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ARTICLE INFO ABSTRACT

Keywords: The goal of this work is to investigate if the synergistic antifungal activity between cyclosporine A, CsA, and
Cyclosporine A voriconazole, VRZ, increases when both drugs are encapsulated in a nanocarrier as compared when they are free.
PEG The preparation and characterization of blank and VRZ and CsA loaded polymeric based PLGA nanoparticles
PLGA . . (PLGA, PLGA-PEG, and PLGA+PEG) was a necessary previous step. Using the more suitable NPs, those of PLGA,
Polymeric nanoparticles . s . L .

Synergism the antifungal susceptibility tests performed with VRZ-loaded PLGA NPs, show no significant increase of the
Voriconazole antifungal activity in comparison to that of free VRZ. However, the synergistic behavior found for the

(VRZ+CsA)-loaded PLGA NPs was fourfold stronger than that observed for the two free drugs together. On the
other hand, the investigation into the suppression of C. albicans biofilm formation showed that blank PLGA NPs
inhibit the biofilm formation at high NPs concentrations. However, a minor effect or even a slight biofilm in-
crease formation was observed at low and moderate NPs concentrations. Therefore, the enhancement of the
biofilm inhibition found for the three tested treatments (CsA alone, VRZ alone, and VRZ+CsA) when comparing
free and encapsulated drugs, within the therapeutic window, can be attributed to the drug encapsulation
approach. Indeed, polymeric PLGA NPs loaded with CsA, VRZ, or VRZ+CsA are more effective at inhibiting the
C. albicans biofilm growth than their free counterparts.

1. Introduction stress, but it also enhances the resistance of microorganisms to antimi-

crobial agents (Wu et al., 2017).

Fungal infections are a worldwide problem being a growing threat to
public health. In many cases, these infections are superficial, but some
species originate life-threatening illnesses (David et al., 2022; Gushiken
et al., 2021; Otto and Green, 2020; Vila et al., 2020). The distribution of
the fungal infections depends on several factors, but the most common
mycoses are those caused by Cryptococcus spp., Candida spp., and
Aspergillus spp. (WHO, 2022). Those opportunistic pathogens possess the
ability to form biofilms, that is, assemblages of surface-associated mi-
crobial cells enclosed into an extracellular polymeric substance matrix.
Biofilm formation not only provides protection from environmental
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In the 1990 s several new antifungal drugs were prepared, including
fluconazole and itraconazole, which changed the way of treating many
fungal diseases. However, both drugs presented serious limitations and
side problems (Johnson and Kauffman, 2003). With the goal of
improving antifungal treatments, second-generation triazole agents
were developed. Voriconazole, VRZ, is a derivative of fluconazole,
where one of the triazole rings was replaced by a fluorinated pyrimidine
and a methyl group was added (see Fig. 1). This resulted in an expanded
activity (Johnson and Kauffman, 2003; Donnelly and de Pauw, 2004).
However, with the widespread use of antifungal agents, fungal drug
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Fig. 1. Structures of fluconazole, voriconazole, and cyclosporine A.

resistance is unfortunately more and more common. Additionally, bio-
film formation has been found one of the causes of fungal resistance,
given that planktonic cells are over 1000 times more susceptible to
common antifungal agents than matrix enclosed cells (Taff et al., 2012;
Zhang et al., 2013; Akbari and Kjellerup, 2015). This, together with the
adverse effects or toxicities of the available antifungal agents, particu-
larly after long treatments (Cheng et al., 2020; Shi et al., 2019; Theur-
etzbacher et al., 2006), has also limited their use in clinical practice.
Therefore, the overcoming of drug resistance has become a paramount
issue.

Cyclosporine A (see Fig. 1), CsA, is used as immunosuppressor (Rosa
et al., 2023; Deleuran et al., 2024). However, it also has other uses such
as anti-inflammatory, antiviral and in dry eye disease (Guareschi et al.,
2024; Locatelli et al., 2024; Uppuluri et al., 2008). Experimental studies
have shown that CsA can increase the antifungal activity of various
azoles, Including VRZ, being able to inhibit both planktonic and biofilms
(Uppuluri et al., 2008; Shinde et al., 2012; Cordeiro et al., 2014; Nur-
rokhman Baly et al., 2015; Jia et al., 2016). That is, there is a synergistic
behavior between antifungal agents and CsA.

Nanotechnology can provide a new approach to overcome the side
effects and less favorable pharmacological properties of several anti-
fungals. The use of nanocarriers began in 1990, with the amphotericin B
preparation of lipid formulations (Voltan et al., 2016). Since then,
numerous nanosystems have been prepared as nanovehicles for several
antifungal drugs (de Almeida Campos et al., 2023; Kaur et al., 2021;
Mohammadzadeh et al., 2021; Nami et al., 2021; Jangjou et al., 2022),
these studies showing important improvements in the antifungal activ-
ity, increasing their effectivity, and reducing their toxicity, as well as in
preventing biofilm formation (Taff et al., 2012; de Almeida Campos
et al., 2023; Khare et al.,2016; Radwan et al., 2017). CsA has also been
encapsulated in several nanosystems, which increases its aqueous sol-
ubility and improve its therapeutic effects (Badihi et al., 2020; Goyal
et al., 2015; Duber et al., 2020; Li et al., 2023).

