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ABSTRACT

Objective: This work sought to develop and assess remdesivir (REM) nanoparticles to achieve increased pulmonary administration, prolonged drug
release, and enhanced bioavailability through a polymer-based nanoparticulate system.

Methods: REM nanoparticles were synthesised utilising Poloxamer 407 and HPMC E3 by a solvent evaporation method. The formulation was
analysed for drug content, particle size (PS), surface morphology, and thermal properties. In vitro drug release tests were performed to assess the
release profile for 48 h. Kinetic modelling was conducted to ascertain the release mechanism, and stability experiments were executed to evaluate
long-term formulation stability.

Results: The nanoparticulate system has a PS of 228.3+37.64 to 492.22+174.6 nm and zeta potential (ZP) of-17+5.31 t0-27.3+6.76 mV. The F4
nanoparticles exhibited precise drug content and homogenous PS, with Scanning Electron Microscopy (SEM) examination indicating a well-defined
surface shape suitable for pulmonary delivery. In vitro release experiments demonstrated a sustained release profile, with 78.96% cumulative
release over 48 h. The release mechanism was determined to be non-Fickian diffusion or erosion-controlled. Differential Scanning Calorimetry
(DSC) analysis verified the total encapsulation of the medication within the polymer matrix. Stability experiments revealed no substantial
alterations in PS, polydispersity index (PDI), ZP throughout the storage period.

Conclusion: The optimised REM nanoparticle formulation (F4) demonstrated favourable attributes for regulated pulmonary drug administration,
featuring prolonged release and stable physicochemical features. These findings indicate significant industrial and therapeutic potential;

nevertheless, additional clinical assessment is required to verify in vivo efficacy and safety.
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INTRODUCTION

In 2019, 2019-nCoV, now SARS-CoV-2, was discovered in Wuhan,
Hubei province, China [1]. Coronaviruses have a lipid covering and a
positive-sense RNA viral genome coated in spike-like projections that
resemble crowns under the microscope. Their diameter ranges from
60 nm to 140 nm. Large droplets from coughing and sneezing by sick
patients spread the virus [2]. The nasal cavity has larger virus loads
than the throat, whereas symptomatic and asymptomatic patients
have similar viral burdens [3]. In ideal conditions, ejected droplets can
spread 1-2m, settle on surfaces, and survive for several days.
Hydrogen peroxide and sodium hypochlorite deactivate it quickly [4].
Transmission occurs by inhaling droplets or touching infected surfaces
and then touching the nose, mouth, or eyes [5]. SARS-CoV-2 employs
its spike (S) glycoprotein on its surface. This protein has two subunits,
S1, that attach to host cells and contain a Receptor Binding Domain
(RBD) that binds to Angiotensin Converting Enzyme(ACE) 2 in the
respiratory system, heart, lungs, intestines, kidneys, and bladder. After
attaching S2 to the cell membrane, the host enzyme Transmembrane
serine protease 2 (TMPRSS2) activates the virus, which penetrates and
replicates. As infection develops, Interleukin(IL)-6, Tumor Necrosis
Factor(TNF)-a, and cytokines cause extensive inflammation and organ
damage [6]. Different processes cause pulmonary edema and vascular
permeability in individuals with severe COVID-19. Virus-caused
endothelial cell damage and perivascular inflammation cause
microvascular injury and microthrombosis. The virus also affects the
renin-angiotensin system (RAS) by binding to ACE2 inhibitors.
Additionally, SARS-CoV-2 activates toll-like receptors (TLRs), leading
to pro-IL-1 production and lung inflammation [7-9].

