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ABSTRACT: COVID-19 has resulted in more than 490 million people
being infected worldwide, with over 6 million deaths by April 05th, 2022.
Even though the development of safe vaccine options is an important step
to reduce viral transmission and disease progression, COVID-19 cases will
continue to occur, and for those cases, efficient treatment remains to be
developed. Here, a drug repurposing strategy using nanotechnology is
explored to develop a therapy for COVID-19 treatment. Nanoparticles
(NPs) based on PLGA for fingolimod (FTY720) encapsulation show a
size of ∼150 nm and high drug entrapment (∼90%). The NP (NP@
FTY720) can control FTY720 release in a pH-dependent manner.
Cytotoxicity assays using different cell lines show that NP@FTY720
displays less toxicity than the free drug. Flow cytometry and confocal
microscopy reveal that NPs are actively internalized mostly through
caveolin-mediated endocytosis and macropinocytosis pathways and co-localized with lysosomes. Finally, NP@FTY720 not only
exhibits anti-SARS-CoV-2 activity at non-cytotoxic concentrations, but its biological potential for viral infection inhibition is nearly
70 times higher than that of free drug treatment. Based on these findings, the combination of drug repurposing and nanotechnology
as NP@FTY720 is presented for the first time and represents a promising frontline in the fight against COVID-19.
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1. INTRODUCTION

The emergence of pathogens presents a huge challenge to
global public health.1 Since its detection in December 2019,
COVID-19, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has resulted in more than 490
million infected people worldwide by April 05th, 2022.2,3

Although most infected individuals are asymptomatic or
experience mild cold symptoms, others may develop an
exacerbated immune response, also described as a “cytokine
storm,” often associated with organ failure and the develop-
ment of acute respiratory distress syndrome, which is usually
lethal.4,5 Consequently, over 6 million people have lost their
lives due to COVID-19.
As a result of close historical, clinical, and scientific

collaboration, the rapid understanding of SARS-CoV-2-host
interaction and pathology allowed the development of safe
vaccine options, which is an important step toward reducing
viral transmission and preventing disease progression.6,7

However, new COVID-19 cases will continue to occur, and
therefore the development of effective drugs to combat the
virus and/or reduce disease symptoms is urgently required to
meet global demand.8

Although several drugs have been experimentally tested or
are under clinical trials,9−13 only a few drugs, such as the
antiviral Remdesivir, the immune modulator Baricitinib, and
the monoclonal antibody cocktail RegenCov, have been
approved or recommended by the FDA agency to treat acute
COVID-19, when hospitalization is required.14 While the
scientific community continues to search for effective
molecules, according to the specific pathological features and
clinical phases, different drugs including inflammation
inhibitors, antiviral molecules, antirheumatic drugs, heparins,
and/or hyperimmune immunoglobulins are commonly pre-
scribed.15 Instead of searching for a new drug agent against
COVID-19, researchers and scientists have adopted a valuable,
economic, fast, and efficient approach called drug repurposing,
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where approved or investigational drugs are considered for a
novel intervention.16 Initial drug investigations against
COVID-19 usually consisted of human clinical evidence of
drug efficacy, together with in vitro experiments for SARS-
CoV-2 and other coronaviruses. Clinical case reports indicated
that multiple sclerosis (MS) patients treated with fingolimod
(FTY720, Gilenya), a 2010 FDA-approved oral immunosup-
pressor, only developed mild COVID-19 symptoms, suggesting
that this drug should be considered as a potential therapeutic
candidate against SARS-CoV-2.2,17

FTY720 phosphate, a product of in vivo FTY720
phosphorylation, is a sphingosine 1 phosphate (S1P) analogue
that reduces the exacerbated immune response by decreasing
the T cell population of the peripheral blood.17,18 In addition,
bioactive sphingolipids played a crucial role in the regulation of
viral infections, and pro-inflammatory responses were involved
in the severity of COVID-19.19 Therefore, FTY720 has
recently been introduced in clinical trials to determine its
role in pathology and immunomodulatory potential.19,20

Due to its low solubility and instability in an aqueous
medium, the currently available FTY720 medicine for oral
administration must be administered daily to achieve active
steady-state levels in MS patients.21,22 In addition, other
therapeutic approaches for FTY720, including antitumoral
activity23 and immunosuppressants for kidney transplanta-
tion,24 reinforced stability concerns, toxicity potential, and
difficulties encountered in the maintenance of therapeutic
doses.21

Nanotechnology and nanomedicine perform important tasks
in this regard, offering not only the design of new strategies but
also important improvements to ongoing treatments. It was
well established that the administration of nanoencapsulated
drugs facilitated effective delivery and inherent toxicity
reduction. Particularly, in the case of FTY720, nano-
encapsulation might provide active agent concentrations in
patients’ blood and tissues for a prolonged time, avoiding the
necessity of repeated administrations and improving their
stability in biological fluids.24 Considering the favorable
outcome of applied nanotechnology in the treatment of viral
infections, diagnostic devices, and the valuable contribution of
nanoscience in vaccine production,25 it is possible to anticipate
that this valuable tool will also be able to aid in COVID-19
treatment.26 Bringing these approaches together can therefore
represent a valuable strategy.
Herein, we developed a polymeric nanoparticle (NP) based

on poly lactic-co-glycolic acid (PLGA) for encapsulating
FTY720 (NP@FTY720) to investigate whether this nano-
system could improve the effect of FTY720 in terms of
biosafety, release kinetics, and anti-SARS-CoV-2 properties.
NP@FTY720 showed a similar cytotoxic profile to human cell
lines; moreover, it led to a striking reduction in SARS-CoV-2
viral titers and cytopathic effect (CPE) in VeroCCL81 cells.
Overall, we identified that the nanotechnology allied to the
drug repurposing concept represents a valuable combination,
and NP@FTY720 might represent a potential antiviral strategy
for COVID-19 treatment.

