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Abstract: The emergence and spread of drug-resistant pathogens, resulting in antimicrobial resistance,
continue to compromise our capability to handle commonly occurring infectious diseases. The rapid
global spread of multi-drug-resistant pathogens, particularly systemic fungal infections, presents a
significant concern, as existing antimicrobial drugs are becoming ineffective against them. In recent
decades, there has been a notable increase in systemic fungal infections, primarily caused by Candida
species, which are progressively developing resistance to azoles. Moreover, Candida species biofilms
are among the most common in clinical settings. In particular, they adhere to biomedical devices,
growing as a resilient biofilm capable of withstanding extraordinarily high antifungal concentrations.
In recent years, many research programs have concentrated on the development of novel compounds
with possible antimicrobial effects to address this issue, and new sources, such as plant-derived
antimicrobial compounds, have been thoroughly investigated. Essential oils (EOs), among their
numerous pharmacological properties, exhibit antifungal, antibacterial, and antiviral activities and
have been examined at a global scale as the possible origin of novel antimicrobial compounds. A
recent work carried out by our research group concerned the synergistic antibacterial activities of
commercially available and chemically characterized Cinnamomum verum L. essential oil (C. verum
EO) in association with sertraline, a selective serotonin reuptake inhibitor whose repositioning as
a non-antibiotic drug has been explored over the years with encouraging results. The aim of this
work was to explore the synergistic effects of C. verum EO with sertraline on both planktonic and
sessile Candida species cells. Susceptibility testing and testing of the synergism of sertraline and
C. verum EO against planktonic and sessile cells were performed using a broth microdilution assay
and checkerboard methods. A synergistic effect was evident in both the planktonic cells and mature
biofilms, with significant reductions in fungal viability. Indeed, the fractional inhibitory concentration
index (FICI) was lower than 0.5 for all the associations, thus indicating significant synergism of the
associations with the Candida strains examined. Moreover, the concentrations of sertraline able to
inhibit Candida spp. strain growth and biofilm formation significantly decreased when it was used
in combination with C. verum EO for all the strains considered, with a reduction percentage in the
amount of each associated component ranging from 87.5% to 97%.

Keywords: drug repositioning; antimicrobial resistance; synergism; checkerboard microdilution
method; antifungal effect

1. Introduction

Candida species are opportunistic pathogenic microorganisms that can cause systemic
infections with a high mortality rate in immunocompromised and at-risk patients, thus
representing a serious threat to public health [1]. Indeed, Candida spp. are the primary
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cause of 50–70% of systemic fungal infections, and candidemia is the most common hos-
pital infection, representing approximately 15% of bloodstream infections [2]. Candida
albicans is the most commonly isolated pathogenic species. However, other species, such
as Candida glabrata, Candida tropicalis, Candida parapsilosis, Candida krusei, Candida famata,
Candida guilliermondii, and Candida lusitaniae, have increasingly been isolated, principally
in human immunodeficiency virus (HIV)-infected individuals [3,4]. According to some
studies, Candida strains are able to adhere to artificial and mucosal surfaces to produce
biofilms, incredibly complex structures [5]. Biofilm formation is a significant virulence
factor that lengthens hospital stays, raises death rates, and increases the cost of antifungal
therapy in patients affected by this condition [6]. In addition, the growing resistance of
yeast to antifungal drugs is one of the main issues among researchers and clinicians. The
biological mechanisms that decrease the sensitivity of yeast biofilms to antifungal com-
pounds, including the most commonly used azoles, involve active drug efflux, the limited
penetration of molecules through the extracellular matrix, the low metabolic activity of
cells in mature biofilms, and the higher expression of various genes in biofilms than in
planktonic forms [7,8]. In spite of the harmful effects fungi pose to human health, there
are only a few classes of antifungal drugs currently accessible for addressing these poten-
tially life-threatening infections; furthermore, those currently available do not completely
provide safe and secure protection [9]. To overcome this issue, numerous pharmaceutical
compounds from different therapeutic classes are being evaluated as antimicrobials in the
drug repositioning approach to finding new, cost-effective solutions [10]. Non-antifungal
medications exhibiting antifungal properties are proven to be effective in combating fungal
infections. Certain antidepressant medications have demonstrated antimicrobial effects,
with the most potent activity observed in the third-generation antidepressants referred
to as selective serotonin reuptake inhibitors (SSRIs), such as fluoxetine, paroxetine, and
sertraline [11]. Notably, sertraline, owing to its antimicrobial potential, has been shown
to augment the efficacy of various antibiotics, reverse pathogen multidrug resistance, and
render them susceptible to previously ineffective drugs [12,13]. Antifungal activity of
sertraline has been recently demonstrated against planktonic forms and biofilms of some
fungal strains [14,15]. In addition, a recent study demonstrated the synergistic activity
of SSRIs, including sertraline, in combination with azoles against Cryptococcus spp. [16].
Another strategy for addressing therapeutic failures in the treatment of fungal infections is
the use of plant-derived compounds [17–19]. Amongst phytochemicals, essential oils (EOs),
yielded by aromatic plants as secondary metabolites, and their bioactive pure compounds
have demonstrated an extensive array of noteworthy biological activities, including an-
tibacterials and antifungals [20,21]. EOs can mitigate microbial growth and inhibit biofilm
formation through distinct mechanisms associated with the breakdown of the bacterial cell
wall, their influence on the breakdown of enzymes or membrane proteins, or the release of
cell contents following cytoplasmic membrane failure [22,23]. The intricate composition
of EOs can play a fundamental role in counteracting microbial resistance since it can be
challenging for pathogens to develop resistance to several substances [24]. This suggests
that EOs and antibiotics may work synergistically to combat microbial infections. This
aspect matters since it may contribute to lowering the dosage and usage of antibiotics in
treatments, thereby decreasing their adverse effects [25]. Among the essential oils with
pronounced antimicrobial activities emerge those derived from species within the genus
Cinnamomum (Lauraceae), including Cinnamomum verum, commonly referred to as Ceylon
cinnamon, or the cinnamon tree [26]. Despite significant variations in the chemical compo-
sition observed across oils from different regions worldwide [27,28], trans-cinnamaldehyde
predominates as the major constituent, constituting 47–71% of the composition, while their
other constituents include eugenol and linalool. The essential oil of C. verum has been used
for centuries in various cultural practices due to its medicinal properties. These include
its use as an antiseptic, an anti-inflammatory [29], and a preservative agent [30]. Diverse
studies have reported the potent antibacterial and antifungal properties of C. verum EO,
both independently and in conjunction with antibiotics [31,32]. Indeed, a recent study re-
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ported the efficacy of low concentrations of C. verum EO in the inactivation of E. faecalis and
S. aureus in carrot juice and white mulberry juice [33]. Furthermore, the efficacy of C. verum
leaf essential oil has been demonstrated as a therapeutic alternative for Candida biofilm
infections, highlighting its potential in addressing fungal resistance issues [28]. This work
is part of our ongoing research program directed toward the development of new strate-
gies to overcome antimicrobial resistance. Indeed, in recent years, we have concentrated
our efforts on examining the possible synergies between EOs and antibiotics (gentamicin,
oxacillin, and norfloxacin) or repurposed drugs (diclofenac, sertraline, etc.), proving the
effectiveness of these combinations and raising the possibility of novel therapeutic applica-
tions [34–36]. In our previous work, we demonstrated the synergistic antibacterial effect
on planktonic cells of sertraline in combination with C. verum EO [37]. Considering the
compelling findings acquired and acknowledging the documented capability of sertraline
to combat fungal infections and hamper biofilm growth [38,39], the goal of this work was to
evaluate the synergic action of the combination of sertraline and C. verum EO on planktonic
cells of different Candida strains and their ability to inhibit the growth of biofilms produced
by fungal strains.

