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ABSTRACT There is an increasing need for novel drugs and new strategies for the
therapy of invasive candidiasis. This study aimed to develop and characterize lipo-
some-based nanoparticles of carvacrol, cinnamaldehyde, citral, and thymol with anti-
Candida activities. Dioctadecyldimethylammonium bromide- and monoolein-based
liposomes in a 1:2 molar ratio were prepared using a lipid-film hydration method.
Liposomes were assembled with equal volumes of liposomal stock dispersion and
stock solutions of carvacrol, cinnamaldehyde, citral, or thymol in dimethyl sulfoxide.
Cytotoxicity was tested on RAW 264.7 macrophages. In vitro antifungal activity of lip-
osomes with phytocompounds was evaluated according to European Committee on
Antimicrobial Susceptibility Testing (EUCAST) methodology using clinical isolates of
Candida albicans, Candida auris, Candida dubliniensis, and Candida tropicalis. Finally,
the ability of macrophage cells to kill Candida isolates after addition of phytocom-
pounds and their nanoparticles was determined. Nanoparticles with 64mg/ml of cin-
namaldehyde, 256mg/ml of citral, and 128mg/ml of thymol had the best characteris-
tics among the formulations tested. The highest encapsulation efficiencies were
achieved with citral (78% to 83%) and carvacrol (66% to 71%) liposomes. Carvacrol
and thymol in liposome-based nanoparticles were nontoxic regardless of the concen-
tration. Moreover, carvacrol and thymol maintained their antifungal activity after
encapsulation, and there was a significant reduction (;41%) of yeast survival when
macrophages were incubated with carvacrol or thymol liposomes. In conclusion, car-
vacrol and thymol liposomes possess high stability, low cytotoxicity, and antifungal
activity that act synergistically with macrophages.
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C andida is a common commensal of human skin and mucosae that can cause su-
perficial and invasive infections (1–4). Invasive candidiasis is an important public

health problem because of its high mortality and morbidity (5–7). Candida albicans
infection is the most frequent cause of candidiasis, but an increasing etiological rele-
vance of other species of Candida, such as Candida parapsilosis, Candida glabrata, or
Candida auris, is reported (8–10). The emergence of these species complicates the
management of candidiasis due to their potential multidrug resistance (8, 11).
Moreover, there are a limited number of antifungal drugs, many of them with moder-
ate efficacy, which are not free from adverse effects and drug interactions. These facts
highlight the need to search for alternative therapies or synergistic combinations of
antimicrobial agents.
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Many phytocompounds have antimicrobial activities (12–14), and some of them,
such as carvacrol, cinnamaldehyde, citral, and thymol, have shown promising antifun-
gal activities (13–15). Their incorporation into nanoparticles, like liposomes, can
improve their therapeutic efficiency against candidiasis, decreasing allergic reactions
or toxicity. Liposomes are lipid bilayer vesicles that have been employed to enhance
the delivery of antifungal drugs, such as amphotericin B (16). The system dioctadecyldi-
methylammonium bromide (DODAB) and monoolein (MO), a cation liposome, which
consists of lipid-multilayer vesicles with a positive charge, has been used for drug
delivery with promising results (17–20). DODAB is a synthetic amphiphilic lipid, includ-
ing a hydrophilic positively charged dimethyl ammonium group attached to two
hydrophobic 18-carbon-long acryl chains. MO is used as a stabilizer because it confers
fluidity to the DODAB system by favoring lipid chain mobility and improving the fusion
of the liposomes with cell membranes (21).

In addition, application of the DODAB:MO system in the production of nanopar-
ticles of phytocompounds as antifungal therapy represents a biodegradable and bio-
compatible novel alternative with respect to the most commonly used metallic or syn-
thetic nanomaterials. The aim of this study was to develop and characterize DODAB:
MO nanoparticles of carvacrol, cinnamaldehyde, citral, and thymol for drug delivery
and to test their cytotoxicity on murine macrophages to identify the best formulation
with anti-Candida activity.

