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ARTICLE INFO ABSTRACT

Keywords: In 2019 the emergence of SARS-COV-2 caused pandemic situation worldwide and claimed ~6.4 M lives (WHO
Favipiravir 2022). Favipiravir (FAV) is recommended as a therapy for Covid-19 which belongs to BCS class IIT with a short
Mucoadhesion

half-life of 2-5.5h. Thus, the objective of current study was the development of favipiravir loaded PLGA nano-
particles (NPs) by box-behnken design. Moreover, these NPs were entrapped in thermosensitive gel to increase
the permeation through nasal route. The nanoparticles exhibit particle size of 175.6 + 2 nm with >70 + 0.5 %
EE. NPs showed PDI (0.130) and zeta potential (—17.1 mV) suggesting homogeneity and stability of NPs. DSC,
XRD, and FTIR studies concluded absence of any interaction of FAV and the excipients. SEM and AFM studies
demonstrated spherical morphology of NPs with smooth surface. The NPs entrapped in-situ gel showed clarity
and pH 5.5-6.1. The gelation temperature of NPs dispersed in-situ gel was found in the range of 35 °C —37 °C.
The gel has viscosity in range of 34592-4568 cps. The texture analysis profile of gel showed good gelling
properties. Dissolution study suggested a sustained release of FAV from NPs (24h) and NPs dispersed gel (32h) as
compared to FAV solution (4h). The gel showed good mucoadhesion properties (9373.9 dyne/cmz). Ex-vivo
permeation through nasal mucosa of goat elucidated NPs dispersed gel demonstrated significantly higher
permeation than solution and NPs. Therefore, it would be a prospective formulation to combat Covid-19
infection with high patient compliance.

PLGA Nanoparticles
Thermoreversible in-situ gel
Nasal ex vivo permeation
Box-behnken design

Numerous novel formulations such as solid lipid nanoparticles [5,6],
liposomes, NLCs [7], nanoparticles (NPs), etc. have been studied for
delivery of drugs via nasal route. Moreover, these novel formulations
were explored as a therapy of Covid-19 infection [8] and amongst these
nanoparticles were successfully applied for development of vaccine [9].
PLGA is a U.S. FDA approved biodegradable polymer with great effi-
ciency of drug loading. It has been previously explored for development
of nanoparticles loaded with variety of drugs. Surnar B. et al. developed
ivermectin encapsulated nanoparticles using PLGA polymer modified
with PEG and maleimide (PLGA-b-PEG-Mal). Furthermore, they had
decorated nanoparticles by Fc immunoglobulin fragment to cross the
epithelial layer of gut which allowed drug to reach into bloodstream. In
vitro cytotoxicity and uptake studies in HEK293T cells showed better
uptake of NPs than free drug. Moreover, oral bioavailability of drug was
found higher than drug solution [10]. Ucar et al. designed
oseltamivir-phosphate loaded PLGA nanoparticles decorated by means
peptide binder of SARS-COV-2 spike protein for ACE-2 receptor

1. Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS COV-2)
is a new-fangled microorganism and origin of Covid-19 pandemic situ-
ation globally [1]. Current therapies, research & development groups,
and medical facilities of all countries were trying to find solutions and
therapies of the Covid-19 infection that has claimed ~6.4 M lives to date
[2]. This viral strain is extremely infectious and contagious. It causes
flu-like symptoms causing severe respiratory syndrome leading to death
due to respiratory failure [3]. Many antivirals were repurposed that
could be useful against this unique coronavirus, due to the lack of new
drugs to combat the condition. In addition, the occurrence of multidrug
resistance and low antiviral concentration at the site of infection posed
challenges in treatment [4]. Thus, there is a need of new formulation
strategies and modalities that could assist in tackling this Covid-19
infection.
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Abbreviations

FAV Favipiravir

SARS-COV-2 Severe-acute respiratory syndrome corona virus-2
DOE Design of Experimentation

PLGA Poly-Latic-Glycolic acid

HPMC  Hydroxy-Propyl Methyl Cellulose
BBD Box-Behnken, design

%EE % Entrapment Efficiency

PDI Poly dispersity index

FTIR Fourier Transforms Infrared spectroscopy
DSC Differential-Scanning-Calorimetry
SEM Scanning Electron Microscopy
AFM Atomic force microscopy

XRD X-ray diffraction

PBS Phosphate Buffer Saline

NPs Nanoparticles

ANOVA Analysis of variance

targeting. Nanoparticles demonstrated a sustained release of drug for
two months [11]. In another study Wu et al. developed lisinopril tagged
nanoparticles loaded with remdesivir by molecular docking approach to
target on angiotensin-converting enzyme —1 receptor [12].