Several research articles can be found in the literature about the use
of nanothechnology for the enhancement of the therapeutic effects of
both VRZ and CsA as well as about the synergistic effect between these
two drugs in solution, as was commented above. Nonetheless, the
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influence of encapsulating VRZ and CsA together in nanocarriers on the
synergistic effect between the two drugs has not been investigated until
now, to the authotrs knowledge. The goal of this work is to investigate
this issue. For doing so, three types of polymeric nanoparticles, NPs,
PLGA (poly(lactic-co-glycolic acid), PLGA-PEG (polyethylene glycol)
methyl ether-block-poly(lactide-co-glycolide)), and PLGA+PEG (PEG is
polyethylene glycol) have been prepared and characterized. In this work
the antifungal and anti-biofilm formation activities of free and loaded
VRZ PLGA NPs, alone and in combination with free and loaded CsA
PLGA NPs, respectively, were examined using a reference strain of the
yeast Candida albicans. PLGA NPs were the more suitable NPs to carry
out these studies. Our results indicate that the therapeutic activity of
(VRZ+CsA)-loaded PLGA NPs increases in comparison with the syner-
gistic effect of the free VRZ+CsA combined compounds.

2. Materials and methods
2.1. Materials and microorganisms

Poly(lactic-co-glycolic acid), PLGA (RG 502H), (polyethylene glycol)
methyl ether-block-poly(lactide-co-glycolide), PLGA-PEG, polyvinyl
alcohol, PVA, with an average molecular weight within the range
30,000-70,000 Da, polyethylene glycol, PEG, with an average molecular
weight of 8000 Da, and VRZ were purchased from Sigma and used as
received. CsA was from Acofarma. The rest of the reagents utilized in the
preparation of the NPs as well as in the preparation of the buffer were
also from Sigma.

All aqueous solutions were prepared with deionized MilliQ water
(resistivity > 18 MQ).

The yeast strain Candida albicans ATCC 10231, which is described as
VRZ resistant, used for testing antifungal susceptibility and inhibition of
biofilm formation, was purchased from the American Type Culture
Collection (Mannasas, VA, USA). To ensure purity, cells were plated
onto Yeast Extract-Peptone-Dextrose (YPD) agar, with the following
composition (g/L): yeast extract (10), proteose peptone no. 3 (20),
glucose (20), agar (20). The pH of the medium was adjusted to 5.6 with
1 M HCL

2.2. Methods for preparation of nanoparticles

2.2.1. Preparation of PLGA nanoparticles

PLGA NPs were prepared by using the emulsion/evaporation method
(Pinto Reis et al., 2006). PLGA at 50 mg were dissolved in 5 mL of ethyl
acetate by magnetic stirring, with or without different amounts of VRZ,
CsA, or both. The resulting solution was added dropwise to 20 mL of an
aqueous solution containing 1.5 % (w/v) of PVA under continuous
magnetic stirring at 600 rpm. The resulting emulsion was kept overnight
at room temperature, under continuous stirring, in order to evaporate
the organic phase, which resulted in the formation of the polymeric NPs.
The remaining NPs aqueous dispersion was introduced in an Eppendorf
Concentration plus, under vacuum, for 40 min to assure the total
evaporation of the organic phase. Subsequently, the blank and loaded
polymeric NPs were recovered by centrifugation at 13.500 rpm for 15
min. The NPs were washed twice with water to remove the non-
encapsulated drugs and the volume of the supernatants was measured
and, afterwards, they were kept in the fridge. The NPs obtained were
dried under vacuum using the Eppendorf Concentrator plus for two—
three hours.

2.2.2. Preparation of PLGA-PEG nanoparticles

The method used was similar to that described for the PLGA NPs. The
only difference is that, in order to dissolve the polymer PLGA-PEG in the
ethyl acetate, 100 pL of water were added to the organic phase.

2.2.3. Preparation of PLGA+PEG nanoparticles
The method used was similar to that utilized in the preparation of the
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PLGA NPs. However, in this case, the organic phase, with or without
drugs, contained the PLGA, while 3.3 mg of PEG were dissolved in the
20 mL of 1.5 % of PVA. The rest of the procedure was the same as
indicated above.

2.3. UV-visible spectroscopy measurements

These measurements were carried out using a Shimadzu UV-1800
spectrophotometer, connected to a water flow Lauda cryostat, with
the goal of determining the amount of VRZ encapsulated within the
prepared NPs. The stability of VRZ aqueous solutions was studied
measuring the absorbance at A = 256 nm, the maximum absorbance
wavelength. The solutions were stable for more than one week at 298 K.
A standard quartz cell of 10 mm path length was used.

A calibration curve was done in deionized water by using standard
VRZ solutions within the concentration range 5-85 pg/mL. An addi-
tional calibration curve was obtained in Tris/HCI buffer at pH 7.4, Tris
being tris(hydroxymethyl)aminomethane. This curve was necessary to
determine the amount of VRZ in the in vitro drug release experiments
(see below). The maximum absorbance wavelength was 256 nm.

