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Abstract: A modified solvent evaporation process was used to produce polymeric nanoparticles
containing favipiravir using the biodegradable polymer PLGA 50:50 and Poloxamer-407 as a
hydrophilic surfactant. FTIR and DSC were used to examine the compatibility of drugs and polymers.
Using a CCD model with two independent variables (PLGA and Poloxamer-407) and two dependent
variables (percent encapsulation efficiency and particle size), QbD was able to identify and optimize
the formulation-related parameters as well as those linked to the final product. The final optimized
concentration of PLGA 50:50 was 190 mg, and Poloxamer-407 was 0.6%, confirmed by the validation
of the design model. The generated favipiravir nanoparticles were characterized by DLS, zeta potential,
aerodynamic size distribution, and in-vitro diffusion analysis. The optimized formulation's average
particle size was roughly 270 nm, with excellent entrapment efficiency. Based on the zeta sizer, it was
found that nanoparticles had a consistent spherical shape and good physical stability. In-vitro favipiravir
release from an optimized formulation was sustained for up to 10 hrs. The biodegradable PLGA-based
optimized nanoparticles loaded with favipiravir have become a promising COVID-19 therapeutic
candidate.
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1. Introduction

The new severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) virus, which
has been previously identified in humans, caused the unique Coronavirus disease (COVID-19)
in late 2019. According to the WHO, there have been 632 million confirmed cases of COVID-
19 worldwide as of 16 November 2022, with 6.5 million deaths [1]. There have been 43.8
million COVID-19 confirmed cases in India, with 0.52 million deaths [2,3]. The common
symptoms of COVID-19 are trouble breathing, fever, and fatigue, while some elderly persons
may not experience a fever as a symptom. Additional symptoms that could be present include
aches and pains, runny nose, sore throat, and diarrhea [3]. Alveoli become inflamed (irritated
and swollen) and fill with fluid as a result of the coronavirus, making breathing difficult. It
causes an unbalanced amount of oxygen to be present in the body's blood [4]. The FDA has
approved the use of antiviral drugs such favipiravir, remdesivir, lopinavir, ritonavir,
dexamethasone, hydroxychloroquine, azithromycin, tocilizumab, etc., as first-line treatment
for COVID-19 and therapies due to a public health emergency [5]. Remdesivir and favipiravir
are the most effective drugs of all. Remdesivir is administered via intravenous (IV) infusion,
although it comes with a number of side effects, including multiple organ failure and potential
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toxicity in cardiovascular activities [6]. Additionally, the WHO observed that remdesivir had
very little or no effect on the mortality rate in hospitalized COVID-19 patients [7].

Favipiravir belongs to a similar class; it can be taken orally. The active form of
favipiravir inhibits viral genome replication by selectively inhibiting RNA polymerase.
Favipiravir works well for mild to moderate stages. The primary barrier to the use of favipiravir
is the large oral dose, which results in toxicity and limited bioavailability because it is less
soluble and non-specific at the target location [8].

The prime inspiration of the present work is to design and evaluate lung-targeted PLGA
nanoparticles loaded with favipiravir to address the drug's current issue with regard to
increasing the bioavailability and effectiveness of the therapy. Prior studies have shown that
PLGA nanoparticles increase solubility, reduce drug toxicity, and improve bioavailability [9].
They have been reported to provide controlled and sustained drug release, protect drugs from
bursting before reaching the targeted site, and enhance intracellular penetration, in addition to
their ability to facilitate drug delivery to the target site [10]. A hydrophilic non-ionic surfactant
called poloxamer-407 was utilized to stabilize the hydrophobic PLGA nanoparticles in agueous
medium. By conducting a limited number of experiments, QbD is an approach that enables the
investigation of multiple variables at once, their relationships, and their effects on various
experimental responses. Additionally, mathematical models can determine the optimum
number of variables needed for a certain response. The preparation of the favipiravir-loaded
PLGA nanoparticles has been optimized well using the CCD. In order to examine the
association between the experimental factors and the outcome and to obtain a suitable
formulation, this method involved the analysis of 3-D response surfaces.

2. Materials and Methods

2.1. Materials

Favipiravir was received from the Zydus Research Centre in Ahmedabad as a gift
sample. Merck in India provided the PLGA 50:50. Poloxamer-407 was acquired from Chemdys
corporation in Ahmedabad. Excipients, solvents, and additional analytical-grade reagents were
procured from S.D. Fine Chemicals in India.

