafungin
(ANF; range 8-0.016 pg/mL), CAS (range 8-0.016 ng/mL), 5-FL (range 32-0.06 pug/mL), FLU
(range 128-0.25 pg/mL), itraconazole (ITZ; range 4-0.03 ug/mL), MYC (range 8-0.016 ug/mL),
posaconazole (POS; range 8-0.008 pug/mL) and voriconazole (VOR; range 8-0.008 pug/mL).
A working solution of 1 x 10% colony forming units (CFU)/mL was prepared by firstly
suspending 1:20 the 0.5 McFarland Standard yeast suspension in 0.9% sterile NaCl and
further diluting 1:50 the resulting suspension in Micronaut-RPMI-1640 medium with M
3-(N-morpholino) propane sulfonic acid (MOPS) and glucose. Subsequently, 100 uL of the
1 x 103 CFU/mL was transferred in each well of the Micronaut-AM plate and incubated
at 37 °C for 24 h. After the incubation time, a visual evaluation was made; the fungal
growth was indicated by a colour change from blue to pink mediated by the AST indicator
supplemented to the test medium.

2.3.2. Handmade Broth Dilution Test

The handmade broth microdilution assay was used to evaluate the antimicrobial activ-
ity of both antifungals and EOs according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines, specifically the EUCAST method for suscepti-
bility testing of yeasts (v. 7.3.2) (https:/ /www.eucast.org/astoffungi/previous_versions_
of_documents, accessed on 15 May 2020).

Before the experiments, all the C. auris isolates were cultured overnight at 35 °C by
placing a bead of the cryovials in Sabouraud dextrose broth (SAB-B; Biokar diagnostics).
Thereafter, the inoculum of each C. auris strain was reached by centrifuging at 4000x g
10 min the overnight culture on SAB-B and by dissolving the pellet in 0.9% sterile NaCl
solution, yielding a 0.5 McFarland standard (5 x 10® CFU/mL) yeast suspension. A
working inoculum of 0.5-2.5 x 10° CFU/mL was obtained by a 1:10 dilution in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA) enriched with 2% glucose (Sigma-Aldrich)
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and buffered to pH 7.0 with 0.165 MOPS (Amresco LLC, Solon, OH, USA), from now
reported as RPMI-1640 medium with MOPS for brevity.

The minimum inhibitory concentration (MIC) determination was carried out in RPMI-
1640 with MOPS, using 96-well microtiter plates. Firstly, stock of both EOs and antifungals
was prepared as follows. The EO standard solutions were produced in DMSO (1:2.5 v/v),
then diluted (1:20 v/v) to reach a final concentration of 2% (v/v) in RPMI-1640 medium with
MOPS, and supplemented with a 0.001% v/v of Tween 80 (Sigma-Aldrich) to enhance EO
solubility without inhibiting yeast growth. In parallel, the 1000/1 pg/mL drug stocks were
used to prepare the final concentration of 4/1 ug/mL for CAS and MYC, and of 2/1 pg/mL
for 5-FL, whereas FLU was used directly at 1000/1 pg/mL to set up the microtiter plate
suspensions. Secondly, the two-fold serial dilutions of EOs (range 1-0.001% v/v), CAS
(range 4-0.001 pg/mL), MYC (range 4-0.001 pg/mL), FLU (range 512-0.25 pg/mL) and
5-FL (range 2-0.001 pug/mL) were performed and 100 uL was added in each well of the
microtiter plates. Finally, 100 uL of the yeast inoculum suspension (~10° cells/mL) was
placed in each well. The microtiter plates were then incubated for 24 h at 35 °C. Sterile
RPMI-1640 medium with MOPS—incubated under the same conditions—was used as a
negative control, while the positive growth control was set up with medium inoculated
with the tested C. auris. All the experiments were carried out in duplicate and repeated
at least three times. The microdilution plates were read using a microtiter plate reader
(VICTOR3TM, PerkinElmer, Boston, MA, USA) with a wavelength of 490 nm. The MIC
was defined as the lowest concentration of antifungal or EO which inhibited 50% or more
of the yeast proliferation compared to the positive growth control.

To ascertain the minimal fungicidal concentration (MFC), 10 puL from the wells starting
from MIC and onwards was subcultured onto SAB-A plates. Following 24 h of incubation
at 35 °C, MFC was defined as the lowest concentration of drug or EO that killed 99.9% of
the inoculum as no growth on the subcultures was revealed.

2.3.3. Agar Disc Diffusion Assay

The agar disc diffusion test was used to investigate the antimicrobial activity of the six
most effective EOs: cinnamon, clove bud, geranium, lemongrass, mentha of Pancalieri and
thyme, and four antifungal drugs: CAS, FLU, 5-FL and MYC, on two selected C. auris strains
(details in Section 2.4). According to the method described by Fernandes et al. [16], a sterile
swab was used to spread a previously prepared yeast suspension of ~1 x 108 CFUs/mL,
equivalent to 6 McFarland standard density, on SAB-A plates. Afterwards, discs loaded
with 25 uL of 100% v /v, 75% v/v and 25% v /v of each EO, or with 25 uL of the 1000/1 of
FLU and 5/1 pg/mL of CAS, MYC and 5-FL, were placed on the agar surface. All the plates
were subsequently incubated for 24 h at 35 °C. Finally, the diameter of the area around
the disc where the yeast growth stopped was measured in millimetres (mm): when the
halo was <8 mm the C. auris was deemed resistant, whereas when it was >8 mm the strain
was considered susceptible [16]. The results of the diameters of the inhibition halos were
reported as mean =+ standard deviation (SD) of three different experiments.