2. Results
2.1. Cinnamomum verum EO’s Chemical Composition

Gas chromatography–mass spectrometry analyses of the EO were performed following
the procedure described in our previous papers [35,37]. The analysis resulted in the
identification of 99% of the whole mixture. The principal constituents of C. verum EO
are (E)-cinnamaldehyde (72%), linalool (6.78%), eugenol (6%), cinnamyl acetate (5%), and
eucalyptol (1.47%). The other constituents are present at quantities of less than 1%, i.e., p-
cymene, humulene, a-pinene, etc. Our results, shown in Table 1, are basically in agreement
with what has been previously reported [37].

Table 1. Chemical composition of Cinnamomum verum EO.

Compound Peacks Area % ± SEM Library/ID SI/MS LRI AI

1 0.3 ± 0.1 α-Pinene a 94 934 934
2 0.1 ± 0.03 Camphene 96 950 949
3 0.5 ± 0.1 β-Thujene 91 965 968
4 0.2 ± 0.1 α-Phellandrene a 90 1005 1001
5 0.5 ± 0.1 p-Cymene 95 1021 1021
6 1.5 ± 0.30 Eucalyptol a 98 1023 1023
7 7 ± 1 Linalool a 97 1095 1098
8 0.2 ± 0.01 o-Anisaldehyde 98 1220 1222
9 73 ± 5 (E)-Cinnamaldehyde a 97 1225 1226

10 0.2 ± 0.04 Safrole 97 1285 1287
11 0.4 ± 0.05 α-Cubebene 98 1348 1348
12 6 ± 1 Eugenol a 98 1360 1359
13 4 ± 1 Caryophyllene a 99 1410 1408
14 0.5 ± 0.1 Humulene 95 1452 1452
15 5 ± 1 Cinnamyl Acetate a 97 1455 1455
16 0.2 ± 0.02 Eugenol Acetate 96 1525 1524
17 0.3 ± 0.04 Caryophyllene oxide 83 1580 1578
18 0.6 ± 0.1 Benzyl Benzoate 96 1755 1753

a: Standard compounds. The linear retention index (LRI) on an HP-5MS column was experimentally determined
using a homologous series of C7-C30 alkane standard mixtures. The arithmetic index (AI) was taken from Adams
4th Ed. [40] and/or the NIST database [41]. Similarity indexes/mass spectra (SIs/MS) were compared with
data reported in the NIST database and were determined as reported by Koo et al. [42] and Wan et al. [43].
Relative percentage values are means of three determinations with structural equation modelling (SEM) in all
cases below 10%.
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2.2. Antifungal Activity of Sertraline in Association with Cinnamomum verum EO against
Planktonic Cells of Candida spp.

The synergistic antifungal effect of C. verum EO in combination with sertraline against
planktonic cells of several strains of Candida spp. has been explored by means of the mi-
crodilution checkerboard technique. Table 2 displays the minimal inhibitory concentration
(MIC) values for sertraline and C. verum EO. MICo represents the MIC value of a single
component tested alone, while MICc is the MIC value of each component in the association
at the most effective inhibition growth. The fractional inhibitory concentration (FIC) is
calculated by the MICc/MICo ratio, and the fractional inhibitory concentration index (FICI),
a parameter that expresses the synergism of the two compounds, is determined by adding
the FIC of sertraline to the FIC of C. verum EO. In the final column of Table 1, R% describes
the percentage decrease in the quantity of each combined component compared to each
single component. All the FICI values were significantly lower than 0.5, in the range of
0.08–0.16 and thus denoting a marked synergism between C. verum EO and sertraline
against all the fungal strains tested. It is worth noting that the MICc value for sertraline is
markedly reduced when combined with the EO since it was found to be up to 40-fold lower
than the MICo for most of the yeast species under study. Interestingly, the best results were
achieved against C. albicans ATCC 90028 and C. kefyr ATCC 204093, for which the MIC
values of sertraline decreased from 32.0 (MICo) to 0.80 (MICc) µg/mL and from 64.0 (MICo)
to 3.20 (MICc) µg/mL, respectively, by showing a noteworthy reduction percentage of 97%
in the first case and 95% in the second, as proven by the FICI values of 0.08 for both species.
Concerning the American Type Culture Collection (ATCC) strains, the synergistic activity
of the combination against C. albicans ATCC 10231 and C. glabrata ATCC 15126 should be
noted. Indeed, a substantial reduction in the sertraline concentration is observed since
it switches from 64.0 (MICo) to 3.20 (MICc) µg/mL for both strains, exhibiting a 20-fold
reduction. An impressive synergistic effect was also observed on C. albicans A18 and
C. krusei 31A29, both derived from clinical isolation, for which the sertraline concentrations
decreased from 128.00 to 6.40 and from 64.00 to 3.20 µg/mL, respectively. Interestingly,
the combination under study was also shown to be effective against C. albicans 10 A12
(FICI = 0.17), C. krusei ATCC 6258 (FICI = 0.16), and C. tropicalis ATCC 750 (FICI = 0.16).
Overall, the clear-cut synergic activity of sertraline and C. verum EO determined a signifi-
cant reduction percentage for the amount of each component in association with respect to
the single component that ranged between 87.5% and 97%.

Table 2. Antifungal effect of sertraline (µg/mL), Cinnamomum verum EO (mg/mL), and their associa-
tion on different Candida spp. strains.

Strains MICo a MICc b FIC c FICI d R% e

C. albicans ATCC 10231
Sertraline 64.00 3.20 0.05 0.11 95

C. verum EO 0.32 0.02 0.06 94

C. albicans ATCC 90028
Sertraline 32.00 0.80 0.03 0.08 97

C. verum EO 1.22 0.06 0.05 95

C. albicans 10 A12
Sertraline 64.00 3.20 0.05 0.17 95

C. verum EO 0.64 0.08 0.12 87.5

C. albicans A18
Sertraline 128.00 6.40 0.05 0.11 95

C. verum EO 0.32 0.02 0.06 94

C. glabrata ATCC 15126
Sertraline 64.00 3.20 0.05 0.11 95

C. verum EO 0.64 0.04 0.60 94



Pharmaceuticals 2024, 17, 1109 5 of 15

Table 2. Cont.

Strains MICo a MICc b FIC c FICI d R% e

C. kefyr ATCC 204093
Sertraline 64.00 3.20 0.05 0.08 95

C. verum EO 0.32 0.01 0.03 97

C. krusei ATCC 6258
Sertraline 64.00 6.40 0.10 0.16 90

C. verum EO 0.32 0.02 0.06 94

C. krusei 31A29
Sertraline 64.00 3.20 0.05 0.11 95

C. verum EO 0.32 0.01 0.06 97

C. tropicalis ATCC 750
Sertraline 128.00 12.80 0.10 0.16 90

C. verum EO 1.22 0.08 0.06 93

All the MIC (minimal inhibitory concentration) values for sertraline and C. verum EO are expressed in µg/mL
and mg/mL, respectively. a MICo: MIC of single component tested alone; b MICc: MIC of each component in
association at the most effective inhibition growth; c FIC: fractional inhibitory concentration; d FICI: fractional
inhibitory concentration index; e R%: reduction percentage in the amount of each associated component compared
to each single component. FIC and FICI are reported as the means of three replicates.