Favipiravir (FAV) is a molecule approved in Japan for treatment of
influenza virus infection and recently approved as a therapy of SARS-
COV-2. It specifically inhibits viral RNA-dependent RNA polymerase
(RdRp). Earlier studies revealed that favipiravir showed antiviral ac-
tivity for large range of RNA viruses than other antiviral agents [13].
The available marketed formulation of favipiravir is oral tablet (Avi-
gan®, Fabiflu®). The dosing frequency of FabiFlu® is 18 tablets on day 1
(200 mg) (nine in the morning and nine in the evening), trailed by eight
tablets each day subsequently for a maximum of 14 days. It is highly
patient incompliance with high toxicity and adverse effects [14].
Furthermore, FAV belongs to the BCS class III with a short half-life of
2-5.5h. Therefore, to decrease this dose size and dosing frequency, there
is a need of novel formulation. The intranasal route could be suitable
route for Covid-19 treatment that can deliver high drug concentration at
the target site and circumvent undesirable adverse effects as lower doses
are required [15]. Moreover, it avoids first pass metabolism and related
side effects. Gilead Sciences, USA also conducting clinical trials of
remdesivir in inhaled form for Covid-19 [16].

In the present study we have prepared and optimized FAV loaded
PLGA nanoparticles (NPs) by using box-behkhen design for sustained
release action. Furthermore, these nanoparticles were entrapped in
thermosensitive in situ-gel for enhancement of nasal permeation. The
developed formulation showed sol to gel transition gel in nasal area
which could reduce mucociliary clearance and can allow NPs to diffuse
through nasal mucosa. Moreover, intranasal route enhances patient
compliance and reduce dose & dosing frequency. FAV-NPs and FAV-NPs
dispersed in-situ gel were assessed for physicochemical characteristics,
dissolution pattern, and permeation through nasal mucosa of goat.

2. Materials and methods
2.1. Materials

Favipiravir was generously presented by Viruj Pharmaceuticals
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(Hyderabad, India). The polymer Poly lactide-co-glycolide (PLGA,
50:50) was donated by Evonik India Pvt. Ltd. (Mumbai, India). Other
polymers Hydroxy-Propyl Methyl Cellulose (HPMC) and Kolliphor P-
407 & Kolliphor P-188 were bought from Rankem Labs, Mumbai, India
and BASF, India, respectively. Other chemicals like hydrogen chloride,
sodium hydroxide, potassium dihydrogen orthophosphate phosphate,
acetonitrile, acetone, and analytical grades solvents were procured from
SD Fine Chem, (India).

2.2. Methods

2.2.1. Development of FAV nanoparticles

The nanoprecipitation method was used to prepare nanoparticles
with little modification [17]. The organic phase was produced by solu-
bilizing PLGA (5 mg & 20 mg) and favipiravir (30 mg & 200 mg) in
acetone (10 mL). Poloxamer 407 (10 mg & 20 mg) was solubilized in
water (20 mL) to make an aqueous phase. After that it was placed on
water bath for complete dissolution and cooled for 10-15 min. Then an
aqueous phase was mixed gradually into an organic phase. The acetone
was then permitted to evaporate for 3h by stirring emulsion via mag-
netic stirrer. Later nanoparticles were centrifuged at 14,000 rpm for 20
min. The nanoparticles were collected and rinsed three times with
distilled water.

2.2.2. Nanoparticles optimization by design of experimentation

Optimization of the favipiravir loaded polymeric nanoparticles was
done with box-behnken design (BBD) using three parameters at two
levels. The selected optimization parameters were favipiravir concen-
tration (X1), the PLGA amount (X2), and Poloxamer 407 amount (X3)
were considered as an independent parameter and the two dependent
factors, particles size (Y1) and percentage entrapment efficiency (Y2)
were considered (Table 1). Table 2 illustrates trials suggested by soft-
ware with five center locations. To elude biasness, the trials were con-
ducted randomly.

The DOE generated the non-linear quadratic design, which was
found to be

Y =b0 + b1X1 + b2X2 + b3X3 +b4X1X2 + b5X1X3 + b6X2X3 + b7 X21
+ b8X22 + b9X23

In the above equation Y represents the response due to the interac-
tion of all factors in combination. The intercept is b0, and the regression
coefficients are b1-b9, were obtained from the experimental outcomes.
The independent factors are X1, X2, and X3. The additional parameters
(mixing time, non-aqueous and aqueous phase amount, etc.) were
retained constant. The statistical data from the linear regression as well
as the 3D surface response graphs were examined using Design-Expert®
Version 11.