RESULTS

The characteristics of empty liposomes with 0.5% dimethyl sulfoxide (DMSO)
DODAB:MO and the nanoparticles with three concentrations of carvacrol, cinnamalde-
hyde, citral, and thymol are presented in Fig. 1 to 4. DODAB:MO (1:2) empty liposomes
had a mean size of 5456 17 nm on the first day of production, a z -potential of
48.26 2.1mV, and a polydispersity index (PDI) of 0.466 0.06; with time, the z - poten-
tial remained similar, with no significant differences, but the mean size of the lipo-
somes was reduced to 5086 29 nm right after the second week (P , 0.05) and
remained stable thereafter. The PDI value remained similar during the first 4 weeks but

FIG 1 Size and PDI (A) and z -potential (B) of carvacrol (CAR) nanoparticles (NPS) prepared with three different
concentrations and analyzed weekly for 5 weeks. Empty liposomes and nanoparticles were prepared by
hydration of DODAB:MO (1:2) 2-mM film with 0.5% DMSO in ultrapure water. Values are the results of three
independent assays.
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was reduced in week 5. Empty liposomes seem to stabilize with time. Nanoparticles
with carvacrol 128mg/ml were more stable in terms of size than formulations with
lower concentrations, but the z -potential was more unstable with time. Nanoparticles
with carvacrol 32mg/ml (lower concentration) were more variable in size over time
(P , 0.0001) but more stable in terms of z -potential. This behavior was similar for

FIG 2 Size and PDI (A) and z -potential (B) of cinnamaldehyde (CINN) nanoparticles (NPS) prepared with three
different concentrations and analyzed weekly for 5weeks. Empty liposomes and nanoparticles were prepared
by hydration of DODAB:MO (1:2) 2-mM film with 0.5% DMSO in ultrapure water. Values are the results of three
independent assays.

FIG 3 Size and PDI (A) and z -potential (B) of citral nanoparticles (NPS) prepared with three different
concentrations and analyzed weekly for 5weeks. Empty liposomes and nanoparticles were prepared by
hydration of DODAB:MO (1:2) 2-mM film with 0.5% DMSO in ultrapure water. Values are the results of three
independent assays.
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nanoparticles of cinnamaldehyde, citral, and thymol; and the formulation with the
greatest stability over time had the highest compound concentration. Thus, nanopar-
ticles with 64mg/ml of cinnamaldehyde, 256mg/ml of citral, and 128mg/ml of thymol
had the best characteristics among the formulations tested, with thymol nanoparticles
being the largest (580.36 17.4 nm), followed by cinnamaldehyde (567.96 13.9 nm),
carvacrol (5106 9.6 nm), and citral (497.66 13.8 nm) nanoparticles. Curiously, for all
compounds at 5 weeks postproduction, the PDI was lower for the two highest concen-
trations, indicating size stabilization.

The parameters of high-performance liquid chromatography diode-array detec-
tion (HPLC-DAD) for each phytocompound are described in Table 1. In the case of
citral, two peaks at 240 nm were observed due to the presence of isomers E (gera-
nial or citral A) and Z (neral or citral B) (Fig. 5). Encapsulation was higher with the
highest concentrations for all phytocompounds tested, with nanoparticles with
256mg/ml of citral presenting the highest encapsulation efficiency (%EE) (83.2%),
whereas all nanoparticles with cinnamaldehyde presented a lower %EE of 20.6% to
44.1% (Table 2).

RAW 264.7 cell viability was significantly reduced (P , 0.05) after treatment with
the highest concentrations of nonencapsulated phytocompounds (NEPs) tested, with
survival at ,80% the limit of accepted cytotoxicity. This cytotoxicity was dose depend-
ent. Because no differences were found between 24 and 48 h, further studies were
determined at 24 h (Fig. 6). Viability of cells incubated with the encapsulated phyto-

FIG 4 Size and PDI (A) and z -potential (B) of thymol (THY) nanoparticles (NPS) prepared with three different
concentrations and analyzed weekly for 5weeks. Empty liposomes and nanoparticles were prepared by
hydration of DODAB:MO (1:2) 2-mM film with 0.5% DMSO in ultrapure water. Values are the results of three
independent assays.