SARS-CoV-2 mostly damages the respiratory system but also the GI
tract, heart, lungs, kidneys, and brain. Viral toxicity, RAS pathway
disruption, immunological dysfunction, and thrombosis harm organs.
COVID-19 can cause myocarditis, vascular irritation, and arrhythmias.
Leukopenia in COVID-19 may be caused by ACE-2-mediated
lymphocyte death, direct viral invasion of lymph organs, or cytokine-

induced apoptosis. Pre-existing coronary artery disease, systemic
inflammation, decreased coronary blood flow, and microthrombosis
can cause acute coronary syndrome (ACS). Platelet inhibition by
viruses can cause thrombocytopenia [10, 11]. COVID-19 is treated
worldwide with antiviral medications including remdesivir (REM),
lopinavir, antimalarials such as hydroxychloroquine and chloroquine,
and immunomodulatory therapies like tocilizumab, lenzilumab, and
ravulizumab [12]. Wide-spectrum adenosine nucleotide analogue
antiviral prodrug REM targets RNA viruses such as filoviruses,
coronaviruses, and paramyxoviruses. By inhibiting RNA-dependent
RNA-polymerase, the cyano group's steric blockage in the third ribose
moiety delays chain termination, preventing viral propagation [13-15].
Nanoparticles increase bioavailability, specificity, and selectivity and
extend pharmacological effects, improving therapeutic efficacy. Thus,
nanocarriers may improve REM remediation by enhancing water
solubility and stability, minimizing side effects [16, 17].
Nanosuspensions (NS) transport active components or medications to
specific tissues, cells, or organs. The surface modification of nano-
suspension permits site-specific drug release with minimal systemic
side effects and improved therapeutic efficiency [18]. This study
highlights antiviral NS and improves REM medication delivery
solubility for SARS-CoV-2 infection.

MATERIALS AND METHODS
Materials

REM was provided as complimentary samples from Hetero Drugs,
Hyderabad, India. Poloxamer 407 and HPMC E3 were supplied by
TCI Chemicals, India. All solvents were of analytical grade.

Methods
Pre-formulation studies

Preformulation studies serve as the initial phase of drug
development, examining the chemical, physical, and mechanical
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properties of a new drug. The primary objective is to assess the
drug's physicochemical attributes to enhance the drug delivery
system, ensure excipient compatibility, and evaluate key factors such
as solubility and melting point [19].

Solubility studies

Solubility studies were conducted using different solvents, including
methanol, ethanol, water, chloroform, Dimethyl sulfoxide (DMSO),
acetonitrile, and acetone. The drug's solubility was visually
evaluated and categorized as soluble, slightly soluble, or freely
soluble [20].

Melting point determination

The melting point of REM was measured using Thiele’s tube
apparatus. The drug was placed in acapillary tube, and the
temperature at which it began to melt was observed and
documented [21].

Compatibility studies wusing fourier transform infrared
spectroscopy (FT-IR)

FT-IR was utilized to evaluate the compatibility between the pure
drug and polymers. The samples were analyzed within a spectral
range of 4000 cm™ to 400 cm™* and compared with reference FT-IR
spectra [22].

Determination of Amax of REM

REM's maximum absorption wavelength (Amax) was determined
using a UV-Visible spectrophotometer. A solution of REM was
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prepared and scanned within the 200-800 nm range, with the
highest absorption observed at 247 nm.

Standard calibration curve of REM

A standard calibration curve for REM was established using serial
dilutions. Different concentrations (10-50 pg/ml) were prepared
and analyzed with a UV-Visible spectrophotometer at 247 nm [23].

Formulation, design, and optimization

During the nanoparticle formulation, different polymer
concentrations were evaluated to optimize drug encapsulation.

Development of REM-loaded NS

REM-loaded NS were synthesized utilizing a solvent-antisolvent
precipitation technique under probe sonication. In summary, 100
mg of REM and variable quantities of Poloxamer 407 (generally 15
mg) were solubilized in 10 ml of methanol to create the organic
phase. Independently, 0.2-1% w/v HPMC-E3 (for instance, 500 mg
in 50 ml) was suspended in filtered water to create the aqueous
phase as reported in table 1. The organic solution was incrementally
introduced into the aqueous phase by a syringe or pipette during
continuous sonication with a 6 mm probe (Ultrasonic Processor VCX
750, Sonics and Materials Inc., USA). Sonication was conducted for
30 min at an amplitude of 40 um (50% power), with a pulse cycle of
10 seconds on and 1 second off, resulting in an energy input of 120
J/ml. A 5% w/v trehalose solution was included as a cryoprotectant.
The resultant NS were frozen at =80 °C for 12 h and subsequently
lyophilized at =55 °C under vacuum (<0.01 mbar) for 48 h to yield
dry nanopowder for subsequent analysis [24].

