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Polymeric nano-in-microparticles for pulmonary
delivery of remdesivir against SARS-CoV-2
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The COVID-19 pandemic underscored the urgent need for advanced drug delivery systems to enhance
the safety and efficacy of existing antiviral therapies. This study presents an inhalable powder formulation
of remdesivir (RDV) using polymeric nano-in-microparticles for pulmonary administration. RDV was
nanoencapsulated in a polycaprolactone (PCL) matrix via emulsion—diffusion—solvent evaporation and
stabilized with DPPC and Pluronic F127, resulting in nanoparticles (RDV-PCL-NP) of 184 + 11 nm and 87%
encapsulation efficiency. Cytotoxicity assays in Vero E6 cells confirmed the RDV-PCL-NP safety at thera-
peutic concentrations, with a marked reduction in the SARS-CoV-2 viral load at 5 yM RDV. The nano-
particles were spray dried with lactose, yielding a dry powder (RDV-PCL-MP) with 63% process yield.
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Physicochemical characterization (SEM, FTIR, DRX, DSC/TGA, laser diffraction) confirmed uniform particle
size and stability (1-5 ym) of the RDV-PCL-MP inhalable powder. In vitro lung deposition studies showed
40% fine fraction and 39% respirable fraction. These findings support the potential of RDV-loaded nano-
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1. Introduction

The COVID-19 outbreak caused by the SARS-CoV-2 coronavirus
has posed a challenge to global health, prompting continued
efforts to develop effective prevention and treatment strategies.
Among several therapeutic options, remdesivir (RDV) was the
first drug approved by the FDA for the treatment of COVID-19
and is currently administered intravenously to hospitalised
patients." RDV readily crosses cell membranes and is con-
verted to its active metabolite GS-443902, which inhibits viral
RNA polymerase activity and stops viral RNA replication.” Its
use has been extended to non-hospitalized patients with mild
to moderate COVID-19 who are at high risk of progression to
severe disease due to comorbidities such as diabetes or
chronic obstructive pulmonary disease (COPD).?
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in-microparticles as a scalable pulmonary delivery platform to improve COVID-19 treatment.

In addition to RDV, oral antivirals such as molnupiravir and
paxlovid® (commercial association of nirmatrelvir and ritonavir)
have been approved for emergency use in adult patients at an
increased risk of severe COVID-19. However, the Food and Drug
Administration (FDA) and the Brazilian Health Regulatory Agency
(ANVISA) recommended RDV as the preferred antiviral agent.*
Challenges associated with the clinical use of RDV are its low oral
bioavailability and hydrophobic nature, and it requires dis-
solution in sulfobutyl ether-beta-cyclodextrin (SBCD) for intrave-
nous administration over at least two hours.> This prolonged
administration compromises patient convenience and introduces
risks associated with systemic exposure to RDV and SBCD, includ-
ing hepatic and renal complications.® Clinical data suggest
adverse event rates of 70%-74% during the 5-10 day treatment
period, with severe adverse events leading to early discontinu-
ation in 21%-34% of cases.” In addition, intravenous adminis-
tration may result in suboptimal pulmonary drug concentrations
insufficient to inhibit viral replication in the lung, primarily due
to rapid systemic metabolism to GS-441524, a metabolite unable
to cross the cell membrane.’

In the last four years, several studies have been published
focusing on the nanoencapsulation of RDV, most of them based
on liposomes.® One study reported the encapsulation of RDV in
polymeric nanoparticles of PCL/PLGA-PEG.° However, the
reported study is limited to the concept of nano-in-microparticles
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and has not progressed to powder formulations. It does not
include antiviral confirmation and aerodynamic characterization.

Pulmonary delivery has therefore emerged as an attractive
strategy to overcome these limitations. Inhaled formulations
can deliver high local concentrations of RDV directly to the res-
piratory epithelium, enabling rapid antiviral action while mini-
mizing systemic exposure and bypassing first-pass metabolism
and rapid plasma clearance.'® Compared with nebulization,
dry powder inhalers (DPIs) offer several advantages, including
superior physical stability, no need for cold-chain storage,
reduced contamination risk, improved patient convenience,
and increased suitability for outpatient and home-based treat-
ment. These advantages make DPIs particularly valuable in
pandemic situations where decentralized therapy and rapid
drug administration are critical.

In this work, we have developed a powder formulation of
nano-in-microparticles containing RDV. Biocompatible excipi-
ents like PCL, DPPC, Pluronic® F127 and lactose were used,
capable of stabilizing the drug, enhancing dispersibility, and
suitable for a sustained-release. This approach provides a ver-
satile and scalable strategy for encapsulating not only RDV,
but also other hydrophobic drugs. In particular, it addresses
first-pass hepatic metabolism and could increase the RDV con-
centration in the lungs, providing a targeted therapeutic
option for patients with COVID-19.