2.2. Methods.
2.2.1. Drug identification and characterization.

Favipiravir drug characterization was carried out using UV-spectrophotometry
(Shimadzu UV-1650 PC (E) 230V, Japan), FTIR (Perkin Elmer, Spectrum GX FTIR system),
DSC (Perkin Elmer, Pyris-1 DSC), and melting point measurement utilizing capillary melting
point apparatus [11].

2.2.2. Spectrophotometric analysis.

Using a UV-visible spectrophotometer with a 1 cm width quartz cell, the absorbance

maxima (Amax) of serial dilution concentrations of favipiravir were measured in phosphate
buffer (PBS) at pH 7.4 [12].

2.2.3. FTIR (Fourier transform infrared) spectroscopy.
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FTIR was used to investigate the chemical interactions of favipiravir with PLGA and
poloxamer-40. The accurate weight of the drug, polymer, surfactant, their physical mixture,
and the formulation was weighed, and intimate the sample mixture was with KBr (1:10) using
the solid dispersion method. All of the materials and mixes received IR radiation in the 400—
4000 cm? range, and spectra were captured over the course of 16 cumulative scan cycles [13].

2.2.4. Differential Scanning Calorimetry (DSC).

DSC was used to examine how favipiravir physically interacted with PLGA and
poloxamer-407 in this study. An aluminium sample pan was used to keep the exact weight of
the drug, polymer, surfactant, their physical combination, and formulations. Aluminium covers
were used to crimp-seal the pan. Under nitrogen flow, all samples were scanned at a uniform
heating rate of 10°C/min between 50 and 300°C [14].

2.2.5. Preparation of nanoparticles.

We developed PLGA nanoparticles loaded with favipiravir by a modified solvent
evaporation process employing a rotary evaporator and high-speed homogenization (HSH). In
this procedure, the 50 mg of favipiravir and the 100 mg of PLGA (50:50) are dissolved in 10
ml of dichloromethane (DCM). Then, the required amount of surfactant (Poloxamer-407) is
added to the resulting solution. The mixture is allowed to evaporate using a rotary evaporator
at a temperature above their boiling point (50°C) and 80 rpm speed until a thin film is obtained
at the bottom. The thin film was reconstituted with deionized water to produce a suspension of
polymeric nanoparticles. The nanoparticles are homogenized in HSH for five minutes at a
speed of 10,000 rpm. The nanoparticle suspensions were centrifuged at 3500 rpm for 60 min
in 50 ml falcon tubes. The excess liquid was removed, and the remaining sample was pre-
frozen for 24 hours at -22°C in a deep freezer. These frozen samples were freeze-dried for 72
hrs at 80°C and 1.0 bar at absolute vacuum pressure in a lyophilizer [15-18].

2.2.6. QbD and Risk assessment approach.

The Quality Target Product Profile (QTPP) was first developed while labeling
specifications were taken into consideration. Critical Quality Attributes (CQAS) with a high
likelihood of leading to product failure were found using Failure Mode Effect Analysis
(FMEA) [19]. The initial phase in the risk assessment process was to evaluate every probable
element that might have an effect on product quality. Based on a review of the literature, prior
experiences, and results from early investigations of nanoformulation, these factors were
organized hierarchically using an Ishikawa diagram, as shown in Figure 1. FMEA was used to
describe the effects of specific failure modes. The severity of their impacts, or how frequently
and easily they may be found, can be used to rank the modes of failure for risk management
purposes using the FMEA method [20]. This information can be used to identify the CQA
factors that need in-depth analysis and monitoring. An FMEA generates risk priority numbers
(RPNs) for each combination of failure mode severity (S), occurrence (O), and detectability
(D), which may be used to rank risk using the formula below [18,19].
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5 5 1

4 4 [2]
RPN = |3|0 x [3|s x [3]|D........... 1)

2 2 4

1 1 5

The probability of an event happening, or its likelihood, was given a random score of
5, which indicates that it is highly likely to occur; 3, which indicates that it has a 50/50 chance
of occurring; and 1, which indicates that it is highly unlikely to occur. S, the second parameter,
assesses the impact on the system of a certain failure mode. Detectability, or how quickly a
failure mode may be identified, is the final D parameter. A failure mode's risk to product quality
decreases with ease of finding.
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Figure 1. Ishikawa diagram.