Table 1: Composition of REM loaded NS (F1-F8)

Formulation REM (mg) Poloxamer 407 (mg) HPMCE3 (% w/vin 50 ml) Methanol (ml) Water (ml)
F1 100 15 0.2% 10 50
F2 100 15 0.5% 10 50
F3 100 10 0.5% 10 50
F4 100 20 0.5% 10 50
F5 100 10 0.8% 10 50
F6 100 15 1.0% 10 50
F7 100 20 0.2% 10 50
F8 100 5 0.5% 10 50

REM-Remdesivir, NS-Nano suspension

NS characterization studies

Mean particle size (PS), zeta potential (ZP), and polydispersity
index (PDI)

PS, PDI, and ZP of the NS were assessed via dynamic light scattering
(DLS) utilising a Malvern Nano S90 instrument. Before
measurement, samples were diluted tenfold with deionised water.
All analyses were conducted at 25 °C and a scattering angle of 90°.
ZP was assessed via a disposable cell employing the electrophoretic
mobility approach. Measurements were performed in triplicate, and
results were presented as averages [25].

Scanning electron microscopy (SEM)

The morphology of the nanoparticles was examined using SEM. The
samples were coated with gold and analysed at different
magnifications under a 15 kV voltage [26].

Differential scanning calorimetry (DSC)

The Perkin Elmer DSC instrument was utilised to examine the
thermal characteristics of REM and REM nanoparticles. The samples
were incrementally heated from 30 °C to 300 °C, and the heat
absorption was observed.

In vitro evaluation
Drug content estimation

After dissolving the REM nanoparticles in ethanol, they were
centrifuged to separate the different components. After that, the

supernatant was diluted, and UV-visible spectroscopy was used to
analyze and quantify the amount of medication present.

Drug release studies

An evaluation of the nanoparticle medication release was carried out
at 37 °C utilising the dialysis bag method. Samples were collected at
predetermined intervals to analyze drug diffusion, and UV
spectroscopy was utilized [20].

Stability studies

Stability assessments of the lyophilised REM nanoparticles were
performed in compliance with ICH recommendations. The samples
were maintained at 40 °C and 75% relative humidity for three
months, during which PS, PDI, and ZP were evaluated [27].

RESULTS AND DISCUSSION
Pre-formulation studies

Pre-formulation experiments were conducted to assess the physical
features of the medication. The research encompassed the
determination of lambda max, solubility analysis, preparing a
standard plot, and assessing compatibility.

Preliminary solubility analysis of REM

Pre-formulation tests evaluated solubility and compatibility,
indicating that REM showed inadequate water solubility but
exhibited enhanced solubility in alcohols and other solvents, aligning
with its designation as a BCS Class IV medication. The solubility of
REM in various solvents is presented in table 1.
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Table 1: Solubility profile of REM

S. No. Solvent Solubility

1 Water Practically insoluble
2 DMSO Readily soluble

3 Chloroform Sparingly soluble

4 Methanol Readily soluble

5 Acetone Readily soluble

6 Ethanol Readily soluble

REM: Remdesivir

FTIR studies

FT-IR spectroscopy was utilised to assess the compatibility of the
medications and polymers in the nanoparticle compositions. The

3204.82 2916.07

110 -

FT-IR spectra of pure REM are presented in fig. 1, whereas the
spectra of REM, Poloxamer-407, HPMC E-3, and their physical
mixing were examined using a Hitachi 3400S (Japan) and depicted
in fig. 2.
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Fig. 2: FT-IR spectrum of REM+RPE+P407+E3, REM: Remdesivir, RPE: Drug loaded formulation, P407-poloxamer 407, E3-HPMC E3