2.4. HPLC measurements

To determine the amount of CsA encapsulated in the synthesized
NPs, high performance liquid chromatography measurements were
used. The HPLC-UV equipment employed was a Hitachi LaChrome Elite
®, with a LiChosper RP-18 (5 pm) C-18 reverse column. The mobile
phase consisted of a 60-40 acetonitrile-(1 %phosphoric acid aqueous
solution) (v/v) mixture, at a flow rate of 1.8 mL/min. CsA was detected
by its UV absorbance at 214 nm. The injection volume was 20 pL and the
retention time of CsA was 12.47 min. The limits of detection, LOD, and
quantification, LOQ, were 0.009 and 0.30 mg/mL, respectively. All
standards and samples were prepared in a mixture of similar composi-
tion than that of the mobile phase.

2.5. Size and zeta potential, &

A Zetasizer Nano ZS Malvern Instrument (located at the General
Services of the University of Seville, CITIUS) was used to get information
about the size distribution and zeta potential (£) of the prepared NPs. A
scattering angle of 90° was utilized in the size distribution studies. The
polymeric NPs were dispersed in water, at a concentration suitable to
obtain reliable measurements. At least six measurements were done for
three independent samples, both for zeta potential and size distribution
determinations. The average value (standard deviation) was considered.

2.6. Encapsulation efficiency, %EE

The encapsulation efficiency (%EE) was calculated by using eq. (1):

mass drug encapsulated

%EE =
° Total mass drug

x100 (€]

here mass drug encapsulated is the amount of drug encapsulated and Total
mass drug was the total amount of drug present in the preparation of the
NPs.

In the case of VRZ, the former was calculated by subtracting the VRZ
left in the supernatant when the drug loaded NPs were removed. This
amount was determined by UV-visible spectroscopy at 256 nm, using
the calibration curve.

CsA encapsulation efficiency was calculated by using HPLC mea-
surements. In order to do so, a previous digestion of a known amount of
loaded NPs was required. This digestion was carried out as follows:
about 8 mg of dry CsA-loaded NPs were weighted in a Kjeldahl tube.
Then 925 pL of ethyl acetate were added and the tube was introduced in
an ultrasonic bath for 10 min. Subsequently, 10 mL of an aqueous
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solution of 10 % (w/v) of ethanol was added to the tube and immedi-
ately sonicated for one hour. Once the aqueous and organic phases were
separated, the aqueous phase was decanted and removed. The organic
phase was then introduced in an Eppendorf Concentrator Plus and
totally evaporated under vacuum. The remaining CsA was then dis-
solved in the mobile phase and its amount determined by HPLC using a
calibration curve.

It is worth noting that when VRZ and CsA are encapsulated together,
the determination of the %EE for both drugs was done following the
same procedures described above, since there is not interference of
either of them in the methods used.

2.7. Synthesis yield, %R

The yields of the syntheses (%R) used to prepare the different
unloaded and loaded NPs, were calculated by using eq. (2):
mass NPs

%R = 100 2
0 (mass of polymers + mass of drugs) x 2

where mass NPs are the mg of nanoparticles obtained in each synthesis,
mass of polymers and mg of drug are the initial amounts of polymer (or
of polymers in the case of PLGA+PEG NPs) and drug (or drugs if VRZ
and CsA are encapsulated together) used in the preparation,
respectively.

2.8. Transmission electron microscopy (TEM)

These experiments were performed with a Zeiss Libra 120 equipment
located at the CITIUS. The samples were prepared by adding a drop of an
aqueous solution of polymeric NPs ([NPs] = 1 mg/mL) on a cooper grid
coated with a carbon film. Following this, it was air dried at room
temperature. Subsequently, it was stained with uranyl acetate and dried
before carrying out the measurements.

2.9. Invitro drug release

A solution of loaded NPs, of concentration close to 1.5 mg/mL, was
suspended in a Tris/HCI buffer at pH=7.4 in a thermostated glass vial, at
37.4 °C, under continuous magnetic stirring (200 rpm). A sample was
removed at determined time intervals, and afterwards centrifuged at
13500 rpm for 15 min, and replaced with an equal volume of the neutral
buffer. This way the drug concentration in the release medium was
diluted, mimicking the in vivo removal into the systemic circulation.
After the centrifugation, the supernatant was taken and the amount of
VRZ and CsA in the samples were determined by UV-visible spectros-
copy and HPLC measurements, respectively. The experiments were
repeated three times, and the experimental values are the average of the
three replications.

Our aim was to test the formulated nanoparticles for treating
C. albicans infections and avoiding biofilm formation since the anti-
fungal activity of VRZ+CsA increased when both compounds were
encapsulated together as compared to the free drugs. No administration
route was considered because this research was beyond the scope of the
present study. Nonetheless, the study of the release of the drugs at pH
7.4, the physiological pH, considered in the article provides interesting
information for future work.