2.2.7. Optimization of processing and product-related parameters using Central composite
design (CCD).

CCD is widely used in response-surface modeling (RSM) for the optimization process.
CCD is more robust than the Box-Behnken design because it has higher design points with a
full quadratic model. A group of "star points" added to the embedded factorial or fractional
factorial design in the CCD allows for the estimation of curvature. As indicated in Table 1, the
amount of PLGA and poloxamer-407 was chosen as independent factors for the design, and
the desired responses were particle size, percent encapsulation efficiency, and percent drug
release at 10 hours. The PLGA nanoformulation was optimized using Design-Expert software
v11.0.0. A total of 13 experimental runs were conducted based on the software, as shown in
Table 2. The model was developed using multiple linear regression analysis (MLRA) and one-
way ANOVA with a 0.05 probability (p) value for each dependent variable to be evaluated.
The p-value was used to determine the parameter's significance. The terms with a higher p-
value were removed for further investigation since they were deemed to be non-significant.
Each measured response was given its own quadratic model, including with interactive and
polynomial terms [20-22].
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Table 1. Independent parameters and measured responses with their limits.

Independent variables Levels

Coded values Actual values

Low Medium High Low Medium High
Conc. of PLGA50:50 (mg) -1 0 +1 50 100 150
Conc. of Poloxamer- 407 (%) -1 0 +1 04 0.6 0.8
Dependent variables Limits (range)
Particle size (nm) 200-300
Encapsulation efficiency (%) 70-90%

Drug release at 10h (%)

More than 90%

Table 2. Design matrix generated from Central-composite design.

Run Actual values

%EE Particle % CDR

order PLGA Poloxamer- size (nm)
Conc. (mg) 407 Conc. (%)

M1 50 0.8 83.78+0.24 168.8 99.03+0.47
M2 50 0.4 86.3+0.10 1744 97.2+0.21
M3 170.711 0.6 97.9+.0.07 682.6 70.1+0.65
M4 150 0.8 95.6+0.14 373.5 79.9+0.84
M5 29.2893 0.8 88.5+0.05 161.9 100+0.39
M6 100 0.6 95.6+0.18 204.7 80+0.87
M7 100 0.882843 95.6+0.31 200 76.5+0.84
M8 150 0.4 88.5+0.25 424.7 74.2+0.52
M9 100 0.317157 83.7£0.33 2428 81.5+0.46
M10 100 0.6 93.5+0.47 204.7 76.8+0.96
M11 100 0.6 95.6+0.11 204.7 82.4+0.55
M12 100 0.6 96.2+0.62 204.7 82+0.26
M13 100 0.6 95.1+0.64 204.7 84.1+0.33

2.2.8. Validation of statistical analysis for optimization.

Grid search analysis was used to verify the statistical model. One ideal composition and
one checkpoint formulation were chosen from the optimized region using a random assessment
approach. The checkpoint formulas were developed, taking into account various response
factors. Each variable's experimental and predicted values were compared, and the %
prediction error was computed beforehand [23,24].
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2.2.9. % Entrapment efficiency (EE).

The solvent extraction method was used to calculate the entrapment efficiency.
Dichloromethane: Methanol (1:9) solvent mixture was used to extract favipiravir from dried
nanoparticles (equivalent to 2 mg of drug) using a vortex following centrifugation at 5000 rpm
for 15 mins. The favipiravir-containing supernatant was tested for concentration using UV
spectrophotometry after being adequately diluted with methanol. The % EE was calculated
using the formula below [25-27].

Drug content in nanoparticles

% Entrapment ef ficiency = X 100......... @)

Initial quantity of drug included

2.2.10. % Yield.

The percentage yield was calculated as the weight % of the final product after drying,
with respect to the initial total amount of ingredients used for the preparations [28].

% Yield =

Practical yield
Theoritial yield

2.2.11. Particle size distribution.

The particle size of PLAG nanoparticles was determined using a Zetasizer Nano ZS90
(Malvern, UK). A 15 ml solution with 5 mg of nanoparticles in deionized water was prepared.
A cuvette with a probe was used to contain the dispersion nanoparticle sample. Optical probes
with coated windows are connected to the electrodes on the other side of an insulated sample
cell. An electric field is used to create a connection between the optical probes and the
appropriate electrodes. It is feasible to determine the particle size distribution from the velocity
distribution of particles suspended in a dispersing media by applying the principles of dynamic
light scattering. A graph of particle size distribution was produced using the flex software
[27,29].