The FT-IR spectra of REM (pure drug), RPE (drug-loaded
formulation), P407 (polymer), and E3(HPMC E3) provide valuable
information about the chemical structure and potential interactions
within the formulation. REM has distinct peaks at 3389.27 cm™ (O-
H/N-H stretching), 2924.09 and 2874.55 cm™* (C-H stretching),
1723.62 cm™ (C=0 stretching), and 1197.61 and 1068.4 cm™* (C-O-
C/C-N stretching), indicating functional groups. These peaks are still
present in the RPE spectrum, but with lower intensity and small
shifts, indicating that REM may be hydrogen-bonding or dispersed
molecularly within the formulation matrix. The P407 spectrum
shows peaks associated with polyether structures, such as O-H
stretching and C-O-C vibrations, but no indication of new chemical

bond formation. In the E3 spectrum, identical peaks are retained
with modest changes, particularly in the hydroxyl and carbonyl
areas, showing non-covalent interactions such as hydrogen bonding
between REM, P407, and excipients. The absence of new peaks
across all spectra suggests that REM retains its chemical integrity,
and there were no significant chemical interactions or degradation
throughout formulation, showing high component compatibility.

Melting point analysis

The melting point determination was performed using Thiele's tube
technique. The measured melting point varied between 127 and 129 °C,
affirming the pure compound's identity as REM.
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Determination of Amax by UV-visible spectroscopy standard plot
of REM

A REM solution was produced in distilled water and analysed for
absorbance in the 200-800 nm range with a UV spectrophotometer
(Agilent Technology, Cary 60). The highest absorbance was recorded

Int ] App Pharm, Vol 17, Issue 5, 2025, 227-237

at 247 nm, aligning with the documented USP peak illustrated in fig.
3. A standard plot for REM was produced utilising a UV-visible
spectrophotometer at 247 nm, employing water as the blank, as
illustrated in fig. 4 and 5. Absorbance measurements were
conducted for values between 0 and 20 pg/ml. The regression
coefficient (R?) was determined to be 0.9973.
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Fig. 3: Graph showing Amax of REM at 247 nm, REM: Remdesivir
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Fig. 4: Standard calibration of REM by UV-Visible spectroscopy, REM: Remdesivir
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Fig. 5: Standard calibration plot of REM 7.4 pH phosphate buffer solution by UV-Visible spectroscopy, REM: Remdesivir

Formulation design and optimization of REM NanoParticles

Table 2 summarizes the PS, PD], ZP, and drug content for eight REM-
significant variability in

loaded NS formulations, indicating

physicochemical properties attributed to variations in formulation
composition and processing conditions. The average particle sizes
varied from 228.3+37.64 nm to 492.2+174.6 nm, with PDI values
ranging from 0.341 to 0.559, suggesting a moderate size distribution.
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The values were obtained through DLS under standardized conditions
in water (viscosity: 0.8872 mPa:-s; refractive index: 1.330), with the
refractive index of REM estimated at 1.580. Formulations F2, F4, and
F7 exhibited smaller particle sizes, which is beneficial for improving
drug solubility and bioavailability through increased surface area. F4
exhibited the lowest PS and the highest drug content, suggesting
effective drug loading and wuniform particle dispersion. F4
demonstrated the most significant negative ZP, which promotes
colloidal stability via electrostatic repulsion, thereby decreasing the
probability of aggregation. In contrast, F5, F6, and F8 demonstrated
larger PS values (>400 nm), with F6 presenting the highest size and
the lowest drug content, indicating poor drug entrapment efficiency or
aggregation during processing. F8 exhibited a significant particle size
with the lowest ZP, suggesting inadequate stability and drug loading
efficiency. PDI values indicate potential particle heterogeneity or
aggregation; however, SEM verified the existence of distinct, spherical
particles with limited clustering. The observed discrepancy is
attributable of loosely associated aggregates during SEM sample