2.10. Antifungal susceptibility tests

Broth microdilution method performed according to the Clinical and
Laboratory Standards Institute (CLSI) (Wayne, 2008) was followed to
determine the Minimal Inhibitory Concentration (MIC) of the planktonic
cells of the tested strain. In brief, stock solutions of free VRZ, CsA, and
VRZ+CsA were prepared in DMSO at concentrations 100 times the
highest concentration to be tested and then tenfold diluted in RPMI 1640
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broth medium with L-glutamine and phenol red but without sodium
bicarbonate (Sigma), buffered to pH 7.0 with 0.165 M MOPS (Sigma).
Subsequently, the drug dilutions were further fivefold diluted with RPMI
1640, reducing the solvent concentration to 2 % DMSO and the com-
pound to the two times strength needed in the test. Concurrently, NPs
loaded with VRZ (NP-VRZ), CsA (NP-CsA), or VRZ+CsA (NP-VRZ+CsA),
as well as unloaded NPs, were directly suspended in RPMI 1640 medium
at 2X the concentration to be used for MIC determinations. To avoid NP
aggregation, they were sonicated using an ultrasound probe (Digital
Sonifier 450, Branson, USA) at 30 % amplitude during two cycles of 30's,
with a 30-seconds pause between them to prevent temperature rise. No
filter-sterilization was required for stock solutions since they can be
assumed to be sterile. The two times drug/NP concentrations were
dispensed into the wells of the first column of a 96-microtiter plate and
then twofold serially microdiluted throughout the columns. The yeast
inoculum was prepared by randomly picking five colonies from 24-hour-
old cultures of C. albicans grown on YPD agar at 35 °C. The colonies were
suspended in 5 mL of sterile 0.9 % (w/v) saline solution and the turbidity
adjusted to 0.13-0.14 at 530 nm wavelength. Afterward, the suspension
was diluted 1:50 and then 1:20 with RPMI 1640 broth to obtain a
working suspension containing ca. 10° planktonic cells/mL, which was
further inoculated into each well of the microdilution tray. The final
inoculum density achieved was 5 x 10? CFU/mL and the final concen-
trations of each antimicrobial compound ranged as follows: 256-0.0078
pg/ml for VRZ/NP-VRZ, 2048-16 pg/mL for CsA/NP-CsA, and 4/
9.8-0.0312/0.077 pg/mL for VRZ+CsA/NP-VRZ+CsA. Blank unloaded
NPs adjusted to the same concentration that the corresponding drug
loaded NPs were also tested. Besides, growth controls (inoculation in
wells without drugs/NPs) and sterile controls (wells without inoculum)
were prepared. Microdilution plates were incubated at 35 °C and the
detection of visible growth was read after 48 h. MICs were defined as the
lowest drug concentration causing a 50 % decrease in turbidity as
determined visually. All the experiments were performed in duplicate
and repeated three times independently (biological triplicates).

2.11. Inhibition of biofilm formation

Biofilms of C. albicans formed in the presence of free and NP-
encapsulated antifungal compounds were prepared following the same
methodology and final drug concentrations as stated above for the
susceptibility tests, with the exception that the final inoculum density in
the microplate wells was adjusted to 8 x 10* CFU/mL to boost the
biofilm development. Following incubation, the wells were washed
twice with saline solution (0.9 %, w/v) to remove non-adhered plank-
tonic cells. Next, an aliquot of 230 pL crystal violet 0.1 % (w/v) was
added to each well to stain the biofilm. After 15 min at room tempera-
ture, the dye solution was removed, and the wells were rinsed three
times with milliQ water. Then, 200 pL of 30 % (v/v) acetic acid was
added to the wells to dissolve the stained biofilm and, finally, the
mixture was aspirated, and the absorbance measured at A = 595 nm
using the Spark 20 M multimode Microplate Reader controlled by Spark
Control™  software Version 2.1 (Tecan Group Ltd. Crailsheim,
Germany).

2.12. Statistical analyses

Statistical analysis of anti-biofilm formation activity was carried out
using one-way ANOVA followed by Dunnett’s multiple-comparison test.
Differences between free and encapsulated drugs were assessed for
significance using the Student’s t-test with a P value cutoff < 0.05.
GraphPad Prism v10.2 software was employed to perform all the sta-
tistical tests.

For the release results, tests were done using the GraphPad Prism
8.0.1 software program (San Diego, CA). Statistics were determined with
a two-way ANOVA Sidak’ s multiple comparisons test.
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3. Results and discussion
3.1. VRZ-loaded NPs

The encapsulation efficiency, %EE, and the synthesis yield, %R, for
the different VRZ-loaded polymeric NPs are listed in Table 1. The results
for the blank NPs are also showed in this table.

Table 1 shows that the synthesis yield is high and it is similar for the
different prepared NPs. Besides, %R can be considered independent of
the amount of VRZ used in the synthesis within experimental errors. In
regard to the influence of the amount of VRZ on %EE, it can be observed
that, initially, when the mg of voriconazole increases, no influence of the
VRZ quantity used in the synthesis on this magnitude is observed.
However, when this amount is larger than 10 mg a substantial decrease
in %EE was found.

The zeta potential, &, size, and polydispersity index, PDI, of the
unloaded and VRZ-loaded polymeric NPs are also listed in Table 1.
Representative dynamic light scattering, DLS, histograms of VRZ-loaded
NPs are shown in Figure S1 (Supplementary material).

The values summarized in Table 1 show that all the polymeric NPs
have a negative zeta potential, in agreement with literature data for
PLGA based NPs (Lopez-Lopez et al., 2019; Gossmann et al., 2015; Man
etal., 2015; Arasoglu and Derman, 2018; Ramzy et al., 2024; Folle et al.,
2024). No dependence of the zeta potential on the amount of VRZ used
in the synthesis is observed. The sizes of the prepared NPs from different
PLGA derivates are not much different, although the PLGA+PEG NPs
seem to be somewhat smaller than the PLGA and PLGA-PEG ones. The
hydrodynamic diameter indicates that all the NPs prepared have a nano
size. The PDI values do not depend on the initial amount of VRZ. As can
be observed from the DLS histograms shown in Figure S1
(Supplementary material), PLGA and PLGA-PEG NPs present a unimodal
size distribution, although for some amounts of VRZ, a bimodal distri-
bution can be found (see Figure S1, Supplementary material). The
PLGA-+PEG NPs show a bimodal distribution for all the VRZ amounts,
although the contribution of the first peak, corresponding to the smallest
size of NPs, is low.