2.2.12. Zeta potential.

Zeta potential is an electrical charge that is present on the surface of nanoparticles and
trades with the strength of the attraction between adjacent, equally charged nanomaterials,
which raises questions regarding the materials' physical stability and aggregation potential [30].
Using a Zetasizer Nano ZS90 (Malvern, UK) at 25°C, the electrical potential on the surface of
produced PLGA nanoparticles was measured. All samples were dispersed in deionized
water/non-dissolving fluid 1 min prior to the analysis [31].

2.2.13. Aerodynamic behavior by Andersen cascade impactor.

The Andersen cascade impactor was used to conduct in-vitro lung diffusion of PLGA
nanoparticles containing favipiravir (AN-200 Tokyo Dyrec, Japan). Eight perforated plates
were arranged in ascending order of their diameter, starting with plate number “0” at the top
and plate number 7 at the bottom. The base plate of each of these was connected to a vacuum
with a flow rate of 28.3 I/min. Each of these had impact plates beneath it. An induction port
was installed on the impactor's top. The dry powder inhaler with drug-loaded nanoparticles was
attached to the device through a rubber collar. For a brief period, the vacuum pump operated
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the device, and each plate's powdered nanoparticles were collected. Employing UV
spectrophotometry, the drug concentration was determined after thoroughly washing each plate
in distilled water. The % Respirable portion of the drug from stage 2 was calculated using the
equation below [29,32].

Amt.of drug deposited in lower stage

% Respirable fraction = Total drug dose

2.2.14. In-vitro diffusion study.

A dialysis tube with a molecular weight threshold of 12 kDa in a Franz diffusion cell,
the in-vitro drug diffusion profile of nanoparticles carrying favipiravir was investigated. A 50
mg of favipiravir-containing nanoparticles were dissolved in 1 ml of PBS pH 7.4 and kept in
the donor compartment. The receptor compartment was filled with 25 ml of PBS pH 7.4 and
kept at 37°C under sink conditions for the duration of the diffusion research. Every two hours
for ten hours, samples of about 1 ml were taken out with fresh media replacement to determine
the amount of drug diffused using UV-spectrophotometry at a wavelength of 235 nm [30,33].

2.2.15. SEM.

The particle size, shape, and distribution of the optimized PLGA nanoparticles were
measured using an SEM (ESEM/EDAX XL-30, Philips, Netherlands). Before SEM, the PLGA
nanoparticles were lyophilized. The dried sample was mounted on the three-dimensionally
rotated Eucentric goniometer stage while retained on an aluminum grid surface. The scanning
was carried out in a nitrogen vacuum at a temperature of 25°C with a 30 kV accelerating
voltage. The LaB6 filament was used to magnify the nanoparticles to a visible scale of 4,00,000
X (2 nm) [34].

2.2.16. Stability.

Powdered favipiravir-loaded PLGA nanoparticles were tested for six months in a
controlled environment at 40°C and 75°RH to determine their short-term stability. In
predetermine interval during a six-month particle size, % EE and % CDR of PLGA
nanoparticles loaded with favipiravir were calculated [35].

3. Results and Discussion

3.1. Preparation of PLGA nanoparticle.

As previously mentioned, a modified solvent evaporation method was used to produce
the favipiravir-loaded PLGA nanoparticles using a continuous phase system. To assess the drug
entrapment behavior, polymerization, and size distribution pattern, preliminary screening of
the polymers (PLGA 50:50 and PLA) and surfactants (Kolliphor- CS20, poloxamer-407, span-
40, and Acconon) was conducted. According to the experimental findings, PLGA 50:50 has a
lower particle size distribution and more drug entrapment than PLA. Meanwhile, poloxamer-
407 stabilizes polymeric nanoparticles with uniform and narrow particle size distribution [36].

3.2. Identification of favipiravir.

A capillary melting point apparatus was used to determine the melting point of pure
favipiravir API. The results demonstrated that the drug is naturally pure and devoid of any
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impurities because the observed melting point (190°C) falls within the specified range (187-
190°C). Figure 2 (a) illustrates the UV-spectrophotometry of favipiravir at serial dilution
concentrations ranging from 20 to 100 g/ml in PBS pH 7.4. The drug showed a clear peak in
absorbance at a wavelength of 235 nm and followed Beer's law within the dilution range. The
linearity regression produced the equation Y = 0.0834X + 0.0068 with a r? value of 0.9994
[37].