2.2.3. Development of FAV-NPs entrapped gel

The in-situ gel was developed by using previously reported cold
method [18]. Poloxamer 407 (2 gm) and Poloxamer 188 (0.5 gm) were
accurately weighed and added slowly in nanoparticle suspension at 4 °C

Table 1
Independent parameters for design of nanoparticles by BBD.
No. Parameters Low (mg) High (mg)
1 FAV amount 30 200
2 PLGA amount 5 20
3 Poloxamer 407 amount 10 20
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Table 2
Outcome of independent parameters on response factors.
Run Parameter 1 Parameter Parameter 3 Response Response 2
2 1

X1: X2: PLGA X3: Y1: Y2:
Favipiravir amount Poloxamer Particle Entrapment
amount amount size efficiency
mg Mg mg nm %

1 115 20 15 208.2 73.72

2 115 11.5 10 175.6 78.24

3 115 11.5 10 175.6 78.24

4 200 11.5 5 180.5 74.23

5 115 3 5 171.5 69.63

6 30 20 10 196.1 65.59

7 115 20 5 179.9 72.35

8 30 11.5 15 168.9 68.89

9 200 11.5 15 188.8 72.56

10 115 11.5 10 175.6 78.24

11 200 20 10 212.24 75.54

12 115 3 15 148.8 65.23

13 200 3 10 168.8 68.23

14 30 11.5 5 188.5 67.35

15 30 3 10 174.5 62.54

16 115 11.5 10 175.6 78.24

17 115 11.5 10 175.6 78.24

temperature. The blend was agitated using a magnetic stirrer at 800 rpm
(Remi Lab, India) till polymers were solubilized. After that hydroxyl
propyl methyl cellulose (1% w/v) solution which is a mucoadhesive
polymer was mixed and solubilized in above mixture. The developed gel
was characterized for gel properties.

2.2.4. Evaluation of FAV nanoparticles

2.2.4.1. Entrapment-efficiency (%EE). The amount of favipiravir
encapsulated in nanoparticle was determined by using UV spectroscopy.
Nanoparticles dispersion was rotated at 14000 rpm at 4 °C for 20mins by
using centrifuge. After this the supernatant was accumulated and diluted
with ethanol. Then analyzed for FAV by UV spectrophotometer at Amax
237 nm. The formula; % EE = quantity of FAV in nanoparticles/theo-
retical amount of drug * 100 was utilized. In which the theoretical
amount signifies the amount of drug initially loaded in NPs.

2.2.4.2. {-potential, polydispersity index, & particle size. The size of FAV
NPs was calculated by utilizing dynamic light scattering technology
(Malvern particle size analyser 2000 series, UK). The nanoparticle
dispersion (0.5 mL) was prepared in purified water (10 mL) using ul-
trasonic homogenizer (DP120, Mumbai, India) operated at 150 voltages
with on-off cycle of 10s for Smins. The particle size analysis was con-
ducted at scattering angle of 90° at 25 °C. Then this dispersion was
analyzed for {-potential, polydispersity index, and particle size.

2.2.4.3. FTIR study. FTIR scanning of FAV, Poloxamer-407, PLGA, and
excipients with FAV was carried out by using Shimadzu Affinity- 1S. All
the samples were in powder from, small quantity of this sample was
carefully kept into the empty space and later were examined at resolu-
tion of 4/cm ~! in the IR area (400-4000/cm ~ ).

2.2.4.4. DSC study. Favipiravir, PLGA, and FAV-loaded nanoparticles
were analyzed for DSC at warming rate of 10 °C (DSC 60 Shimadzu).
Samples were analyzed at 30 °C — 400 °C. The movement of heat is from
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the primary and secondary warming gradients used to determine the
melting temperature (Tm).

2.2.4.5. XRD study. X-ray diffraction study was done by using Philips
Analytical Xperto Pro PW-1710, with a resolution of 0.001A. The
diffraction pattern of samples was recorded with 2 6 range of 5-60° in
the steps of 0.010/sec. Cu Ko radiation operated at 40 kV and 30 mA was
used as an X-ray source.

2.2.4.6. Scanning electron microscopy (SEM). The superficial structure
of nanoparticles was studied by scanning electron microscope (ZEISS,
SUPRA 55VP). The nanoparticle suspension was fixed upon a slide (1*1
cm) using a tape. Then sputtered with gold and observed using micro-
scope at a magnifying power of 13830. Polymeric nanoparticles shape
and size were recorded.

2.2.4.7. Atomic force microscopy (AFM). Atomic force microscopy was
assessed utilizing dimension XR. The nanoparticles were diluted with
distilled water and dried on mica coated glass slide. The images were
taken with a silicon-type probe in non-contact operating mode [19].
Then the slide was analyzed under 100 ¢ m scanner and canteliver of 25
N/m and of radius 10 nm.

2.2.4.8. Stability studies. The stability NPs was checked in accordance
with International Council of Harmonization guidelines Q1(R2). The
nanoparticles were placed for six months at 70 + 5% RH and 40 + 2 °C.
The aliquots were taken and assessed for their %EE, particle size, and
physical appearance in every one month.

2.2.5. Evaluation of FAV-NPs entrapped gel

2.2.5.1. Transparency and pH. The gel was cautiously inspected under
brightened background for any sign of foreign particles or turbidity. The
pH of the gel was calculated by an electronic pH meter (LABINDIA Pico™
design).

2.2.5.2. Viscosity measurement. The viscosity of gel was performed uti-
lizing 10 ml of gel in beaker under Brookfield digital DV-II Model. The
viscous property of gel was tested at different speed (10-100). The
generated % torque was recorded.