The morphology of the prepared NPs was examined by transmission
electron microscopy, TEM. Fig. 2 shows the image for PLGA NPs (10 mg
of VRZ). One can see that the NPs are spherical. The average size
measured by TEM is around 350 nm, smaller than that obtained by DLS.
This is an expected result since DLS measures the size of the NPs
including the hydration layer, but TEM measurements are done on dried
samples, as is described in the Experimental section. Anyway, the size
found by using the two techniques agrees within experimental errors.
Besides, no important polydispersity was observed in the TEM image,
also in agreement with the DLS results.

The percentage of cumulative release in vitro for the VRZ-loaded
PLGA, PLGA-PEG, and PLGA+PEG was studied (Figure S5, Supple-
mentary material). As displayed in Figure S2 no initial burst was found
for VRZ-loaded NPs, which points out that the drug is encapsulated
within the NPs and not adsorbed at their surface. The release profiles
correspond, in all cases investigated, to first order kinetic processes and
they do not practically depend on the amount of drug used in the
preparation method of the NPs. The release rate constants, k;, were
calculated by using Eq. (3):

%Cumulative release drug = a-(1 — exp(—k;-t)) 3)

where k; is the first order rate constant corresponding to the drug
release and a is and adjustable parameter. Solid lines in Figure S2 shows
that the agreement between the experimental and the theoretical data is
good. The rate constant values obtained were: k,=(8.4 + 0.4) x 107
min~! for PLGA, k=(3.6 + 0.4) x 102 min~! for PLGA-PEG, and
k,=(6.8 + 1.0)) x 10 min~! for PLGA+PEG. One can see that the
release is faster in the case of PLGA-PEG, although the maximum
amount of VRZ released from the different NPs follows the trend
PLGA>PLGA-PEG>PLGA+PEG. Tests were done using the GraphPad
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Table 1
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Encapsulation efficiency, synthesis yield, hydrodynamic diameter, dy, zeta potential, &, and polydispersity index, PDI, values obtained in the preparation of the

unloaded and VRZ-loaded polymeric NPs at different amounts of VRZ (mg).

PLGA
mg VRZ Encapsulation Synthesis Hydrodynamic Zeta potential, & Polydispersity index, PDI
efficiency, %EE yield, %R diameter, dyg (mV)
(nm)
0 - 80+ 4 453 + 61 —-18.5+0.4 0.80 &+ 0.07
5.0 20.1 £1.7 81+3 388 + 54 —-19.2 + 0.9 0.63 = 0.07
7.5 179 +£1.1 78+ 3 442 + 33 —24.6 = 0.6 0.61 +0.10
10.0 188+ 1.4 77 £ 2 387 + 28 —249+1.6 0.50 = 0.02
15.6 19.4 £1.3 73+£3 486 + 15 —-20+3 0.63 + 0.10
PLGA-PEG
0.0 - 84+3 375 + 36 —16.8 + 0.4 0.72 £ 0.10
5.0 18.6 £1.3 86+ 5 361 + 68 -229+1.1 0.50 = 0.10
7.4 17.2£1.1 88+ 4 297 + 65 —226+1.1 0.45+0.10
10.0 194 +£1.4 85+ 2 390 + 44 —19.6 £ 0.4 0.50 = 0.06
15.6 8.0 £0.9 84+5 466 + 78 -30£2 0.6 £0.2
PLGA-+PEG
0.0 - 88+ 6 372+ 28 —-189+ 14 0.40 = 0.04
5.0 25.0+1.9 85+ 4 334 + 32 —-32.6 1.6 0.30 £ 0.10
7.5 188 £1.6 91+6 309 + 19 —34+2 0.50 + 0.08
10.2 21.1+19 82+3 411 + 27 -32+2 0.40 = 0.07
16.0 9.0 £1.0 80+5 364 + 27 —-30.0 £ 0.5 0.40 + 0.07
a unimodal size distribution.
The representative DLS histograms shown in Figure 5S4

Fig. 2. TEM image of VRZ (10 mg) loaded-PLGA NPs.

Prism 8.0.1 software program (San Diego, CA). Statistics were deter-
mined with a two-way ANOVA Sidaks multiple comparisons test
comparing the results obtained for the different types of polymeric NPs.
Results shown in Figure S3 (Supplementary material) indicate that there
is a significant difference between the release rate constants obtained in
PLGA and PLGA-+PEG and those estimated in PLGA-PEG, but no be-
tween those found in PLGA and PLGA+PEG.

3.2. CsA-loaded NPs

A similar characterization of the CsA-loaded NPs to that achieved for
the VRZ-loaded NPs was carried out. Table 2 summarizes the data ob-
tained. This Table shows that the encapsulation efficiency and the syn-
thesis yield calculated for the CsA-loaded NPs do not depend on the
amount of CsA initially used in the synthesis. All the NPs present a
negative zeta potential, the values being within the same range as those
found for VRZ loaded NPs. The sizes are also similar, considering
experimental errors, and no dependence on the amount of CsA utilized
was observed. Most of the CsA-loaded PLGA and PLGA-PEG NPs present

(Supplementary material) indicate that CsA-loaded NPs present a
unimodal size distribution. The TEM image of CsA-loaded PLGA NPs (10
mg of CsA), shown in Fig. 3, present a spherical morphology and a size
around 330 nm, in agreement with DLS results.