2.4. Checkerboard Assays and Assessment of Fractional Inhibitory Concentration Index

The interaction between the antifungal drugs and the six EOs with the lowest MICs
was investigated in vitro using a modified checkerboard assay as previously detailed [33,34].
C. auris MOL 10—from deep systemic infection—and C. auris MOL 11—from cutaneous
colonisation—were employed as challenge microorganisms. The following EOs were tested:
cinnamon, clove bud, geranium, lemongrass, mentha of Pancalieri and thyme, whereas the
antifungal drugs used were CAS, FLU, 5-FL and MYC.

Based on their MIC values, serial two-fold dilutions of the antifungal drugs and
EOs were carried out, ranging from several dilutions below the MIC to 2x MIC, and
were prepared in a two-dimensional checkerboard. In a 96-well microtiter plate, binary
combinations were mixed together. Following microplate preparation, the fungal inoculum
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(0.5-2.5 x 10° CFU/mL) was transferred into each well, and the plates were then incubated
for 24 h at 35 °C before being measured at 490 nm.

To accurately understand the results, one column was set aside to be used for the EO
dilution control alone, while another was designated only for the drug dilution control. All
the experiments were carried out in duplicate and repeated at least three times. Figure 1 presents
an example of the 96-well plate preparation reporting the dilutions of the checkerboard
experiment to evaluate the interaction between antifungals and EOs.

AOCOOO0O0ON ||- ..
|BICEO00O0COORA0) ||y,
1| IE QOO0OORRRD |\,
- DO OOOCORN -
3| ERLOOOOQQQQQ {[Q e
1H8R83353359357) |0 ==
| G Fertility control

Dilutionso{/'ﬁ| — Q 0800

Dilutions of Antifungal drugalone  Fertility control

Figure 1. Representative image of the 96-well plate reporting the dilution of both antifungals and
EOs, and the resulting interpretation of the checkerboard test.

The following formula was used to determine the fractional inhibitory concentration
index (FICI):
MIC of Essential Oil in Combination

MIC of Essential Oil Alone
MIC of Antifungal in Combination

MIC of Antifungal Alone

FICI = FIC of Essential Oil + FIC of Antifungal

FIC of Essential Oil =

FIC of Antifungal =

The FICIs were interpreted as previously described by Parker et al. [33]. FICI < 0.5,
synergy; 0.5 < FICI < 1, additivity; 1 < FICI < 4, indifference; FICI > 4, antagonism.

3. Results and Discussion
3.1. C. auris Isolates and Antifungal Susceptibility Patterns

Twenty-three yeast strains were isolated from different clinical specimens, as follows:
bilateral axillae and groin swabs (n = 13), urinary catheter (n = 3), blood cultures (n = 3),
endovascular catheter (n = 1), tracheal aspirates (n = 1), bronchoalveolar lavages (n = 1)
and sputum (n = 1), and identified as C. auris. Table 1 summarises the susceptibility pattern
of these clinical isolates determined by Micronaut-AM. Briefly, all the tested strains were
resistant to FLU, reporting MIC values > 128 ug/mL, whereas for VOR and ITZ they
displayed MICs ranging from 0.0078 to 2 pg/mL and from 0.06 to >4 pg/mL, respectively.
The most effective azole was POS, with MIC distribution between 0.0078 and 0.25 pg/mL.
Pertaining to echinocandins, the obtained MIC values were lower than those of azoles,
ranging from 0.03 to 0.5 ng/mL. Only for C. auris TUCC 306 was a MIC of >8 pg/mL
recorded for CAS, indicating a resistant strain. The AMB susceptibility profile showed a
MIC distribution between 0.25 and 2 pug/mL. Finally, the most effective antifungal agent
was 5-FL, as MICs were less than 0.06 pg/mL in most of the isolates (19/23; 82.61%).
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Table 1. Minimum inhibitory concentration (MIC) of all the antifungal drugs towards C. auris clinical
isolates, reported as pg/mL by Micronaut-AM.