2.3. Inhibitory Effects on Candida spp. Biofilm Growth of Sertraline in Association with
Cinnamomum verum EO

The encouraging results obtained on the planktonic cells prompted us to investigate
the potential inhibitory activity of the association between sertraline and C. verum EO
against the growth of biofilms produced by the yeast strains considered in this research.
The effects of this association, obtained by means of an XTT assay, expressed as percentage
values of the reduction in biofilm growth, along with the amounts of each component in
association at the most effective growth inhibition, are reported in Table 3. In addition, all of
the sessile minimal inhibitory concentration values (sMIC50) for sertraline and C. verum EO
were reported for comparison. The combination of sertraline with C. verum EO was effective
in hampering biofilm growth of all the Candida spp. tested, with the inhibition percentages
ranging from 59.90 to 86.44%, thus confirming the trend of the results obtained on the
planktonic cells. Indeed, the FICI values for this association were between 0.16 and 0.35,
demonstrating an evident synergistic effect even on the sessile cells. Particularly interesting
are the data obtained against C. albicans ATCC 90028 since the association of sertraline
with C. verum EO strongly succeeded in inhibiting the biofilm growth produced by this
strain, with a percentage value of 86.44% (FICI = 0.23). The combination also proved to
be quite promising in preventing the growth of the biofilms formed by the strains from
clinical isolation of C. albicans A 18 (FICI = 0.35) and C. albicans 10 A12 (FICI = 0.23), with
percentages of 77.02 and 75.29%, respectively, and those formed by C. albicans ATCC 10231
(FICI = 0.16), with a percentage of 72.8%. As already observed for the planktonic cells, an
interesting result was also achieved with sessile cells of C. kefyr ATCC 204093. Indeed, the
biofilm formed by this yeast decreased with a percentage amounting to 79.80% (FICI = 0.20).
The C. glabrata ATCC 15126, C. krusei ATCC 6558, C. krusei 31 A29, and C. tropicalis ATCC
750 biofilms treated with the sertraline–C. verum EO association also appreciably decreased,
with percentages amounting to 59.90, 64.90, 69.44, and 68.25%, respectively. Another
parameter that allows us to confirm the effectiveness of the association between these
two substances is the significant reduction in the amounts of sertraline able to inhibit
biofilm growth when combined with C. verum EO with respect to the amounts of sertraline
tested alone. Indeed, the sMIC50 of sertraline ranged between 640.00 and 40.00 µg/mL,
whereas the concentration of sertraline in association, for the most effective combination,
ranged between 32.00 and 4.00 µg/mL, thus decreasing 10 to 20 times. This decrement was
particularly pronounced for C. glabrata ATCC 15126 and C. kefyr ATCC 204093, whereby
the sMIC50 of sertraline dropped from 320.00 to 16.00 µg/mL for both, and for C. tropicalis
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ATCC 750, for which the concentration required to hamper biofilm growth declined from
640.00 to 32.00 µg/mL.

Table 3. Inhibitory effects (% Red) of Cinnamomum verum EO, sertraline, and their combinations on
fungal biofilms.

C. verum EO
mg/mL

Sertraline
µg/mL Synergism

Strains sMIC50
a %Red ± SD b sMIC50

c %Red ± SD d C. verum
EO mg/mL e

Sertraline
µg/mL f

Sertraline + C.
verum EO

%Red ± SD g
FICI h

C. albicans ATCC
10231 0.80 52.90 ± 0.50 160.00 76.10 ± 0.82 0.05 16.00 72.8 ± 0.90 0.16

C. albicans ATCC
90028 3.05 67.25 ± 0.55 40.00 57.59 ± 0.50 0.40 4.00 86.44 ± 1.00 0.23

C. albicans 10 A12 1.60 55.16 ± 0.80 160.00 63.80 ± 0.80 0.20 16.00 75.29 ± 0.80 0.23

C. albicans A18 1.60 55.21 ± 0.70 320.00 53.07 ± 0.40 0.40 32.00 77.02 ± 0.40 0.35

C. glabrata ATCC
15126 0.8 83.09 ± 1.00 320.00 82.00 ± 1.00 0.10 16.00 59.90 ± 0.50 0.18

C. kefyr ATCC
204093 0.40 64.40 ± 0.45 320.00 84.80 ± 0.90 0.05 16.00 79.80 ± 0.90 0.20

C. krusei ATCC
6558 0.40 69.22 ± 0.20 320.00 67.43 ± 0.30 0.10 32.0 64.90 ± 1.00 0.35

C. krusei 31 A29 0.80 62.15 ± 0.50 160.00 65.27 ± 1.00 0.2 8.00 69.44 ± 0.80 0.30

C. tropicalis
ATCC 750 1.52 55.30 ± 1.00 640.00 58.16 ± 0.80 0.38 32.00 68.25 ± 0.50 0.30

a Sessile minimal inhibitory concentration of EO that reduced at least 50% of biofilm growth; b EO biofilm mass
inhibition rate ± standard deviation; c sertraline sessile minimal inhibitory concentration that reduced at least 50%
of the biofilm growth; d sertraline biofilm inhibition rate ± standard deviation; e concentration of the essential oil
in the mixture at the most effective combination; f concentration of sertraline in the mixture at the most effective
combination; g biofilm inhibition rate of the combination mixture; h fractional inhibitory concentration index;
EO: essential oil.

2.4. Molecular Modeling Studies

Although the antifungal properties of C. verum EO have not yet been related to
a specific mechanism of action or related to exact targets, the C. albicans cytochrome
P450-dependent lanosterol 14α-demethylase (CYP51) was enrolled to study the potential
mechanisms of C. verum’s main component through molecular modeling experiments.
Lanosterol 14α-demethylase (CYP51) is a member of the cytochrome P450 superfamily
which catalyzes the oxidative removal of the 14α-methyl group of lanosterol to give ∆14,15-
desaturated intermediates in ergosterol biosynthesis [44]. The selection of CYP51 as a
plausible site of action is also supported by the evidence that azoles (i.e., fluconazole and
miconazole) and other drugs (i.e., benzothiazines and benzoxazine) [45–57] inhibit cell
growth upon ergosterol depletion as determined by CYP51 blockade. On the basis of this
evidence, within the EO constituents, the principal chemical entity (E)-cinnamaldehyde
was selected as chaperon for this action; hence, binding to CYP51 was assessed through
dockings. The pose acquired highlighted some interesting features that might be in charge
of the antifungal activity, mainly referring to the possibility of accommodating the whole
(E)-cinnamaldehyde molecular scaffold in the middle of the lodge located over the heme
group of the target, anchoring nearly perpendicularly by means of a coordination bond
involving iron and the aldehydic carbonyl oxygen atom, as depicted in Figure 1.
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Figure 1. Binding pose of (E)-cinnamaldehyde to CYP51.

This feature has been experimentally observed in the X-ray structure of other thiazoles
in complex with different but functionally related cytochromes [49], as has the chelating
ability of cinnamaldehyde also been proven by X-ray data diffraction [50,51]. In addition
to this, π-π stackings of the Phe126 and Tyr118 aromatic rings and hydrophobic contact
with the Ile121 and Ile304 sidechains handle the binding to the cavity dome of CYP51, as
corroborated by favorable docking scores (see Section 4.2).