2. EXPERIMENTAL SECTION
2.1. Preparation of NP@FTY720 by a One-Step Emulsion

Solvent Evaporation Technique. NP@FTY720 was produced by
the single emulsion method with modifications.27 Briefly, 1 mg of
FTY720 hydrochloride CRS (European Pharmacopoeia reference
standard) and 10 mg of PLGA 85:15 (Lactel Biodegradable

Polymers) were dissolved in 100 μL of ethanol and 1.4 mL of
dichloromethane, resulting in a homogeneous organic phase. This
phase was added to the aqueous solution of Pluronic 127 (15 mg/
mL) using a syringe (5 mL) coupled to a 0.70 × 30 mm BD needle.
Emulsification was carried out by 1.5 min sonication (Branson Digital
Sonifier, Mexico) applying a pulse mode of 1 min on and 30 s off,
with 20% amplitude in an ice bath. The resulting emulsion was
evaporated under magnetic stirring to remove the organic solvent.
Afterward, NPs were washed using Amicon 100 kDa cut off and
stored for further characterization. Empty NPs (without FTY720)
were produced following the procedure described above for
comparative purposes. For internalization studies, 2 mg/mL of 3,3′-
dioctadecyloxacarbocyanine perchlorate solution (DiO, Sigma-Al-
drich) in ethanol (10 μL) was added to the organic phase before the
sonication procedure. Afterward, the formulation was centrifuged at
10 000g for 10 min (Eppendorf centrifuge 5804R, Germany). NPs
were further redispersed in phosphate-buffered saline (PBS) 1× and
dialyzed overnight using dialysis tubing cellulose, with a 12 kDa cut
off (Sigma-Aldrich, USA).

2.2. Determination of Drug Encapsulation Efficiency (EE %).
FTY720 quantification was performed by applying an indirect method
considering the amount of non-entrapped FTY720 (free in the
supernatant) according to eq 1. To this end, NPs were placed in an
Amicon 100 kDa cut off and centrifuged (5000 rpm at 25 °C, 10
min), and the solution deposited on the bottom compartment was
used for EE % evaluation

EE %
FTY720 added non entrapped FTY720

FTY720 added
100=

[] − [] ‐
[]

×

(1)

The confirmation of EE % was also performed by placing a known
amount of NP@FTY720 in acetonitrile for nanostructure disruption
following filtration and injection in a high-performance liquid
chromatographic system (HPLC). Chromatographic analyses were
executed using the previously described methodology,28 validated by
us. The chromatographic HPLC system was a Waters Alliance
equipment with a quaternary pump, applying a Gemini NX-C18
column (250 cm × 4.6 mm, 5 μm, 110 Å, Phenomenex) with the
mobile phase acetonitrile (35:65, v/v) and triethylamine in water
0.1% (adjusted to pH 3.0 ± 0.05 with orthophosphoric acid) at a flow
rate of 0.9 mL/min, and a UV detector at 220 nm. The standard
analytical curve was determined by adding FTY720 (10−100 μg/mL)
to the mobile phase and using the equation y = 26701x − 8300.5 (r2 =
0.999). Results are shown as the mean of three independent
determinations and their standard deviations (SD).

2.3. Characterization and Stability Evaluation of NPs.
Particle size and the polydispersity index (PDI) were measured by
dynamic light scattering (DLS) and photon correlation spectroscopy
at a wavelength of 633 nm at 25 °C and a detection angle of 90°. The
zeta potential (ZP) was recorded by the electrophoretic mobility at 25
°C. The analyses were carried out on Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) equipment. Samples (10 μL) were diluted
in 1 mL of purified water. For stability purposes, NPs were stored in a
refrigerator (8 °C) and periodically (at least once a week) analyzed
for size, PDI, and ZP. Results are presented as the average of three
independent measurements (n = 3) and their SD.

Empty NPs and NP@FTY720 were additionally characterized for
their concentration and size distribution by NP tracking analysis
(NTA) in a NanoSight NS300 (Malvern Instruments, Worcestershire,
UK) equipped with a sample chamber, a 532 nm laser, camera level
11/12, and 77 ± 25 particles per frame. The NPs were diluted 50×
and 400× using purified water and injected into the sample chamber
with a sterile 1 mL syringe. The NTA 2.3 software was used to
capture images and analyze data. Videos were recorded using an
EMCCD 215S camera. For internalization studies, a fluorescence
filter was applied for data acquisition. All measurements were
performed in triplicate, applying independent samples in duplicate,
at room temperature.