Strains FLU ITZ VOR POS ANF MYC CAS AMB 5-FL
MOL 1 >128 0.125 1 0.06 0.06 0.06 0.125 1 <0.06
MOL 2 >128 1 1 0.125 0.125 0.06 0.125 1 0.125
MOL 3 >128 0.25 1 0.06 0.03 0.03 0.06 1 <0.06
MOL 4 >128 0.25 0.5 0.06 0.03 0.03 0.06 1 <0.06
MOL 5 >128 0.25 0.0078 0.0078 0.06 0.03 0.06 0.25 0.06
MOL 6 >128 0.125 0.25 0.03 0.03 0.03 0.125 0.5 <0.06
MOL 7 >128 1 1 0.25 0.125 0.06 0.125 1 <0.06
MOL 8 >128 0.125 0.5 0.03 0.016 0.016 0.06 0.125 <0.06
MOL 9 >128 1 0.5 0.03 0.0125 0.03 0.125 1 <0.06
MOL 10 >128 0.25 0.5 0.06 0.06 0.06 0.125 1 <0.06
MOL 11 >128 0.125 0.5 0.06 0.25 0.125 0.25 0.5 <0.06
MOL 12 >128 1 1 0.06 0.06 0.06 0.125 0.25 <0.06
MOL 13 >128 0.06 0.5 0.03 0.125 0.06 0.125 0.25 <0.06
MOL 14 >128 0.125 0.5 0.06 0.125 0.125 0.125 0.25 <0.06
TUCC 306 >128 >4 2 0.25 0.5 0.25 >8 2 <0.06
TUCC 307 >128 2 1 0.06 0.06 0.06 0.125 0.5 0.5
TUCC 308 >128 0.125 0.5 0.06 0.03 0.03 0.125 1 1
TUCC 309 >128 0.125 0.5 0.06 0.06 0.03 0.125 1 <0.06
TUCC 353 >128 0.5 0.5 0.06 0.125 0.06 0.125 1 <0.06
TUCC 355 >128 0.06 0.5 0.03 0.06 0.06 0.125 0.25 <0.06
TUCC 356 >128 0.06 0.5 0.03 0.06 0.03 0.125 0.25 <0.06
TUCC 358 >128 0.06 0.5 0.03 0.06 0.03 0.125 0.5 <0.06
TUCC 359 >128 0.06 0.5 0.03 0.06 0.03 0.06 0.5 <0.06

Abbreviations: 5-FL: 5-flucytosin; AMB: amphotericin B; ANF: anidulafungin; CAS: caspofungin; FLU: fluconazole;
ITZ: itraconazole; MOL: Molinette; MYC: micafungin; POS: posaconazole; TUCC: Turin University Culture
Collection; VOR: voriconazole.

Literature data on the sensitivity pattern of C. auris clinical strains confirmed their
resistance to numerous antifungal agents [4,16-18,35—40]. In a recent study, about 1000 C.
auris, isolated from various clinical specimens, were assayed in vitro for susceptibility to
conventional antifungals, and a high percentage of resistance to FLU was demonstrated,
in agreement with our data. Additionally, other antifungals displaying a variable pattern,
such as AMB, ITZ and CAS, to which most of the strains were susceptible, confirmed the
results reported here [35]. The Jacobs research group [37] observed a wide resistance to
FLU as well as a susceptibility to echinocandins and AMB in C. auris, data similar to ours.
Conversely, they registered a 5-FL resistant profile in some strains. More recently, ten
isolates of C. auris were investigated for their susceptibility to six of the most clinically used
antifungals by microdilution assays. These underlined, in accordance with our data, higher
MICs for FLU and AMB, and lower MIC values for 5-FL [17], whereas a systematic review
on different compounds and antimicrobials revealed that only a few of them were able to
counteract C. auris growth and/or biofilm formation [36].

Notably, of all the C. auris isolates, two strains—representative of two different sites of
collection, deep and superficial—specifically MOL 10 (blood culture) and MOL 11 (tissue
swab), were selected and subjected to further experiments. In parallel, the MIC profiles
were determined by the handmade broth dilution assay using an inoculum of C. auris at
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10° yeast/mL as indicated in EUCAST guidelines. The MIC results were as follows: FLU
> 128 ug/mL, MYC 1 pg/mL, CAS 0.125 pg/mL and 5-FL 0.125 ng/mL for C. auris MOL
10, whereas FLU > 128 ug/mL, MYC 2 ng/mL, CAS 0.25 pg/mL and 5-FL 0.5 pg/mL
for C. auris MOL 11. These results are supported by some authors who underlined that
the different techniques used for the susceptibility pattern determination, broth dilution
methodologies and E-test, led to some discordances in the outcomes [37].

3.2. C. auris Essential Oil Susceptibility Patterns

The whole chemical composition of EOs, as well as their individual components,
confer on them antimicrobial properties, and in some cases, the EO fractions are more
effective than the entire EO against fungi [21-23,39,41]. Table 2 details the composition of
EOs as defined through the producer’s analysis and results.

Table 2. Scientific and common names, and chemical composition of the EOs used in the present study.

Scientific Name

Common Name Main Components

83.35% eugenol; 3.68% benzyl benzoate; 2.57% trans

Cinnamomum zeylanicum Blume Cinnamon [-caryophyllene; 1.88% eugenil acetate; 1.56% cinnamaldehyde
. R . 98% bergamot essential oil; 0.8% citral; 0.08% geraniol;
Citrus bergamia Risso & Poit. Bergamot 0.04% citronellal; 0.02% Carvone
. . 69.25% limonene; 11.37% pinene; 7.86% y-terpinen;
Citrus limon L. Lemon 1.98% sabinene; 1.75% «-pinene
Coffea arabica L. Arabica Coffee 99.9% Arabica coffee pure essential oil; 0.1% isoeugenol
. 80% Myrrh essential oil; 5% (—)-germacrene D; 1% trans
Commiphora myrrha Jacq Myrrh [3-carophyllene; 1% (3-ocimene; 1% farnesol
Commiphora wildii Merxm. Namibian Myrrh 80% o-pinene; 10% [-pinene; 1 /1? paracymene; 1% 4-terpinenol;
1% sabinene
Cumbopocon nardus L Lemonerass 22.64% geraniol; 7.74% limonene; 7.66% camphene;
ymooposg ’ & 6.81% methyl isoeugenol; 5.9% geranyl acetate
e 27.11% linalol; 24.4% linalyl acetate; 9.78% [3-ocimene;
Lavandula officinalis P Lavender 5.36% caryophyllene; 5.11% 4-terpineol
Malaeuca alternifolia Cheel. Tea Tree 35.88% terpinen-4-ol; 19.65% y-terpinene; 8.64% «-terpinene;

4.61% p-cymene; 4.07% 1,8-cineole

Mentha x piperita Huds var.