3. Discussion

The antifungal resistance of Candida spp. to azoles and echinocandins, the main
therapeutic options for the treatment of candidiasis, continues to be an issue of global
concern [58], along with biofilm formation [59]. Microbial biofilms are intricate, spatially
organized communities of microorganisms ensconced within an extracellular matrix and
adhered to a surface. Candida species are known to form intricate and dynamic biofilms
consisting of diverse morphological manifestations of the fungus, including yeasts, pseudo-
hyphae, and hyphae. According to the National Institutes of Health (NIH), more than 80%
of human microbial infections are linked to biofilms [60]. Candida spp. biofilms play a signif-
icant role in recurrent and chronic infections, demonstrating resilience and/or resistance to
diverse antifungal compounds and the innate immune system [61]. Due to the limitations
in treating Candida spp. biofilms with conventional drugs, alternative options are urgently
required. In this scenario, the drug repositioning approach, which aims to identify new
therapeutic potential among already approved drugs, is part of an encouraging develop-
ment in the field of antimicrobial drug discovery. The literature has reported that selective
serotonin reuptake inhibitors (SSRIs) impact antimicrobial activity [11,38,62,63]. Sertraline
(an SSRI), in addition to its primary purpose, exhibits antimicrobial activity against vari-
ous yeast strains, either independently or when combined with antifungal agents [64,65].
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Furthermore, effects against Candida spp. biofilms have been reported [39,66]. The precise
mechanism by which sertraline acts is still not uniquely understood; however, evidence
supports the hypothesis that sertraline, a serotonin reuptake pump inhibitor in humans,
can also behave as an efflux pump inhibitor in bacteria [63]. In addition, some research cor-
roborates the ability of sertraline to cause cell wall and membrane damage in Candida spp.,
also affecting ergosterol synthesis [14,67]. Another promising strategy for finding new
treatments for acute fungal infections is the use of EOs in combination with traditional
antifungal agents or repositioned drugs, known for their antifungal potential. This strategy
aims to improve the treatment efficacy of conventional drugs and decrease toxicity, side
effects, and resistance problems. Indeed, several EOs have been recognized as a signif-
icant reservoir of compounds suitable for application in fungal infections, especially in
the treatment of biofilms [68–70]. The efficacy of these associations was substantiated by
our previous studies related to the synergy of EOs with certain commercially available
antimicrobials and diclofenac, a widely recognized non-steroidal anti-inflammatory drug,
which displayed notable antimicrobial and antifungal efficacy, thereby supporting the
potential therapeutic application of these combinations [35,36,71–73]. In addition, scientific
studies reported synergistic activity of C. verum EO when used in combination with various
antibiotics. Indeed, it was demonstrated that the synergistic combination of C. verum EO
with piperacillin effectively tackled a beta-lactamase-resistant strain of Escherichia coli. One
noteworthy finding revealed a remarkable two-fold reduction in the MIC of piperacillin,
decreasing from 1024 µg/mL to 256 µg/mL, when used in association with the EO [74].
The capability of C. verum EO to cause irreversible membrane damage and to reduce the
bacterial surface charge has been hypothesized as a plausible mechanism of action. One
study also suggested the capability of C. verum EO to function as a quorum-sensing in-
hibitor, thus reversing E. coli’s resistance to piperacillin [75]. C. verum EO has been also
demonstrated to enhance the antimicrobial activity of ampicillin or chloramphenicol against
multi-resistant strains such as Bacillus subtilis and Escherichia coli [32]. More recently, we
demonstrated the synergistic antibacterial effect of the non-antibiotic drug sertraline in
combination with C. verum EO on several bacterial strains [36]. Besides its antibacterial
potential, some studies have highlighted the synergistic activity of C. verum EO when
combined with antifungal agents in addressing Candida infections. Indeed, it has been
demonstrated that combined treatment of C. verum EO and fluconazole (a FIC value of 0.37)
led to 69.51% killing of C. albicans cells after 3 h of incubation and allowed us to decrease
the effective concentrations four- to eight-fold compared to the MIC values. Furthermore,
this combination was found to inhibit ergosterol synthesis at sub-MIC values [76]. The
same potent synergistic effect was demonstrated for the C. verum EO/amphotericin B
association (FIC value of 0.37) against Candida spp. biofilm. Notably, this combination
inhibited C. albicans biofilm formation with a percentage of 94%. This association has also
been reported to affect the production of secreted aspartic proteases, a virulent factor for
C. albicans ATCC 10231, while transcriptomic analyses demonstrated the combined effect of
C. verum EO and amphotericin B in down-regulating Ras-cAMP-Efg and MAPK signaling
genes and inhibiting the expression of adhesion and secreted aspartyl proteinase virulence
factor genes [77]. Building upon these encouraging findings and what was achieved in
our previous work, we aimed to extend our research to the evaluation of the antifungal
effects of the association between C. verum EO and sertraline on different Candida spp.
and their biofilms. As underlined in our in vitro assays, the fungal strains under study
displayed sensitivity to the compounds tested, both individually and in combination, as
shown in Table 1, thus confirming a clear-cut synergism between sertraline and C. verum
EO. Particularly interesting was the significant reduction in the sertraline concentration
needed for planktonic cells when it was used in combination with C. verum EO for all the
yeast strains under study. A noteworthy decrease in sertraline’s active concentration was
observed for C. albicans ATCC 90028, for which the MIC value of sertraline was found to de-
crease from 32.0 to 0.80 µg/mL. Meanwhile, for C. albicans ATCC 10231, C. albicans 10 A12,
C. glabrata ATCC 15126, C. kefyr ATCC 204093, and C. krusei 31A29, the active concentration
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dropped from 64.00 to 3.20 µg/mL. These results are particularly interesting considering
that these strains are responsible for most nosocomial infections of the bloodstream. The
FICI values were significantly lower than the limit value of 0.5 for both the planktonic and
sessile cells, thus confirming the substantial synergism between sertraline and C. verum
EO. Indeed, the sertraline–C. verum EO combination considerably prevented the biofilm
growth of all Candida spp. tested, with the inhibition percentages ranging from 59.90 to
86.44%. Also, in this case, it was possible to observe a significant decrease in the sertraline
concentration necessary to inhibit biofilm growth when it was used in the combination.
This outcome was particularly noteworthy in the case of C. albicans ATCC 90028. Indeed,
while the use of sertraline alone necessitated 40.00 µg/mL, when combined with C. verum
EO, a mere 4.00 µg/mL was adequate to achieve a substantial reduction in biofilm growth,
by 86.4%. This clear synergistic effect was corroborated by a corresponding FICI value of
0.23, markedly lower than the threshold value of 0.5. The data also indicated a considerable
synergistic effect on those strains from clinical isolation. Indeed, the concentration of
sertraline combined with EO that was able to inhibit 69.44 ± 0.80% of C. krusei 31 A29’s
biofilms amounted to 8.00 µg/mL, whereas sertraline alone necessitates 160.00 µg/mL.
These data are particularly encouraging since the remarkable antimicrobial efficacy of this
combination particularly stands out when compared to the associations between C. verum
EO and the conventional antibiotics or antifungals reported in the literature, as documented
by their lower FIC values. Moreover, the lower FIC values imply a more effective synergis-
tic effect, whereby the combined action of this association achieves greater inhibition of
microbial growth at lower concentrations than either compound alone. This is underscored
by the considerable decrease in the concentration of the respective components within
the association.

The effects achieved could be attributed to active substances in C. verum EO such as (E)-
cinnamaldehyde, which is the major component, and others such as eugenol, caryophyllene,
and cinnamyl acetate that are among the minor constituents, as reported in our previous
work [37]. Our docking studies revealed that (E)-cinnamaldehyde binds effectively to
the active site of CYP51, suggesting a potential mechanism by which this compound
exerts its antifungal activity. This interaction is particularly significant as CYP51 is a key
enzyme involved in the biosynthesis of ergosterol, an essential component of the fungal
cell membrane. The inhibition of CYP51 can disrupt ergosterol production, leading to
increased cell membrane permeability and ultimately cell death. This finding supports
the hypothesis that (E)-cinnamaldehyde, as the principal constituent of C. verum essential
oil, plays a major role in the observed antifungal effects. However, the mixture of these
components present in C. verum EO conceivably contribute to the antifungal activity of the
EO and work alongside with sertraline for the observed synergistic effect [78,79]. Indeed,
it could be hypothesized that synergy arises from concerted action on multiple cellular
targets. As previously reported, C. verum EO could act non-specifically against the cell
envelope of microorganisms. Indeed, it has been reported that some of the constituents of
C. verum EO, such as (E)-cinnamaldehyde and eugenol, could be responsible for damaging
cell membrane integrity [80,81]. In addition, (E)-cinnamaldehyde could promote ROS
generation in microbial cells, thus triggering cell death [82]. In this context, sertraline
could act affecting by a specific target, such as ergosterol synthesis, or by hampering efflux
pumps, which may, in turn, enhance the whole inhibitory effect. Otherwise, membrane
permeabilization by C. verum EO’s components could enhance sertraline uptake [14,65,83].