TABLE 1 HPLC-DAD parameters for the detection of phytocompounds

Phytocompound
Wavelength
detection (nm) Coefficient (R2)

Linear range
(mg/ml)

Time retention
(min)

Carvacrol 210 0.99 1–50 6.6
Cinnamaldehyde 290 0.98 1–50 4.4
Citral 240 0.99 1–50 5.5, 5.8
Thymol 210 0.99 1–50 6.4
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compounds was also dose dependent and overall significantly greater (Fig. 7).
However, incubation with 144mg/ml of lipids (DODAB:MO empty liposomes) reduced
viability to ,50%. At this lipid concentration, all nanoparticles with phytocompounds
were cytotoxic due to both lipids and phytocompounds. DODAB:MO nanoparticles
with 18 and 36mg/ml of lipids, including carvacrol and thymol, were nontoxic,

FIG 5 Chromatograms of carvacrol at 210nm (A), cinnamaldehyde at 290nm (B), citral at 240nm (C), and thymol at 210 (D) by HPLC-DAD of
supernatants of correspondent nanoparticles after ultracentrifugation. In all cases, the highest peak corresponds to the DMSO content.
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FIG 5 (Continued)
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with. 80% macrophage survival. Furthermore, these nanoparticles were better toler-
ated by the cells than NEPs.

Analysis of cell viability by lactate dehydrogenase (LDH) of citral and cinnamalde-
hyde nanoparticles confirmed the results observed by the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay that they are more cytotoxic (Fig. 8).
Although encapsulation significantly enhanced cell viability, particularly for the highest
concentrations of the phytocompounds, they are still considered toxic. For 64mg/ml of
citral, the corresponding nanoparticles were even more cytotoxic macrophages than
the nonencapsulated compound. A similar result has been observed with the MTT
assay for this formulation. All cinnamaldehyde nanoparticle formulations were signifi-
cantly less toxic than the corresponding NEP. However, only nanoparticles with 64mg/
ml of cinnamaldehyde were considered noncytotoxic, in agreement with MTT results
(92.3%) with 36mg/ml of lipids (Fig. 7 and 8).

Cell survival rates after treatment with encapsulated phytocompounds and NEPs
were taken into consideration in order to test cytokine production; IL-10, a known anti-
inflammatory cytokine; and tumor necrosis factor-a (TNF-a), a known proinflammatory
cytokine. Therefore, only conditions with.80% survival in both cell toxicity assays
were analyzed, which corresponded only to nanoparticles with 32mg/ml of carvacrol
or thymol. Macrophages incubated with lipopolysaccharide (LPS) were considered pos-
itive controls and macrophages alone were negative controls. No compounds or nano-
particles were able to induce IL-10 production at both 2 and 48 h (Fig. 9). All quantifica-
tions were ,32 pg/ml, which was the detection limit. TNF-a levels were also below the
detection limit (8 pg/ml) for all conditions tested at 24 h; however, after 48 h of incuba-
tion with these compounds and nanoparticles, a slight increase in proinflammatory
cytokine was observed (Fig. 10A). Carvacrol nanoparticles at 48 h induced a smaller
amount of TNF-a production than the nonencapsulated carvacrol, particularly with lip-
osomes at 36mg/ml of lipid (P , 0.05) versus liposomes at 18mg/ml of lipid. The most
significant reduction in TNF-a production was observed with nanoparticles loaded
with 32 and 128mg/ml of carvacrol (P , 0.0001). With liposomes at 18mg/ml, a small
reduction in TNF-a production was observed only with 32-mg/ml carvacrol nanopar-
ticles (P, 0.05) (Fig. 10A).