2. Experimental

2.1 Preparation of nanoparticles containing RDV
(RDV-PCL-NP)

Polycaprolactone (PCL 10 kDa, Sigma Aldrich, USA), soybean
lecithin S75® (phospholipid rich in dipalmitoylphosphatidyl-
choline - DPPC, Lipoid, Germany), and remdesivir (Ambeed,
USA) were dissolved in 5 mL of ethyl acetate at molar ratios of
0.06, 0.19 and 0.75 of RDV:PCL:DPPC. The solution was
placed in an ultrasonic bath (P30 kHz, Elma, Gottlieb,
Germany) at 50 °C for 25 min for complete homogenization.
The organic phase was slowly added to an aqueous solution of
500 pg mL™' of Pluronic® F127 (PEOgy-PPOgs-PEOg, Sigma
Aldrich, USA) and emulsified for 5 min at 14 000 rpm in an
Ultra-turrax® (IKA, Germany). The system was diluted with
50 mL of deionized water and evaporated in a rotary evaporator
R-215 (Biichi, Switzerland) at 45 mbar to remove the organic
solvent, resulting in RDV-PCL-NP. Blank nanoparticles
(PCL-NP) were also prepared as a control.

2.2 Evaluation of the RDV-PCL-NP dispersion stability

PCL-NP and RDV-PCL-NP formulations were stored in a
refrigerator (4 °C) and analyzed periodically (at least once a
week) by dynamic light scattering (DLS) using a NanoPlus
Zeta/Nano Analyzer (Micrometrics, USA). For analysis, samples
were diluted at 1:50 in purified water. Particle size and poly-
dispersity index (PDI) results are presented as the mean of
three independent measurements (n = 3) plus standard
deviation.
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2.3 Evaluation of the RDV-PCL-NP zeta potential

The surface charge of the nanoparticles was estimated by measur-
ing the zeta potential using a Malvern Zetasizer Nano ZS
(NanoPlus, Particulate Systems). PCL-NP and RDV-PCL-NP formu-
lations were diluted in water (refractive index 1.33), and measure-
ments were performed at 25 °C with 10 runs per analysis.
Formulations were analyzed in triplicate and results are reported
as mean zeta potential values using the NanoPlus software.

2.4 Determination of remdesivir loading and encapsulation
efficiency

Drug loading (DL) and encapsulation efficiency (EE, %) were
determined by high performance liquid chromatography.
Analytical HPCL was conducted on a Shimadzu LC-20AD
(Kyoto, Japan) with a C18 Supelco Ascentidi column (4.6 mm,
5 um) at a flow rate of 1.5 mL min~" (injection volume 20 pL).
The mobile phase consisted of 20 mM KH,PO, (pH 7.5) and
acetonitrile in the proportion of 50: 50 (v/v). The RDV concen-
tration was determined at a wavelength of 247 nm based on a
standard curve. DL was calculated using the following eqn (1):

mass of encapsulated drug

DL (%) = total mass of particles 100 (1)
The EE (%) was calculated using eqn (2)."*
Lq
EE (%) = — x 100 (2)
Ly

where L, is defined as the total mass of RDV encapsulated and
L, is expressed as the initial RDV mass that has been added to
the system.

2.5 Cytotoxicity assays

Vero E6 cells were cultivated in Eagle’s Minimum Essential
Medium (MEM; Gibco, USA) with the addition of 10% fetal
bovine serum (FBS; Gibco, USA). The cells were seeded in 48-well
plates at a density of 100000 cells per well and maintained at
37 °C in a humidified atmosphere with 5% CO,. Following 24 h
of incubation, the medium was removed and the cells were
treated with 100 pL of fresh medium containing varying concen-
trations of free RDV and RDV-PCL-NP. The cytotoxic potential of
RDV and RDV-PCL-NP formulations was evaluated 48 h post-treat-
ment by measuring the release of lactate dehydrogenase (LDH), a
cytosolic enzyme released into the extracellular medium upon
plasma membrane damage, serving as an indicator of cell mem-
brane integrity. For the positive control, cells in two wells were
exposed to 1% Triton X-100 (Bio-Rad Laboratories, USA) to
induce complete cytotoxicity. After 48 h, the interstitial fluid was
harvested from the designated wells and transferred into labelled
tubes for analysis. The LDH concentration in the resultant super-
natant was then measured using the CyQUANT™ LDH cyto-
toxicity assay kit (Thermo Fisher Scientific, USA). The untreated
culture medium was used as a negative control. The calculation
of the levels of cytotoxicity was performed in relation to the absor-
bances of the positive control, which was used as the 100% refer-
ence point for the calculation of the levels of cytotoxicity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6 Antiviral efficacy

A SARS-CoV-2 viral isolate from the original Wuhan strain
(EPI_ISL_413016, provided by the Albert Einstein Hospital, Sdo
Paulo, Brazil) was used to infect Vero E6 cells, in accordance
with the protocol described by Hoffmann et al. (2020). Viral
titration was performed using the Plaque Forming Unit (PFU
per mL) method, which quantifies infectious viral particles by
determining the number of plaques formed in a cell culture."
Concurrently, molecular detection was conducted through RT-
gPCR, as recommended for the detection of SARS-CoV-2."?
PFU per mL values were correlated with Cycle Threshold (Ct)
values from RT-qPCR experiments to calculate the Multiplicity
of Infection (MOI). After a thorough analysis of the available
data, a MOI of 1.0 was selected as the most appropriate for
simulating conditions of high viral load in the assays.