2.2.5.3. Gelation temperature. The temperature at which gel formation
occurs was determined by stirring 20 ml gel at 37 °C and speed of 50
rpm. The degree centigrade condition at which the magnetic bar become
steady was recorded.

2.2.5.4. Texture profile. The gel texture profile was assessed using an
instrument (TA-XT texture analyser). The gel (10 mL) was kept in a
beaker and adjusted under analyser at 25 mm height at 37 & 2 °C. After
that a probe was permitted to insert at least 10 mm inside the gel at a
speed of 2 mmy/s. Then the probe was raised slowly which allows the
detachment of gel from the layer. The power requisite for separation
provides the gel strength.

2.2.6. Dissolution studies

The dissolution profile of favipiravir was conducted using Franz
diffusion cell [20]. The FAV release pattern was assessed form solution,
FAV-NPs, and FAV-NPs distributed gel. The dissolution media used was
Phosphate Buffer (PBS) at 5.5 pH. The cellophane membrane (capacity
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2.41 mL/cm and diameter 17.5 mm) was measured as per requirement
and activated in PBS 5.5. After 24h the cellophane membrane was
washed with purified water to eradicate any impurity, then placed in
Franz diffusion cell apparatus. Weighed quantity of FAV solution,
FAV-NPs dispersion, and FAV-NPs dispersed gel were taken in equiva-
lence to the drug concentration (3 ml = 17 mg) and kept into donor cell.
The receptor cell was filled with dissolution media (20 ml). The appa-
ratus was then placed at 37 °C onto a stirrer (300 rpm). The sample of 1
ml was withdrawn at various time points (30mins, 1, 1.5, 2, 2.5, 3, 4, 6,
8,12, 24, 28, & 32h) and was replenished with PBS for each aliquot. The
aliquots were evaluated by the UV spectrophotometer for FAV at 237
nm.

2.2.7. Mucoadhesion study

The nasal mucosal adhesion of the FAV-NPs dispersed gel was per-
formed by finding out the power needed to remove formulation adhered
to mucosal sheath. The nasal mucosa of goat was procured from a local
butcher shop and adhere on to the vial (0.785 cm? surface area). The
upper probe attached with the mucosal sheath by using cyanoacrylate
adhesive. However, gel was attached with the bottom side of probe and
allowed to maintained at 37 °C. Force of 0.1 N was utilized to assure
close contact between the mucosa and gel. An equilibrium tool was
utilized for the upward movement of upper and lower probes at a con-
stant rate (0.15 nm/s). The formula, mucoadhesive strength = Fmax *g/
A was applied for calculation of mucoadhesive strength of gel in dyne/
cm?. Wherein, Fyax = maximum force required for separation (grams), g
= acceleration due to gravity [980 cm/s%], and A = area of mucosa layer
attached.

2.2.8. Ex vivo permeation study

The permeation of FAV solution, FAV-NPs, and FAV-NPs dispersed
gel were conducted using nasal mucosa of goat [19]. It was obtained
from local slaughter shop. Then mucosa was placed in Franz diffusion
cell (area 2.0 cm? & thickness of 0.3 mm). Two minutes were spent after
adhering the nasal mucosa so that the drug solution or gel should not get
leaked. The FAV suspension in phosphate buffer, FAV-NPs dispersion,
and FAV-NPs dispersed gel 100 pL (1.4 mg/ml) were placed separately
in different cells. The samples were taken at interval of 5, 15, 30 min, 1h,
2h, 4h, & 6h which was replaced by fresh phosphate buffer at every
point of collection of samples. The aliquots were examined for FAV by
validated RP-HPLC method at 237 nm. Aliquots were individually
substituted by an equivalent amount media. The graph was plotted be-
tween cumulative amount of FAV permeated from nasal mucosa vs time
to calculate flux. The below mentioned formula was utilized to calculate
permeability coefficient (P):

P = dQ/dt CoA

where Co indicates the initial concentration in the donor cell, dQ/dt
signifies the rate of permeability or flux [mg/h], and A epitomizes the
active area of the nasal mucosa.

2.2.9. Statistical study

The standard deviation and mean were calculated for entire data set.
Dunnett’s test and one-way ANOVA on data was conducted by GraphPad
Prism 5, USA software, in which p < 0.05 indicates a considerable
difference.

Table 3
Summarization of model properties for responses Y1 and Y2.
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Table 4
Resultant p-values of dependent factors.

Variables p-value of NPs particle size p-value of %EE
X1 0.0108 <0.0001

X2 <0.0001 <0.0001

X3 0.4093 0.2007

X1X2 0.0021 0.0310

X1X3 0.0005 0.0820

X2X3 <0.0001 0.0082

X12 0.0001 <0.0001

x22 0.0106 <0.0001

x32 0.0722 0.0003

3. Results and discussion
3.1. Development of nanoparticles

Favipiravir encapsulated polymeric nanoparticles were successfully
prepared using nanoprecipitation technique with high drug loading
(>70%). Nanoprecipitation technique provide nanoparticles with high
encapsulation efficiency [21]. Furthermore, these NPs were successfully
entrapped in thermosensitive in-situ gel for enhancement of nasal
permeation.