S.V.etal.
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preparation, highlighting the impact of analytical techniques on
particle characterization. The ZP values for the formulations varied
from -17.0+5.31 mV to -27.3+6.76 mV, indicating moderate colloidal
stability. While ZP exceeding 30 mV is typically favored for suspension
stability, this standard is less significant for dry powder inhalers
(DPIs), where the emphasis is on redispersibility within the
pulmonary environment. Inhaled particles interact with the lung's
surfactant layer, potentially modifying surface charge and contributing
to stabilization. The inclusion of Poloxamer 407 and HPMC E3
facilitates steric stabilization, thereby reducing aggregation during
deposition in the respiratory tract. F4 was chosen as the best
formulation due to its superior physicochemical profile. It had the
lowest PDI and the smallest PS, which is good for deep lung deposition.
The batch with the highest drug content and the lowest ZP was F4,
indicating effective drug loading. F7 had comparable drug content and
a tiny PS, but its greater PDI and lower ZP indicated reduced physical
homogeneity and moderate stability. F4 was the best lyophilization
and pulmonary delivery trial option [28, 29].

Table 2: Results of mean PS, ZP, and drug content of REM of F1 to F8

S. No. PS(nm) PDI ZP(mV) Drug content in 1 mg/ml
F1 373.5+101.7 0.487+0.02 -17.0+5.31 0.722
F2 268.3+ 69.68 0.459+0.03 -20.3+£5.65 0.867
F3 293.1+119.4 0.429+0.04 -17.8+4.32 0.785
F4 228.3+37.64 0.341+0.04 -27.3+6.76 1.011
F5 432.2+4152.6 0.558+0.05 -19.4+5.67 0.756
F6 492.22+174.6 0.559+0.03 -21.8+4.92 0.643
F7 277.4+70.86 0.453+0.02 -20.6+6.89 0.967
F8 404+132.6 0.519+0.04 -19.1+4.67 0.543

Data was calculated triplicates and represented as mean+SEM, PS: Particle size, PDI: Polydispersity index, ZP: Zeta potential
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Fig. 6: Mean PS and PDI of a non-optimized formula of F4 and an optimized formula of F4, PS: Particle size, PDI: Polydispersity index

Resuits
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -27.6 Peak 1: -16.2 96.9 6.76
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Fig. 7: Mean Zeta size of an optimized formulation of F4, REM: Remdesivir
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FT-IR spectrum of DPI formulation

The FT-IR analysis of plain REM and the F4 formulation (fig. 8)
indicates that the distinctive peaks of REM—specifically the O-H/N-H
stretching at 3204.82 cm™, C-H stretching at 2916.07 cm™, and the
prominent carbonyl (C=0) stretch at 1730.66 cm™*—are preserved in
the F4 formulation, albeit with minor shifts and variations in intensity.
In the F4 spectra, the O-H/N-H peak is observed at 3344.8 cm™ and
exhibits a broader profile, suggesting possible hydrogen bonding
interactions with excipients. Correspondingly, the C-H stretch
transitions to 2877.29 cm™?, while the aromatic/N/N-H bending band

S.V.etal.
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shifts from 1662.78 cm™ in the unmodified drug to 1604.35 cm™ in
F4, indicating modifications in the molecular environment resulting
from the formulation. The persistence of C-O-C and C-N stretching
bands at approximately 1278.8 and 1111.95 cm® further substantiates
the structural integrity of REM in the formulation. No new peaks or
loss of essential functional groups were found, showing that the
formulation procedure did not chemically modify the medication. The
spectral alterations indicate physical interactions, primarily hydrogen
bonding, between REM and formulation excipients, affirming that F4
provides a stable and suitable NS without jeopardising the drug's
chemical identity.
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Fig. 8: FT-IR spectra of REM and optimized formulation F4, REM: Remdesivir