(a) ' (c)

Favipiravir

s, b
— J—
/*’/ Favipiravirloaded\ [\ M iy [/ W ]"y It
PLGA nanoparticle | [ |/\\ 1"/ ] Yy 'y
IR
Wi
L B
1
P e EET s e 2 - PO~ SO
i PP o Favipiravir \ . g o o WRTAT
S I .“J‘v\;':‘ (oW

40000 360

Figure 2. Identification of favipiravir: (a) UV- Spectrophotometry, drug-polymer compatibility studies, (b)
FTIR, and (c) DSC.

3.3. Drug-polymer compatibility studies.

FITR spectroscopy was used to analyze the chemical interactions between favipiravir's
surface functional groups and PLGA during the development of nanoformulations, which
affect the drug's stability, bioavailability, and decomposition. Figure 2 (b) displays the FTIR
data for favipiravir and PLGA nanoparticles containing the same. The characteristics of
functional group peaks of favipiravir were seen in the formulation, respectively. Amorphism
of the PLGA nanoparticles was seen to cause some peaks to disappear, as well as a little
broadening of the peak intensity caused by the formation of a stable hydrogen bond. The result
demonstrates that there was no incompatibility between PLGA and favipiravir in the
nanoformulation. DSC carried out the physical interaction of favipiravir with PLGA. The
thermograms of the drug and nanoformulations are illustrated in Figure 2 (c). The crystal
structure of favipiravir was indicated by a prominent endothermic peak on the thermogram at
190°C, which corresponds to the melting point. Because the drug was completely dispersed in
the nanoformulations, there was no obvious endothermic peak of the drug in the PLGA
nanoparticle thermogram, confirming that the drug and polymer were not incompatible
[31,32,35].

3.4. QbD & risk assessment.

The assessment of QTPPs for the formation of PLGA nanoparticles loaded with
favipiravir is the first step of the QbD. The patient-centric QTPPs were identified based on the
desired quality of the dosage form to accomplish targeted drug delivery. To achieve the desired
profile, certain quality factors were identified. Tables 3 and 4 show polymeric nanoparticles'
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acknowledged QTPPs and CQAs [38]. The RPN score using the FMEA technique for each
parameter is calculated and listed in Table 5. According to Figure 1, the variables that affect
the processing of polymeric nanoparticles were divided into the responses of the material, the
worker, the measurement, the environment, the machine, and the process. Other than the
material, the variables were thought to be low risk. With the help of early experiments and
prior knowledge, these variables were all fixed to the same value. A high ranking was given to
the parameters that show the impact on in-vivo product performance [39]. The significant effect
on nanoparticle quality was determined using the RPN score for each variable. The RPN
threshold was established at 60; values >60 were deemed critical, and lower values were not
worthy of further investigation. As PLGA and poloxamer-407 had a major effect on both in-
vivo and in-vitro performance, their concentration was considered significant [37,40].

Table 3. Selected QTTPs parameters.

Therapeutic Indication

Pulmonary drug delivery

Target Patient Population
Route of Administration
Site of Activity

Dosage form

Dose

Adults

Pulmonary Administration

Local Action in Lungs

Polymeric nanoparticles

50 mg

Table 4. Selected CQAs parameters.

Excipient (Quality Profile)

Particle size & Morphology

Particle Size

% Encapsulation efficiency
Diffusion Study

Zeta Potential

200-300nm

More than 90 %

Not less than 75% in 8 hr

-10 mV to -30 mV

Table 5. A summary of FMEA analysis.