4. Materials and Methods
4.1. Materials
4.1.1. Essential Oil

The C. verum EO (Lot 140/0000324, 10.2018, 10 mL) was supplied by Erbe Nobili srl
(Corato, Bari, Italy) and was stored in a vial shielded from light and at temperatures ranging
from 0 to 4 ◦C until its use. The EO samples had already undergone gas chromatographic
analysis (GC-MS) in our prior study [37].
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4.1.2. Chemicals

Sertraline was obtained from Sigma-Aldrich srl (Milan, Italy). The filters used were
provided by Agilent Technologies Italia spa (Milan, Italy). The culture media employed
were Sabouraud 2% dextrose broth (Oxoid, Rodano, Italy) and Yeast Malt Broth (Oxoid,
Rodano, Italy).

4.1.3. Fungal Strains

The antifungal activity was assessed against numerous fungal strains, encompassing
various strains sourced from the American Type Culture Collection (ATCC, Rockville,
MD, USA), which were C. albicans (ATCC 10231, ATCC 90028), C. glabrata (ATCC 15126),
C. tropicalis (ATCC 750), C. kefyr (ATCC 204093), and C. krusei (ATCC 6258), and Candida
strains derived from clinical isolation (C. albicans 10 A12, C. albicans A18, and C. krusei
31 A29). All the clinical isolates were obtained from patients admitted to the intensive care
unit of the Department of Biomedical Sciences and Human Oncology, the University of Bari
“Aldo Moro”, Italy. The isolation procedures were carried out in the hygiene section of the
Department utilizing conventional physiological and morphological methods alongside an
API system.

4.2. Methods
4.2.1. Antifungal Testing

The strains were preserved at −80 ◦C in yeast peptone dextrose broth with 10–25%
glycerol (Oxoid, Rodano, Italy) solution. Glycerol stocks were prepared for all the strains,
stored at −20 ◦C, and subcultured on antimicrobial agent-free Sabouraud dextrose agar
plates (BioMerieux, Marcy L’Etoile, France) to ensure their viability and purity before
the start of the study. The antifungal activity of sertraline was assessed by means of the
microdilution method, as described by the Clinical and Laboratory Standards Institute
(CLSI, M27-A3) [84].

4.2.2. Medium and Culture Conditions

Each frozen stock culture was inoculated in Sabouraud dextrose broth and incubated
at 37 ◦C for 24 h in an orbital shaker at 60 rpm. Following incubation, the cells were
transferred into a tube containing RPMI 1640 broth medium with L-glutamine and without
bicarbonate buffered to a pH of 7 with MOPS, 3-(N-morpholino) propane sulfonic acid
(165 M, Sigma, Milan, Italy). A standardized suspension of 1 × 106 CFU/mL was obtained
and immediately used.

4.2.3. Preparation of the Test Solution

C. verum EO was dissolved in ethanol at a ratio of 1:5 and then further diluted in RPMI
1640 broth medium supplemented with Tween 80. Sertraline was appropriately dissolved
in DMSO and subsequently in the culture medium (DMSO < 5%).

4.2.4. The Checkerboard Test

The checkerboard method was employed to assess the synergistic, additive, or an-
tagonistic effects of the combination of sertraline and C. verum EO. The tested dilutions
were based on the MIC of the two substances. The combination of the two compounds
was synergistic when the FICI was ≤0.5, additive when the FICI was >0.5 and <1, and
antagonistic when the FICI was >1. The test was conducted using sterile 96-well microtiter
plates containing sertraline and EO at two-fold serial concentrations. The MICs were
obtained following incubation at 37 ◦C for 48 h. Each test was carried out in triplicate.

4.2.5. Biofilm Biomass Measurement and Reduction

To assess the synergistic antibiofilm action of C. verum EO in association with sertraline,
we conducted, in vitro, a colorimetric XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) assay. Briefly, 200 µL of yeast culture
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(106 CFU/mL) was added to each well of a 96-well flat microtiter plate and incubated
for 24 h at 37 ◦C by shaking it on a rocker table to facilitate cell attachment and biofilm
formation. Subsequently, 200 µL of antibiotic was added as a positive control, while the
negative control contained only RPMI 1640 without the sertraline–C. verum EO association.
After incubation, the contents of each well were aspirated, and the wells were washed
with 100 µL of sterile PBS to remove loosely adherent and nonviable cells. Following
incubation, 200 µL of each sertraline–C. verum EO combination was added to the wells.
Four double serial dilutions of the 40% ethanol C. verum EO with Tween 80 0.1% were
prepared using the same method as described in our previous works for MIC evaluation.
Dilutions of the C. verum EO were prepared alongside a series of double dilutions of the
drug and the EO. This method ensured that all the sertraline dilutions were combined
with appropriate concentrations of EO, resulting in a range of sertraline–EO concentration
combinations [85]. These concentrations were prepared to represent 40%, 20%, 10%, and
5% of the MIC values for the EO and 25%, 12.5%, 6.25%, and 3.12% of the MIC values
for sertraline [86,87]. Following incubation with the drug, the media was aspirated from
each well, and the supports were washed with 1 mL of PBS. The biofilms were then
plunged in 2 mL of PBS with the addition of 180 µL of XTT solution (1 mg/mL) and
Menadione (0.4 mM) at a ratio of 6:1. This solution was prepared by dissolving XTT in
sterile water (obtained by filtration) and Menadione in dimethyl sulfoxide. The plate
with the supports was incubated for 2 h at 37 ◦C. After 2 h, the plate was read with a
microplate spectrophotometer Tecan Infinite M1000 Pro multiplate reader (Tecan, Cernusco
S.N., Italy) at a 490 nm wavelength, where there was a maximum Formazan absorbance
peak. The sessile minimal inhibitory concentration (sMIC50) was determined as the lowest
antibiofilm concentration for both compounds causing a visible reduction in the growth of
the biofilm compared with the growth in the control well without the presence of sertraline
or the EO. The percentage of the reduction in the biofilm obtained with the combinations
studied was calculated using the following formula: percentage of biofilm reduction = (OD
control well−OD experimental)/(OD control well) × 100 [31]. Antimicrobial susceptibility
tests of the biofilms were performed in triplicate on different days. In our experimental
protocols, the combinations of the substances were analyzed by calculating the FIC index
(FICI). Generally, the FICI value was interpreted as (i) a synergistic effect when it was ≤0.5;
(ii) an additive or indifferent effect when it was >0.5 or <1; and (iii) an antagonistic effect
when it was >1 [88]. The results are expressed as means ± SDs of at least three distinct
measurements performed in triplicate.

4.2.6. Molecular Modeling Studies

The (E)-cinnamaldehyde SMILES string was converted into a three-dimensional struc-
ture and its energy relaxed with Open Babel [51] after 10,000 steepest descent iterations.
The target protein (pdb code 5V5Z [52]) was prepared for docking with the Maestro Protein
Preparation Wizard [53]. The binding poses were sampled throughout 1000 runs of the
Lamarckian Genetic Algorithm (LGA) implemented in AutoDock 4.2.6 [54] using the GPU-
OpenCL algorithm version [55], exploring a 85 × 85 × 85 Å3 box with its center on the
iron atom and a spacing of 0.375 Å. The Gasteiger charges were calculated for the ligand
and the heme group with QUACPAC [56] and the AMBER UNITED force field [57] for the
peptide chain of CYP51. The best free energy of binding (−5.30 kcal/mol) and the most
populated (1000/1000) pose were selected.