Mentha of Pancalieri 41.7% menthol; 21.8% menthone; 5.3% 1,8-cineole;

officinalis L. 4.8% menthil-acetate; 1.8% limonene
Pelargonium graveolens Geranium 33.22% citronellal + neral; 5.56% geraniol-formate;
L'Herin.ex.Ait. 5.71% isomenthone; 4.19% linalol
. . 50% trans 3-carophyllene; 20% limonene; 10% «-pinene; 10%
Piper nigrum L. Black Pepper 5-3 carene; 10% B-pinene
) ) 78.91% eugenol; 11.64% eugenyl acetate; 6.04% (3-caryophyllene;
Syzygium aromaticuim L. Clove bud 0.69% o«-humulene; 0.27% «-copaene
. 41.18% thymol; 18.99% p-cymene; 5.56% linalool;
Thymus zygis L. Thyme 5.42% B-carophyllene; 3.6% y-terpinen
Zingiber officinali Roscoe Ginger 10% B-bisabolene; 10% camphene; 10% -phellandrene;

5% eucaliptolo; 5% «-pinene

Literature data corroborate the effect of EOs on different moulds (Aspergillus spp. and
dermatophytes) and yeasts, such as Candida spp. [21-23,31,32]. Likewise, our research
group previously demonstrated the anti-Aspergillus spp. efficiency of eleven EOs, especially
those of lemongrass, clove bud and geranium [22]. Moreover, the efficacy of both EOs and
their components against Candida non-albicans species was previously underlined [21,42].
Therefore, to achieve this goal against C. auris as well, the MIC evaluation of all the EOs
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was determined by the broth dilution method—as previously described—with respect to
the twenty-three C. auris clinical strains [21,43].

EOs exhibit a limited time of action due to their volatility, but the presence of indi-
vidual volatile compounds—terpenoids and non-terpenoids—containing the hydroxyl
radical (*OH) displays antioxidant activity that enhances the antimicrobial properties of
the EOs [44]. As detailed in Table 3, the least effective EOs against all the C. auris isolates
were lavender, black pepper, tea tree, coffee, bergamot, ginger, lemon, myrrh and myrrh
of Namibia, displaying MICs ranging from 0.5 to >1% v/v. A slight activity was achieved
for mentha of Pancalieri (MICs 0.125-1% v/v). On the other hand, regarding geranium,
clove bud, lemongrass and cinnamon, the antifungal activity was higher, with MIC values
between 0.03 and 0.125% v/v. The most effective EO was thyme, demonstrating MICs
from 0.015 to 0.06% v /v for all the assayed C. auris clinical strains. Table 4 reports the MFC
values, and a similar activity pattern to those of MICs was noted.

Table 3. Minimum inhibitory concentration (MIC) of all the essential oils towards twenty-three C.
auris isolates, reported as percentage (%) v/v.

Isolate GE TH LG TT CL CI MP LV PB CF BG GI LM MY MY-N
MOL 1 0.125 0.06  0.06 1 0.06 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 2 0.06 0.06 0.06 0.5 0.06 0125 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 3 0.06 0.06 0.125 1 006 0125 05 1 >1 >1 >1 >1 >1 >1 >1
MOL 4 0.06 0.06 0.25 1 0.03 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 5 0.03  0.06 0.06 1 0.06 0.06 025 1 >1 >1 >1 >1 >1 >1 >1
MOL 6 0.06 0.06 0.06 0.5 0.06 0125 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 7 0.03 0.06 0.06 1 0.06 0.06 0.125 1 >1 >1 >1 >1 >1 >1 >1
MOL 8 0.03 0.06 0.125 1 0.06 0125 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 9 0.03 0.06 0.06 1 0.03 0.06 0.125 1 >1 >1 >1 >1 >1 >1 >1
MOL 10 0.03 0.03 0.06 1 0.03 0.125 0.125 1 >1 >1 >1 >1 >1 >1 >1
MOL11 0.125 0.03 0.125 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
MOL 12 0.06 0.03 0.125 1 0.125 0.125 05 1 >1 >1 >1 >1 >1 >1 >1
MOL 13 0.03 0.015 0.03 1 0.06 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL14 0.125 0.06 0.125 1 0.125 0.125 05 1 >1 >1 >1 >1 >1 >1 >1
TUCC306 0.06 0.06 0.125 1 0.06 0.06 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC307 0.06 0.015 0.06 1 0.06 0.03 0.25 1 >1 >1 >1 >1 >1 >1 >1
TUCC308 0.06 0.03 0.06 1 0.06 0.06 025 1 >1 >1 >1 >1 >1 >1 >1
TUCC309 006 0015 0.06 1 0.06 006 05 1 >1 >1 >1 >1 >1 >1 >1
TUCC353 0.03 0.03 0.03 1 0.06 006 05 1 >1 >1 >1 >1 >1 >1 >1
TUCC355 0.06 0.03 0.06 1 0.06 0.06 025 1 >1 >1 >1 >1 >1 >1 >1
TUCC356 006 0.03 0.06 1 0.06 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1
TUCC358 0.06 0.03 0.06 1 0.06 0.03 0.25 1 >1 >1 >1 >1 >1 >1 >1
TUCC359 0.125 0.03 0.06 1 0.06 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1