In the case of thymol nanoparticles, undetected levels of TNF-a were observed at
24 h with 128mg/ml thymol regardless of the lipid concentration; however, a slight
increase in TNF-a was observed at 64 and 32mg/ml thymol encapsulated with 36mg/

TABLE 2 Encapsulation efficiency of phytocompound nanoparticles

Phytocompound and concn (mg/ml) in nanoparticles %EEa SD
Carvacrol
32 65.8 0.8
64 73.5 2.2
128 70.8 5.0

Cinnamaldehyde
16 20.6 0.1
32 30.3 1.5
64 44.1 2.7

Citral
64 77.9 0.1
128 79.4 0.1
256 83.2 1.2

Thymol
32 68.3 1.3
64 56.6 0.8
128 69.1 1.1

a%EE, encapsulation efficiency.
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ml of lipid (P , 0.0001) (Fig. 10B). At 48 h, the same pattern of TNF-a increase was
observed as for carvacrol nanoparticles. Of interest, all thymol nanoparticles induced a
much smaller amount of TNF-a production than NEPs or empty liposomes (P ,

0.0001) (Fig. 10B).
Antifungal activities of encapsulated phytocompounds and NEPs are described in

Table 3. NEPs were active against Candida isolates with mode inhibitory concentrations
(IC) of 64mg/ml for cinnamaldehyde, 128mg/ml for carvacrol or thymol, and 256mg/ml
for citral. Nanoparticles were prepared with the same amount of phytocompounds:
nanoparticles with 64mg/ml of cinnamaldehyde were more active against planktonic
cells of Candida, followed by 128mg/ml thymol or carvacrol nanoparticles, as observed
with NEPs. However, for some isolates, ICs were lower with phytocompound nanopar-
ticles, particularly with thymol. Conversely, citral nanoparticle ICs for all strains ana-
lyzed were.256mg/ml.

The ability of macrophages to kill Candida cells with the help of the phytocom-
pounds or their corresponding nanoparticles was also evaluated. Only nanoparticles
with 32 and 64mg/ml of carvacrol or thymol, noncytotoxic, were tested. Although
showing some cytotoxicity, the corresponding NEPs were tested for comparison.
Macrophages treated with carvacrol nanoparticles reduced Candida survival compared
with the corresponding nonencapsulated compound. The nanoparticles of 18mg/ml of
DODAB:MO and 64mg/ml carvacrol induced the highest reduction. This formulation
was able to reduce ;38% of viable yeast cells compared with controls and ;25% com-
pared with NEPs (P , 0.001) (Fig. 11A). Thymol and carvacrol nanoparticles similarly
enhanced the ability of macrophages to kill yeast cells. Nanoparticles composed of
18mg/ml of DODAB:MO and 32 or 128mg/ml of thymol had the greatest reduction
(;41%) in Candida survival (Fig. 11B).

FIG 6 Viability by MTT assay of RAW 264.7 cells after 24 and 48 h of incubation with different concentrations of nonencapsulated
phytocompounds: carvacrol (A), cinnamaldehyde (B), citral (C), and thymol (D). ****, P , 0.0001. Differences were considered in
comparison with the correspondent growth control at 24 or 48 h of incubation. Values are the results of three independent assays.
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DISCUSSION

Different compounds with antimicrobial activity are obtained from plants: carvacrol
and thymol from Lamiaceae, Verbenaceae, Scrophulariaceae, Ranunculaceae, and
Apiaceae; cinnamaldehyde from Lauraceae; and citral from many citrus fruits and
Cymbopogon citratus (13, 14, 22–24). Antifungal activities of these phytocompounds
have been reported against Candida planktonic and sessile cells (25–27). However,
their high volatilization, chemical instability, sparing water solubility, cytotoxicity, and
irritant effects are some drawbacks for use in medical therapy (13, 24, 28, 29).

Encapsulation in liposomes has been used as a pharmaceutical drug delivery system to
protect the bioactive compounds and to increase the permeation rate of drugs, increasing
the mean retention time at the desired medical target (30). DODAB:MO (1:2) liposome for-
mulation is very efficient in producing nanoparticles because of the high capacity of
encapsulating compounds by forming homogeneous multilamellar vesicles (31). In the
current study, the highest encapsulation efficiencies were achieved with citral (78% to
83%) and carvacrol (66% to 71%) liposomes. High encapsulation efficiency in soy phospha-
tidylcholine liposomes of carvacrol (;98%) and citral (86%) has been described (32, 33).
The same has been observed for thymol (79%) in lipoid S100 and cholesterol liposomes
(34). Moreover, a %EE of,48% in cinnamaldehyde liposomes has been shown (35).