3.2. Nanoparticles optimization by design of experimentation

The BBD design was utilized for development of NPs. The impact of
independent factors (X1) such as FAV amount, (X2) PLGA amount, and
(X3) Poloxamer 407 amount on responses (NPs size and %EE) studied by
response surface methodology (RSM). The software suggested 17 runs
with 5-center points and formulations were designed (Table 2). More-
over, software provided quadratic equation that explains the interaction
of all variables and their effects. The significance level (5%) of the
quadratic equations was measured by ANOVA. Tables 3 and 4 illustrates
the coefficients of quadratic equation and p-values. The desirability
value of optimized formulation was found 0.85 which is close to an ideal
value 1. The desirability value equal to 0 was considered not satisfac-
tory, however a value near to 1 signified an acceptable value [22].

3.2.1. Influence on particle size
The following equation illustrates the influence of several indepen-
dent variables on the particle size (Y1):

Particle size( y) =175.60 + 2.79x; + 16.61x, — 0.7125x; + 5.46x,x,
+ 6.98x,x3 + 12.75%,x3 + 8.44x7 + 3.87x3 — 2.37x3

The F-value of the model was 76.41, concluded that the design was
significant (p < 0.001). The correlation between the experimental and
estimated values was indicated by the R? of 0.9899. The “Predicted R
(0.8388) and “Adjusted R?” of 0.9770, suggested that the design was
found to be accurate to predict the outcomes. The S/N ratio was used to
compute “adequate precision.” The resultant ratio of 10.94 recom-
mended that the signal was within acceptable range. A percent CV of
1.27 reflected the model’s precision and reliability.

The p-value was utilized to predict the effects of coefficients. The
lower the p-value, the greater the significance of the associated coeffi-
cient. The model terms are significant when “Prob > F" (<0.05). Table 4
elucidates that the all-design variables X1, X2, X3, X1X2, X2X3, and

Models R? Adjusted R? Predicted R? SD Adequate precision % CV Remarks
Particle size (Y1)

Quadratic 0.9899 0.9770 0.8388 2.30 37.31 1.27 Significant
% Entrapment efficiency (Y2)

Quadratic 0.9901 0.9774 0.8417 0.79 25.004 1.10 Significant
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o
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Fig. 1. 3D surface Plots of A) showing effects of PLGA concentration (X2) and Favipiravir Concentration (X1); B) showing effects of Poloxamer 407 concentration
(X3) and Favipiravir Concentration (X1) C) PLGA concentration (X2) and Poloxamer concentration (X3) on response particle size (Y1).

X1X3 were significant. A positive symbol signifies a synergistic effect;
however, negative symbol denotes an antagonistic result.

The RSM plot illustrates the influence of independent parameters on
nanoparticles size (Fig. 1). It was detected that with increase in the PLGA
amount, there was increase in NPs size occurred. This effect was
observed due to increase in polymer concentration that resulted into
enhancement in viscosity and created problem in preparation of minute
globules at steady mixing speed [23]. Thus, high particle size was ob-
tained owing to high concentration of PLGA. These results were in
accordance with study done by Huang et al. They had studied effect of
varied PLGA concentrations on particle size and concluded that con-
centration of PLGA is directly proportional with the NPs size [24].

Additionally, the concentration of surfactant is an important risk
analysis parameter in development of nanoparticles and it is a primary
influencer on nanoparticle size [25]. Generally, it has been observed
that concentration of poloxamer 407 is inversely proportional with the
nanoparticle size. The surfactant plays a crucial role in reduction of
surface tension and provide stability to nanoparticles [26]. In our study
it was observed that enhancement of the poloxamer 407 concentration
reduces NPs size, however, after some point, increase in particle size was
observed. The probable reason could be as initially the amount of
poloxamer 407 could be sufficient for reduction of particle size.
Nevertheless, further increase in surfactant concentration caused in-
crease in particle size due to adsorption of poloxamer 407 on NPs surface
resulted formation of thick coating [27]. Furthermore, with increase in
surfactant amount viscosity of aqueous phase also rises resulting large
particle size [28].

The above-mentioned results were in accordance with previous
studies [27,29,30]. Sakhi and co-authors developed polymeric nano-
particles loaded with paclitaxel for treatment of breast cancer. They
observed similar results as with increase in poloxamer concentration
PLGA, NPs size increases [27]. Thus, it could be concluded that con-
centrations of polymer and surfactant both significantly effect NPs size.