SEM

The SEM picture of the F4 formulation (fig. 9), taken at 10,000x
magnification, displays a porous and interconnected surface
morphology characterised by a sponge-like network. This structure
signifies the successful creation of a NS matrix in which drug
nanoparticles are likely incorporated within or adsorbed onto the
carrier network. The existence of uniformly distributed pores and
surface roughness indicates a substantial surface area, which can
markedly improve the dissolving rate and bioavailability of weakly
water-soluble pharmaceuticals such as REM. The lack of substantial
crystalline formations suggests that the medication may exist in an
amorphous or molecularly dispersed state, enhancing solubility. The
image exhibits no indications of aggregation, suggesting excellent
dispersion stability, probably due to optimised formulation
conditions and the appropriate application of stabilisers. The SEM
study substantiates that the F4 formulation exhibits an
advantageous nanostructured architecture, enhancing its drug
loading and release properties.

Thermal analysis was performed utilizing DSC to assess REM's
physical state and thermal behavior within the nanoparticle matrix.
The DSC thermogram of pure REM exhibited a distinct endothermic

peak at around 127.6 °C, confirming its crystalline characteristics. In
contrast, the REM-loaded nanoparticle formulations, especially F4,
did not display a distinct melting peak. The thermogram of F4 (fig.
10) exhibited a broad endothermic transition in the range of 90-120
°C, which is likely associated with the loss of moisture or volatiles
attributed to hydrophilic excipients, including HPMC and Poloxamer
407. The lack of REM's distinct melting point and the modified
thermal profile suggest that the drug has shifted into an amorphous
or molecularly dispersed state within the polymeric matrix,
resulting from rapid precipitation and solid-state dispersion during
solvent evaporation and lyophilization. This transformation
improves the dissolution characteristics of the drug. The TGA
analysis indicated that the REM-loaded nanoparticles demonstrate
enhanced thermal stability relative to the pure drug, with negligible
weight loss of around 300 °C and substantial decomposition
occurring only beyond 300-350 °C. The derivative
thermogravimetric curve validated the initiation of thermal
degradation at elevated temperatures, thereby supporting the
stability of the formulation. The thermal data validate REM's
effective encapsulation and amorphization, indicating enhanced
stability and the lack of drug-excipient incompatibility, thereby
supporting the NS system's suitability for improved solubility,
stability, and bioavailability.
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Fig. 9: SEM images of REM nanoparticles at a magnification of 5.00 KX and 10.00 KX DSC, SEM: Scanning electron microscopy, REM:
Remdesivir, DSC: Differential scanning calorimetry
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Fig. 10: Differential scanning calorimetry curve of REM and formulation F4, REM: Remdesivir
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X-ray diffraction studies (XRD)

The XRD analysis confirmed the conversion of REM from its original
crystalline structure to an amorphous state in the nanoparticle
formulations. The XRD pattern of pure REM exhibited distinct and sharp
peaks at 26 values of 6.7° 9.4°, and 19.1°, indicative of its crystalline
structure. The REM-loaded nanoparticle formulations, especially F4 (fig.
11), displayed a broad halo with no distinct peaks, suggesting a primarily
amorphous structure. The lack of crystallinity indicates that REM
experienced a physical transformation during formulation, likely
resulting from the rapid precipitation and solid-state dispersion caused
by the solvent-antisolvent process, lyophilization, and potential

S.V.etal.
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interactions with the excipients. A quantitative crystallinity index was
calculated through integrated peak area analysis, indicating that the
relative crystallinity of the nanoparticles was less than 10% compared to
pure REM. This means it indicates considerable amorphization, which
benefits poorly water-soluble drugs such as REM, as the amorphous
state generally provides improved solubility and accelerated dissolution
rates. The absence of distinct crystalline peaks corresponds with the DSC
results, which showed no characteristic melting endotherm for REM.
This reinforces the conclusion that the drug is molecularly dispersed or
stabilized within an amorphous solid dispersion. The XRD results
indicate successful amorphization of REM in the F4 formulation,
enhancing solubility, bioavailability, and formulation stability.
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Fig. 11: Powder X-ray diffraction pattern for REM and formulation F4, REM: Remdesivir
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Fig. 12: In vitro REM DPI of optimized formulation (F4), REM: Remdesivir, DPI: Dry Powder inhalation