Influence Itinerary of Control Detectio
Variables of Occurrence rary Severity RPN Rank
variation failure Measure n
Solubility
The ofa(:]rdug In different Volume
. volume of . books, the measurement,
Material organic forr:lélfatlo 2 ratio of two 2 quality of 2 8 8
solvent nanopartic solvent nanoparticles
les
Stability,
In-vitro e
Concentra drug VaJ;?i?'“;)r/";n Dissolution,
tion of release, 5 quant)i/t of 5 strength, and 5 125 1
Surfactant Particle q Y | % EE
size, % materia
EE
Stability,
In-vitro . Size
Drug: drug VaJ;?i?“gén determination
Polymer release, 5 quant)i/t of 5 , Dissolution, 5 125 1
ratio Particle qmater?/al strength, and
size, % % EE
EE
0\-/rehrgll Alteration in
Environ - : the condition
Humidity quality of 1 1 Hygrometer 1 1 10
ment nanopartic of the
les atmosphere
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Influence Itinerary of Control Detectio
Variables of Occurrence rary Severity RPN Rank
. failure Measure n
variation
Alteration in
Pressure No effect 1 the s:]ha;pe of 1 Manometer 1 1 10
atmosphere
The Alteration in
Temperatur ovgrall the state of Thermometer
o quality of 1 the 1 or thermos- 1 1 10
nanopartic Sensors
les atmosphere
Line clearance,
Self-
Man Analyst Testing of 1 Physical error 1 _mspectlon, 1 1 10
product internal and
external Audit,
SOP
. Proper storage
Stockiest PrOdl.JCt 1 Physical 1 and self- 1 1 10
Quality error . .
inspection
Proper storage
Retailer Pmdl.mt 1 Physical error 1 and self- 1 1 10
Quality . -
inspection
Line clearance,
Product insps):(lzzon
QC Person ?:szi::]ty 1 Physical error 1 internal and 1 1 10
9 external Audit,
SOP
Line clearance,
Self-
Formulator PrOdl.JCt 1 Physical error 1 Inspection, 1 1 10
Quality internal and
external Audit,
SOP
Stability No
Particle and . Malvern Zeta-
. A systematic -
Measure size and availabilit develooment sizer and
size y at the 5 P 5 Poly- 4 100 2
ment | gistributio | lower and failure of dispersibilit
. instrumentat P y
n respirato . index
ion
ry tract
. . No systematic
In-vitro DIrS]S:rlllétIO development Franz diffusion
drug . 4 and failure of 5 3 60 3
therapeuti . . cell
release instrumentatio
c effect n
Dissolutio No systematic
Drug n and development _ )
Loadin theraneuti 4 and loss of 5 Centrifugation 3 60 3
g P instrumentatio
c effect n
No
systematic
% EE T_herapeu 4 develo_pment 5 Centrifugatio 5 100 2
tic effect and failure of n
instrumentat
ion
Franz Ind-;/l:tro The error of
Machine | Diffusion 9 4 the analyst or 3 Validation 3 36 5
Cell release, instrument
IVIVC
The
Rotary overall The error of
flask quality of 4 the operator 5 Validation 5 100 10
evaporator | nanopartic or instrument
les
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Influence Itinerary of Control Detectio
Variables of Occurrence rary Severity RPN Rank
- failure Measure n
variation
Physical The mistake
Dryer property 3 of the 1 Validation 1 3 9
and operator or
stability instrument
Physical
properties The error of
of the operator S
Rotation nanopartic or agent or Optlmlg atlp n
Process - 3 3 and validation 3 27 6
time les, % EE, Poor
LS of process
and optimization
dissolutio of time
n
Physical
Speed of properties The error of
of the operator S
Rotary nanopartic or instrument Optimization
flask P 3 3 and validation 3 27 6
les, % EE, or Poor
evaporator A of process
(RPM) ~and optimization
dissolutio of speed
n
The mistake
of the
Temperatur Formation operator or Optimization
pe of thin 3 agent or Poor 3 and validation 3 27 6
film optimization of process
of
temperature
The error of
the operator
Evaporatio Formation or ?rsggg;ent Optimization
n ?ime of thin 3 ootimization 3 and validation 3 27 6
film P of of process
evaporation
time
Diameter Quality of The error of Optimization
of Rotary | nanopartic 1 the operator 1 and validation 1 1 10
flask les or instrument of process

3.5. Optimization of formulation using central composite design.

Using Design Expert software v11.0.0, a CCD was made in 13 operations of
nanoparticle formulation. ANOVA and r? were used to validate the desired model fit summary.
Based on the significance of the p-value, it was suggested that the Sequential Model Sum of
Squares [Type-1] and model summary statistics were the models that best fit the design. The
% EE, particle size and % CDR were measured in the experimental results.

Table 6. A summary of ANOVA results.

Source % EE Particle size (nm) % CDR
F-value p-value F-value p-value F-value p-value

Model 6.57 0.0141  29.39 0.0001 11.90 0.0026
A-Conc. of PLGA 7.95 0.0258  85.07 <0.0001 50.74 0.0002
B-Conc. of Poloxamer-407  9.68 0.0171 156 0.2521 0.0215 0.8874
AB 1.34 0.2843  0.0158 0.9036 0.8604 0.3845
A2 1.21 0.3083 3857 0.0004 5.37 0.0536
B2 8.91 0.0204  0.1236 0.7355 0.0021 0.9644
Lack of Fit 15.84 0.0110 3.50 0.1288
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Insignificant independent variables are those with a higher p-value, >0.05. In the first
response, the p-value for Y1 was found to be 0.0069, which was significant, and the p-value
for particle size was less than 0.0002, which was significant for all dependent variables, as
shown in Table 6. The p-value for Y3 percent drug release was 0.0026, which was also
significant [41].