2.7 Viral load quantification

The extraction of viral RNA from the culture media of infected
Vero E6 cells was accomplished by means of the QlAamp®
Viral RNA mini kit (QIAGEN, USA). The quantification of RNA
was performed using a NanoDrop™ spectrophotometer
(Thermo Fisher Scientific, USA), and reverse transcription was
carried out using the AgPath-ID™ One-Step RT-PCR Reagents
(Thermo Fisher Scientific, USA) to generate cDNA and enable
single-step amplification and detection. Amplifications were
performed on the 7500 Real-Time PCR System (Applied
Biosystems, USA), with subsequent data analysis conducted
using 7500 software v2.3 and Microsoft Excel. The relative gene
expression was calculated using the 2-AACt method. The
thermal cycling conditions comprised an initial 50 °C for
2 min, followed by 95 °C for 10 min, and then 40 cycles of
95 °C for 15 s and 60 °C for 1 min. The protocol was concluded
with a melting curve analysis. Vero E6 cells (ATCC, no. 1586)
were cultured in MEM supplemented with 10% fetal bovine
serum (FBS; Gibco, USA) and seeded at a density of 1 x 10°
cells per well in 48-well plates. After 24 h of incubation at
37 °C with 5% CO,, cells were pretreated with 100 pL of
medium containing varying concentrations of RDV or
RDV-PCL-NP for 1 h. Subsequently, cells were infected with the
SARS-CoV-2 isolate (EPI_ISL_413016) at a MOI of 1.0 for 2 h.
Following the infection period, the medium containing the
formulations and virus was removed, the cells were washed
twice with PBS, and fresh medium containing the formu-
lations was added. Cells were maintained under these con-
ditions for 48 h at 37 °C with 5% CO,.

The quantification of viral RNA in the extracts was con-
ducted by RT-gPCR, using primers and probes that targeted
the Rdrp gene. This procedure adhered to the 2019-nCoV RT-
gPCR protocol, which was established by the Pasteur Institute.
The reaction was performed using the Hot Start Go Tag® mix
(Promega, USA) on a 7500 Real-Time PCR System (Applied
Biosystems, USA). The quantification of viral RNA copy
numbers was performed with the help of a calibration curve
generated with synthetic RNA, and the results were visualized
using GraphPad Prism 7 (GraphPad Software, USA).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.8 Preparation of the polymeric nano-in-microparticle
powder formulation (RDV-PCL-MP)

Preparation of nano-in-microparticles was previously optimized
by our group.* Initially, 1% (w/v) of micronized lactose
(Lactohale® LH206, DFE Pharma, Germany) was added to the
nanoformulations (PCL-NP and RDV-PCL-NP). Then, the systems
were placed in a spray-dryer (mini B190, Biichi, Switzerland) filled
with a stainless-steel standard fluid nozzle tip of 0.5 mm internal
diameter. The drying conditions were fixed at an inlet tempera-
ture of 100 °C, an atomizing air flow of 600 L h™, an aspirator air
flow of 70%, and a feed rate of 4.5 mL min™". After spray drying,
the powder formulations were stored within a desiccator at
ambient temperature and the process yield was calculated as the
% (wt) of the powder collected in relation to the initial total
weight of the solids (lactose and nanoparticles).

2.9 Physicochemical characterization of the polymeric nano-
in-microparticle powder formulation (RDV-PCL-MP)

The excipients and the microparticles containing or not RDV
(RDV-PCL-MP, PCL-MP) were analyzed by field emission elec-
tron microscopy (3D-FEG-SEM, Quanta, USA), laser light diffr-
action (Mastersizer 2000, Malvern, United Kingdom), differen-
tial  scanning calorimetry (DSC822, Mettler-Toledo,
Switzerland), thermogravimetric analysis (TGA/DSC 1 STARe
System, Mettler-Toledo, USA), X-ray powder diffraction (X-ray
diffractometer, Rigaku, USA), and attenuated total reflectance
and Fourier transform infrared spectroscopy (Nicolet Is10
Spectrometer, ThermoFisher, USA) as previously described.™

2.10 In vitro aerosolization performance

Samples of 25 mg of RDV-PCL-MP previously dispersed with
micronized lactose LH206 (1:1) were added to hard capsules
(size 4, Infinity Pharma, Brazil). Then, the capsules were
placed in a dry powder inhaler device (Aerolizer®), perforated
once and evaluated regarding the aerosolization performance
in a Next Generation Impactor (NGI®, Copley Scientific,
United Kingdom) as previously described.'* The experiment
was conducted in quintuplicate (five capsules). The emitted
dose ED (%) (eqn (3)) was used to express the percentage of ED
based on the total dose (TD) used.'®

ED
ED =—x1
(%) D X 00% (3)
The fine particle dose (FPD) was defined as the dose de-
posited on stages 2-7 and the fine particle fraction (FPF%)
(eqn (4)) was expressed as the percentage of FPD to ED.