Abbreviations. BG: bergamot; CF: Arabica coffee; CI: cinnamon; CL: clove bud; GE: geranium; GI: ginger;
LG: lemongrass; LM: lemon; LV: lavender; MOL: Molinette; MP: mentha of Pancalieri; MY: myrrh; MY-N: Namib-
ian myrrh; PB: black pepper; TH: thyme; TT: tea tree; TUCC: Turin University Culture Collection.
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Table 4. Minimum fungicidal concentration (MFC) of all the essential oils towards twenty-three C.
auris isolates, reported as percentage (%) v/v.

Isolate GE TH LG TT CL CI MP LV PB CF BG GI LM MY MY-N
MOL 1 0.125 0.06 0.125 1 0125 0125 0.5 1 >1 >1 >1 >1 >1 >1 >1
MOL 2 0.125 0.5 0.125 1 0.125 0125 0.5 1 >1 >1 >1 >1 >1 >1 >1
MOL 3 0.125 1 0.125 1 0.125 0.125 05 1 >1 >1 >1 >1 >1 >1 >1
MOL 4 0.125 0.125 0.25 1 0.125 0.06 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 5 0.06 0.06 0.125 1 0125 0.06 0.5 1 >1 >1 >1 >1 >1 >1 >1
MOL 6 0.06 0.06 0.125 1 0.125 0.125 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL 7 0.06 0.06 0.25 1 0125 0125 0.5 1 >1 >1 >1 >1 >1 >1 >1
MOL 8 0.03 0.06 0.125 1 025 0125 05 1 >1 >1 >1 >1 >1 >1 >1
MOL 9 0.03 0.06 0.125 1 0.06 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
MOL 10 0.06 0.03 0.125 1 0125 0.25 0.25 1 >1 >1 >1 >1 >1 >1 >1
MOL11 0125 0.06 025 1 025 0.25 1 1 >1 >1 >1 >1 >1 >1 >1
MOL12 0125 0.06 0.25 1 025 0.25 1 1 >1 >1 >1 >1 >1 >1 >1
MOL13 0125 0.06 0.125 1 025 0.25 1 1 >1 >1 >1 >1 >1 >1 >1
MOL14 0125 0.125 0.125 1 025 0.25 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC306 0.125 0.125 0.25 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC307 05 0125 05 1 0125 0125 >1 1 >1 >1 >1 >1 >1 >1 >1
TUCC308 025 0125 0.25 1 025 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC309 0.125 0.06 0.5 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC353 0.125 0.125 0.25 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC355 0.125 0.06 0.125 1 0.06 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC356 0.125 0.06 0.125 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC358 05 0.06  0.06 1 0.125 0.06 1 1 >1 >1 >1 >1 >1 >1 >1
TUCC359 0.125 0.0125 0.5 1 0.125 0.125 1 1 >1 >1 >1 >1 >1 >1 >1

Abbreviations. BG: bergamot; CF: Arabica coffee; CI: cinnamon; CL: clove bud; GE: geranium; GI: ginger;
LG: lemongrass; LM: lemon; LV: lavender; MOL: Molinette; MP: mentha of Pancalieri; MY: myrrh; MY-N: Namib-
ian myrrh; PB: black pepper; TH: thyme; TT: tea tree; TUCC: Turin University Culture Collection.

In a study, the components of different EOs, specifically eugenol, methyleugenol,
carvacrol and thymol, were assayed by dilution method for their anti-C. auris efficacy,
revealing that carvacrol and thymol displayed the lower MIC values [39]. Parker et al. [33]
assayed numerous EOs with regard to C. auris, and in full agreement with our data,
cinnamon leaf, clove bud, geranium, lemongrass, peppermint and tea tree demonstrated
strong activity in stopping C. auris growth. Di Vito et al. and Rosato et al. [17,40,41]
evaluated the anti-C. auris activity of cinnamon EO or its components, and highlighted
MICs of 0.06% v /v, in accordance with our results. The data here obtained revealed that not
only cinnamon but also thyme and clove bud were the most effective EOs towards almost
all the C. auris clinical strains, and this could be explained by the main components of these
EOs, which are thymol and eugenol, respectively (Table 2). Indeed, these molecules display
a pronounced antifungal activity, in accordance with previous literature findings, and
further confirming that the EO composition influences its outcome in terms of antimicrobial
properties [17,33,39-41]. More recently, numerous EOs were tested against one strain of
C. auris, and the most active EO was that extracted from Lippia alba, carvone-limonene
chemotype [45].

In a previous study, the authors assayed the action of EOs and commercial terpenes
against seven C. auris strains susceptible or resistant to FLU or AMB: the results underlined
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high values of MICs (as p1g/mL) independently from the used compound [46]. Moreover,
myrtenol was tested against a strain of K. pneumoniae and one of C. auris, and antimicrobial
activity was revealed only for the latter [47]. Conversely, Kim et al. [48] did not detect an
inhibitory effect towards C. auris, or other Candida spp. isolates, in the presence of 6-shogaol
(ginger).