3.5.1. Influence on % EE.

The % EE and the selected parameters have a good model fit, according to the r? Value
(0.8244). The suggested quadratic model's significance was determined by its p-value of
0.0141. The findings imply that each independent variable has a major effect on the % EE. The
p-value for % EE does not indicate any significance for the polynomial or interaction terms, so
only the main effect of the relevant parameters can be used to draw conclusions. A p-value of
0.0258 indicated that the conc. of PLGA is significant. It follows logically that the % EE will
rise as the amount of polymer increases. The p-value of 0.0171 indicated that conc. of
poloxamer-407 was also significant. Figure 3's (a) contour plot and (b) 3D-RSM for the % EE
provide greater context for the findings [35,42,43]. The % EE is expressed as a polynomial
equation below:

Y =94.94 + 3A + 3B +1.48AB -1.23 A2 - 3.27B2........... (5)

Design-Expert® Software EE (%)
Factor Coding: Actual -

EE (%)
3.7 I 979

S
558D
T AE I IR IS ©

R RSN

N
0“\“\“
X1 = A: Conc. of PLGA
X2 = B: Conc. of Poloxamer-407

B: Conc. of Poloxamer-407 (%)

150

B: Conc. of Poloxamer-407 (%) 05 gl
A: Conc. of PLGA (mg) 345

Figure 3. Contour plot and 3D-RSM of % EE.

A: Conc. of PLGA (mg)

3.5.2. Influence on particle size.

For particle size, the quadratic model gave an r? value of around 0.9545. Figure 4's (a)
contour plot and (b) 3D-RSM showed that the only factor with a significant p-value of 0.0001
that would affect particle size was PLGA concentration. As PLGA concentration increased, so
did particle size. While poloxamer-407 concentration was shown to get a higher p-value of
0.2521 with insignificant effects on particle size, increasing the concentration of both polymer
and surfactant resulted in increased nanoparticles size [38,44]. Particle size is described below
with a polynomial equation:

Y = 207.25 + 145.35A — 17.86B — 2.38AB + 102.96A> —5.70B?  (6)
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Design-Expert® Software 08 PS (nm)
Factor Coding: Actual

PS (nm)
1619 I 6526

X1 = A: Conc. of PLGA
X2 = B: Conc. of Poloxamer-407

B: Conc. of Poloxamer-407 (%)
PS (nm)

50 75 100 125 150

A: Conc. of PLGA (mg)
Figure 4. Contour plot and 3D-RSM of Particle size.
3.5.3. Influence on % Cumulative drug release.

The % CDR for the quadratic model provides an r? value of 0.8949. According to the
results of Figure 5 (a) contour plot and (b) 3D-RSM and ANOVA, when PLGA concentration
increased, the % CDR dropped with a p-value of 0.0002, whereas poloxamer-407 concentration
had no significant effects on the % CDR, with a p-value of 0.8874. However, the combined
effects of the two concentrations were found to reduce % CDR [41]. The following polynomial
equation is suggested for the particle size:

Y =81.27 - 10.92A — 0.2044B + 1.71AB + 3.74A? — 0.073B? (7)

CDR (%)

Design-Expert® Software
Factor Coding: Actual

CDR (%)
70.1 [ 99.41

X1 = A: Conc. of PLGA
X2 = B: Conc. of Poloxamer-407

B: Conc. of Poloxamer-407 (%)

50 75 100 125 150

0.5 B: Conc. of Poloxamer-407 (%)
A: Conc. of PLGA (mg) & Conc;of PLGA (mg) 150 04

Figure 5. Contour plot and 3D-RSM of % CDR.

3.6. Characterization of optimized nanoparticle formulation.
3.6.1. Particle size distribution and zeta potential.

Particle size distribution, zeta potential, and polydispersity index were also evaluated
for the prepared nanoparticles. An important parameter is particle size because it affects how
drug molecules are delivered and targeted [45,46]. An average nanoparticle’s median
aerodynamic diameter for pulmonary drug delivery at the lowest region of the lungs is 200 nm.
Figure 6 (a) shows a mean particle diameter of about 231 nm with a narrowed size distribution.
As a result, the prepared PLGA nanoparticle is considered suitable for delivery to the lungs
parenchyma. The zeta potential of drug-loaded PLGA nanoparticles was confirmed to be -16.8
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mV with a variation of +16.8 mV in figure 6 (b), indicating that prepared nanoparticles have
static electrical surface charges, which increase the physical stability by minimizing the
aggregation inside the medium [41,47].