. . . FPD
Fine particle fraction (FPF%) = 0~ 100% (4)

The respirable fraction (RF%) (eqn (5)) was used as the percen-
tage of FPD to total deposited dose (DD) on all impactor stages.

. . FPD
Respirable fraction (RF%) = oD X 100% (5)
The Mass Median Aerodynamic Diameter (MMAD) rep-

resents the median aerodynamic diameter of the particles in

RSC Pharm.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00269a

Open Access Article. Published on 21 January 2026. Downloaded on 3/17/2026 3:38:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the aerosol. It was determined based on the cumulative par-
ticle size distribution functions obtained from NGI data.

2.11 Statistical analysis

Statistical analysis performed wusing OriginPro 8
(OriginLab Corporation, Wellesley, MA, USA). Depending on
the dataset, Student’s t-test or one-way ANOVA followed by
Tukey’s post hoc test was applied. These analyses were used to
evaluate cytotoxicity and viral load data for RDV, RDV-PCL-NP,
and PCL-NP in Vero E6 cells and SARS-CoV-2-infected cultures.

was

3 Results and discussion
3.1 Characterization and stability of the nanoparticles

3.1.1 Dynamic light scattering (DLS). The scattering profile
of PCL-NP containing or not RDV is presented in Fig. 1a. As
can be seen, the blank PCL-NPs presented a mean hydrodyn-
amic diameter of 156 + 8 nm, while the RDV-PCL-NPs pre-
sented a mean hydrodynamic diameter of approximately 184 +
11 nm. The polydispersity index (PdI) was determined to be
0.081 + 0.017 and 0.137 + 0.011, respectively, suggesting homo-
geneous monodisperse systems.” The reduced size and
uniform size distribution of the NPs are a result of the emulsi-
fication-diffusion-evaporation method, since the proportion
of components in the organic phase combined with the appli-
cation of high shear force (e.g;, 14000 rpm) facilitates the
breakdown of droplets into smaller and more consistent
sizes.'® Additionally, the maintenance of an excess aqueous
phase has been demonstrated to enhance the solvent diffusion
efficiency. Furthermore, conducting the diffusion and evapor-
ation processes at a controlled low temperature (e.g. 50 °C) has
been shown to support the formation of uniform and stable
NPs. These findings underscore the pivotal role of formulation
parameters and processing conditions in attaining well-
defined NP properties, which are indispensable for stability
and potential therapeutic efficacy. Further optimization of
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polymer/surfactant concentrations, shear speed, and solvent
compositions could expand the applicability of this method to
a broader range of drug delivery systems, ensuring enhanced
performance and targeted delivery."”

Significant progress has been made in the encapsulation of
antiviral drugs within PCL to enhance their efficacy, bio-
availability, controlled release, and site-specific delivery. This
is exemplified by the encapsulation of adefovir dipivoxil, rito-
navir, oseltamivir, and acyclovir, which have demonstrated
substantial improvements in these crucial properties.'® These
examples highlight the potential of PCL as a material for
nanoencapsulation of antiviral drugs. As demonstrated in
Fig. 1b, the colloidal dispersion (RDV-PCL-NP) preserved the
hydrodynamic diameter and narrow monomodal size distri-
bution at 4 °C for a period of up to six months. Although our
final goal was to develop a nano-in-micro powder formulation,
this results provide the possibility to further investigate the
colloidal dispersion for nebulization. Nonetheless, powder for-
mulations are much more stable than liquid ones owing to the
reduced water activity.

3.1.2 Zeta potential. The formulations exhibited slightly
negative surface charges, with zeta potential values ranging
from —4.94 + 0.10 mV to —5.10 + 0.12 mV, which falls within
the interval of —10 to +10 mV typically associated with near-
neutral particles."® This mild negative charge may result from
partial hydrolysis of PCL, leading to the exposure of acidic
groups on the nanoparticle surface. PCL-based nanoparticles
frequently display negative zeta potentials when used for anti-
viral delivery. For instance, tenofovir-loaded PCL nanoparticles
showed a zeta potential of —19.1 mV, attributed to surface car-
boxyl groups,” while acyclovir-loaded PCL nanoparticles simi-
larly exhibited negative values and good colloidal stability.