5. Conclusions

Recent research has shown promising outcomes in antimicrobial therapies that com-
bine repositioned drugs with essential oils. Our previous study demonstrated the synergis-
tic efficacy of C. verum EO and sertraline against various bacterial strains. Given the public
health threat posed by Candida infections and the role of microbial biofilms in fostering
resistance, our study aimed to assess the synergistic effects of sertraline and C. verum EO
on Candida spp. in both planktonic and sessile states. Our results highlight the potent effect
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of this combination, significantly reducing the quantity of sertraline required to suppress
fungal strains and decrease biofilm production. These results hold paramount importance
since demonstrating the enhanced efficacy of the association at lower concentrations com-
pared to the components taken individually, this novel combination offers a path towards
more sustainable and effective treatment options. While our study was preliminary and
conducted in vitro, further investigations are needed to clarify the mechanism underlying
this synergism and to assess its clinical efficacy, particularly against biofilms on medical
devices. These findings offer a promising foundation for exploring alternative antifungal
therapies targeting biofilm infections and potentially overcoming the challenges associated
with conventional antibiotics.
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Types of Cinnamon Essential Oils as Natural Antifungal Preservatives in Wheat Bread. Appl. Sci. 2022, 12, 10888. [CrossRef]

31. Narayanankutty, A.; Kunnath, K.; Alfarhan, A.; Rajagopal, R.; Ramesh, V. Chemical composition of Cinnamomum verum leaf and
flower essential oils and analysis of their antibacterial, insecticidal, and larvicidal properties. Molecules 2021, 26, 6303. [CrossRef]

32. Padalia, H.; Rathod, T.; Moteriya, P.; Chanda, S. Antimicrobial efficacy of Cinnamonum verum essential oil alone and in combination
with antibiotics and other essential oils. Int. J. Curr. Microbiol. Appl. 2017, 6, 3377–3395. [CrossRef]

33. Erkmen, O. Antimicrobial effects of Cinnamomum verum essential oil against Enterococcus faecalis and Staphylococcus aureus
in mulberry and carrot juices. Int. J. Food Sci. Technol. 2024, 59, 2297–2304. [CrossRef]

34. Rosato, A.; Sblano, S.; Salvagno, L.; Carocci, A.; Clodoveo, M.L.; Corbo, F.; Fracchiolla, G. Anti-biofilm inhibitory synergistic
effects of combinations of essential oils and antibiotics. Antibiotics 2020, 9, 637. [CrossRef] [PubMed]

35. Rosato, A.; Altini, E.; Sblano, S.; Salvagno, L.; Maggi, F.; de Michele, G.; Carocci, A.; Clodoveo, M.L.; Corbo, F.; Fracchiolla, G.
Synergistic Activity of New Diclofenac and Essential Oils Combinations against Different Candida spp. Antibiotics 2021, 10, 688.
[CrossRef]

36. Barbarossa, A.; Rosato, A.; Carrieri, A.; Tardugno, R.; Corbo, F.; Clodoveo, M.L.; Fracchiolla, G.; Carocci, A. Antifungal Biofilm
Inhibitory Effects of Combinations of Diclofenac and Essential Oils. Antibiotics 2023, 12, 1673. [CrossRef] [PubMed]

37. Barbarossa, A.; Sblano, S.; Rosato, A.; Carrieri, A.; Corbo, F.; Clodoveo, M.L.; Fracchiolla, G.; Carocci, A. Synergistic Action of
Cinnamomum verum Essential Oil with Sertraline. Antibiotics 2022, 11, 1617. [CrossRef]

38. Oliveira, A.S.; Martinez-de-Oliveira, J.; Donders, G.G.G.; Palmeira-de-Oliveira, R.; Palmeira-de-Oliveira, A. Anti-Candida Activity
of Antidepressants Sertraline and Fluoxetine: Effect upon Pre-Formed Biofilms. Med. Microbiol. Immunol. 2018, 207, 195–200.
[CrossRef]

39. Rodrigues, D.S.; Cabral, V.P.D.F.; Barbosa, A.D.; Sá, L.G.D.A.V.; Moreira, L.E.A.; de Andrade Neto, J.B.; da Silva, C.R.; de Moraes,
M.O.; Silva, J.; Marinho, E.S.; et al. Sertraline has in vitro activity against both mature and forming biofilms of different Candida
species. J. Med. Microbiol. 2023, 72, 001664. [CrossRef]

https://doi.org/10.1093/jac/dky455
https://www.ncbi.nlm.nih.gov/pubmed/30403787
https://doi.org/10.1016/j.mycmed.2023.101431
https://doi.org/10.1016/j.mycmed.2017.04.008
https://doi.org/10.1080/10286020902942350
https://doi.org/10.3390/molecules26175377
https://www.ncbi.nlm.nih.gov/pubmed/34500810
https://doi.org/10.3390/ph10040086
https://doi.org/10.3390/foods11030464
https://doi.org/10.3389/fmicb.2012.00012
https://doi.org/10.3390/medicines4030058
https://doi.org/10.1016/j.sjbs.2021.05.033
https://www.ncbi.nlm.nih.gov/pubmed/34466092
https://doi.org/10.1016/j.cbi.2019.05.050
https://doi.org/10.1016/j.foodchem.2020.127773
https://www.ncbi.nlm.nih.gov/pubmed/32829297
https://doi.org/10.1016/j.bse.2023.104700
https://www.ncbi.nlm.nih.gov/pubmed/34630956
https://doi.org/10.3390/foods12030452
https://doi.org/10.3390/app122110888
https://doi.org/10.3390/molecules26206303
https://doi.org/10.20546/ijcmas.2017.611.397
https://doi.org/10.1111/ijfs.16957
https://doi.org/10.3390/antibiotics9100637
https://www.ncbi.nlm.nih.gov/pubmed/32987638
https://doi.org/10.3390/antibiotics10060688
https://doi.org/10.3390/antibiotics12121673
https://www.ncbi.nlm.nih.gov/pubmed/38136707
https://doi.org/10.3390/antibiotics11111617
https://doi.org/10.1007/s00430-018-0539-0
https://doi.org/10.1099/jmm.0.001664


Pharmaceuticals 2024, 17, 1109 14 of 15

40. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry; Allured Publishing Corporation:
Carol Steam, IL, USA, 1995; ISBN 978-1-932633-21-4.

41. NIST Chemistry WebBook 2022. Available online: https://webbook.nist.gov/chemistry/ (accessed on 20 April 2022).
42. Koo, I.; Kim, S.; Zhang, X. Comparative analysis of mass spectral matching-based compound identification in gas chromatogra-

phymass spectrometry. J. Chromatogr. A 2013, 1298, 132–138. [CrossRef]
43. Wan, K.X.; Vidavsky, I.; Gross, M.L. From similarity index to spectral contrast angle. J. Am. Soc. Mass Spectrom. 2002, 13, 85–88.

[CrossRef]
44. Vanden Bossche, H.; Koymans, L. Cytochromes P450 in fungi. Mycoses 1998, 41 (Suppl. S1), 32–38.
45. Sheehan, D.J.; Hitchcock, C.A.; Sibley, C.M. Current and emerging azole antifungal agents. Clin. Microbiol. Rev. 1999, 12, 40–79.

[CrossRef] [PubMed]
46. Lamb, D.C.; Kelly, D.E.; Kelly, S.L. Molecular diversity of sterol 14α-demethylase substrates in plants, fungi and humans. FEBS

Lett. 1998, 425, 263–265. [CrossRef] [PubMed]
47. Lepesheva, G.I.; Waterman, M.R. Sterol 14alpha-demethylase cytochrome P450 (CYP51), a P450 in all biological kingdoms.

Biochim. Biophy. Acta 2007, 1770, 467–477. [CrossRef] [PubMed]
48. Sevrioukova, I.F.; Poulos, T.L. Structure and mechanism of the complex between cytochrome P4503A4 and ritonavir. Proc. Nat.

Acad. Sci. USA 2010, 107, 18422–18427. [CrossRef]
49. De Cian, A.; Weiss, R. Structures de complexes π carbonyés du fer. II. Structure cristalline et moléculaire de l’aldéhyde cinnamique

fertricarbonyle: C6H5CH=CH–CHO.Fe(CO)3. Acta Cryst. 1972, B28, 3273–3280. [CrossRef]
50. Sacerdoti, M.; Bertolasi, V.; Gilli, G. The structure of dicarbonyl(η4-cinnamaldehyde)(triphenylphosphine)iron(0). Acta Cryst.