The percentage of cumulative release in vitro for the CsA-loaded
PLGA, PLGA-PEG, and PLGA+PEG was studied (Figure S5, Supple-
mentary material). As displayed in Figure S2 for VRZ, no initial burst
was found for CsA-loaded NPs, which points out that, as in the case of
VRZ, CsA is mainly encapsulated within the NPs. The release profiles
correspond, in all cases investigated, to first order kinetic processes and
they do not practically depend on the amount of drug used in the
preparation method of the NPs. The release rate constants, k;, were
calculated by using eq. 3 (solid lines in Figure S5, Supplementary ma-
terial), the results being k,=(9.3 + 0.4) x 10 min~! for PLGA, k,=(1.13
+ 0.06) x 10 min~! for PLGA-PEG, and k,=(9.7 + 1.2)) x 10 min!
for PLGA+PEG. As in the case of VRZ, one can see that the release is
faster in the case of PLGA-PEG, than in PLGA and PLGA+PEG. Similarly,
the maximum amount of CsA released from the different NPs follows the
trend PLGA>PLGA-PEG>PLGA+PEG. Tests were done using the same
methodology as in the case of VRZ release. Results shown in Figure S6
(Supplementary material) indicate that there is a significant difference
between the release rate constants obtained in PLGA and PLGA+PEG
and those estimated in PLGA-PEG, but no between those found in PLGA
and PLGA-+PEG. Nonetheless, those differences are much smaller than
in the case of VRZ (see Figures S3 and S6, Supplementary material).

3.3. (CsA+VRZ)-loaded PLGA NPs

The data listed in Tables 1 and 2 and the results retrieved from TEM
and release experiments indicate that the best choice for carrying out the
antifungal susceptibility and inhibition of biofilm formation tests are the
loaded PLGA NPs with initial synthesis conditions of 10 mg of VRZ and
10 mg of CsA. These NPs were chosen because, although PLGA-PEG and
PLGA+PEG also show good characteristics, the maximum amount of
VRZ as well as of CsA released from these loaded NPs is smaller, around
¥ and 1/3, than that observed for the PLGA NPs. Besides, PLGA+PEG
NPs have a bimodal size distribution. The characterization of
(VRZ+CsA)-loaded PLGA NPs (10 mg of VRZ+10 mg of CsA) is
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Table 2
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Encapsulation efficiency, synthesis yield, hydrodynamic diameter, dy, zeta potential, &, and polydispersity index, PDI, values obtained in the preparation of the

unloaded and CsA-loaded polymeric NPs at different amounts of CsA (mg).

PLGA
mg CsA Encapsulation Synthesis Hydrodynamic Zeta potential, & Polydispersity index, PDI

efficiency, %EE yield, %R diameter, dyg (mV)

(nm)

5.0 44+ 4 80+3 405 + 62 -222+ 1.6 0.51 + 0.06
10.0 47 +3 77 £3 357 + 26 -21.1+1.1 0.42 £+ 0.03
15.0 49+5 75+ 4 421 £ 15 —-25+2 0.60 + 0.10
PLGA-PEG
5.0 41+3 78 +5 377 £ 76 -225+1.1 0.52 +0.10
10.0 50 + 4 80 + 4 446 + 39 -23+1.3 0.40 £ 0.05
15.0 43+ 4 80 + 4 441 £ 72 —-25+2 0.61 +0.17
PLGA-+PEG
5.0 51+5 82+ 4 354 + 29 -22.6 +1.6 0.40 + 0.09
10.0 63 + 4 81+3 393 + 24 -21.4+15 0.60 £ 0.09
15.0 47 +£5 81+t4 417 + 42 —20.0 + 0.9 0.47 £0.10

Fig. 3. TEM image of CsA (10 mg) loaded PLGA NPs.

presented below.

The estimated magnitudes corresponding to the VRZ+CsA (10 mg of
VRZ+10 mg of CsA) loaded PLGA NPs were %EE VRZ=(18.2 + 1.4)%, %
EE CsA=(50 + 4)%, %Y=(78 + 4)%, é=(—26.0 &+ 1.9) mV, dy=561 +
32 nm, and PDI=(0.49 + 0.05).

A representative DLS histogram corresponding to the VRZ+CsA (10
mg of VRZ+10 mg of CsA)-loaded NPs investigated is shown in Fig. 4,
together with their TEM image.