3.1.3 Determination of remdesivir encapsulation efficiency
(%EE) by HPLC. The chromatograms of RDV and formulations
containing or not RDV (RDV-PCL-NP, PCL-NP) are presented in
Fig. 2 and the characteristic peak of RDV was identified at
4.7 min of retention time (Fig. 2a). This peak is also observed
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(a) Hydrodynamic diameter of RDV-PCL-NP and PCL-NP, (b) hydrodynamic diameter (red line) and polydispersity index (black line) of

RDV-PCL-NPs during six months of storage at 4 °C based on dynamic light scattering measurements. Results are presented as the mean of three

independent measurements (n = 3) plus standard deviation.
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lation (PCL-NP).

in RDV-PCL-NP (Fig. 2b), which confirms the successful incor-
poration of the drug into the formulation. A secondary peak at
approximately 1.6 min and smaller peaks between 1.8 and
2.3 min were also observed, likely corresponding to residual
materials from the formulation components including PCL,
Pluronic F-127, DPPC, and lactose LH206, which were not
entirely removed during the centrifugation step prior to HPLC
analysis. The RDV peak was not detected in the PCL-NP formu-
lation (Fig. 2c), as expected. However, the presence of a peak at
1.6 min was evident, indicating the presence of residual
materials from the excipients used in the formulation.

The encapsulation efficiency of PCL nanoparticles can vary
depending on the preparation method. For instance, nanopre-
cipitation techniques have been shown to result in %EE as
high as 90%. Conversely, the emulsification/diffusion/solvent
evaporation method typically yields %EE ranging from 50% to
80%, influenced by the ratio of PCL to the drug.'® In the
present study, the RDV-PCL-NP resulted in EE% = 87% and a
drug loading (%DL) of 1.74%; our system provided higher
EE% when compared to previous studies. Values of %EE of
72% were obtained for the encapsulation of RDV in PLGA/chit-
osan nanoparticles,'® whereas %EE = 82% was obtained with
bis-MPA  hyperbranched dendritic nanocarriers.”® The
RDV : PCL ratio of 1:4 provided an optimal polymeric matrix
for encapsulation of RDV, while DPPC improved structural
stability and increased the %EE. In addition, Pluronic F127,
applied as a polymeric surfactant, ensured stability during the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Chromatogram of RDV, (b) chromatogram of the formulation containing RDV (RDV-PCL-NP) and (c) chromatogram of the blank formu-

emulsification and diffusion processes, thereby inhibiting par-
ticle aggregation and yielding uniform particles, which facili-
tated a high %EE.>' These results highlight the capability of
PCL nanoparticles to effectively encapsulate the hydrophobic
RDV, demonstrating the potential of this method to develop
efficient drug delivery systems.

3.2 Cytotoxicity assays

The results of free and nanoencapsulated RDV cytotoxicity are
presented in Fig. 3 and, as can be seen, no statistically signifi-
cant differences (p > 0.05) were identified in cell viability
between the negative control and cells exposed to the formu-
lations at lower drug concentrations (up to 2.5 uM). In con-
trast, at 5 pM RDV the RDV-PCL-NP presented significantly
lower cytotoxicity levels compared to the free drug (p < 0.01),
indicating that nanoencapsulation effectively mitigates RDV-
induced cytotoxicity at higher concentrations. Slight cyto-
toxicity was observed for the PCL-NPs at higher concentrations,
demonstrating that PCL can induce mild membrane stress.
Nevertheless, the levels remained below the 20% cytotoxicity
threshold. Although slight variations occurred near the 80%
threshold at higher doses, differences were not statistically sig-
nificant and remained within acceptable biocompatibility
limits for pulmonary polymeric systems. These findings
demonstrate the potential of PCL nanoparticles to modulate
RDV’s cytotoxic profile, likely through controlled release
mechanisms and reduced non-specific cellular interactions.
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Fig. 3 Cytotoxicity analysis of remdesivir and the formulation contain-
ing or not RDV (RDV-PCL-NP and PCL-NP) performed on Vero E6 cells
through the LDH assay. RDV concentrations (1.25, 2.50, and 5 pM) tested
in the RDV formulation (RDV-PCL-NP), alongside Triton-X 1% (positive
control). The values represent the mean + standard deviation (SD) and
correspond to data from two independent biological experiments, each
conducted in triplicate. Different letters indicate statistical differences
among columns at the same time (p < 0.05).