Field-emission scanning electron microscopy (FEG-SEM) analyses
were conducted for empty NPs and NP@FTY720 to analyze size and
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morphology. Samples were diluted (2:100 v/v) in ultrapure water,
placed on a metallic holder, and left to dry at room temperature.
Afterward, samples were coated with carbon, and photomicrographs
were taken at different magnifications using a JEOL-JSM-7500F
coupled to the Joel Pc-100 ver.2.1.0.3. Software.
2.4. In Vitro Release Study. Release studies of free FTY720 and

NP@FTY720 were performed according to a methodology previously
proposed with modifications.29,30 A known amount of FTY720,
solution, and NP@FTY720 were added to a 2 mL tube containing
phosphate buffer at pH 7.4 with 0.2% of sodium lauryl sulfate (LSS)
and acetate media at pH 5.0 at 37 ± 0.5 °C with 300 rpm stirring. The
solubility of the FTY720 drug in both selected receptor media was
previously evaluated to assure sink conditions. Afterward, at
predetermined times (0.5, 2, 4, 8, and 24 h), the content was filtered
(Amicon Ultra 30K) to isolate the released drug, and quantification
was performed using the HPLC system with standard analytical curve
FTY720 (10−100 μg/mL) built-in phosphate buffer pH 7.4 with
0.2% LSS (y = 4196.6x + 81 754) and acetate medium pH 5.0 (y =
2158.7x + 163 173).
Mathematical modeling with different kinetic models (Korsmeyer−

Peppas, Higuchi, first order, Hixson−Crowell, Baker−Lonsdale, and
Weibull) has been performed to better understand the FTY720
release kinetic from NPs using the SigmaPlot 10.0 software.
2.5. Cell Lines and Cell Culture. The cell lines used in this study

were obtained from the Rio de Janeiro Cell Bank, Brazil. Immortalized
human hepatocytes (HepaRG), human alveolar adenocarcinoma
(A549), and kidney epithelial cells from an African green monkey
(VeroCCL81) cells were used to investigate the cytotoxic potential of
FTY720 and NP@FTY720; VeroCCL81 cells were further used to
access the internalization mechanisms and antiviral potential of
FTY720 and NP@FTY720. Cells were grown as a monolayer using
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum in a humidified incubator at 37 °C with a 5%
CO2 atmosphere.
For the experiments, cells were seeded onto 96 (cytotoxicity and

CPE inhibition assay) or 12 (NP internalization assay) well plates, in
fresh DMEM with 10% FBS and allowed to adhere for 24 h at 37 °C
with 5% CO2. Three independent experiments (with three replicates
each, for cytotoxicity and the CPE assay) were performed.
2.6. Cytotoxicity Profile. To investigate the cytotoxic profile of

FTY720, NP@FTY720, and empty NPs, cells were first incubated
with different concentrations of the drug and NPs for 24 and 48 h in
fresh DMEM with 2.5% FBS. VeroCCL81 cells were also incubated
with the test compounds for 72 h, considering the experiments with
the SARS-CoV-2 virus, which were carried out for 72 h. The following
control groups were kept in parallel: cells incubated with complete
medium only and cells incubated with equivalent amounts of ethanol
or water present in FTY720 and NP@FTY720-test groups,
respectively. At the end of each exposure period, the culture medium
was replaced by a fresh complete medium containing 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich) at 0.5 mg/mL. Cells were incubated for 1 h and
washed with PBS, and formazan was solubilized with dimethyl
sulfoxide (200 μL). The absorbance was measured at 570 m using a
microplate spectrophotometer, SpectraMax M2E (Molecular Device,
Inc.).
2.7. NP@FTY720 Cellular Internalization. To assess NP@

FTY720 internalization kinetics, VeroCCL81 cells were incubated
with NP@FTY720-DiO at 5 × 109 particles/mL for 0.5, 1, 2, and 4 h.
Then, cells were washed three times with PBS buffer at 4 °C,
harvested (0.25% trypsin, 0.02% EDTA in PBS, pH 7.2), and pelleted
in a complete culture medium (1000g, 5 min). Subsequently, pellets
were resuspended and washed twice by centrifugation (500g for 10
min, 4 °C) with a 0.5% BSA-Isoton solution. The fluorescence
intensity of NP@FTY720-DiO was quantified in each sample by flow
cytometry using FACS Calibur (BD Biosciences). Cells in complete
medium and cells with the addition of non-fluorescent NP@FTY720
were used as controls. Three independent biological replicates were
performed, data were processed using FlowJo software, and statistical

analysis was performed using GraphPad Prism software version 8.0
(GraphPad Software Inc.).

NP@FTY720-DiO internalization in VeroCCL81 cells was further
confirmed by confocal microscopy. Cells were grown on coverslips in
12-well plates and incubated with 5 × 109 particles/mL for 4 h. 30
minutes before finishing the treatment, 1 μM of the LysoTracker
(Thermo Fisher) fluorescent probe was added to the wells to stain the
lysosomes. At the end of the incubation period, cells were rinsed three
times with PBS, fixed with 3.7% paraformaldehyde for 10 min, and
washed three times with PBS. After blocking with 3% BSA for 1 h, the
cells were rewashed with PBS, the nuclei were stained with 4′,6′-
diamino-2-fenil-indol (1 μg/mL), and the coverslips were mounted
with Fluoroshield medium. Cells were imaged in 1.47 μm thick z-
sections using a Zeiss LSM900 laser-scanning confocal microscope
(Germany). For co-localization studies, the stack of 10 cells was
analyzed individually using the JACoP plugin in Fiji software, and the
Pearson’s coefficient was evaluated.

To investigate the endocytosis pathways involved in NP@FTY720
uptake, VeroCCL81 cells were seeded in 12-well plates and pre-
incubated with different pharmacological inhibitors for 30 min at 37
°C and 5% CO2 (amiloride 100 μg/mL, nystatin 40 μg/mL,
nocodazole 5 μg/mL, dynasore 100 μg/mL, and dansyl-cadaverine
100 μg/mL). These inhibitors were chosen due to their ability to
selectively inhibit different endocytosis pathways: amiloride blocks
macropinocytosis, nystatin inhibits caveolae-mediated endocytosis,
nocodazole interferes with microtubule-dependent uptake, hydroxyl-
dynasore inhibits dynamin-mediated endocytosis, and cadaverine
blocks clathrin/dynamin-dependent cell internalization. Following the
pre-treatment, cells were incubated with the inhibitors and NP@
FTY720-DiO at 5 × 109 particles/mL for 4 h. Then, cells were
thoroughly washed with PBS (three times), harvested (0.25% trypsin,
0.02% EDTA in PBS, pH 7.2), and pelleted in a complete culture
medium (1000g for 5 min). Subsequently, the samples were processed
for flow cytometry analysis as described previously.