3.2.2. Influence on %EE
The polynomial equation obtained for %EE is mentioned below:

A B
3 g
e c
2 X}
3} 5]
L =3
5 o
= €
5} ©
E E
4 a
g g
E =3
u w
B ES

B: PLGA concentration 3 30 A: FAV concentration C: Poloxamer concentration

(y2) =78.26 + 5.70x; — 0.7900x, + 1.25x3 + 3.05x;x, + 0.7500x,x3
—2.37xx3 — 6‘40x¥ — 4.54x§ — 2.31x§

The F-value 77.81 illustrates the model is significant (p < 0.0001).
The coefficient of regression (R?) of the design was obtained 0.9901. The
“Predicted R?”, “Adjusted R?” (0.8417, 0.9774), and percent CV (1.10%)
confirmed good model fit.

The results indicate that as the concentration of PLGA increases there
is rise in %EE, however, after a definite point there was reduction in %
EE occurred (Fig. 2). This might be due to increase in viscosity of the
phases with increase in PLGA amount, attributed rapid solidification and
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Fig. 3. Particle size distribution and ¢-potential of FAV NPs.
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Fig. 2. 3D surface plots of A) showing effects of Favipiravir concentration (X1) and PLGA concentration (X2); B) Favipiravir concentration (X1) and Poloxamer
concentration (X3) C) PLGA concentration and Poloxamer concentration response entrapment efficiency (Y2).
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slower diffusion of drug from interior to exterior region [24]. On the
other hand, as the concentration of surfactant Poloxamer 407 increased
the dispersal of drug in both aqueous and non-aqueous phases occurred.
Furthermore, surfactant also enhanced drug solubility in exterior phase
and improves stability of the w/o emulsion [31]. Thus, decrease in %EE
was observed with increase in poloxamer 407 concentration.

3.3. Evaluation of FAV-nanoparticles

3.3.1. Entrapment efficiency

Entrapment efficiency is an important criterion in preparing the
favipiravir loaded polymeric nanoparticles, as well as it has been proved
to be an important variable in the optimization of nanoparticles. To
obtain precise drug encapsulation, the factors such as PLGA concentra-
tion and Poloxamer 407 concentration were found to be important
factors. The optimized formula of nanoparticles (Formula 2) has %EE
>70%.

3.3.2. {-potential, polydispersity index, & particle size

The nanoparticles revealed size distribution in range of 175.6 + 3 nm
with PDI 0.130 suggesting that the particle size was evenly distributed
throughout the dispersion and have a uniform size (Fig. 3). Zeta po-
tential helps in understanding stability of NPs. Zeta potential values
higher than +30 mV and less than —30mV, considered as stable [32].
However, it was observed that PLGA NPs mostly carries negative charge
due to presence of carboxyl group [33]. Thus, the zeta potential of
FAV-NPs was observed —17.5mv due to the charge on the PLGA mole-
cule. Cui et al. also reported stable PLGA nanoparticles loaded with
doxorubicin and paclitaxel which showed zeta potential in the range of
—9.0mv to —18.0 mv [34].

3.3.3. Scanning electron microscopy

SEM study demonstrated that FAV-NPs exhibit spherical morphology
and possessed a smooth surface which in agreement with dynamic light
scattering analysis (Fig. 4). The image illustrates absence of aggregation
or crysallization of drug molecule and confirmed uniformity of nano-
particles. Moreover, spherical morphology with smooth surface could
result into sluggish clearance and good deposition pattern in nasal area.
The results were in accordance with prior study by Patil et al. They re-
ported that ropinirole hydrochloride encapsulated PLGA NPs for nasal
delivery and revealed that cicular NPs diffuses slowly through nasal
mucosa as compared to rod-shaped NPs [35].

3.3.4. FTIR analysis

FTIR transforms of FAV, PLGA, Poloxamer, and overlay plot shown
in Fig. 5 (A, B, C, D). Favipiravir transform of FAV revealed all typical
peaks such as band developed due to vibrations & stretching of carbonyl
bond (C=0) at 1716 cm_l, ether (C-0-C) band at 1180 cm™' and

Fig. 4. SEM image of FAV nanoparticles.
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vibrations stretching of amine N-H at 3347 em ' & 3212 cm ! [36]. The
transform of poloxamer 407 showed band of esters (C-O-C) at 1240 cm ™
1, vibrations stretching of (O-H at 3647.2 cm™ 1 & amine bond (N-H) at
3347 ecm™ 1). The FTIR of PLGA suggests presence of a band of vibrations
stretching of CH2 at 2294.7 cm™ 1, band of cyclic alcohols (C-OH) at
1087 cm™  and vibrations stretching of carbonyl (C=0) at 1716 cm™ 1
[37]. Nevertheless, the overlay transforms of FAV with excipients
demonstrated all primary peaks of FAV such as band developed due to
vibrations & stretching of carbonyl bond (C=O0) at 1716 cm’l, ether
(C-0-C) band at 1180 cm™" and vibrations stretching of amine N-H at
3347 cm™' & 3212 cm™!. Thus, FTIR study confirmed absence of
interaction between favipiravir and the excipients demonstrating
compatibility during formulation development.

3.3.5. DSC study

DSC thermometry result of PLGA and FAV represented in Fig. 6. DSC
study demonstrated that FAV showed the presence of endotherms at
189.91 °C, implying crystallinity. The melting endotherms of favipiravir
has not been observed in nanoparticles, indicating amorphous form
[38]. Additionally, DSC study also suggested formation of nanoparticles
with encapsulation of drug inside nanoparticles.