1980, B36, 1061–1065. [CrossRef]
51. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox.

J. Cheminform. 2011, 3, 33. [CrossRef]
52. Keniya, M.V.; Sabherwal, M.; Wilson, R.K.; Woods, M.A.; Sagatova, A.A.; Tyndall, J.D.A.; Monk, B.C. Crystal Structures of

Full-Length Lanosterol 14α-Demethylases of Prominent Fungal Pathogens Candida albicans and Candida glabrata Provide Tools
for Antifungal Discovery. Antimicrob. Agents Chemother. 2018, 62, 1134. [CrossRef]

53. Schrödinger Release 2023-4: Maestro; Schrödinger, LLC.: New York, NY, USA, 2023.
54. Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R.K.; Olson, A.J. Automated docking using a Lamarckian

genetic algorithm and an empirical binding free energy function. J. Comput. Chem. 1998, 19, 1639–1662. [CrossRef]
55. Khoury, L.E.; Santos-Martins, D.; Sasmal, S.; Eberhardt, J.; Bianco, G.; Ambrosio, F.A.; Solis-Vasquez, L.; Koch, A.; Forli, S.;

Mobley, D.L. Comparison of affinity ranking using AutoDock-GPU and MM-GBSA scores for BACE-1 inhibitors in the D3R
Grand Challenge 4. J. Comput. Aided Mol. Des. 2019, 33, 1011–1020. [CrossRef]

56. QUACPAC 2.1.0.4, OpenEye Scientific Software, Santa Fe, NM. Available online: http://www.eyesopen.com (accessed on 5
August 2024).

57. Cornell, W.D.; Cieplak, P.; Bayly, C.I.; Gould, I.R.; Merz, K.M.; Ferguson, D.M.; Spellmeyer, D.C.; Fox, T.; Caldwell, J.W.; Kollman,
P.A. A second generation force field for the simulation of proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc. 1995,
117, 5179–5197. [CrossRef]

58. Pristov, K.E.; Ghannoum, M.A. Resistance of Candida to azoles and echinocandins worldwide. Clin. Microbiol. Infect. 2019,
25, 792–798. [CrossRef]

59. Gulati, M.; Nobile, C.J. Candida albicans biofilms: Development, regulation, and molecular mechanisms. Microbes Infect. 2016,
18, 310–321. [CrossRef]

60. Nobile, C.J.; Johnson, A.D. Candida albicans Biofilms and Human Disease. Annu. Rev. Microbiol. 2015, 69, 71–92. [CrossRef]
[PubMed]

61. Mathe, L.; Van Dijck, P. Recent insights into Candida albicans biofilm resistance. Curr. Genet. 2013, 59, 251–264. [CrossRef]
[PubMed]

62. Foletto, V.S.; da Rosa, T.F.; Serafin, M.B.; Bottega, A.; Hörner, R. Repositioning of non-antibiotic drugs as an alternative to
microbial resistance: A systematic review. Int. J. Antimicrob. Agents 2021, 58, 106380. [CrossRef] [PubMed]

63. Caldara, M.; Marmiroli, N. Tricyclic antidepressants inhibit Candida albicans growth and biofilm formation. Int. J. Antimicrob.
Agents 2018, 52, 500–505. [CrossRef] [PubMed]

64. Alanís-Ríos, S.A.; González, G.M.; Andrade, A.; Becerril-García, M.A.; Bonifaz, A.; Robledo-Leal, E.R.; Montoya, A.M.; Treviño-
Rangel, R.D.J. Evaluation of the synergistic antifungal activity of micafungin and voriconazole plus sertraline against Candida
auris. Braz. J. Microbiol. 2022, 53, 2003–2008. [CrossRef]

65. Alkhalifa, B.A.; Bulatova, N.R.; abuRokba, W.; Darwish, R.M. Serotonin reuptake inhibitors effect on fluconazole activity against
resistant Candida glabrata strains. J. Glob. Antimicrob. Resist. 2022, 29, 49–54. [CrossRef]

66. Ahmed, E.I.; Alhuwaydi, A.M.; Taha, A.E.; Abouelkheir, M. Anti-Candidal Activity of Reboxetine and Sertraline Antidepressants:
Effects on Pre-Formed Biofilms. Antibiotics 2023, 12, 881. [CrossRef]

67. Rodrigues, D.S.; Cabral, V.P.; Barbosa, A.D.; Valente Sá, L.G.; Silva, C.R.; Moreira, L.E.; Neto, J.B.A.; Silva, J.; Santos, H.S.;
Marinho, E.S.; et al. Sertraline has fungicidal activity against Candida spp. and acts by inhibiting membrane and cell wall
biosynthesis. Future Microbiol. 2023, 18, 1025–1039. [CrossRef] [PubMed]

https://webbook.nist.gov/chemistry/
https://doi.org/10.1016/j.chroma.2013.05.021
https://doi.org/10.1016/S1044-0305(01)00327-0
https://doi.org/10.1128/CMR.12.1.40
https://www.ncbi.nlm.nih.gov/pubmed/9880474
https://doi.org/10.1016/S0014-5793(98)00247-6
https://www.ncbi.nlm.nih.gov/pubmed/9559662
https://doi.org/10.1016/j.bbagen.2006.07.018
https://www.ncbi.nlm.nih.gov/pubmed/16963187
https://doi.org/10.1073/pnas.1010693107
https://doi.org/10.1107/S0567740872007848
https://doi.org/10.1107/S0567740880005298
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1128/AAC.01134-18
https://doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B
https://doi.org/10.1007/s10822-019-00240-w
http://www.eyesopen.com
https://doi.org/10.1021/ja00124a002
https://doi.org/10.1016/j.cmi.2019.03.028
https://doi.org/10.1016/j.micinf.2016.01.002
https://doi.org/10.1146/annurev-micro-091014-104330
https://www.ncbi.nlm.nih.gov/pubmed/26488273
https://doi.org/10.1007/s00294-013-0400-3
https://www.ncbi.nlm.nih.gov/pubmed/23974350
https://doi.org/10.1016/j.ijantimicag.2021.106380
https://www.ncbi.nlm.nih.gov/pubmed/34166776
https://doi.org/10.1016/j.ijantimicag.2018.06.023
https://www.ncbi.nlm.nih.gov/pubmed/29990546
https://doi.org/10.1007/s42770-022-00817-y
https://doi.org/10.1016/j.jgar.2022.01.030
https://doi.org/10.3390/antibiotics12050881
https://doi.org/10.2217/fmb-2022-0254
https://www.ncbi.nlm.nih.gov/pubmed/37540066


Pharmaceuticals 2024, 17, 1109 15 of 15

68. Sahal, G.; Woerdenbag, H.J.; Hinrichs, W.L.; Visser, A.; Tepper, P.G.; Quax, W.J.; van der Mei, H.C.; Bilkay, I.S. Antifungal and
biofilm inhibitory effect of Cymbopogon citratus (lemongrass) essential oil on biofilm forming by Candida tropicalis isolates; an
in vitro study. J. Ethnopharmacol. 2020, 246, 112188. [CrossRef]

69. Garcia, L.G.S.; da Rocha, M.G.; Lima, L.R.; Cunha, A.P.; de Oliveira, J.S.; de Andrade, A.R.C.; Ricardo, N.M.P.S.; Pereira-Neto,
W.A.; Sidrim, J.J.C.; Rocha, M.F.G.; et al. Essential oils encapsulated in chitosan microparticles against Candida albicans biofilms.
Int. J. Biol. Macromol. 2021, 166, 621–632. [CrossRef] [PubMed]

70. Rosato, A.; Barbarossa, A.; Mustafa, A.M.; Bonacucina, G.; Perinelli, D.R.; Petrelli, R.; Maggi, F.; Spinozzi, E. Comprehensive
Evaluation of the Antibacterial and Antifungal Activities of Carlina acaulis L. Essential Oil and Its Nanoemulsion. Antibiotics 2021,
10, 1451. [CrossRef] [PubMed]

71. Rosato, A.; Carocci, A.; Catalano, A.; Clodoveo, M.L.; Franchini, C.; Corbo, F.; Carbonara, G.G.; Carrieri, A.; Fracchiolla, G.
Elucidation of the synergistic action of Mentha Piperita essential oil with common antimicrobials. PLoS ONE 2018, 13, e0200902.
[CrossRef] [PubMed]

72. Salvagno, L.; Sblano, S.; Fracchiolla, G.; Corbo, F.; Clodoveo, M.L.; Rosato, A. Antibiotics—Mentha piperita essential oil synergism
inhibits mature bacterial biofilm. Chem. Today 2020, 38, 49–52.