2.8. Viral Infection and Drug Treatment. VeroCCL81 cells
seeded onto 96-well plates were pre-treated with twofold serial
dilutions of FTY720, NP@FTY720, or empty NPs in fresh DMEM
with 2.5% FBS. After 4 h of incubation, the SARS-CoV-2 strain31 was
diluted in DMEM with 2.5% FBS, and the cells were inoculated with
the virus at a 0.1 multiplicity of infection to allow absorption for 1 h.
The viral inoculum was removed, and fresh DMEM with 2.5% FBS
containing twofold serial dilutions of the FTY720, NP@FTY720, or
empty NPs were added back to the wells. Cells were incubated for
further 72 h post-infection to assess CPE via the CellTiter-Glo
(CTG) assay or for viral RNA analysis. All SARS-CoV-2 infections
were performed in the BSL3 facility at the Department of
Parasitology, Institute of Biomedical Sciences, University of Saõ
Paulo, Brazil.

2.9. CPE Quantification. When the CPE occurs due to viral
infection, ATP depletion can be measured and correlated with the
viral burden.32,33 The inhibition of CPE following 72 h post-infection
in the presence of FTY720, NP@FTY720, or empty NPs was
determined via the CTG luminescent cell viability assay (Promega),
following the manufacturer’s instructions. A luminescent signal was
recorded using a CLARIOstar multi-mode microplate reader (BMG
LABTECH, Germany). Percent CPE inhibition was defined as [(test
compound − virus control)/(cell control − virus control)] × 100.32

2.10. RNA Extraction and RT-qPCR. The viral RNA was purified
using the MagMAX viral/pathogen nucleic acid isolation kit (Thermo
Fisher Scientific). The samples were processed in a semiautomated
NucliSens easyMAG platform (bioMeŕieux, Lyon, France), following
the manufacturer’s instructions. The detection of viral RNA was
carried out on a QuantStudio 3 Real-Time PCR system (Thermo
Fisher Scientific) using the AgPath-ID One-step RT-PCR kit
(Thermo Fisher Scientific) and a sequence of primers and probe
for the E gene.34 The viral titers were calculated using a standard
curve generated with serial dilutions of a template of known
concentration and expressed in a tissue culture infectious dose
(TCID50)/mL. IC50 values were calculated by nonlinear regression
analysis using GraphPad Prism version 8.00 (GraphPad Software Inc).
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Data were obtained from four replicates (n = 4) in two biological
experiments. Samples deemed to be technical failures or extreme
outliers were removed.
2.11. Statistical Analysis. Statistical analysis between groups was

compared using one-way analysis of variance followed by the Tukey
or Dunnett post hoc test using GraphPad Prism software version 8.0
(GraphPad Software Inc.). IC50 values were calculated by nonlinear
regression analysis using GraphPad Prism version 8.00 (GraphPad
Software Inc.). Results were shown as mean ± SD for at least three
independent assays (n = 3). P < 0.05 was selected for statistically
significant differences.

3. RESULTS AND DISCUSSION

3.1. NP@FTY720 Synthesis and Characterization.
Given the enormous time consumption, substantial invest-
ments, and high risk of failure involved in the process of
developing a new drug, the drug repurposing approach has
been increasingly applied to treat different diseases.16,35 In
addition, recent developments in nanotechnology have allowed
new approaches in the field of effective drug delivery, bringing
different gains in terms of therapeutic efficiency.24 Taken

together, these approaches may represent a valuable strategy
for the treatment of COVID-19.
Considering the well-described and attractive properties

such as biodegradability and biocompatibility, their versatility,
and approval from important agencies such as the FDA and the
EMA for drug delivery development intended for parenteral
administration, well-established methods for NP production
with high hydrophobic drug entrapment, their protective
effects from drug degradation or fast release, or even the
possibility to target NPs to a specific site of action,27,36 PLGA
polymer was chosen to produce polymeric NPs for FTY720
encapsulation. In the initial synthesis steps of NP@FTY720,
different surfactants, such as polyvinyl alcohol, Tween 80,
Pluronic F127, and Pluronic F68, were evaluated. For this
selection, visual inspection prioritized the formation of a
colloidal milky solution with no polymer aggregation. There-
after, Pluronic F127 and Tween 80 were selected for further
studies where parameters such as PLGA concentration (5 and
10 mg/mL) and aqueous to organic solvent ratios (1:1 and
1:1.5) were investigated using design of experiment tools. The
investigated selected parameters (schematic illustration in

Figure 1. NP@FTY720 design and morphology. (A) Schematic illustration of NP@FTY720 preparation using a single emulsion solvent
evaporation technique. (B) FEG-SEM images of empty NPs and NP@FTY720.