The agar disc diffusion test was used to further assess the activity of both the
antifungals—assayed at 1000/1 and 5/1 ng/mL—and the six most effective EOs—used
at 100%, 75% or 25%—towards the two selected C. auris strains (MOL 10 and MOL
11). Regarding the antifungals, 5-FL (~39 mm) displayed a larger inhibition halo com-
pared to echinocandins (MYC~24 mm and CAS~14 mm), while FLU was confirmed to be
ineffective—with no inhibition halo—on C. auris, both MOL 10 or MOL 11 (Table 5). The
results shown in Table 6 also demonstrated the variability of the inhibition halo diameter
depending on the EO assayed and/or its concentration, with an efficacy akin to that of the
handmade broth dilution data. In particular, all the EOs’ diameters were greater than 8 mm,
and therefore both clinical strains displayed a susceptible profile. Once again, thyme was
the most active EO, showing an inhibition halo almost equal to the diameter of the Petri dish
(Figure 2), followed by clove bud, lemongrass, cinnamon and geranium EOs. Remarkably,
the halo diameter of clove bud EO did not vary with the increase of its concentration in the
disc, and therefore a minor amount of oil might be used for therapeutic purposes. However,
for mentha of Pancalieri EO, for which the broth dilution revealed higher MIC values, the
inhibition halo was the smallest for both C. auris strains. This could be explained by the lower
release capability of this EO compared to the others. Figures 3 and 4 depict representative
pictures of the inhibition halo against C. auris MOL 10 and MOL 11 in the presence of the
EOs, respectively.

Table 5. Inhibition halo diameters (mm) of fluconazole, micafungin, caspofungin and 5-flucytosine
towards C. auris MOL 10 and MOL 11, by agar disc diffusion assay.

Strain FLU MYC CAS 5-FL
(1000/1 pg/mL) (5/1 pg/mL) (5/1 pg/mL) (5/1 ug/mL)
MOL 10 0 24.05 4+ 0.01 14.52 + 1.46 39.21 £ 1.62
MOL 11 0 24.11 + 0.01 13.52 £ 0.01 39.72 £ 0.5

Abbreviations. 5-FL: 5-flucytosin; CAS: caspofungin; FLU: fluconazole; MOL: Molinette; MYC: micafungin.

Table 6. Inhibition halo diameters (mm) of thyme, clove bud, lemongrass, cinnamon, geranium and
mentha of Pancalieri towards C. auris MOL 10 and MOL 11, by agar disc diffusion assay.

Strain Concentration TH CL LG CI GE MP
25% 40.94 + 0.65 32.03 +0.49 23.63 +1.41 15.38 4+ 1.39 10.55 £ 0.85 9.60 4 0.49
MOL 10 75% 59.57 £+ 0.55 35.01 + 0.03 35.58 +1.22 19.05 4+ 0.90 19.08 £ 0.63 12.08 £+ 0.03
100% 63.88 1 0.66 36.77 + 0.02 36.87 £+ 0.28 35.84 + 1.65 26.04 + 0.59 14.10 £ 0.57
25% 50.77 = 0.80 32.35 4+ 0.40 275+ 1.04 1592 +£1.41 12.49 +£1.18 9.95 £+ 0.26
MOL 11 75% 56.82 + 0.75 36.09 £ 0.51 3047 +=1.11 19.86 £+ 0.71 16.32 £ 1.71 14.15 £ 0.45
100% 63.69 + 0.77 39.42 +0.23 31.46 +1.31 32.82 + 0.68 2043 +1.11 19.53 £1.11

Abbreviations. CI: cinnamon; CL: clove bud; GE: geranium; LG: lemongrass; MOL: Molinette; MP: mentha of
Pancalieri; TH: thyme.

Notably, few reports used both techniques—broth dilution and agar disc diffusion—to as-
sess the anti-C. auris efficacy of EOs as we did in our experiments. Among them, Fernandes
et al. [16] determined the anti-C. auris activity of different EOs, specifically thyme, tea tree,
cajeput and niaouli, by using both methods. These authors demonstrated a lower MIC for
tea tree EO (0.78% v/v) compared to our results (1% v/v), and a higher MIC for thyme EO
(1.56% versus < 0.06% v/v). The disc diffusion assay demonstrated an inhibition halo of
~20 mm for either tea tree or thyme EO, while in our study, a greater diameter of inhibition
was registered for the latter. Analogously, Cinnamomum zeylanicum was used to estimate
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the inhibition of the growth of C. auris: a halo of ~73 mm and a MIC value of 0.06% v/v
were observed, in accordance with our data [29].

(&)

Figure 2. Representative images of the inhibition halo in the presence of thyme EO at the lowest
concentration (25%), towards C. auris MOL 10 (A) and MOL 11 (B).

100% 75% 25%
(A)

(B)

©

Figure 3. Representative images of the inhibition halo in the presence of cinnamon (A), clove bud (B)
and mentha of Pancalieri (C) EOs at diminishing concentrations, specifically 100%, 75% and 25%,
towards C. auris MOL 10.
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Figure 4. Representative images of the inhibition halo in the presence of cinnamon (A), clove bud (B)
and mentha of Pancalieri (C) EOs at diminishing concentrations, specifically 100%, 75% and 25%,
towards C. auris MOL 11.