The VRZ and CsA encapsulation efficiencies observed when they are
encapsulated together within the PLGA NPs are similar to those found
for these NPs when the drugs are encapsulated separately. The synthesis
yield and zeta potential are also such as those previously observed
(Tables 1 and 2). However, the NPs are larger when the two drugs are
encapsulated together compared to single drug loaded NPs. Besides, a
bimodal size distribution was found. The TEM image shows NPs pop-
ulations with different sizes, in agreement with the DLS observations.
This issue will be considered again below:

The percentage of cumulative release in vitro of VRZ and CsA from
the PLGA NPs (10 mg of VRZ+10 mg of CsA) was studied. Figure S7
(Supplementary material) shows the release profiles for the two drugs.
One can see that the percentage of CsA releases is much higher than that

1 10 100 1000 10000
Size (d.nm)

Fig. 4. Representative DLS histogram and TEM image corresponding to PLGA
(10 mg VRZ+10 mg CsA)-loaded NPs.

of the VRZ, as was observed when the drugs were encapsulated sepa-
rately in the different NPs studied (Figures S2 and S5, Supplementary
material). The release data were fitted to a first order kinetic using eq. 3.
The results were: k,=(6.7 + 0.2) x 10 min~! for VRZ, and k,=(8.4 +
0.5) x 10" min~! for CsA. Solid lines in Figure S7 (Supplementary
material) show that there is an agreement between the experimental and
the theoretical data. Tests were done as was commented above for VRZ
and CsA releases. Results are shown in Figure S8 (Supplementary ma-
terial). They indicate that there are significant differences between the
release of both VRZ and CsA when they are alone or together into the
PLGA NPs, being slower in the latter. The difference of the release rate
between VRZ and CsA is significant and it is not much influenced by the
fact that the two drugs are encapsulated separately or together.

At this point and considering again the issue of the bimodal size
distribution, PLGA NPs encapsulating VRZ+CsA were prepared with
different initial amounts of the two drugs. In particular, PLGA NPs (10
mg of VRZ+5 mg of CsA), PLGA NPs (7.5 mg of VRZ+5 mg of CsA), and
PLGA NPs (7.5 mg of VRZ+10 mg CsA) were synthesized and their hy-
drodynamic diameter measured by DLS. In all cases the NPs were larger
than those encapsulating the drugs separately and a bimodal size dis-
tribution was observed. Taking this into account, the biological
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experiments were carried out with the PLGA NPs (10 mg of VRZ+10 mg
of CsA).

3.4. Biological activity of drug loaded PLGA NPs against Candida
albicans

Since previous studies have suggested the synergism between tri-
azoles and the calcineurin inhibitor CsA (Shinde et al., 2012; Cordeiro
et al., 2014; Nurrokhman Baly et al., 2015; Jia et al., 2016; Li et al.,
2008; Zhang et al., 2019) and the enhancement of antifungal com-
pounds following their encapsulation (Zhang et al., 2013; de Almeida
Campos et al., 2016; Kaur et al., 2021; Mohammadzadeh et al., 2021;
Nami et al., 2021; Jangjou et al., 2022; Khare et al., 2016; Radwan et al.,
2017; Badihi et al., 2020; Goyal et al., 2015; Duber et al., 2015; li et al.,
2023), here we decided to perform a preliminary exploration on the
clinical potential of PLGA NPs loaded with VRZ and CsA, either inde-
pendently encapsulated or as combined formulations. The susceptibility
profile of the planktonic cells of the strain C. albicans ATCC 10231
showed the MIC ranges displayed in Table 3.

Considering the MIC breakpoints of the CLSI [39], the studied yeast
was resistant to VRZ (as expected according to the strain description).
Regarding CsA, the MIC values largely exceeded the general therapeutic
range for this compound, which is not surprising given its clinical
indication as immunosuppressant but not as antifungal drug. However,
when both drugs are combined, they work synergistically and their MIC
values drop dramatically, falling within the dosage window. Our MIC
results agree with previous studies assessing the growth inhibition of
C. albicans by triazoles and CsA, used separately or in combination (Li
et al., 2008). Comparisons of MIC data between free and encapsulated
drugs showed that, individually employed, VRZ and CsA have a slightly
better, but not significant, effect (within a range of twofold concentra-
tion) if loaded into NPs. This MIC enhancement was also found for
amphotericin B loaded PLGA-PEG NPs against C. albicans (Badihi et al.,
2020). Nevertheless, the MIC for VRZ+CsA combination was reduced up
to fourfold when the drugs were encapsulated in PLGA NPs. Considering
that the blank unloaded NPs had no effect on the yeast growth at the
maximum tested concentration, we can hypothesize that the improved
activity of the encapsulated drugs may be due to the ameliorated drug
stability, solubility, penetration, sustained release, and pharmacoki-
netics provided by the PLGA nanocarrier.

Biofilm development of C. albicans has been proved to be more sus-
ceptible to the synergistic effect of triazole compounds (including VRZ)
combined with CsA than to triazole alone (Cordeiro et al., 2014; Nur-
rokhman Baly et al., 2015; Jia et al., 2016; Voltan et al., 2016). On the
other hand, CsA alone exhibits a very poor or null ability to inhibit
biofilm growth (Shinde et al., 2012; Cordeiro et al., 2014; Nurrokhman
Baly et al., 2015; Jia et al., 2016; Nurrokhman Baly et al., 2015; Jia
et al.,, 2016; Voltan et al, 2016). As in the previous findings
(Nurrokhman Baly et al., 2015), our results also demonstrated that CsA
concentrations > 512 pg/mL were required to achieve an average bio-
film reduction of 50 % or more (Fig. 5a). Free VRZ was able to prevent

Table 3

In vitro antifungal activity against C. albicans ATCC 10231 of VRZ, CsA, and
VRZ+CsA used as free and encapsulated drugs, as well as the biological activity
of unloaded NPs.