Table 1. Characterization of the Developed Nanostructures: Size, PDI, and ZP Data from DLS Analysis; Mean and Particle
Concentration from NTA of the Synthesized Empty NPs, NP@FTY720, and NP@FTY720-DiOa

aData represent the average of at least three measurements (n = 3) and SD. I Vertical bars indicate statistical significance (P ≥ 0.05).
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Figure 1A) did not significantly affect the synthesis of NP@
FTY720 in terms of size, PDI, and ZP (P ≤ 0.05). Therefore,
NPs were produced using the surfactant Pluronic 127, 10 mg
of PLGA, and an aqueous to organic solvent ratio of 1:1.5.
FEG-SEM images (Figure 1B) revealed spherical NPs with a

size of ∼400 and ∼190 nm for empty NPs and NP@FTY720,
respectively. In addition, these images expose a lower
concentration of NPs for empty NPs instead of NP@FTY720.
The characterizations of NP@FTY720, empty NPs, and

NP@FTY720-DiO are shown in Table 1. Particle size
measurements from the DLS analysis showed values of
approximately 460 nm for empty NPs and 150 nm for NP@
FTY720. The PDI data revealed greater dispersity for empty
NPs compared with NP@FTY720 (P ≥ 0.05). In addition, ZP
values disclosed potential charges with significant alteration in
the presence (NP@FTY720) and absence of the drug (empty
NP) (P ≥ 0.05).

NTA data reinforced a significant difference in NPs
considering the presence and absence of the drug in terms of
size and concentration (Table 1). NP@FTY720-DiO has a size
and concentration index similar to that found for NP@
FTY720. The recorded values for particle concentration were
further considered for internalization studies. Taking these
results together, we can identify the presence of positively
charged FTY720 during NP synthesis (developed at pH 5.5,
considering drug stability under this condition), which has
contributed to greater compaction of PLGA chains, which
should have resulted in the formation of smaller and more
homogeneous NP populations.
The drug entrapment efficiency recorded for NP@FTY720

was 89 ± 12%. The high capacity of FTY720 loading using the
adopted method for polymeric or lipidic NPs has been
previously highlighted.7,37

Considering that storage stability sometimes limits the
application of nanostructured systems, it has translated into

Figure 2. Long-term stability of the developed nanosystems in terms of size (nm), PDI, and ZP (mV). (A) Empty NPs and (B) NP@FTY720.
Differences over time were considered statistically significant P < 0.05 (**).

Figure 3. FTY720 release from the nanostructure system. FTY720 release profile from NP@FTY720 in a phosphate buffer with pH = 7.4 and an
acetate medium with pH = 5.0. Data show the average of three independent measurements (n = 3) ± SD.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00349
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00349?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


clinical practice. The prediction of colloidal stability of NPs
over time can be anticipated to have physical-chemical changes
and be associated with biological performance in vitro.38 In this
study, empty NPs and NP@FTY720 were monitored for a 3
month period in which size, PDI, and ZP were measured
weekly (Figure 2). Our results showed no significant changes
in size, PDI, and ZP of empty NPs during the analyzed period.
In addition, negligible changes were recorded for NP@
FTY720 in the period of 90 days in terms of size. However,
after 90 days of analysis, small changes in PDI were also
accompanied by a slight decrease in ZP values. Therefore, no
significant changes were detected for both NPs (NP@FTY720
and empty NPs) in the analyses carried out in vitro for 2
months.
3.2. FTY720 Release from the Nanostructure System

is pH Dependent. Drug release was estimated by applying a
selected medium (phosphate buffer pH 7.4, with 0.2% of LSS,
and acetate buffer pH 5.0) to mimic the in vivo environment
and predict the expected drug behavior and release profile.
These important data should be correlated with biological
performance. Figure 3 depicts the FTY720 profiles of NP@
FTY720 and the free drug at pH 7.4 and 5.0.
The results showed that the free drug reached 100% drug

dissolution at 0.5 h, independent of the pH value. On the other
hand, NP@FTY720 exhibited an initial release of approx-
imately 10% in the first 2 h of the assay for both pH values.
The initial release is normally associated with the diffusion and
deposition of the surface layer of drug molecules.30

Accordingly, these data reinforced the encapsulation index of
approximately 90% of previously recorded data. Therefore,
after 8 h, the drug release was close to 80% at pH 5.0 and still
approximately 10% at pH 7.4. After 24 h, drug release reached
100% at pH 5.0, while only 20% was recorded at pH 7.4, which
is almost five times lower than the data recorded at pH 5.0.
This release profile showed the pH dependence of the drug
release. Such behavior emphasizes that in the systemic
circulation, the drug release can be preserved, and cell
internalization contributes to the effective release and
therapeutic outcome. The low release rates of FTY720 from
nanostructured systems at pH 7.4 have been previously
demonstrated.21,39 In addition, the pH dependence of the
FTY720 release comparing the investigated pH values of 5.0
and 7.4 from PLGA-based systems has also already been
reported.23

For a deeper understanding of the driven drug release
mechanisms from polymeric nanostructure matrices, release
profiles were fitted to several commonly used empirical and
semiempirical mathematical models that describe the dis-
solution release process (Figure 3).40−42 The coefficients of
determination (r2) recorded from the different models are
summarized in Table 2.
The results displayed in Table 2 show that FTY720 release

from NP@FTY720 at pH 5.0 and pH 7.4 correlates better with
the Weibull model (r2 0.98 and 0.88, respectively). The
mathematical model, first proposed by Weibull in 1951,43

describes the cumulative drug amount in the medium at a
certain time, which can be adjusted to different dissolution
profiles according to eq 2 below.
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where m represents the accumulated drug, a is the scale
parameter that defines the time scale of the process (time
dependence), Ti represents the lag time before the onset of the
dissolution/release process, and b describes the shape of the
dissolution curve progression.44 Therefore, the b exponent
indicates the main mechanism that drives drug transport from
a polymeric matrix, such as PLGA. For b values greater than 1
(b > 1), drug transport is governed by a complex mechanism.
Since PLGA is considered a swellable matrix, physical and

chemical processes should be related to complex drug releases.
In the early stages, this phenomenon may be related to the
liquid entrance into the polymer network, polymer hydration,
and swelling. Such an event is followed by drug diffusion
throughout the swollen matrix or even matrix erosion.45 It is
known that several PLGA-based NP release profiles of the drug
are suitable for the Weibull model.46