Previous reports have highlighted the cytotoxic effects of RDV
at higher concentrations due to its interference with mitochon-
drial polymerases and off-target host cell effects.** As revised
by Farjadian et al. (2019), formulations containing PCL or
PLGA-based nanoparticles are designed to enhance the thera-
peutic efficacy at low doses, thereby minimizing toxicity.>* This
focus is of paramount importance, as a concentration of up to
2.5 uM has been shown to be sufficient to achieve the desired
therapeutic effect without compromising cell viability.>*

3.3 Viral load analysis

The antiviral efficacy of free RDV and RDV-loaded polycapro-
lactone nanoparticles (RDV-PCL-NP) was assessed by quantify-
ing viral load (PFU per mL) after RDV treatment at concen-
trations of 1.25, 2.5, and 5 uM. The untreated negative control
(CTR-) and placebo nanoparticles (PCL-NP) showed high viral
loads (~10'°-10"" PFU per mL) at all tested concentrations,
confirming the absence of antiviral activity under these con-
ditions (Fig. 4).

At 1.25 pM, free RDV reduced viral load compared to CTR—,
suggesting an antiviral effect. However, at 2.5 uM both free
RDV and RDV-PCL-NP achieved a marked reduction in viral
load compared to CTR— (p < 0.05), highlighting a dose-depen-
dent antiviral response. At the threshold dose of 5 uM, both
free RDV and RDV-PCL-NPs exhibited comparable antiviral
activity, suggesting that the pronounced effect observed at this
concentration may be related to a saturation threshold rather
than an intrinsic enhancement of efficacy by the nanoparticu-
late delivery system. However, at lower concentrations, differ-
ences in cellular uptake and release kinetics may still contrib-
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Fig. 4 Viral load measured in terms of PFU per mL in Vero E6 cells
infected with SARS-CoV-2 and treated with remdesivir (RDV),
RDV-PCL-NP formulation, and PCL-NP. Samples evaluated at three RDV
concentrations: 1.25 pyM, 2.50 pM, and 5 pM, considering an MOI = 1.
The values represent the mean + standard deviation (SD), derived from
two independent biological experiments, performed in triplicate.
Different letters indicate statistical differences among columns at the
same time (p < 0.05).

ute to the enhanced performance of the encapsulated
formulation.*

3.4 Preparation of the polymeric nano-in-microparticle
powder formulation (RDV-PCL-MP)

The optimization of the spray-drying process parameters,
including an inlet temperature of 100 °C, an outlet tempera-
ture of 64 °C, an aspiration flow of 70%, an atomization flow
rate of 600 L h™", and a feed rate of 4.55 mL min™", resulted in
the optimized powder formulation. The selected inlet and
outlet temperatures maintained the PCL in the solid state,
thereby preventing microparticle coalescence and preserving
structural integrity throughout the drying process, while also
preventing RDV degradation.”® Furthermore, the addition of
1% w/w micronized lactose (LH206) as a drying adjuvant
ensured the formulation stability, thereby yielding a homo-
geneous white powder.

Several factors influence the yield of the spray-drying
process, including the nature of the material undergoing
drying, the equipment operational parameters (for instance,
inlet and outlet air temperatures, airflow, and feed rate), and
the physicochemical properties of the product. In general,
industrial spray-drying processes achieve yields ranging from
30% to 70%.>” However, in the case of bench-scale spray-
dryers, yields are generally found to be less than 70%. Here
the final process yield was 63% for RDV-PCL-MP and 61% for
PCL-MP. We understand that there is no need to present an
encapsulation efficiency value for RDV-PCL-MP since we
simply added 1% of lactose to the nanoformulation and
removed the water content. Considering the lactose added, the
RDV-PCL-MP drug loading (%DL) was estimated to be 0.96%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The results obtained demonstrated the versatility of the
encapsulation strategy by emulsion/diffusion/solvent evapor-
ation combined with spray-drying. This supports the applica-
bility of the strategy for other hydrophobic drugs within the
framework proposed by our research group.*

3.5 Characterization of the RDV-PCL-MP inhalable powder

The comprehensive characterization of the formulated micro-
particles containing RDV and polymeric matrices was carried
out through differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA), powder X-ray diffraction (PXRD),
and Fourier-transform infrared spectroscopy (FTIR) (Fig. 5).

3.5.1 Thermal behavior: DSC and TGA. The DSC thermo-
grams revealed distinct thermal transitions corresponding to
the different components in the formulation (Fig. 5a). Pure
RDV demonstrated an endothermic peak at approximately
140.7 °C, indicative of its melting point. In contrast, the for-
mulated microparticles demonstrated a shift or broadening of
this peak, indicating molecular dispersion within the poly-
meric matrix.>® The presence of PCL, DPPC, and other excipi-
ents is likely to have contributed to this shift, suggesting weak
interactions between the drug and excipients.®
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TG analysis offered insights into the thermal stability of the
formulations (Fig. 5b). RDV exhibited a weight loss event at
193.1 °C, corresponding to its initial thermal degradation. These
findings are in close alignment with those reported by Bakhei
et al. (2023), who observed the onset of RDV degradation at
approximately 200 °C.*° The formulation RDV-PCL-MP demon-
strated enhanced thermal stability, with degradation occurring at
a higher temperature (350 °C). This finding indicates that encap-
sulation within the polymeric matrix protects RDV from prema-
ture degradation, which is crucial to maintain drug integrity
during storage and processing.