Encapsulation protects phytocompounds against thermal- and/or photodegrada-
tion; increases their stability; extends the final-product shelf life (36); and, according to
our outcomes, significantly reduces the cytotoxicity in mammalian cells of carvacrol,

FIG 7 Viability by MTT assay of RAW 264.7 cells after 24 h of incubation with nanoparticle formulations prepared with three different concentrations:
carvacrol (A), cinnamaldehyde (B), citral (C), and thymol (D). Differences were considered in comparison with the correspondent concentration of
nonencapsulated compound. Values are the results of three independent assays. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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cinnamaldehyde, and thymol prepared with DODAB:MO liposomes. Carvacrol and thy-
mol nanoparticles prepared with 18 and 32mg/ml of DODAB:MO liposomes were con-
sidered nontoxic regardless of the concentration of the phytocompound used.

In addition, carvacrol and thymol maintained and increased their antifungal activity
after encapsulation, in agreement with previous studies (37–39). The improvement in
antifungal activity was identified mainly when the liposome formulations of thymol
were used against C. albicans, C. tropicalis, and C. auris isolates, with up to 4-fold reduc-
tions in ICs compared with those of nonencapsulated thymol; likewise, liposome for-
mulations of carvacrol showed up to 4-fold reduction of the required concentration
compared with NEPs against two C. albicans isolates. This fact can be related to posi-
tive z -potential of nanoparticles, since it is a relevant factor for the antifungal effect,
enabling interaction with the negatively charged fungal surface (40). Cinnamaldehyde
DODAB:MO liposomes also maintained their anti-Candida activity as well as multilamel-
lar cinnamaldehyde liposomes (29).

Converse to the findings reported in other studies (32, 41), citral showed high
encapsulation efficiency but very low antifungal activity in the current study. This sug-
gests that citral in DODAB:MO liposomes does not easily get access to the extracellular
medium to be active, in contrast to the nanoemulsion formulations and soy phosphati-
dylcholine liposomes.

FIG 8 Viability by LDH assay of RAW 264.7 cells after 24 h of incubation with nanoparticle formulations prepared with three different concentrations:
carvacrol (A), cinnamaldehyde (B), citral (C), and thymol (D). Differences were considered in comparison with the correspondent concentration of
nonencapsulated compound. Values are the results of three independent assays. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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Before testing whether the noncytotoxic formulations could help macrophages kill
Candida cells, we tested whether they could be inflammatory. At 24 h of incubation, no
significant TNF-a production was observed by macrophages treated with carvacrol or thy-
mol. Encapsulation did not enhance TNF-a production; on the contrary, it significantly
reduced this proinflammatory cytokine, particularly with nanoparticles of thymol. In all
cases, TNF-a production was significantly less than that assessed in the presence of LPS.
TNF-a is a potent pleiotropic and proinflammatory cytokine, one of the most abundant
early mediators in inflamed tissue, produced mainly by cells of the monocyte lineage (42).
Hence, slight TNF-a production from macrophages, such as that obtained for carvacrol
and thymol liposomes, can lead to cell recruitment and antifungal action of macrophages
and other inflammatory cells without severe deleterious inflammation (43). Reduction of
yeast survival when macrophages were incubated with carvacrol and thymol liposomes

FIG 10 Production of TNF-a by RAW 264.7 cells after incubation with carvacrol (CAR) (A) and thymol (THY) (B) for 24 and 48 h. LPS, 1mg/ml. Results
indicate the mean 6 SEM of three measurements from three independent experiments. *, P , 0.05, ****, P , 0.0001. Differences were considered between
nanoparticles and 32mg/ml nonencapsulated phytocompound at 24 or 48 h of incubation, respectively.