3.3. Cytotoxic Profile of FTY720 and NP@FTY720. The
viability of human cell lines, HepaRG and A549, after
treatment with FTY720, NP@FTY720, and empty NPs were
analyzed by the MTT assay. For both cell lines, free and
encapsulated FTY720 induced a significant decrease in cell
viability in a concentration-dependent manner (Figure 4).
Furthermore, empty NPs did not cause cytotoxicity at any of
the tested concentrations or incubation time points.
For HepaRG cells, NP@FTY720 was less toxic than

FTY720 at both 24 and 48 h (Figure 4A,B). The half-
maximum inhibitory concentration (IC50) after 24 h of
exposure was 8.8 μM for FTY720 and 15.6 μM for NP@
FTY720; after 48 h; the IC50 values were 6.8 and 15 μM,
respectively. At both exposure times, the IC50 values of NP@
FTY720 were approximately twofold greater than the values
recorded for the free drug. Therefore, the protective effect
attributed to the encapsulation of FTY720 inside PLGA NPs
was confirmed.
The cytotoxic profiles of FTY720 and NP@FTY720 in A549

cells were similar at both incubation time points. The IC50
values after 24 h of exposure to FTY720 and NP@FTY720
were 11 and 14.7 μM, respectively (Figure 4C). After 48 h,
these values were 11 μM for FTY720 and 12.2 μM for NP@
FTY720 (Figure 4D).
The cytotoxicity of FTY720 was investigated in different

cancer cell lines due to its potential antitumoral activity.47−49

Table 2. Mathematical Models Applied to Release Profiles:
Coefficients Recorded by Baker and Lonsdale Higuchi,
Korsmeyer−Peppas, First Order, Hixson−Crowell, and
Weibull Models

NP@FTY720

mathematical models pH 5.0 pH 7.4

Baker and Lonsdale k 0.012 0.0005
r2 0.91 0.64

Higuchi k 20.76 5.31
r2 0.91 0.63

Korsmeyer−Peppas r2 0.89 0.79
n 0.48 0.17
k 21.65 13.11

first order r2 0.95 0.42
k 0.15 0.013

Hixson−Crowell r2 0.96 0.42
k 0.04 0.004

Weibull r2 0.98 0.80
b 16.2 11.0
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The published data indicate that FTY720 decreases cell
viability in a concentration-dependent manner, which is
consistent with the results obtained in this study. Cytotoxicity
investigations were also performed for different types of
FTY720 NPs, including graphene oxide, liposomal, and
calcium phosphate-based NPs.21,22,50 As observed here, these
authors also reported that cell viability decreased in a
concentration-dependent manner upon incubation with
FTY720 NPs.
Cell viability tests were also performed in VeroCCL81 cells,

as these cells were used to study the antiviral activity of
FTY720 and NP@FTY720 against SARS-CoV-2. In addition
to 24 and 48 h, cells were incubated for 72 h following the viral
infection protocol (Figure 5). As observed for human cells,
FTY720 and NP@FTY720 induced a concentration-depend-
ent reduction in cell viability in VeroCCL81 cells. Recently,
Risner and co-workers described a similar result for
VeroCCL81 incubated with FTY720 for 24 h.51 Here, free
FTY720 toxicity was approximately twofold higher than that of
NP@FTY720 for VeroCCL81 cells after 24 and 48 h of
incubation (Figure 5A,B). However, this difference was
equalized after 72 h of incubation; thus, the values of IC50
after 72 h were 3.2 μM for free FTY720 and 5.2 μM for NP@
FTY720 (Figure 5C). From these results, we concluded that
concentrations below 1.4 μM of both free FTY720 and NP@

FTY720 are non-cytotoxic to VeroCCL81 cells and are suitable
for studying their antiviral activity against SARS-CoV-2.

3.4. NP@FTY720 Uptake in VeroCCL81. NP@FTY720-
DiO internalization kinetics were performed in VeroCCL81
cells to investigate the minimum incubation period necessary
for significant NP uptake. For this, cells were incubated with
NPs for different time points and processed for flow cytometry.
We observed that NP uptake significantly occurred 4 h after
incubation, compared to controls (cells not exposed to NPs
and cells exposed to non-fluorescent NPs) (Figure 6A). Based
on these results, we designed further experiments to investigate
the particle internalization mechanisms.
The mechanisms through which NP@FTY720-DiO are

internalized by the cells were addressed by treating them with
pharmacological inhibitors of different endocytic pathways
before incubation for 4 h. As shown in Figure 6B, NP@
FTY720-DiO was internalized by a combination of different
uptake routes (caveolin, macropinocytosis, dynamin, and
microtubule-mediated endocytosis). The results were indicated
by the reduction in fluorescence intensity in VeroCCL81 cells
upon pre-treatment with pharmacological inhibitors (nystatin,
amiloride, hydroxy-dynasore, and nocodazole, respectively).
NP@FTY720-DiO uptake in cells pre-incubated with

dynasore was nearly 80% lower than that in the control
group (Figure 6B), indicating that dynamin is an essential