(a) (b)

Size Distribution by Intensity Zeta Potential Distribution
1) SERE Ry O R R PP PP RPRPPPRPRE V) AR A A AR A ARG A R AR LA EAA LA KA R A LR R AR AL
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Figure 6. Characterization of optimized nanoparticles (a) Particle size distribution by DLS, (b) Zeta potential.
3.6.2. In-vitro diffusion study.

Figure 7 (a) showed that in-vitro drug release of optimized favipiravir-loaded PLGA
nanoparticles was more than 90% within 10 hr of diffusion. A burst release of up to 40% of the
drug was observed within 1 hr, which is influenced by solvent leaching, causing rapid phase
inversion and slow hardening of the polymer, which causes porous nanoparticles. After that,
from 2 hr completed, sustained drug release was reported till 12 hr of diffusion [48].

3.6.3. Aerodynamic behavior study using a cascade impactor.

An Andersen cascade impactor investigated the in-vitro lung diffusion and aerodynamic
properties of favipiravir-loaded PLGA nanoparticles. The total amount of drug deposition was
found to be 82%. The deposition percentages between each stage of the cascade impactor
indicate % Respirable fraction, which is used to evaluate the possibility of delivering the
nanoparticles to deep parts of the lung such as alveoli. The maximum amount of the drug
concentration, 35%, has remained at stage 5 [32]. The % Respirable fraction was 86.44%,
indicating the moderate aerosol performance of PLGA nanoparticles, as shown in Figure 7 (b).

s (@) In-vitro drug diffusion 40- (b) In-vitro drug deposition
1 ]
80 c 30
| 2
¥ g0 = [ ]
g ] 8 -
L 404 a .
1 X 101 -
20 ¥
0 — 1 1T 17" 1°T 7171 0'_* * ‘?’ T T T T T
0 2 4 6 8 10 12 0 1 2 3 4 5 6 7
Time (hrs) Stages
Figure 7. In-vitro assessment of optimized nanoparticles (a) In-vitro drug diffusion, (b) In-vitro drug
deposition.

3.6.4. SEM.

The SEM images of pure favipiravir APl and optimized PLGA nanoparticles loaded
with the same are seen in Figure 8. The pure drug was obtained in the polymorphic state, and
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an amorphous and aggregated drug structure was observed on the surface of larger cuboidal
crystals, as seen in Figure 8 (a). Meanwhile, optimized nanoparticles were spherical in shape,
had narrow size distribution, and had porous surfaces without any aggregation, as seen in
Figure 8 (b).

ol 0, LS e N

Figure 8. SEM images (a) favipiravir, (b) optimized nanoparticles.
3.6.5. Stability study.

The stability of optimized favipiravir containing PLGA nanoparticles was performed at
40+2°C and 75+5% RH for six months. Table 7 shows particle size, % EE, and % CDR, which
indicated that there was no significant variation observed after six months of storage [33,49].

Table 7. Stability of optimized batch of polymeric nanoparticles.

Time points (months) Particle size (nm) % EE % CDR

0 225 99.32+0.25 92.17+0.69
1 254 96.67+0.74 91.88+058
2 247 91.21+0.63 91.28+0.63
4 248 90.78+0.52 90.67+0.21
6 258 91.76+0.11 92.99+0.47

4. Conclusions

The QbD approach was used to develop and design favipiravir-loaded PLGA
nanoparticles successfully. The produced nanoparticles are promising for in-vivo site-specific
lung targeting due to their narrow size distribution and high drug entrapment. The FTIR and
DSC analyses showed that there were no drug-polymer interactions in the nanoparticle. The
DLS and SEM revealed that PLGA nanoparticles have a uniform size distribution and a
spherical shape without aggregation, verified by the nanoparticles' greater surface charges/zeta
potential. The nanoparticles had a larger rate of lung deposition into the lower respiratory areas.
The matrix polymeric system demonstrates favipiravir's sustainable and prolonged drug release
pattern. As a result, the site-targeted delivery of favipiravir nanoformulation to the lungs could
be an appropriate treatment regimen for managing COVID-19.
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