Invitro drug release studies

The in vitro release study of REM-loaded nanoparticles, particularly
the F4 formulation, utilized a dialysis membrane with a molecular
weight cut-off (MWCO) of 12-14 kDa to facilitate free drug diffusion

while retaining the nanoparticle matrix. The release medium,
phosphate-buffered saline (PBS, pH 7.4), was maintained at 50 ml to
ensure sink conditions, exceeding three times the saturation
solubility of REM (approximately 0.12 mg/ml) to prevent saturation
effects. The release profile (fig. 12) exhibited a sustained and
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controlled release over 48 h, beginning with an initial release of
4.36+0.63% at 0.25 h, which increased to 14.25+4.94% at 1 hour,
32.85+2.48% at 6 h, 47.52+3.14% at 12 h, 57.84+2.52% at 24 h, and
culminating at 78.96+0.49% at 48 h. The low standard deviations
indicate the reproducibility and stability of the formulation. The
biphasic release pattern, marked by an initial moderate release
followed by a sustained phase, suggests a mechanism that involves
both surface diffusion of loosely bound REM and prolonged release
driven by polymer matrix erosion and diffusion. The analysis of
release kinetics corroborates this finding, as the first-order model
demonstrates the best fit (R? = 0.9808), suggesting a concentration-

S.V.etal.
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dependent release mechanism. The Higuchi model showed
significant correlation (R? 0.9396), suggesting a diffusion-
controlled mechanism. In contrast, the Korsmeyer-Peppas model
produced an n value of 0.519, indicating non-Fickian or anomalous
transport that encompasses both diffusion and matrix erosion. The
zero-order model exhibited a suboptimal fit, indicating that a
constant release rate was not attained. The release behavior of the
REM-loaded F4 NS indicates effective sustained drug delivery,
potentially enhancing antiviral efficacy, reducing dosing frequency,
and improving patient compliance relative to immediate-release
formulations [30].
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Fig. 13: Represents various drug release Kinetic models of REM nanoparticles, REM: Remdesivir

Stability studies

Lyophilized REM-loaded nanoparticles were tested for stability at
25%2 °C and 60+5% relative humidity for 45 d. Reconstituted in
filtered water, samples were analyzed for PS, PDI and ZP. Table 3
displays a small particle size increase from 228.3+37.64 nm to
246%0.94 nm and a decrease in PDI from 0.559+0.03 to 0.341+0.04
after 45 d. ANOVA revealed no significant changes (p>0.05),
demonstrating nanoparticles’ physical stability. Due to bigger

particles settling or aggregating during storage, redispersion results
in a more uniform particle distribution, lowering PDI. A stable ZP
during the investigation supported the formulation's colloidal
stability. While accelerated stability data at 40 °C/75% RH are being
obtained, the 45-day study at 25 °C/60% RH provides preliminary
formulation stability assurance. In accordance with ICH Q1A(R2)
recommendations, long-term stability testing spanning 6 to 12 mo
will be performed to validate shelf life and appropriateness for
inhalation application.

Table 3: Stability studies

Stability parameters Conditions Test period

At temperature 15d 30d 45d
PS(nm) 25+2 °Cand 228.3+37.64 230+ 01.03 246+0.94
PDI 60+5%RH 0.559+0.03 0.457+0.021 0.341+0.04
ZP(mV) -27.3+6.76 -24.97+1.76 -28.4+1.6

Value expressed as mean+SD, n=3, PS: Particle size, PDI: Polydispersity index, ZP: Zeta potentia