Drug MIC range (pg mL™")
Free loaded PLGA NPs (concentration blank PLGA
of NPs)* NPs
VRZ 256 128-256 (2864-5728) >5728
CsA 512 256-512 (1580-3160) >12640
VRZ+CsA  0.5-1/ 0.125-0.25/0.306-0.613 >177.5
1.225-2.45 (5.547-11.094)

*Concentration of NPs (ug mL™) in the microplate well to achieve the indicated
drug concentration.
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biofilm formation in more than a 50 % at all the tested concentrations
(Fig. 5b), even though the planktonic cells of C. albicans ATCC 10231
were only susceptible at values > 256 pg/mL (Table 3). However, the
combined utilization of free VRZ+CsA allowed a twofold biofilm inhi-
bition in comparison with the same concentration of free VRZ alone, in
particular in the range 0.25-4 pg/mL of VRZ (Fig. 5 b,c). With regards to
the encapsulated vs. the free drug effectiveness against biofilm forma-
tion, encapsulation results in an increase of the biological activity of the
three tested treatments (CsA alone, VRZ alone, and VRZ+CsA) for most
concentrations, although significant differences are observed only at
moderate or low concentrations (Fig. 5). However, at high drug con-
centrations, inhibition of biofilm development was quite similar be-
tween free and encapsulated drugs (data not shown). At this point, it was
necessary to consider if the biofilm reduction of drug loaded NPs could
be due to the fungal activity of the PLGA nanoparticles themselves.
Fig. 6 shows that blank PLGA NPs prevented the biofilm formation in
more than a 50 % at high concentrations (>0.179 mg/mL), but their
antifungal effect was almost negligible or even biofilm promoting at
lower concentrations (Fig. 6). This suggest that NPs do not have an
additive effect over the drug, but they truly enhance its antifungal ac-
tivity when used within the therapeutic window. That is, the
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Fig. 5. Inhibition of biofilm formation exerted by A) CsA, B) VRZ, and C)
VRZ+CsA treatments both as free and encapsulated formulations. The results
are represented as the percentage of biofilm reduction in comparison with
controls (red dotted line). The experiments were conducted in duplicate from
three independent biological experiments (n = 6) and the data are expressed as
mean + SEM. ns, not significant (P>0.05); *, P<0.05; **, P<0.01;
*#% P<0.001.
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Fig. 6. Inhibition of biofilm formation exerted by the blank PLGA NPs. The results are represented as the percentage of biofilm reduction in comparison with controls
(red dotted line). The experiments were conducted in duplicate from three independent biological experiments (n = 6) and the data are expressed as mean + SEM. ns,

not significant; **, P<0.01; ****, P<0.0001.

encapsulation of the drugs in polymeric NPs results in an increment of
their fungal anti-biofilm effect.

4. Conclusions

Several PLGA based NPs were prepared with the goal of encapsu-
lating VRZ and CsA, separately or together. The blank and loaded NPs
were characterized and those with the most suitable properties were
chosen to carry out the antifungal susceptibility tests and the inhibition
of biofilm formation of Candida albicans. A synergistic effect between
free VRZ and CsA was observed, the presence of CsA improving the
antifungal activity of VRZ alone. When the drugs were encapsulated
together in the NPs, an increment in the synergy was found, the anti-
fungal activity of (VRZ+CsA)-loaded NPs increased fourfold as
compared to that of free VRZ-+CsA. With regard to the inhibition studies
of C. albicans biofilm development, high concentrations of blank NPs
suppressed the biofilm establishment. However, at low or moderate NPs
concentrations, a negligible effect or even an increment in the biofilm
formation was found. Therefore, the experimentally observed inhibition
of the biofilm growth in the presence of encapsulated VRZ, CsA, or
VRZ+CsA when compared with free drugs can be attributed to the
encapsulation effects rather than to the polymeric NPs per se. Therefore,
drug encapsulation, either separately or in combination, improved their
antifungal activity against C. albicans biofilm development, when used
within the therapeutic window.

As was commented above, various researchers have studied the
synergistic effect between cyclosporine A and different antifungal agents
such as voriconazole, fluconazole or caspofungin (Cordeiro et al., 2014;
Jiaetal., 2016; Zhang et al., 2019), when the drugs were free. The effect
of voriconazole encapsulated in a variety of nanocarriers has also been
investigated (de Almeida Campos et al., 2023; Das et al., 2015; Shah
et al., 2022). However, to our knowledge, the synergistic behavior of
VRZ and CsA when they are encapsulated together in nanovehicles has
not been studied. The findings from the investigations done in this work
lay a solid foundation for further exploration into the enhancement of
the synergistic effect of other antifunfal agents, such as fluconazole, and
CsA, when both are encapsulated together in nanocarriers, against the
biofilm formation caused not only by C. albicans, but also by other
strains such as S. Candida glabrata, R. Candida krusei or C. metapsilosis.

The goal of this manuscript was to test different nanoparticles for-
mulations and assay their biological activity in vitro. The ex vivo and in
vivo studies will certainly shed light on the clinical application of our

drug loaded nanoparticles, but this is beyond the scope of the present
research. Future research will address the detailed ex vivo and in viv-
o study of the antifugungal, antibiofilm, and toxicity analysis of the
formulated nanoparticles. For this, collaborations with other research
groups working with animal infection models will be required.
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