3.3. Checkerboard Experiments on C. auris and EOs/Antifungals

Following the broth dilution experiments, the six most effective EOs were employed
for the checkerboard assays—towards MOL 10 (Table 7) and MOL 11 (Table 8) clinical
isolates—by testing four traditional antifungal drugs: FLU, MYC, CAS and 5-FL. The data
were interpreted according to Parker et al. [33]. An antagonistic effect was revealed for
the CAS and thyme combination towards C. auris MOL 10, while no antagonism was
obtained against MOL 11. Conversely, the vast majority of the EOs showed an additive or
indifferent activity when combined with antifungals for both strains. In particular, for C.
auris MOL 10, an additive effect was revealed for twelve combinations, with FICIs ranging
from 0.75 to 0.99; and the indifferent profile was obtained for eight associations, with FICIs
varying between 1.06 and 2.5 (Table 7). For C. auris MOL 11, ten additive (FICIs 0.97-0.99)
and nine indifferent (FICIs 1.5-2) combinations were observed (Table 8). Interestingly,
the synergistic effects (FICIs 0.5) were highlighted for both strains: pertaining to MOL
10, the combinations between MYC and geranium, thyme or cinnamon EOs; regarding
MOL 11, the associations between FLU and mentha of Pancalieri, MYC and lemongrass,
clove bud or cinnamon, and 5-FLU and mentha of Pancalieri. Notably, when MYC and
cinnamon EO were assayed alone, the MIC values obtained were fairly high (1-2 pg/mL
for MYC and 0.25% v/v for cinnamon), whereas for both MOL 10 (blood culture) and MOL
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11 (tissue swab), the checkerboard test revealed the synergistic effect of their combination.
This might be explained by the fact that in cinnamon EO, eugenol is the most abundant
compound. Indeed, this EO component is capable of damaging the cell wall and disrupting
the cytoplasmic membrane of Candida spp. which, in turn, could allow better access of
MYC to its target [49-51].

Numerous articles evaluated the combined activity of antifungals, mainly azoles,
echinocandins, AMB and 5-FL, in their in vitro ability to counteract C. auris multiplica-
tion [35,37,38,52-54]. Recently, O’Brian and colleagues [35] estimated that different anti-
fungal drugs used together were able to reduce C. auris growth, and they also revealed
that the most effective combination was that of VOR and 5-FL. Analogously, data from
Jacobs et al. [37] underlined that pan-resistant strains of C. auris were affected in their
proliferation by using combined antifungals (i.e., AMB and CAS). Furthermore, towards
C. auris strains, a synergistic activity was demonstrated by the association of MYC and
VOR, but an indifferent interaction was obtained for FLU and CAS or MYC [38]. In this
context, colistin was employed with echinocandins to counteract C. auris multiplication,
thus revealing that, as expected, this antibiotic alone did not affect the yeast proliferation,
whereas in combination with CAS a synergic activity was observed [52].

Table 7. Interaction among the four traditional antifungals and the six selected EOs against C. auris
MOL 10.

Antifungal Essential Oil FICI Interpretation

Fluconazole Geranium 0.98 Additive

Fluconazole Lemongrass 0.99 Additive
Fluconazole Cinnamon 0.98 Additive
Fluconazole Mentha of Pancalieri 0.75 Additive
Micafungin Geranium 0.5 Synergic
Micafungin Thyme 0.5 Synergic
Micafungin Lemongrass 0.75 Additive
Micafungin Cinnamon 0.5 Synergic
Micafungin Mentha of Pancalieri 0.99 Additive

Caspofungin Lemongrass 0.75 Additive
Caspofungin Clove bud 0.97 Additive

Caspofungin Mentha of Pancalieri 0.98 Additive
5-Flucytosine Geranium 0.97 Additive

5-Flucytosine Lemongrass 0.98 Additive

5-Flucytosine Clove bud 0.97 Additive

Interpretation colours. Green: synergic; yellow: additive; orange: indifferent; red: antagonistic.
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Table 8. Interaction among the four traditional antifungals and the six selected EOs against C. auris

MOL 11.
Antifungal Essential Oil FICI Interpretation
Fluconazole Geranium 0.98 Additive
Fluconazole Thyme 2 Indifferent
Fluconazole Lemongrass 2 Indifferent
Fluconazole Clove bud 0.97 Additive
Fluconazole Cinnamon 1.5 Indifferent
Fluconazole Mentha of Pancalieri 0.5 Synergic
Micafungin Geranium 2 Indifferent
Micafungin Thyme 0.98 Additive
Micafungin Lemongrass 0.5 Synergic
Micafungin Clove bud 0.5 Synergic
Micafungin Cinnamon 0.5 Synergic
Micafungin Mentha of Pancalieri 2 Indifferent
Caspofungin Geranium 0.98 Additive
Caspofungin Thyme 2 Indifferent
Caspofungin Lemongrass 0.99 Additive
Caspofungin Clove bud 0.97 Additive
Caspofungin Cinnamon 0.97 Additive
Caspofungin Mentha of Pancalieri 0.97 Additive
5-Flucytosine Geranium 0.97 Additive
5-Flucytosine Thyme 2 Indifferent
5-Flucytosine Lemongrass 1.5 Indifferent
5-Flucytosine Clove bud 0.98 Additive
5-Flucytosine Cinnamon 1.5 Indifferent
5-Flucytosine Mentha of Pancalieri 0.5 Synergic

Interpretation colours. Green: synergic; yellow: additive; orange: indifferent.