Figure 4. Cytotoxicity profile of FTY720, NP@FTY720, and empty NPs. (A) HepaRG cells after 24 h of incubation. (B) HepaRG cells after 48 h
of incubation. (C) A549 cells after 24 h of incubation. (D) A549 cells after 48 h of incubation. Mean ± SD of three independent experiments in
triplicate. Asterisks indicate a difference compared to the control (*P < 0.5 and ***P < 0.001).
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protein for NP@FTY720 internalization. This GTPase is one
of the cell’s main regulators of endocytosis because it is
required for phagocytosis, clathrin- and caveolin-mediated
endocytosis (CVME), as well as some clathrin- and caveolin-
independent uptake pathways.52 Thus, strong inhibition of the
NP@FTY720-DiO intracellular concentration upon dynasore
pre-treatment was expected.
Clathrin-mediated endocytosis is a dynamin-dependent

process and one of the most representative uptake routes for
100−200 nm NPs.53,54 However, pre-incubation of Ver-
oCCL81 cells with cadaverine did not significantly reduce
NP@FTY720-DiO uptake (Figure 6B), which suggests that
the NP uptake mechanisms occurred mostly in a clathrin-
independent manner. CVME is one of the best-characterized
clathrin-independent and dynamin-dependent endocytosis
pathways.55,56 Here, pre-treatment with nystatin, an inhibitor
of CVME, led to a significant reduction in NP@FTY720-DiO
uptake (almost 40%) (Figure 6B). Although CVME is
characterized as flask-shaped membrane invagination, approx-
imately 50−80 nm in size,57 it has already been reported that
spherical PLGA NPs of 100−200 nm can be internalized via
this endocytic route.58−60 In these studies, the polymeric NPs
were also internalized via clathrin-mediated endocytosis and/
or macropinocytosis.
Macropinocytosis may also take place in the NP@FTY720-

DiO uptake process, as the NP intracellular concentration
significantly decreased (∼30%) in cells pre-treated with

amiloride (Figure 6B). This internalization mechanism is
clathrin-, caveolin-, and dynamin-independent and occurs via
the formation of actin-driven membrane protrusions in a non-
selective manner.61,62 Due to its non-specificity and ability to
engulf micron-sized particles, the macropinocytosis of
polymeric NPs commonly occurs together with other types
of uptake pathways, such as clathrin- and caveolin-mediated
endocytosis.59,63−65

Since the drug release study indicated a pH dependence for
FTY720 release from the NP, and MTT assays revealed that a
cytotoxic effect occurs upon NP@FTY720 exposure, it is most
likely that NP@FTY720-DiO is transported to acidic
organelles upon cellular internalization, where drug release
may occur. By confocal microscopy, we confirmed that after 4
h of incubation, NP@FTY720-DiO co-localizes with the
LysoTracker-labeled lysosomes of VeroCCL81 cells, with a
Pearson correlation coefficient (PCC) above 0.5 (Figure 6C);
the co-localization of NP@FTY720-DiO and lysosomes can be
seen as a yellow fluorescence signal in the merged image. This
result reinforces that after cellular internalization, NP@
FTY720-DiO follows the classical endocytic pathway in
which endocytosed vesicles are transported to early and late
endosomes and end up in the lysosomes.66,67

Taken together, the results obtained from the uptake assays
indicated that NP@FTY720-DiO was actively internalized by
VeroCCL81 cells mostly through a dynamin-dependent
mechanism, of which CVME and macropinocytosis were the

Figure 5. Cytotoxicity profiles of FTY720, NP@FTY720, and empty NPs in VeroCCL81 cells. (A) 24, (B) 48, and (C) 72 h. Mean ± SD of three
independent experiments in triplicate. Asterisks indicate a difference compared to the control (*P < 0.5 and ***P < 0.001).
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most representative uptake pathways. Furthermore, NP@
FTY720 was transported to lysosomes, where FTY720 was
rapidly released from the nanosystem in low-pH organelles, a
fact previously evidenced in vitro release studies (Figure 3).
3.5. NP@FTY720 Antiviral SARS-CoV-2 Activity. In

order to study the effect of FTY720, NP@FTY720, and empty
NPs on the proliferation of SARS-CoV-2, RT-qPCR and CTG

assays have been performed. Twofold serial dilutions of
FTY720, NP@FTY720, or empty NPs were applied to
infected VeroCCL81 cells to analyze the effect of NP@
FTY720 on viral RNA (vRNA) and infectious virus
production. While the IC50 value of FTY720 against the host
cell line was found to be 5.3 μM (Figure 5C), the respective
IC50 value of NP@FTY720 on the virus proliferation was

Figure 6. NP@FTY720-DiO internalization in VeroCCL81 cells. (A) Internalization kinetics of 5 × 109 particles/mL in VeroCCL81 cells. Cells
were incubated for different time points and processed for flow cytometry by which the fluorescent intensity of NP@FTY720-DiO was acquired.
The results express the geometric mean of the fluorescence intensity and represent the mean ± SD of three independent replicates. (B)
VeroCCL81 cells were treated with different pharmacological endocytosis inhibitors before incubation with 5 × 109 particles/mL for 4 h in the
presence of the inhibitors. The results express the geometric mean of the fluorescence intensity and represent the mean ± SD of three independent
replicates. (C) Images acquired with a laser confocal microscope and PCC showing the intracellular co-localization of NP@FTY720-DiO with
lysosomes after VeroCCL81 cells were incubated with 5 × 109 particles/mL for 4 h. Scale bar = 50 nm.