FIG 9 Production of IL-10 by RAW 264.7 cells after incubation with carvacrol (CAR) (A) and thymol (THY) (B) for 24 and 48 h. LPS, 1mg/ml. Results indicate
the mean 6 SEM of three measurements from three independent experiments. Differences were considered between nanoparticles and 32mg/ml
nonencapsulated phytocompound at 24 or 48 h of incubation, respectively.
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was significant compared with that of the corresponding nonencapsulated compounds.
This result indicates that even if the IC obtained with the encapsulated compounds is not
significantly reduced or the encapsulation efficiency is not high, liposomes seem to be
beneficial in host-pathogen interaction, helping macrophage killing of Candida cells.

The DODAB:MO system has been described as an efficient delivery system because of
its high interaction with mammalian cells and their internalized formulations by endocyto-
sis into fungal cells (19, 44). These features could be responsible for the improved bioavail-
ability of these phytocompounds within the macrophage and the subsequent interaction
with Candida cells, enabling their antifungal activity. However, antifungal mechanisms of
these nanoparticles have not yet been defined.

In conclusion, our data confirm that carvacrol and thymol liposomes possess high sta-
bility, low cytotoxicity, and antifungal activity that act synergistically with macrophages.
These phytocompounds can be promising therapeutic alternatives for candidiasis.

MATERIALS ANDMETHODS
Preparation and characterization of liposomes. DODAB-based (Tokyo Kasei, Japan) and MO-based

(Sigma-Aldrich) liposomes were prepared using a lipid-film hydration method (45). The liposomal stock
dispersion was prepared at 4mM total lipid concentration. Briefly, an MO molar fraction (xMO) of 0.330
(DOBAB:MO molar ratio of 1:2) was dissolved in ethanol (high spectral purity; Uvasol, UK) and mixed in a
glass tube. The solvent was then removed by rotary evaporation using nitrogen gas. Liposomes were
obtained after hydration of lipid film with ultrapure water at 60°C, vortexed for 2min. Liposome-based
nanoparticles were assembled with equal volumes of liposomal stock dispersion and the phytocom-
pound solution to obtain formulations with 0.5% DMSO (Sigma-Aldrich, USA) and a final lipid concentra-
tion of 2mM (888mg/ml). Stock solutions of carvacrol (51,200mg/ml), cinnamaldehyde (25,600mg/ml),
citral (102,400mg/ml), and thymol (51,200mg/ml) were prepared in DMSO. The final concentrations
were 32, 64, and 128mg/ml for carvacrol and thymol; 16, 32, and 64mg/ml for cinnamaldehyde; and 64,
128, and 256mg/ml for citral. These formulations were incubated for 45min at 60°C to allow for com-
pound absorption. Moreover, empty liposomes were developed and characterized at 2mM with 0.5%
DMSO.

Mean size, PDI, and error values of the nanoparticles conserved at 4°C were determined by dynamic
light scattering at 25°C with a Malvern ZetaSizer Nano ZS particle analyzer every week from the first day
of production until 5 weeks later. The charge of the liposome surface was measured indirectly by
z -potential analysis, using electrophoretic light scattering at 25°C. Malvern dispersion technology soft-
ware was used with multiple-narrow-mode (high-resolution) data processing for size and PDI, whereas
monomodal data processing was used for average z -potential and error values. All characterization was
performed in quintuplicate.

The prepared formulations were pelleted by ultracentrifugation (100,000 � g for 1 h at 4°C), after

TABLE 3 IC of encapsulated and nonencapsulated phytocompounds against Candida planktonic cells at 24 h

Candida isolate

IC (mg/ml)

Carvacrol Cinnamaldehyde Citral Thymol

DODAB:MO
liposomes NEPa

DODAB:MO
liposomes NEP

DODAB:MO
liposomes NEP

DODAB:MO
liposomes NEP

C. albicans UPV 05-007 .128 128 64 64 .256 256 128 128
C. albicans UPV 05-013 128 128 64 64 .256 512 32 32
C. albicans UPV 11-342 .128 128 64 64 .256 256 128 128
C. albicans UPV 11-345 128 128 64 64 .256 256 64 128
C. albicans UPV 12-298 128 128 64 64 .256 256 128 128
C. albicans UPV 15-101 128 128 64 64 .256 256 32 128
C. albicans UPV 15-106 32 128 64 64 .256 256 64 128
C. albicans UPV 15-157 .128 128 64 64 .256 256 128 128
C. albicans SC5314 32 128 64 64 .256 512 64 128