3.3.6. Atomic force microscopy (AFM)

The structure of FAV NPs was evaluated by AFM (Fig. 7). The
nanoparticle exhibits spherical morphology which is in corroboration
with SEM studies. Additionally, the AFM technique showed that the size
of the NPs was lesser than that detected by the DLS system. The possible
reason could be due to the procedural differences in measurement of
size. Singh et al. mentioned that the DLS method assess the hydrody-
namic particle size, which was observed every time bigger than the real
size [39]. Kurtosis measures the sharpness of the peak [40]. When the
skewness value ranges in 0.5-1 then it is considered skewed. If the value
lies in ranges of —0.5 to 0.5 specifies symmetrical distribution. The
skewness and kurtosis values were found to be 0.966 and 6.49, respec-
tively which showed that the values are in acceptable range.

3.3.7. XRD study

X-ray diffractogram is the fingerprint region which was observed due
to peculiar crystalline structures of compounds. Fig. 8 illustrates X-ray
diffractogram of FAV and FAV-NPs. The characteristics sharp and
intense peak of favipiravir was obsereved by XRD. Whereas, the XRD
diffractograms of nanoparticles showed less intensity of FAV suggesting
amporphization of drug which is in coroborration with DSC studies [38].

3.3.8. Stability studies

The preparations were examined for appearance, particle size, and %
entrapment efficiency. At the, end of, six months’ nanoparticles were
found to be at stable at 40 °C and 75% RH. Table 5 represents the sta-
bility studies of NPs with their % entrapment efficiency and particle size.
The stability studies confirmed that NPs were found stable over six
months indicating good stability.

3.4. Evaluation of FAV-NPs entrapped gel

3.4.1. Transparency and pH

The nasal gel was found transparent and had no additional particles.
Gel showed clarity, good texture, and pH (5.5-6.1) suggesting suitability
for delivery by nasal route.

3.4.2. Gelation temperature

The nasal area has temperature ranging 35-37 °C. The sol initiated to
convert into gel at 37 °C, suggesting that gel has appropriate gelation
temperature required for administration via nasal route. The combina-
tion of poloxamer polymers was responsible for formation of transparent
gel. It was observed that as the Poloxamer 407 amount rise, the gelation-
temperature slowly decreases. However, if the Poloxamer 188
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Fig. 7. AFM studies of favipiravir nanoparticles.
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Table 5
Accelerated stability studies.

Months % Entrapment efficiency Particle size (nm)
Initial 78.12 £+ 0.15% 175+1 nm
1 78.12 + 0.25% 176+2 nm
2 77.92 £ 0.1% 179+1 nm
3 76.50 + 0.3% 17941 nm
4 75.12 £ 0.1% 180+1 nm
5 75.11 £ 0.11% 181+1 nm
6 75.00 + 0.15% 182+2 nm

concentration enhanced, the temperature was also increased. Thus,
Poloxamer 407 and 188 were incorporated combinely, to control the
gelation temperature that provided appropriate mucoadhesion and
gelation [18].

3.4.3. Viscosity measurement

The gel viscosity was observed in range of 34592-4568 cps with the
torque lies in range of 62-85.5% from 10 to 100 rpm. It was observed
that HPMC, poloxamer 407, and poloxamer 188 concentrations
contributed in maintaining the gel viscosity. The formation of 3D matrix
occurred due to crosslinking of polymers which helps in maintaining the
viscosity of gel. Poloxamers and HPMC usually contains hydrogen bonds
and electrostatic interactions which aids in viscosity maintenance and
mucoadhesion properties [41].

3.4.4. Texture profile

The texture profiling is an imperative property in development of
nasal gel. The texture analysis of thermoreversible gel was shown in
Fig. 9 and elucidated hardness at 16 g, adhesiveness of 1.01 mJ, gum-
miness of 14 g, cohesiveness of 2.34, and stringiness of 1.46 mm at
37 °C. Hardness and adhesiveness helps in finding out ease in applica-
tion and detachment of gel from the surface. The gel strength of the gel
was found 1.2 + 0.3 mJ suggesting good strength. Gel strength is
explained as capacity of sol to convert into intact gel [42]. The HPMC
and poloxamers combinely contributed in providing strength to gel and
adhesive property. Gel strength evidenced that the gel is firm, thus, it
could resist the nasal mucociliary clearance.

3.4.5. Mucoadhesion study

Mucoadhesion strength helps to evaluate the strength and the impact
of polymers over the biological surface, the mucoadhesion is the amount
of adhesion on mucosal surface that the polymer can show (by binding
onto the mucosal surface), at a bodily temperature. In this experiment
the contact time of the polymer to the nasal membrane with respect to
time was measured. If the contact time decreases, then the mucoadhe-
sion strength of the polymer is also less [43]. The mucoadhesion of the
thermoreversible gel was found out to be 9373.9 dyne/cm? indicating
good adhesion on mucosa. Therefore, in the nasal cavity, the NPs
dispersed gel can hold for an elongated period resulting increase in
permeation and FAV absorption.