Until now, only a few articles have reported the in vitro evaluation of the combined
effect of EOs and antifungal drugs. To the best of our knowledge, this is the first report that
includes a relevant number of European isolates of C. auris harvested from both superficial
and deep infection sites, and that evaluates, for all the strains, the antifungal activity of nine
traditional drugs and fifteen EOs, with different methodological approaches. Remarkably,
the checkerboard assay was also set up by using two representative clinical isolates and
numerous combinations of EOs/antifungals. Recently, the associated activity of cinnamon
EO and FLU or MYC was evaluated, and an additive profile was recorded, as demonstrated
for C. auris MOL 10 in our results [17,40]. Notably, from the results reported here, when
cinnamon EO was associated with CAS, a synergic effect was further noted for both of
the strains isolated from the two different sites, either deep (MOL 10) or shallow (MOL
11). Parker et al. [33] assessed the association of antifungals and EOs in fighting C. auris
growth in vitro: a synergistic activity was registered only for AMB and clove bud, whereas,
in our data, it was additionally highlighted for MYC with either geranium or thyme EOs
for C. auris MOL 10, or with lemongrass, cinnamon and clove bud EOs for C. auris MOL 11.
Moreover, the same authors observed that FLU and 5-FL were generally synergic (es. clove
bud) or additive (es. cinnamon)—in accordance with our results—but depending on the
EOs used for the combination [33]. Maione and colleagues [47] evaluated the association
of myrtenol with CAS or meropenem towards C. auris and K. pneumoniae, respectively,
and a synergic effect was obtained. Our checkerboard experiments confirmed the MIC
results of EOs, and in fact, a synergism was highlighted for the combination of MYC
with thyme and/or cinnamon and/or clove buds. Once again, the results obtained with
these EOs, abundant in eugenol or thymol, further demonstrated, as stated above, that the
composition of EOs is crucial for their activity against the C. auris isolates either alone or in
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combination with antifungals. Particularly, regarding MOL 11—the strain harvested from
the skin—a synergistic activity was also noted for mentha of Pancalieri EO in combination
with FLU or 5-FL, corroborating the fact that even if the EO or the drug alone might be
ineffective, their association can enhance the anti-C. auris outcome. Accordingly, Di Vito
et al. [41] assayed the combination of FLU and Cinnamomum zeylanicum EO fraction, and an
additive antifungal activity was noted on C. auris. Finally, Shaban et al. [39] determined the
most proper association of carvacrol, a compound of EOs, with antifungals to achieve a
synergism, and this was obtained in its combination with AMB or nystatin.

Since similar concentrations of novel antimicrobial compounds, such as EOs or metal
ions, are active against both eukaryotic cells and microorganisms, the tuning of their
optimal quantity—necessary to reach antifungal activity without hampering human cell
viability—is highly desired [25,55]. Adukwu et al. [26] revealed that lemongrass EO at
0.126% v /v was not toxic for human dermal fibroblasts. Additionally, in a previous study,
our research group demonstrated that, when EOs are blended in a polymer-based three-
dimensional scaffold, an amount of either EO (cinnamon) or its compound (eugenol) lower
than 10% v/v did not impaired the viability of eukaryotic cells, specifically human sarcoma
osteogenic-2 cells [25]. Similarly, the loading of thyme EO into nanoparticles, made of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), did not affect the survival of VERO cells
when its release was at about 2% [56]. Therefore, we can speculate that all the EOs here, used
at a maximum concentration of 1% v/v, should be considered as non-toxic for human cells.

4. Conclusions

As known, the rate of resistance emergence to antimicrobial agents is slower in fungi
compared to bacteria. However, C. auris arose as a critical pathogen in health care institu-
tions, as it is resistant to fluconazole while exhibiting a variable susceptibility pattern to the
other first-line drugs. Therefore, it is necessary to explore new therapeutic options, such
as EOs or their combination with antifungals, to successfully overcome these challenging
infections. In the present study, we assess—through different methodologies—the pattern
of susceptibility /resistance of numerous European strains of C. auris, isolated from deep
and superficial infections, towards both traditional antifungals and EOs. The in vitro results
here reported indicate that EOs are able to inhibit the growth of fluconazole-resistant C.
auris clinical isolates. In particular, the most effective ones are thyme, cinnamon, gera-
nium, clove bud, lemongrass and mentha of Pancalieri. Notably, the checkerboard findings,
achieved by exploring a relevant number of EO and antifungal associations, demonstrate—to
various extents—that the combination of an antifungal drug with EOs can enhance the
anti-C. auris activity, reaching a synergic or additive effect. Hence, we confirm that EOs
display antifungal features alone, and might also boost the effectiveness of antifungals
which would otherwise be impaired in their activity towards resistant strains. In this
context, the use of an association could lead to a reduction in the dose of the individual
components, thus limiting the overall side effects.

Additionally, an interesting approach to overcome the limitations of EOs related to
their volatile nature, lipophilicity and possible toxicity at high concentration would be the
development of nanovehicles encapsulated with both antifungals and EOs to counteract the
cutaneous colonisation of C. auris, to prevent its shift to the deeper layers and subsequent
systemic infections. Moreover, this might also be a promising strategy for the targeted
delivery of drugs for deep mycosis counteraction, implying a different posology and
limiting systemic adverse reactions. Therefore, these associations might also be used in
hospital and clinical settings, only after ex vivo and in vivo evaluations.
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