3.5.2 Crystallinity assessment: PXRD analysis. X-ray diffrac-
tion patterns confirmed the changes in crystallinity induced
by encapsulation (Fig. 5c¢). RDV exhibited sharp and intense
peaks at 16.32° and 22.36° (26), accompanied by lower-inten-
sity peaks at 12.82°, 17.08°, and 24.48° (26). These obser-
vations are indicative of its crystalline nature.***° These peaks
were markedly reduced in intensity or even absent in the
RDV-PCL-MP, indicating a decrease in crystallinity. It is impor-
tant to highlight that reduction of peak intensity may reflect a
decrease in the size of the crystallite rather than reflect a com-
plete amorphization. Reduced crystallinity can enhance the
drug solubility and bioavailability of RDV. On the other hand,
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Fig. 5 (a) DSC, (b) TG, (c) DRX, and (d) FTIR, illustrating the thermal transitions, stability, crystallinity and molecular interaction of excipients: DPPC,
LH206, Pluronic F127, RDV and formulations containing or not RDV: PCL-MP and RDV-PCL.
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an amorphous phase may recrystallize over time, potentially
compromising the formulation’s stability and therapeutic
performance.*%

3.5.3 Molecular interactions: FTIR spectroscopy. FTIR spec-
troscopy was employed to assess the possible chemical inter-
actions between RDV and the excipients (Fig. 5d). The spectra of
pure RDV exhibited characteristic absorption bands at 1713 em™,
2500-3400 cm™, and 3300-3500 cm™", corresponding to the
functional groups carbonyl (C=O0), hydroxyl (-OH), and amine
(-NH).** Upon encapsulation (RDV-PCL-MP), shifts or changes in
the intensity of these bands were observed, particularly in the
C=0O0 stretching and N-H bending regions. These alterations indi-
cate potential hydrogen bonding or molecular interactions
between RDV and the polymeric matrix, further supporting the
hypothesis of successful encapsulation and improved physico-
chemical stability.>®

It is evident from the correlation of data from DSC, TG,
PXRD, and FTIR that the microparticle formulations success-
fully encapsulated RDV, modifying its physicochemical pro-
perties to improve stability. The reduction in crystallinity
observed in DRX, in conjunction with the DSC and FTIR find-
ings, supports the hypothesis that crystallinity of RDV is lower
within the polymeric system. Moreover, the TG analysis corro-
borates the enhanced thermal stability.

3.5.4 Particle size distribution. The particle size distri-
bution of the PCL-MP and RDV-PCL-MP formulations is pre-
sented in Fig. 6. Both formulations exhibited particle sizes
ranging from 0.918 pum to 4.878 um, with low polydispersity
(span < 2), a property that is critical for ensuring accurate
dosing.>* Specifically, RDV-PCL-MP presented D(0.10) = 1.202
+0.059 pm, D(0.50) = 2.360 + 0.015 um, and D(0.90) = 4.111 =+
0.712 pm (Table 1). This finding aligns with the observation
that particles within the 1-5 um range are ideal for reaching
the alveolar regions of the lungs.>® PCL microparticles encap-
sulating drugs such as paclitaxel, doxorubicin, ibuprofen, and

——RDV-PCL-MP
——PCL-MP

Percent of total particles (%)

0.01 0.1 1 10 100 1000 10000

Particle size (um)

Fig. 6 Particle size distribution by laser diffraction of spray-dried
PCL-MP and RDV-PCL-MP formulations.
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Table 1 Particle size distribution of RDV-PCL-MP and PCL-MP
formulations

Formulation D(0.1) (um) D(0.5)(um)  D(0.9) (um)  Span
RDV-PCL-MP 1.20 = 0.06 2.36 + 0.02 4.11 £0.71 1.63
PCL-MP 0.92 + 0.01 2.59+0.03 4.88 £0.53 1.78

azithromycin have been previously investigated'****®*” and
particle size ranges of 1-5 um, 2-6 pm, 1-4 pm, and 1-5 pm in
diameter, respectively, were reported.

3.5.5 Particle morphology. The microscopic images of
LH206 lactose and the formulations are presented in Fig. 7. As
demonstrated in Fig. 7a, lactose consists of spherical particles
with a diameter of less than 5 pm and exhibits highly porous
surfaces. This outcome was expected since concentrations
lower than 1% have been shown to result in the formation of
more porous particles due to the rapid evaporation of water
that creates spaces within the particles, thereby increasing
porosity.®® Fig. 7b corresponds to the micrograph of the blank
formulation (PCL-MP) and presents particles ranging from 1 to
5 pm. Fig. 7c and d, corresponding to the RDV-PCL-MP formu-
lation at 2500x and 10 000x magnification, respectively, reveal
irregularly shaped structures. These characteristics are
ascribed to the process of spray-drying, given that variations in
solvent evaporation rates and processing conditions influence
the morphology of the resulting particles. Furthermore, the
particles demonstrate surfaces that are both rough and
porous. This is likely a consequence of solvent evaporation
during nanoparticle preparation, inducing the formation of
pores. Porous microparticles offer several advantages, includ-
ing an increased surface area that enhances solubility,
improves drug bioavailability, facilitates penetration into the
alveolar regions of the lungs, and reduces airway irritation.>®
The particles exhibit elongated and spherical shapes, proper
powder dispersion, and a small particle size (1-5 pm), which
may contribute to a desirable drug delivery to the airways.*®