Mode 128 128 64 64 .256 256 128 128
IC range 32 to.128 128 64 64 .256 256–512 32 to.128 32–128
IC geometric mean 94.1 128 64 64 256 298.6 74.7 109.7

C. auris UPV 18-029 .128 128 64 64 256 128 32 128
C. dubliniensis UPV 11-366 128 128 64 64 .256 256 .128 64
C. tropicalis UPV 06-115 128 128 64 64 .256 256 64 128
aNEP, nonencapsulated phytocompounds.
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which the supernatant was removed and then filtered using 0.22-mm acetate cellulose filters (Millipore
Merck, Germany). The concentration of NEP in the supernatant was determined by HPLC-DAD (Hitachi
EZChrom Elite, Agilent Technologies, USA). The methodology was standardized for each phytocom-
pound by preparing a standard curve for all. The analysis was carried out using the Vydac 218TP54 col-
umn (C18, 5mm, 4.6mm inside diameter � 250mm), with acetonitrile and water (50:50) mobile phase in
isocratic mode at 1ml/min flow. A diode-array detector was set at 210 nm to detect carvacrol and thy-
mol, 290 nm for cinnamaldehyde, and 240 nm for citral (46–48). The chromatographic runs were carried
out at 30°C for 20min after an injection of 90ml of samples or controls in three independent
experiments.

Cytotoxicity assay. The murine macrophage-like cell line RAW 264.7 from strain ATCC TIB-71 (49)
was cultured in cell-culture flasks with Dulbecco's modified Eagle's medium (DMEM) (Thermo Fisher
Scientific, USA) supplemented with 10% heat-inactivated fetal bovine serum (Valbiotech, USA), 2mM L-
glutamine (1%), 1mM sodium pyruvate (1%), and 10mM HEPES buffer (1%) (Sigma-Aldrich, USA) in 5%

FIG 11 Results of macrophage killing assay with the carvacrol (CAR) (A) and thymol (THY) (B) nanoparticles (NPS) and corresponding
nonencapsulated phytocompound. **, P , 0.01, ***, P , 0.001.
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CO2 at 37°C. After confluent growth, macrophage cells were recovered and washed with DMEM. Then,
viable cells were determined with Trypan blue exclusion by counting in a hemocytometer, and a final
concentration of 5� 104 cells/ml in DMEM was prepared and 200ml dispensed onto 96-well tissue cul-
ture plates (Thermo Fisher Scientific).

The culture plates with macrophages were incubated overnight at 37°C and 5% CO2; after that, the
supernatant was removed, and empty liposomes, nanoparticles, and NEPs were added with DMEM in
triplicate. Different concentrations of carvacrol, cinnamaldehyde, citral, thymol, their nanoparticles
(DODAB:MO [1:2] 0.5% DMSO), and empty liposomes 2 mM (18, 36, 72, and 144 mg/ml) were evaluated.

Cell line RAW 264.7 metabolic activity was determined using MTT. The impact on membrane integ-
rity was assessed by LDH assay after 24 and 48 h of incubation. Enzymatic activity over MTT was quanti-
fied after solubilization of MTT formazan by adding DMSO-ethanol (1:1) solution, and absorbance was
measured at 570 nm (50). The control of viability (100%) was the untreated cells, and the control of cyto-
toxicity was the cells treated with Tris-HCl. Results of the percentage of viability were expressed as
described previously (51), according to the following equation:

Viability %ð Þ ¼ Experimental value averageð Þ � Control of cytotoxicity averageð Þ
Control of viability averageð Þ � Control of cytotoxicity ðaverageÞ � 100

The LDH leakage assay was performed by measuring LDH activity in the extracellular medium at
30°C in a microplate reader (Spectra Max 340PC) at 340 nm, employing pyruvate 0.32mM (in phosphate
buffer, pH 7.4) as the substrate. Results were expressed as the percentage of viability compared with the
control without treatment.