This paper details the formulation and physicochemical analysis of

REM-loaded dry powder nanoparticles, emphasizing their potential
for pulmonary administration. While essential aerosol performance

metrics-namely mass median aerodynamic diameter (MMAD), fine
particle fraction (FPF), and in vitro lung deposition via an Andersen
cascade impactor-are presently being examined and will be
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disclosed in subsequent research, the detected particle size (~200-
400 nm) and advantageous surface properties endorse their
appropriateness for inhalation. The optimized formulation (F4)
exhibited a controlled particle size of 228.3+37.6 nm and a ZP of -
27.3+6.76 mV, closely matching previously documented inhalable
REM systems, such as those by Sahakijpijarn et al, which indicated
particle sizes of 200-300 nm and ZP ranging from -20 to -30 mV.
The analogous attributes substantiate the aerodynamic and colloidal
properties of the F4 formulation for respiratory targeting.

The choice of Poloxamer 407 and HPMC E3 as excipients was
predicated on their recognized biocompatibility, regulatory
endorsement, and functional benefits in nanoparticle stabilization and
controlled release. Poloxamer 407 functions as a steric stabilizer by
diminishing surface tension and inhibiting aggregation, whereas
HPMC E3 creates a hydrated matrix that retards drug transport,
facilitating sustained release. This aqueous NS method eliminates the
necessity for organic solvents in PLGA systems and provides a more
regulated release profile. The F4 formulation exhibited near first-order
release kinetics (R? = 0.9808), achieving approximately 79%
cumulative release over 48 h. This outcome is advantageous compared
to the burst-release behavior typically seen in PLGA-based carriers,
fulfilling the requirement for both rapid and sustained drug action in
pulmonary therapies. While in vivo pharmacokinetic comparisons
among pulmonary, intravenous, and oral routes are pending, the
existing in vitro results, corroborated by studies on inhalable antiviral
nanoparticles, robustly indicate the formulation's potential for
superior lung targeting, enhanced bioavailability, and prolonged
therapeutic efficacy. These results establish the F4 formulation as a
promising, efficient, and therapeutically pertinent choice for the
pulmonary administration of REM in antiviral therapy [31-37].

Future perspectives

The invention of dry powder inhalable nanoparticles for COVID-19
treatment offers an innovative and focused strategy with considerable
prospects for future advancement. Subsequent investigations should
concentrate on in vivo efficacy studies and clinical trials to confirm the
safety, pulmonary deposition, and therapeutic results of the
nanoparticles in human participants. Enhancing particle engineering
techniques to optimise aerodynamic behaviour and deep lung
penetration will improve formulation efficacy. There is potential to
investigate combination therapies integrating antiviral, anti-
inflammatory, or immunomodulatory drugs inside a singular
nanoparticle system for synergistic effects. Furthermore, modifying
this inhalable nanoparticle platform for various respiratory viral
illnesses or novel pathogens could position it as a comprehensive
pulmonary medication delivery system. Integrating smart inhaler
technology for real-time monitoring and dosage regulation signifies a
viable avenue to improve patient adherence and treatment efficacy.

CONCLUSION

The extensive development and evaluation of REM nanoparticles (F4)
yielded promising results regarding drug content, PS, morphology, and
drug release behavior. By leveraging the enhanced permeability and
retention (EPR) effect, the nanoparticles were optimized using
Poloxamer 407 and HPMC E3, facilitating targeted pulmonary delivery of
REM. The drug content estimation was accurate, and SEM analysis
revealed a well-controlled surface morphology, which is crucial for
enhancing bioavailability. In vitro drug release studies demonstrated a
sustained and controlled release, with 78.96% cumulative release over
48 h, supporting prolonged therapeutic effects and reducing the need for
frequent dosing. The release mechanism followed a non-Fickian
diffusion or erosion-controlled process, typical of nanoparticle-based
systems. Stability studies confirmed the formulation's stability, showing
no significant changes in PS, PDI], or ZP during storage, ensuring its
quality maintenance. Furthermore, DSC thermograms indicated
complete drug incorporation within the polymer matrix. Although the
formulation shows strong industrial potential, particularly for scale-up,
its efficacy and safety should be verified through clinical trials.
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