Journal of Drug Delivery Science and Technology 79 (2023) 104082

3.4.6. Dissolution studies

Sample and separate technique was utilized to find out release
pattern of FAV from formulations. The study revealed that favipiravir
solution showed 90% drug release in 4h. However, nanoparticles
showed a sustained release of favipiravir for more than 20h. The NPs
dispersed gel showed 79% of FAV release up to 32h (Fig. 10). Nano-
particles revealed a prolonged release of FAV because of polymeric
matrix. The entrapment of FAV inside PLGA matrices decelerated
release rate that could be controlled by diffusion and erosion of polymer
membrane. These results were in agreement with prior studies [44,45].
Nevertheless, FAV-NPs dispersed gel showed more prolonged release
than polymeric nanoparticles due to the presence of dual barrier of
swelled hydrogel phase and polymer [44,46].

The release kinetics of preparations were calculated by release
models. Table 6 exemplified calculated coefficient of correlation [R?.
The FAV solution demonstrated First order release pattern (R =
0.9704). Nonetheless, release data of nanoparticles and nanoparticles
distributed in gel fitted well in Koresmeyer-Peppa’s model (R? = 0.9771,
0.9578). It suggests that the favipiravir discharge by dual mechanism
from NPs i.e. slow diffusion through PLGA mesh and destruction of
nanoparticles [47].

3.4.7. Ex vivo permeation study

Permeation study across nasal mucosa of goat suggested higher
permeation of FAV nanoparticles distributed in gel as compared to
nanoparticles dispersion and drug solution (P < 0.05) (Fig. 11). It was
indicated by the permeability coefficient (P), flux enhancement ratio,
and steady-state flux (fss) (Table 7).

The NPs dispersed gel displayed 4.5 times greater permeation than
solution and 1.8 times than nanoparticles. The significantly high ex vivo
penetration of FAV-NPs distributed gel through the nasal mucosa might

—e— FAV solution —e— FAV Nanoparticles —e— FAV Nanoparticlesdispersed in gel
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Fig. 10. Dissolution study of Favipiravir solution, nanoparticles and nano-
particles dispersed gel.
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Fig. 9. Texture profiling of thermoreversible gel.
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Table 6
Drug release kinetics.
R? Value
Description Zero First Higuchi Korsmeyer-
Order Order Plot Peppa Plot
Favipiravir solution 0.8554 0.9704 0.8979 0.9473
Favipiravir nanoparticles  0.9669 0.7606 0.9647 0.9771
Favipiravir nanoparticles  0.9472 0.9089 0.8923 0.9578
dispersed in Gel
120
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- 4
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Fig. 11. Ex vivo permeation studies of favipiravir from solution, nanoparticles,
and nanoparticles loaded gel.

be due to the adherence of NPs dispersed gel on the mucosal sheath
which resulted high permeation rate. Moreover, mucoadhesive polymer
HPMC also contributed in elongated interaction time of formulation and
nasal mucosal surface resulting improved permeation of FAV [48].
However, solution and nanoparticles have no mucoadhesion and high
fluidity. Thus, contact time with mucosal layer is less resulting small
permeability of FAV. Literature confirmed that improvement of contact
time statistical enhance drug permeation [49]. These results were in
agreement with a previous study in which NLC dispersed gel displayed
better permeation (1.5 folds) than drug solution [50].

4. Conclusion

The stable nanoparticles with good entrapment efficiency (>70%)
and particle size (175.6 nm) were successfully optimized by using box-
behkhen design. Nanoparticles demonstrated spherical morphology
and smooth surface. In-vitro release study showed a sustained release
property of NPs (20h). Nanoparticles dispersed thermoreversible in-situ
gel was developed which showed good texture analysis profile. Addi-
tionally, gel showed good mucoadhesive properties supporting nasal
permeation. The NPs dispersed gel showed prolonged release for more
than 30h. Ex vivo permeation through goat’s nasal mucosa confirmed
that NPs dispersed gel demonstrated higher permeation of FAV than NPs
and solution. Therefore, FAV nanoparticles in-situ gel could be a
promising treatment for Covid-19 infection via nasal route. This

Table 7
Ex vivo permeation study of formulations.

FAV FAV FAV Nanoparticles

solution Nanoparticles entrapped gel
Flux ss (ug. Cm~2h™1)  2.011 + 5.01 + 0.31 9.41 + 0.93

0.16
Enhancement ratio - 3.08 £0.31 4.6 £0.5
Permeability 0.00287 0.0071 0.01344

coefficient (cm/h)
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formulation could reduce high dose and dosing frequency of oral FAV
and could be a new patient friendly alternative therapy for Covid-19.
Nevertheless, in vivo studies are required to understand the efficacy of
formulation.
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