Cytokine production. Proinflammatory cytokine TNF-a was quantified according to the manufac-
turer’s instructions (mouse TNF-a and IL-10 enzyme-linked immunosorbent assay kit, Thermo Scientific)
from three independent assays on 96-well tissue culture plates with macrophages and empty liposomes,
nanoparticles, and NEPs after 24 h of incubation, as described above. Macrophages incubated with
1mg/ml LPS were used as positive controls, and macrophages alone were used as negative controls.

Antifungal activity of nanoparticles. In vitro antifungal activity against Candida planktonic cells
was evaluated according to EUCAST methodology (52, 53). Eight C. albicans, one C. dubliniensis, one C.
tropicalis, and one C. auris clinical isolates and the high biofilm-producer strain C. albicans ATCC SC5314
were tested. C. albicans UPV 15–157, C. dubliniensis UPV 11–366, and C. auris UPV 18-029 were resistant
to fluconazole (MIC,$64mg/ml). To determine susceptibility, carvacrol, cinnamaldehyde, citral, and thy-
mol were assayed at 2-fold serial concentrations ranging from 1 to 1,024mg/ml. Liposomal formulations
were tested in triplicate, including empty liposomes in RPMI 1640 (with L-glutamine and without bicar-
bonate; Sigma-Aldrich) supplemented with 2% glucose and buffered to pH 7.0 with 3-N-morpholinepro-
panesulfonic acid (Sigma-Aldrich). Briefly, a cell inoculum of 0.5 to 2.5� 105 cells/ml from each Candida
isolate cultured at 24 h and 37°C in Sabouraud dextrose agar (Difco, USA) was dispensed onto the previ-
ously prepared 96-well microplates with the phytocompounds and nanoparticles. Sterility and growth
control wells were included in each microplate. Absorbance at 450 nm after 24 and 48 h of incubation at
37°C was measured with an iMark microplate absorbance reader (Bio-Rad, USA). ICs were calculated as
the lowest phytochemical and nanoparticle concentrations inhibiting $50% growth after 24 h com-
pared with controls.

Macrophage killing assay. The ability of macrophage cells to kill Candida isolates after the addition
of phytocompounds and their nanoparticles was determined according to a previously described proto-
col (54). Briefly, an overnight macrophage culture was disposed at a concentration of 1� 104 cells/well
of macrophages onto 96-well tissue culture plates and incubated at 37°C and 5% CO2 atmosphere. After
1 h of incubation, to allow macrophage adherence onto the tissue culture plate, the NEPs and the nano-
particles were added into the wells. At the same time, Candida cells were added to macrophages at a ra-
tio of 5:1, using 100ml of 5� 105 cells/ml inoculum of C. albicans SC5314 in each well. After 1 h of incu-
bation, the macrophages were lysed with 10% saponin solution (Sigma-Aldrich), and serial dilutions of
the suspension were plated on yeast extract-peptone-dextrose agar (Sigma-Aldrich). CFUs were deter-
mined after 24 h of incubation at 37°C, including CFUs from macrophages incubated with Candida with-
out treatment and Candida alone as control.

Statistical analysis. Comparative analysis of different groups was made using analysis of variance
followed by the Bonferroni test (GraphPad Prism 5.0, USA). Unless otherwise stated, results shown are
from at least two independent experiments with three replicates. In all cases, P values of ,0.05 were
considered statistically significant.
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Note Added after Publication
In the original published version of this paper, incorrect files were used for Fig. 6 to

10. In addition, “P , 0.5” should be “P , 0.05” in the legends of Fig. 7, 8, and 10, and in
the 5th paragraph of the Results section, “64” in the 2nd-to-last sentence should be
“32” and “P , 0.5” in the last sentence should be “P , 0.05.” All of these corrections
have been made in this version of the article.
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