Figure 7. Antiviral activity of NP@FTY720. (A) Viral RNA production of SARS-CoV-2 in VeroCCL81 cells. The viral titers were quantified via
RT-qPCR 72 h post-infection in the presence of serial twofold dilutions of FTY720, NP@FTY720, or empty NP. Individual data points represent
means ± SD from four independent replicates in two biological experiments. (B) FTY720, NP@FTY720, or empty NP activity on CPE induced by
SARS-CoV-2 in VeroCCL81 cells. CPE inhibition was assessed 72 h post-infection in the presence of serial twofold dilutions of FTY720, NP@
FTY720, or empty NP, using CellTiter-Glo. Individual data points represent mean ± SD from three independent replicates in two biological
experiments.
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determined to be about 100-times more potent (IC50 value =
0.05 μM) (Figure 7A) which clearly demonstrates the non-
cytotoxic character of the nanoencapsulated drug. Further-
more, nanoencapsulation of FTY720 improved significantly
(about 70-fold) the antiviral activity against SARS-CoV-2 as
clearly shown by the IC50 value of 3.3 μM of FTY720 on the
virus proliferation (Figure 7A). In the CTG inhibition assay,
the incubation of cells with NP@FTY720 showed inhibition of
infectious viral particle production >50% at non-cytotoxic
levels (IC50 value = 0.7 μM), while FTY720 was not able to
inhibit CPE below cytotoxic concentration levels (Figure 7B).
These results demonstrate that SARS-CoV-2 vRNA produc-
tion was substantially more sensitive to NP@FTY720,
indicating its antiviral activity against SARS-CoV-2 with higher
potency than free FTY720.
Moreover, empty NP did not influence vRNA synthesis or

CPE, which demonstrated that the anti-SARS-CoV-2 activity
observed for NP@FTY720 was induced by the combination of
the drug and the developed nanosystem.
One of the advantages of NP drug delivery systems is the

possibility to enhance drug pharmacokinetics and pharmaco-
dynamics properties by modulating their solubility, drug
release profile, diffusivity, and bioavailability.68 In the case of
FTY720, it has been shown that its entrapment into
nanoparticulated systems results in better therapeutic efficacy
and improved pharmacokinetic properties compared to free
drugs.21,69 For example, Mao et al. developed a liposomal
FTY720 that increased its stability in aqueous media and
prolonged circulation time in a mouse model compared to free
FTY720.21 A different study also showed that liposomal
FTY720 NP had higher oral bioavailability in vivo and
increased activity against leukemia cells than free FTY720.69

Here, we observed that nanoencapsulation was essential to
increase the potency of FTY720 antiviral activity against SARS-
CoV-2 below the cytotoxic concentration, as the IC50 value of
NP@FTY720 to inhibit viral particle production was 70-fold
lower than that observed for free FTY720. This result
corroborates a recent study that showed that 5 μM of
FTY720 can inhibit SARS-CoV-2 production in VeroCCL81
infected cells.51 Although the exact mechanism through which
FTY720 inhibits viral particle synthesis remains to be
elucidated, we hypothesize that NPs may lead to an increase
in its bioavailability and reduced degradation since FTY720 is
sparingly soluble and unstable in aqueous buffers.21 Con-
sequently, even at low concentrations, NP@FTY720 achieved
the desired effect.
Taken together, these results demonstrate the potential of

NP@FTY720 to improve the biosafety and anti-SARS-CoV-2
activity of the drug. In addition to improving the therapeutic
efficacy of drugs, NPs may also reduce adverse side effects.68

This is particularly important for FTY720, since its
administration is often associated with several side effects
such as headache, fatigue, reduction in the heart rate at the first
dose, macular edema, altered liver enzymes, and risk of skin
cancer development.70 Drug entrapment into polymeric
nanosystems may offer a safer treatment option.

4. CONCLUSIONS
The present study was designed to evaluate the potential of the
drug repurposing approach associated with nanotechnology for
COVID-19 treatment. The development of a PLGA-based
nanosystem for FTY720 represents an innovative strategy. The
positively charged 150 nm-NP@FTY720 was stable for up to 3

months and displayed high drug encapsulation efficacy. The
drug release study revealed that FTY720 release from PLGA
NPs was pH-dependent because an acidic environment was
necessary for drug release. Compared to the free drug, NP@
FTY720 was less cytotoxic to both human and VeroCCL81
cell lines, which highlights the potential of nanoencapsulation
for biosafety improvement. The nanosystems were actively
endocytosed by VeroCCL81 cells, mainly via CVME and
micropinocytosis, and co-localized with lysosomes, where drug
release may occur. Furthermore, we showed that NP@FTY720
not only exhibited anti-SARS-CoV-2 activity at non-cytotoxic
concentrations, but its biological potential for viral infection
inhibition was nearly 70 times higher than the free drug
potential. Additionally, the nanosystem reduced the CPE
caused by the virus in VeroCCL81 cells.
Based on these results, we conclude that the entrapment of

FTY720 into the PLGA nanosystem is essential for enhancing
its biosafety and antiviral activity. Thus, NP@FTY720 is a
possible future candidate for COVID-19 treatment. Further
studies on the mechanism of action and tests in animal models
are required to explore their therapeutic potential.
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orcid.org/0000-0002-8663-4463

Leonardo Miziara Barboza Ferreira − Nanomedicine and
Nanotoxicology Group, Physics Institute of Saõ Carlos, Saõ
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