73. Rosato, A.; Vitali, C.; De Laurentis, N.; Armenise, D.; Milillo, M.A. Antibacterial effect of some essential oils administered alone
or in combination with Norfloxacin. Phytomedicine 2007, 14, 727–732. [CrossRef]

74. Yap, P.S.; Lim, S.H.; Hu, C.P.; Yiap, B.C. Combination of essential oils and antibiotics reduce antibiotic resistance in plasmid-
conferred multidrug resistant bacteria. Phytomedicine 2013, 20, 710–713. [CrossRef]

75. Yap, P.S.; Krishnan, T.; Chan, K.G.; Lim, S.H. Antibacterial Mode of Action of Cinnamomum verum Bark Essential Oil, Alone and
in Combination with Piperacillin, Against a Multi-Drug-Resistant Escherichia coli Strain. J. Microbiol. Biotechnol. 2015, 25, 1299–1306.
[CrossRef]

76. Essid, R.; Hammami, M.; Gharbi, D.; Karkouch, I.; Hamouda, T.B.; Elkahoui, S.; Limam, F.; Tabbene, O. Antifungal Mechanism
of the Combination of Cinnamomum Verum and Pelargonium Graveolens Essential Oils with Fluconazole against Pathogenic
Candida Strains. Appl. Microbiol. Biotechnol. 2017, 101, 6993–7006. [CrossRef]

77. Essid, R.; Gharbi, D.; Abid, G.; Karkouch, I.; Ben Hamouda, T.; Fares, N.; Trabelsi, D.; Mhadhbi, H.; Elkahoui, S.; Limam, F.; et al.
Combined effect of Thymus capitatus and Cinnamomum verum essential oils with conventional drugs against Candida albicans
biofilm formation and elucidation of the molecular mechanism of action. Ind. Crop. Prod. 2019, 140, 111720. [CrossRef]

78. Shariati, A.; Didehdar, M.; Razavi, S.; Heidary, M.; Soroush, F.; Chegini, Z. Natural Compounds: A Hopeful Promise as an
Antibiofilm Agent against Candida Species. Front. Pharmacol. 2022, 13, 917787. [CrossRef]

79. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing. Available
online: https://clsi.org/media/3481/m100ed30_sample.pdf (accessed on 15 May 2023).

80. OuYang, Q.; Duan, X.; Li, L.; Tao, N. Cinnamaldehyde exerts its antifungal activity by disrupting the cell wall integrity of
Geotrichum citri-aurantii. Front. Microbiol. 2019, 10, 55. [CrossRef] [PubMed]

81. de Oliveira Pereira, F.; Mendes, J.M.; de Oliveira Lima, E. Investigation on mechanism of antifungal activity of eugenol against
Trichophyton rubrum. Med. Mycol. 2013, 51, 507–513. [CrossRef]

82. Lee, J.E.; Jung, M.; Lee, S.C.; Huh, M.J.; Seo, S.M.; Park, I.K. Antibacterial mode of action of trans-cinnamaldehyde derived from
cinnamon bark (Cinnamomum verum) essential oil against Agrobacterium tumefaciens. Pestic. Biochem. Phys. 2020, 165, 104546.
[CrossRef]

83. Giske, C.G.; Turnidge, J.; Cantón, R.; Kahlmeter, G. Update from the European committee on antimicrobial susceptibility testing
(EUCAST). J. Clin. Microbiol. 2022, 60, e00276-21. [CrossRef]

84. Eloff, J.N. Quantifying the bioactivity of plant extracts during screening and bioassay-guided fractionation. Phytomedicine 2004,
11, 370–371. [CrossRef] [PubMed]

85. Williamson, E.M. Synergy and other interactions in phytomedicines. Phytomedicine 2001, 8, 401–409. [CrossRef]
86. White, D.C.; Arrage, A.A.; Nivens, D.E.; Palmer, R.J.; Rice, J.F.; Sayler, G.S. Biofilm ecology: On-line methods bring new insights

into mic and microbial biofouling. Biofouling 1996, 10, 3–16. [CrossRef]
87. Stepanovíc, S.; Vukovíc, D.; Dakíc, I.; Savíc, B.; Švabíc-Vlahovíc, M. A modified microtiter-plate test for quantification of

staphylococcal biofilm formation. J. Microbiol. Methods 2000, 40, 175–179. [CrossRef]
88. Saracino, I.M.; Foschi, C.; Pavoni, M.; Spigarelli, R.; Valerii, M.C.; Spisni, E. Antifungal Activity of Natural Compounds vs.

Candida spp.: A Mixture of Cinnamaldehyde and Eugenol Shows Promising In Vitro Results. Antibiotics 2022, 11, 73.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jep.2019.112188
https://doi.org/10.1016/j.ijbiomac.2020.10.220
https://www.ncbi.nlm.nih.gov/pubmed/33137389
https://doi.org/10.3390/antibiotics10121451
https://www.ncbi.nlm.nih.gov/pubmed/34943662
https://doi.org/10.1371/journal.pone.0200902
https://www.ncbi.nlm.nih.gov/pubmed/30067803
https://doi.org/10.1016/j.phymed.2007.01.005
https://doi.org/10.1016/j.phymed.2013.02.013
https://doi.org/10.4014/jmb.1407.07054
https://doi.org/10.1007/s00253-017-8442-y
https://doi.org/10.1016/j.indcrop.2019.111720
https://doi.org/10.3389/fphar.2022.917787
https://clsi.org/media/3481/m100ed30_sample.pdf
https://doi.org/10.3389/fmicb.2019.00055
https://www.ncbi.nlm.nih.gov/pubmed/30761105
https://doi.org/10.3109/13693786.2012.742966
https://doi.org/10.1016/j.pestbp.2020.02.012
https://doi.org/10.1128/jcm.00276-21
https://doi.org/10.1078/0944711041495218
https://www.ncbi.nlm.nih.gov/pubmed/15185853
https://doi.org/10.1078/0944-7113-00060
https://doi.org/10.1080/08927019609386267
https://doi.org/10.1016/S0167-7012(00)00122-6

	Introduction 
	Results 
	Cinnamomum verum EO’s Chemical Composition 
	Antifungal Activity of Sertraline in Association with Cinnamomum verum EO against Planktonic Cells of Candida spp. 
	Inhibitory Effects on Candida spp. Biofilm Growth of Sertraline in Association with Cinnamomum verum EO 
	Molecular Modeling Studies 

	Discussion 
	Materials and Methods 
	Materials 
	Essential Oil 
	Chemicals 
	Fungal Strains 

	Methods 
	Antifungal Testing 
	Medium and Culture Conditions 
	Preparation of the Test Solution 
	The Checkerboard Test 
	Biofilm Biomass Measurement and Reduction 
	Molecular Modeling Studies 


	Conclusions 
	References