3.5.6 Aerodynamic performance by NGI. As Wong et al.
(2023) pointede out, aerosolized particle size distribution and
estimation of the fraction of particles reaching the target
regions of the respiratory tract are essential to characterize
inhalable powders.*® In the present study, RDV-PCL-MP was
aerosolized using the Next Generation Impactor (NGI), with
the resultant particle deposition being observed at all stages of
the impactor. The MMAD is a critical parameter that is
assessed using the NGI, as it directly correlates with the ability
of particles to reach the lower respiratory tract. According to
Table 2, the MMAD of RDV-PCL-MP was determined to be
4.08 pm, adequate for deposition in the lower airways, includ-
ing the bronchi and alveoli. Similar results were described in a
previous work describing liposomal RDV nanoparticles in
which the MMAD was 4.11 pm.*" According to Zhang et al.
(2010), particles within this size range are more likely to
bypass the upper airway barriers (nasal cavity and throat) and
reach the lungs, which is essential for treating viral respiratory
diseases.*?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Aerodynamic properties of RDV-PCL-MPs determined by the
next-generation impactor (NGI), including emitted dose (ED, %), fine
particle fraction (FPF, %), respirable fraction (RF, %) and mass median
aerodynamic diameter (MMAD, pm)

Formulation ED (%) FPF (%) RF (%) MMAD (um)

RDV-PCL-MP 85 40 39 4.08

The ED% was found to be 85%, indicating that this percen-
tage of the total drug is released from the inhalation device and
is available for patient inhalation, ensuring effective pulmonary
delivery. A similar result was found in other work, in which 87%
of emitted dose was obtained by using other polymers such as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Scanning electron micrography images of powders obtained after the spray-drying process: (a) LH206 lactose (10 000x magnification), (b)
PCL-MP (1000x magnification), (c) RDV-PCL-MP (2500x magnification), and (d) RDV-PCL-MP (10 000x magnification).

PLGA and chitosan.'® The FPF% was estimated to be 40%; it
denotes the proportion of the emitted dose consisting of particles
with an aerodynamic diameter below 5 pm. A respirable fraction
of RF% was obtained, corresponding to 39% of the emitted dose.
This fraction consists of particles between 1 and 5 um in size,
which are suitable for deposition in the lung.*

Previous work'>** demonstrated good aerodynamic properties
of nano-in-microparticles containing RDV and acceptable lung
deposition; however they lacked comprehensive antiviral efficacy
studies and advanced characterization. In contrast, our work not
only demonstrates efficient pulmonary deposition (in vitro) and
high encapsulation efficiency, but also confirms antiviral activity
against SARS-CoV-2 and formulation stability. In addition, com-
pared to previously described nanoparticles of PCL and Pluronic
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for RDV delivery,™ the nano-in-micro particles produced here
contain DPPC as a biocompatible stabilizer and lactose, providing
a more robust polymeric matrix for nanoparticles and represent-
ing the most promising strategy.

4 Conclusions

In this study, an innovative polymeric nano-in-microparticle
system (RDV-PCL-MP) was successfully developed and charac-
terized for the purpose of pulmonary delivery of RDV.
Considering that the usual IV administration of RDV results in
rapid plasma elimination and limited pulmonary tissue distri-
bution, this formulation offers a targeted approach for treating
respiratory viral infections, including SARS-CoV-2. The combi-
nation of polycaprolactone (PCL) and lactose resulted in a dry
powder formulation with ideal aerodynamic properties for
deep lung deposition. Physicochemical analyses of the powder
formulation confirmed the stability, homogeneity, and
optimal particle size distribution within 1-5 pm, which is
ideal for reaching the alveolar regions of the lungs where drug
absorption is the most efficient. The high values of FPF%
(40%) and RF% (39%) indicated the possibility of increased
lung deposition. Furthermore, in vitro assays have demon-
strated the nanostructures’ effectiveness in reducing
SARS-CoV-2 viral loads, with results comparable to those
observed with the free drug. It is recommended that future
studies concentrate on in vivo evaluations, long-term stability,
and clinical trials to validate the safety and efficacy of the treat-
ment in patients. This approach offers a transformative
pathway for the localized treatment of viral infections, contri-
buting to global health efforts against pandemics.
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